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5-Bromo-2’-Deoxyu

ridine Blocks Myogenesis by

Extinguishing Expression of MyoD1

STEPHEN J. TAPsCcOTT, ANDREW B. LLASSAR, ROBERT L. DAvis,

HAroOLD WEINTRAUB

The pyrimidine analog 5-bromodeoxyuridine (BUdR) competes with thymidine for
incorporation into DNA. Substitution of BUdR for thymidine does not significantly
affect cell viability but does block cell differentiation in many different lineages. BUdR
substitution in a mouse myoblast line blocked myogenic differentiation and extin-
guished the expression of the myogenic determination gene MyoD1. Forced expres-
sion of MyoD1 from a transfected expression vector in a BUdR-substituted myoblast
overcame the block to differentiation imposed by BUdR. Activation of BUdR-
substituted muscle structural genes and apparently normal differentiation were ob-
served in transfected myoblasts. This shows that BUdR blocks myogenesis at the level
of a myogenic regulatory gene, possibly MyoDl1, not by directly inhibiting the
activation of muscle structural genes. It is consistent with the idea that BUdR
selectively blocks a class of regulatory genes, each member of which is important for

the development of a different cell lineage.

HE SUBSTITUTION OF BUDR FOR

thymidine in DNA has the effect of

blocking the expression of the differ-
entiated phenotype in many different cell
lineages without significantly altering the
general, or household, functions of a cell or
cell viability (1-4). The ability of BUdR to
block differentiation is directly related to the
degree of DNA substitution, and, in gener-
al, the effect is reversible when cells are
cultured in the absence of BUdR and the
analog is replaced by thymidine during
DNA replication (5). Therefore, BUdR is
not acting as a mutagen, but is reversibly
blocking the differentiation program of a
wide variety of cell types in a manner depen-
dent on BUdR incorporation into DNA (6,
7).
Although the mechanism by which
BUdR blocks differentiation is not known,
two types of experiments have suggested
that BUdR inhibits differentiation by influ-
encing a small number of regulatory loci: (i)
During chick erythropoiesis, increasing con-
centrations of BUdR result in the produc-
tion of progressively fewer erythrocytes;
however, the erythrocytes that are formed,
even at high levels of BUdR substitution,
are normal in every way tested (3). This all-
or-none effect of BUdR inhibition, together

with the observation that the dose-response
curve was consistent with only a few targets
per cell (8), suggested that the primary effect
of BUdR is the inactivation of a regulatory
gene, or master switch, for erythropoiesis
(9). (i) In primary chick myoblast cultures
blocked from differentiation by a single
round of DNA replication in BUdR, the
kinetics of myotube differentiation after re-
moval of BUdR and resubstitution with
thymidine suggested that the BUdR-sensi-
tive target or targets segregated with only
one pair of chromosomes (10).

Recently, we have identified a nuclear
protein, MyoD1, which can activate the
myogenic program in many, but not all, cell
types (11). The cDNA for this protein was
isolated by subtractive hybridization of
c¢DNA from a myoblast line derived from
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the mouse fibroblast cell line C3H10T1/2
(10T1/2 cells) by treatment with 5-azacyti-
dine. 5-Azacytidine is thought to activate
the myogenic program in 10T1/2 cells by
stable demethylation of a myogenic locus,
leading to a heritable myogenic phenotype
(12). Myoblast cell lines derived from
10T1/2 cells by treatment with 5-azacytidine
(aza-myoblasts) express MyoD1, whereas
the parental 10T1/2 cells do not (11). It is
not yet clear whether MyoD1 is the locus
responding to 5- azacytldmc directly or is
rcspondmg to a trans-activating factor that
is expressed after 5-azacytidine treatment. It
is clear, however, that MyoD1 is a nuclear
protcin (13), and when the MyoD1 cDNA
is expressed in either serum-starved 10T1/2
cells or a variety of other cell types; many, if
not all, of the muscle structural genes are
activated (11). In this regard, MyoDl is a
master regulatory gene for myogenesis.

" To analyze the effect of BUdR substitu-
tion on the expression of MyoD1 RNA and
RNA of other muscle-specific genes, we
plated 10T1/2 cells and aza-myoblasts at low
density in growth medium [Dulbecco’s
modified essential medium (DMEM) sup-
plemented with 15% fetal calf serum and 10
wM deoxycytidine] with or without the
addition of 5 wM BUdR (14). After 4 days,
a time sufficient for most of the cells to have
incorporated BUdR into their DNA, paral-
lel plates of cells were harvested for RNA
analysis or were switched to differentjation
medium (DMEM supplemented with 2%
horse serum and 10 pM deoxycytidine) for
an additional 4 days while the level of BUdR
supplementation was maintained as before.
In the absence of BUdR, the aza-myoblasts
expressed MyoD1 mRNA in growth medi-
um (Fig. 1, lanes 5 and 9) and when trans-
ferred to differentiation medium fused to
form myotubes and initiated the expression
of myosin heavy chain, myosin light chain
1/3, and desmin (Fig. 1, lanes 7 and 11). In
the presence of BUdR, MyoD1 expression
was significantly attenuated, and the cells
neither fused nor initiated expression of the
muscle structural genes when placed in dif-
ferentiation medium (Fig. 1, lanes 6, 8, 10,
and 12).

If BUdR acted to block differentiation
through a MyoD1-dependent mechanism,
then forced expression of MyoD1 in BUdR-
substituted cells might bypass the BUAR
blockade. Stable myogenic clones can be
derived from 10T1/2 cells by transfection of
a plasmid that contains the MyoD1 ¢cDNA
driven by a viral long terminal repeat (LTR)
(11). Although these cells (10T1/2-LTR-
MyoD1 cells) presumably lack some or all of
the regulatory information that controls
expression of the MyoD1 gene in aza-myo-
blasts, they show many of the characteristics
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of aza-myoblasts. In growth medium, these
cells replicate and express MyoD1 mRNA
(Fig. 1, lane 13), and, when shifted to
differentiation medium, they fuse to form
myotubes (11) and initiate the expression of
muscle structural genes (Fig. 1, lane 15). In
contrast to aza-myoblasts, BUdR-substJtut-
ed 10T1/2-LTR-MyoD1 cells continue to
express MyoD1 mRNA (Fig. 1, lanes 14
and 16) and protcin (15), presumably be-
cause of an insensitivity of the LTR to the
inhibitory effect of BUdR. When cultured in
differentiation medium the BUdR-substi-
tuted 10T1/2-LTR-MyoD1 cells will fuse
(15) and express muscle structural genes
(Fig. 1, lane 16), showing that MyoD1 can
activate muscle structural genes even in a
BUdR-substituted cell. Similar results are
obtained with concentrations of 50 pM
BUdR (15).

A second: analysis of the ability of LTR-
driven MyoD1 to bypass the block to differ-
entiation imposed by BUdR substitution
was undertaken in a transient transfection
assay. Aza-myoblasts or 10T1/2 cells, both
of which had BUdR substituted for thymi-
dine, weré transfected with either the
MyoD1 expression vehicle or with the
expression vector lacking the MyoD1 se-
quence as a control. After transfection, the
cells were cultured in differentiation medi-

um for 2 days and then processed for immu-
nohistochemical localization of myosin
heavy chain and desmin. BUdR-substituted
10T1/2 cells and aza-myoblasts had roughly
the same frequency of myosin- and desmin-
positive cells after transfection with the
MyoD1 expression vehicle as did unsubsti-
tuted 10T1/2 cells after transfection (Table
1). Again, these results are consistent with
the conclusion that LTR-driven MyoD1
cxpressnon in a BUdR:substituted myoblast
is sufficient to activate the terminal myogen-
ic program The very low level of myogene-
sis in the substituted aza-myoblasts trans-
fected with the expression vector alone is
similar to the level seen in BUdR-substitut-
ed aza-myoblasts without transfection (15).
This similarity demonstrates that the bypass
of the block to differeritiation is dependent
on the expression of transfected MyoDl,
not secondary to the transfection process
alone.

Since the muscle structural genes re-
mained responsive to trans-activation in
BUdR-substituted cells, we wanted to know
if the MyoD1 gene could also respond to
regulatory factors in a BUdR-substituted
cell. We have shown that expression of an
LTR-driven MyoD1 construct in 10T1/2
cells will activate the endogenous MyoD1
gene (16). The transcript from the LTR-

Fig. 1. Inhibition of 10T1/2  Azamyo-F3 Azamyo-P2 LTR-MyoD1
MyoD1 and musclc-spcciﬁc GM DM ﬂ __M_ GM DM L DM
gene expression by BUIR  BUdR b

substitution. The figure is a
composite RNA blot analy-

sis showing expression of
muscle-specific genes in un-
substituted and BUdR-sub-
stituted cells. 10T1/2 cells,
two different clones of aza-
myoblasts (Azamyo-F3 and
Azamyo-P2), and a clone of
10T1/2-LTR-MyoD1 cells
were plated at low density in
growth medium with (+) or
without (—) supplementa-
tion with 5 pM BUdR. Cul-
tures were refed every 2
days. After 4 days, when cul-
tures achieved confluence,
one set was harvested for
RNA (GM) and a second
set shifted to differentiation
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medium (DM) for an additional 4 days while maintaining the previous level of BUdR supplementation.

RNA was recovered by rinsing the cultures with tris-buffered saline, followed by cell lysis and brief
sonication in 6M urea and 3M LiCl (32). The RNA was pelleted by ccntrlfugatlon after incubation at
—20°C ovenight. The RNA pellet was resuspended in 10 mM tris (pH 7.5), 5 mM EDTA, and 0.1%
SDS, phenol-chloroform was extracted, and ethanol was precipated. Five micrograms of total RNA was
loaded on each lane of a 1.5% agarose gel containing 6.7% formaldehyde. Ethidium bromide staining
of parallel gels was performed to check the integrity and amount of RNA. Gels were treated for 40 min
with 50 mM NaOH, 10 mM NaCl, neutralized for 40 min in 100 mM tris (pH 7.4), 20X SSC
(standard saline citratc) and transferred overnight to GeneScreen (DuPont Biotechnology Systems) in
20% SSC. RNA was cross-linked by exposure to ultraviolet light and then baked dry. Blots were
hybridized in Stark’s solution with 1% SDS at 42°C for 1 hour and then hybridized overnight at 42°C
in Stark’s solution with 10% dextran and 1% SDS. Probe (5 X 10°to 10 X 10° dpm) was used for each
blot. Blots were washed in 0.4x SSC at 65°C and exposed at —70°C. The probes MyoD1, myosin
heavy chain (MHC), and myosin light chain 1/3 (MLC 1/3) were described previously (11). *A separate
RNA blot was probed with myogenin and did not contain 10T1/2 samples.
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MyoD1 construct lacks ~40 nucleotides
from its 5' end, relative to the major start
site of genomic transcription, and we can
therefore analyze the relative levels of geno-
mic MyoD1 RNA and LTR-MyoD1 RNA
by using a ribonuclease protection assay.
Consistent with our previous RNA blot
analyses (Fig. 1, lanes 1 to 4), we did not
detect any MyoD1 in 10T1/2 cells, whereas
two fragments of approximately 135 and
155 nucleotides were protected in aza-myo-
blasts (Fig. 2, lane 1), presumably represent-
ing two different start sites of transcription.
BUdR substitution extinguishes the expres-
sion of the protected RNA (Fig. 2, lane 2)
and when we allowed the aza-myoblasts to
replicate for several generations in the ab-
sence of BUdR, they reexpressed the
MyoD1 transcript (Fig. 2, lane 3). A smaller
protected fragment representing the shorter
LTR-driven transcript (95 nucleotides) was
seen in 10T1/2-LTR-MyoD1 cells (Fig. 2,
lane 4). In addition, the presence of both the
135- and 155-nucleotide fragments indi-
cates that these cells have activated transcrip-
tion of their endogenous MyoD1 gene. In
unsubstituted 10T1/2-LTR-MyoD1 cells,
genomic MyoD1 transcripts were as abun-
dant, if not more abundant, than the LTR-
driven transcripts. After substitution with
BUdR, however, the amount of genomic
transcripts decreased and the amount of
LTR-driven transcripts increased (Fig. 2,
lane 5). Therefore, in contrast to the muscle
structural genes that can be activated to
nearly normal levels in BUdR-substituted
cells by the forced expression of MyoD1 (as
judged by RNA blot analysis, see Fig. 1),
the ability of the MyoD1 gene to respond to
autoactivation is attenuated in BUdR-sub-

Fig. 2. Ribonuclease (RNase) protection assay
showing inhibition of genomic MyoD1 expres-
sion in BUdR-substituted aza-myoblasts and
10T1/2-LTR-MyoD1 cells. Lane 1, aza-myo-
blasts; lane 2, aza-myoblasts cultured in 5 pM
BUdR for 4 days; lane 3, aza-myoblasts cultured
in 5 uM BUdR for 4 days and then an additional
7 days in medium without BUdR supplementa-
tion; lane 4, 10T1/2-LTR-MyoD1 cells; lane 5,
10T1/2-LTR-MyoD1 cells cultured in 5 pM
BUdR for 4 days; and lane 6, markers. Genomic
sequences representing the 5’ end of the MyoD1
gene were cloned into the Bluescribe vector (Stra-
tagene) and T7 polymerase—generated transcripts
were made in the presence of [a-*?P]JCTP. The
RNA probe corresponded to genomic positions
—592 through +95 relative to the major start site
of transcription, as determined by primer exten-
sion (15). Probe (10° cpm) was hybridized over-
night at 65°C to 10 pg of total RNA in 20 ul of
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hybridization buffer [40 mM Pipes (1,4-piperazinediethanesulfonic acid, pH 6.4), 0.4M NaCl, 1 mM
EDTA, and 80% formamide]. The next day 250 pl of digestion buffer [10 mM tris (pH 7.4), 300 mM
NaCl, and 5 mM EDTA] with RNase A (5 pg/ml) and RNase T1 (40 U/ml) was added, and the
samples were incubated at 30°C for 30 min. The samples were brought to 0.5% SDS and proteinase K
(0.2 mg/ml) and incubated at 37°C for 15 min. Carrier transfer RNA was added and the samples were
extracted with phenol-chloroform and precipitated with ethanol. The protection products were

separated by electrophoresis on an 8% acrylamide and 7M urea gel.

stituted cells. It should be noted that geno-
mic MyoD1 expression is not entirely extin-
guished by BUdR substitution in either aza-
myoblasts or 10T1/2-LTR-MyoD1 cells,
and we do not currently know whether this
represents normal levels of expression in a
small fraction of cells or continued low levels
of expression in all the cells. The failure of
LTR-MyoD1 to fully activate endogenous
MyoD1 expression after BUdR substitution
may reflect either a cis inhibition of the
MyoD1 gene to respond to MyoD1-mediat-
ed activation or the loss of a trans-activating
factor that normally cooperates with
MyoD1 in activating the gene.

These results suggest that incorporation

Table 1. The numbser of cells expressing myosin or desmin after transfection with a MyoD1 expression
vector or a control vector. 10T1/2 cells and aza-myoblasts (Aza-myo) were cultured for 4 days in
growth medium with (+BUdR) or without (—BUdR) supplementation with 5 pM BUdR. The cells
were transfected with 5 pg of either the MyoD1 expression vector (MSV-LTR driving the MyoD1
cDNA) or the expression vector lacking the MyoD1 insert in a calcium phosphate precipitation. The
next day the cells were placed in differentiation medium and 2 days later were fixed in 2% formaldehyde
for 7 min, permeabilized in 0.2% Triton X-100 in phosphate-buffered saline (PBS) for 10 min and
double-labeled with a rabbit antiserum to desmin (30) and a mouse monoclonal antibody to myosin
heavy chain (31), followed by a rhodamine-conjugated donkey antibody to rabbit immunoglobulin G
and a fluorescein-conjugated goat antibody to mouse IgG. The number of desmin- or myosin-positive
cells in a standard area (~1% of a 60-mm tissue culture dish, an area containing ~3000 cells) of each
dish was counted. ND, not done.

Number of cells expressing

Vector Mysoin Desmin
10T1/2 Aza-myo 10T1/2 Aza-myo

—-BUdR

Control 0 ND 0 ND

MyoD1 239 ND 147 ND
+BUdR

Control 0 30% 0 45%

MyoD1 309 391 415 376

*Since nearly all of the ~3000 cells in the counted area would differentiate in the absence of BUdR, the BUdR
substitution has blocked myogenesis in roughly 98% of the aza-myoblasts.
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of BUdR in the muscle structural genes may
not contribute significantly to the ability of
BUdR to block differentiation. Instead, the
data lead to the conclusion that BUdR is
blocking MyoD1 expression, either directly
or indirectly, and the absence of MyoDl1
precludes the expression of the myogenic
program in these cells. If this is the case,
then an unsubstituted muscle structural
gene should be inactive in a BUdR-substi-
tuted cell because of the absence of MyoD1.
To test this idea, we used plasmid constructs
containing the reporter gene chlorampheni-
col acetyltransferase (CAT) driven by the
upstream activation sequences from either
desmin (DES-CAT) (17) or muscle creatine
kinase (MCK-CAT) (18). Both of these
constructs are inactive in 10T1/2 cells (15)
but are active in differentiated aza-myo-
tubes. These constructs, and control CAT
constructs containing the Moloney sarcoma
virus LTR (MSV-CAT) (19) or the simian
virus 40 (SV40) early transcription region
(SV2-CAT) (20), were introduced into aza-
myoblasts or BUdR-substituted aza-myo-
blasts by electroporation. Electroporation
was used because of the observation that
standard transfection protocols in which cal-
cium phosphate precipitation is used inhib-
ited MyoD1 protein expression as assayed
by immunohistochemistry (15). Two days
after electroporation, the cells were trans-
ferred to differentiation medium and, after
an additional 2 days, were harvested for
CAT assays. The activity of both MCK-
CAT and DES-CAT was diminished in the
BUdR-substituted aza-myoblasts compared
to the unsubstituted cells (Fig. 3). Co-
electroporation with a MyoD1 expression
plasmid (LTR-MyoD1) restored the activity
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of both MCK-CAT and DES-CAT in
BUdR-substituted cells. Although we have
not demonstrated that the transfected plas-
mids have not replicated, since they do not
contain the elements necessary to support
replication (21), we believe that we are
assaying the activity of unsubstituted regula-
tory sequences. Effects of both BUdR sub-
stitution and MyoD1 expression on the
control plasmids, MSV-CAT and SV2-
CAT, were also observed (Fig. 2). Our
results support the conclusion that the inac-
tivity of muscle-specific terminal differentia-
tion genes in a BUdR-substituted aza-myo-
blast is secondary to the lack of MyoD1 and
not dependent on substitution of the struc-
tural gene itself. Billeter et al. (22) have
similarly shown that the regulatory se-
quences of the myosin light chain 1/3 gene
are inactive when transfected into BUdR-
substituted myoblasts, suggesting that the
BUdR-mediated inhibition of myogenesis
effects a trans-acting regulator of this gene.

MyoD1 belongs to a family of regulatory
genes that share a region containing a high
degree of similarity to a region present in
the Myc family of proteins (11). Two other
members of this family are involved in the
regulation of skeletal myogenesis, myogenin
(23) and Myf 5 (24), and both can activate
the myogenic program when transfected
into 10T1/2 cells. Myogenin is not ex-
pressed in 10T1/2 cells (16, 23) but is ex-
pressed in both aza-myoblasts and 10T1/2-
LTR-MyoDI1 cells (Fig. 1, lanes 5, 7, 9, and
11). BUdR substitution extinguishes the
expression of myogenin in aza-myoblasts
(Fig. 1, lanes 6, 8, 10, and 12), whereas
myogenin is not inhibited in BUdR-substi-
tuted 10T1/2-LTR-MyoD1 cells (Fig. 1,
lanes 14 and 16). These data suggest that
BUdR acts by extinguishing the mainte-
nance of expression of myogenic regulatory
genes and that the expression of MyoD1 is
sufficient to bypass this blockade and reacti-
vate at least one other myogenic regulatory
gene. We cannot conclude that BUdR does
not have an independent effect on myogenin
expression, since it is possible that the main-
tenance of the determined myogenic state
relies on the interaction of MyoD1, myo-
genin, and potentially other regulatory genes
in an autoregulatory system, in which altering
the expression of any member could affect the
expression of the others. In this regard, we
should note that (i) forced expression of
myogenin in 10T1/2 cells will activate
MyoD1 expression (16), but we do not know
if this activation is inhibited by BUdR substi-
tution; and (ii) the differentiation of rat L6
myoblasts, which express myogenin but not
MyoDl, is inhibited by BUdR (7).

The ability of BUdR to reversibly inhibit
differentiation in many different cell lineages
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without significantly affecting the house-
hold functions of the cell was one of the
observations used by Holtzer and colleagues
to postulate the existence of a family of
master regulatory genes whose activity
could be selectively blocked (9). Our results
show that BUdR substitution in aza-myo-
blast DNA extinguishes the expression of
MyoD1, whereas the muscle structural
genes remain responsive to activation by
muscle regulatory factors. We have not yet
determined whether BUdR inhibits MyoD1
expression by a cis or trans mechanism. One
possibility is that BUdR incorporation alters
gene expression by changing the binding
affinity of transcriptional activators or inhib-
itors, as has been shown for the lac repressor
(25). If this occurs uniformly for both con-
stitutive and tissue-specific genes, resulting
in small alterations of the binding affinities
of DNA binding proteins, then the particu-
lar sensitivity of such regulatory genes as
MyoD1 to BUdR substitution would still

LTR-MyoD1 - = ¥
BUdR * + +
T - =
g —
MCK-CAT o g
— p—
DES-CAT G kg -
_— o —
_— - -
MSV-CAT £
- — _—
S
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-— —
- — =
SV2-CAT ® o

Fig. 3. Activity of muscle-specific regulatory se-
quences in BUdR substituted aza-myoblasts (first
four assays) or 10T1/2 cells (last assay). Cells were
cultured at low density in growth medium either
with (BUdR +) of without (BUdR —) supple-
mentation with 5 uM BUdR for 4 days before
electroporation. Approximately 107 cells were
suspended in 800 wl of PBS (pH 7.4) with 20
ng of the CAT vector and 20 pg of either
the MyoD1 expression vector (LTR-MyoD1 +)
or the expression vehicle lacking the MyoD1 in-
sert (LTR-MyoD1 —). Electroporation was per-
formed with a Bio-Rad Gene Pulser. Cells were
plated in growth medium overnight for 2 days
and then switched to differentiation medium for 2
days, at their previous level of BUdR substitution.
Cultures were rinsed with PBS, scraped into
~300 pl of PBS, sonicated, and centrifuged.
Equivalent amounts of protein were used for
CAT assays for each construct. CAT assays were
performed as described (33).

need to be explained. We propose that
amplification of expression by positive auto-
regulation could make MyoD1 particularly
sensitive to slight degrees of inhibition that
could lead to dampening of the feedback
loop and a loss of amplified gene activity. It
is possible that many different cell lineages
use positive autoregulatory feedback circuits
to amplify expression of genes that control
development, such as has been shown not
only for MyoD1 (16), but also for some of
the Drosophila homeobox genes (26). BUdR
substitution could possibly dampen these
positive feedback loops, leading to a selec-
tive inhibition of this subset of regulatory
genes. Since BUdR inhibition is reversible,
the BUdR-repressed cells must retain a
memory of their committed myogenic po-
tential. The fact that MyoD1 is inhibited in
BUdR-substituted aza-myoblasts suggests
that the BUdR -resistant memory resides at a
genetic locus that is upstream of MyoD1 in
the regulatory pathway. Alternatively, some
change at the MyoD1 gene, for example,
demethylation of a regulatory sequence,
might be responsible for myogenic memory.

A second explanation for the effect of
BUdR is that a single BUdR-responsive
gene is involved in regulating the expression
of MyoD1 and other “master regulatory
genes.” For example, BUdR substitution
could result in the overproduction of an
active oncogene that suppresses the expres-
sion of MyoD1 and related genes. Expres-
sion of activated ras in C2C12 myoblasts
will also both block differentiation (27) and
block the expression of MyoD1 (28). In
these cells, as in BUdR-blocked aza-myo-
blasts, expression of MyoD1 will bypass the
ras blockade (28). A similar result is ob-
served when c-fos is expressed constitutively
in aza-myoblasts (28). Moreover, a number
of nondifferentiating variants of aza-myo-
blasts lack MyoD1 expression (11) but can
be induced to differentiate by the LTR-
driven MyoD1 expression vector (29). Thus,
inhibition of MyoD1 seems to be a common
pathway for the inactivation of the myogen-
ic program. We hope that our current efforts
to characterize MyoD1 regulatory elements
will help us to determine if BUdR is acting
in cis or altering the production of a trans-
acting factor.
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