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Modulation of c-myc, max, and mad
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c-Myc regulates cellular proliferation, differentiation, and apoptosis. Temporal expression of c-Myc during all-
trans-retinoic acid (RA)-mediated neural differentiation in murine embryonic stem cell (ES) was investigated.
Correlation to the modulation of dimerizing partners Max and Mad that may influence c-Myc signaling and
transcription regulation was elucidated for the first time in these cells. In RA-treated cells, increase in c-myc
mRNA was detected by reverse transcriptase polymerase chain reaction on days 11 and 14 of differentiation
compared with the vehicle-treated controls. The results were further corroborated by ribonuclease protection
assay (RPA). Western blots revealed an increase in c-Myc protein only on day 14 of differentiation in RA-
treated cells. Increases in max and mad gene transcription detected by RPA at times of elevated c-Myc in RA-
treated ES cells suggest that a transient increase in c-Myc protein expression may influence differential dimeriza-
tion of Myc partners needed for signaling in the neural differentiation of ES cells.

Murine embryonic stem cells c-Myc Differentiation Retinoic acid Max Mad

ONCOGENIC transcription factor c-Myc regulates sues express little or no c-myc (24,49,57). Several
studies have reported a decrease in c-myc mRNAcellular proliferation, differentiation, cellular adhe-

sion, metabolism, and apoptosis (17). Activation of with the initiation of differentiation and growth arrest
(35,47,55). However, in some cell types a decrease inc-Myc by different pathways has been noted in on-

cogenic transformation of cells. Normally expressed c-myc expression is noted on terminal differentiation
(13,27,48). Overexpression of c-myc leads to nonreg-c-Myc is extensively regulated. However, deregula-

tion is the cardinal feature in malignant transforma- ulation and consequently a reduced requirement for
growth factors, accelerated cell division, and in-tions of cells. The confirmation that c-Myc regulates

the cell cycle comes from data relating to the increase creased cell size (32,50,52). Consequently, elevated
expression of c-myc can impede differentiation inin the doubling time of nullizygous c-myc cells (29).

Several studies have suggested that c-Myc plays many cell types (18). In addition, exposure of anti-
sense oligonucleotide to c-myc leads to growth arrestan important role during embryonic development and

growth (38). Homozygous deletion of the c-myc gene and terminal differentiation in F9 and erythroleu-
kemic HL-60 cells (28,30). Contrary to the aboveleads to embryonic lethality at 10.5 days postcoitum

(20). It has been noted that c-myc expression in mice findings, c-myc RNA has been reported to undergo a
transient increase in differentiating lens cells (43).is highest in the proliferating tissues of mesodermal

origin. Conversely, ectodermal and endodermal tis- Lens maturation studies in transgenic mice have also

Accepted December 31, 2001.
1Address correspondence to Dr. Raghubir P. Sharma, Department of Physiology and Pharmacology, College of Veterinary Medicine,

The University of Georgia, Athens, GA 30602-7389. Tel: (706) 542-2788; Fax: (706) 542-3015; E-mail: rpsharma@vet.uga.edu

125



126 SARKAR AND SHARMA

shown that differentiation can proceed in the pres- Eagle’s medium. The medium was supplemented
with 15% Knock-OutTM Serum Replacement (Gibco,ence of elevated levels of c-myc (41).

The mechanism by which c-Myc influences differ- Life Technologies, Grand Island, NY), 10 µM β-mer-
captoethanol, and 1000 IU/ml leukemia inhibitoryentiation has not been fully elucidated. It has been

speculated that c-Myc, in conjunction with the Max factor (LIF; Sigma, St. Louis, MO). The medium was
changed every day. The ES cells were passaged everyfamily of proteins, promotes the activation of genes

that control proliferation (4,10) and that the process 2 days to maintain an undifferentiated state. To in-
duce differentiation, 2 × 105 ES cells were plated in ais inhibited by Mad (6). Max/Max and Max/Mad het-

erodimers have been thought to repress c-Myc targets monolayer in the absence of feeder layers and LIF on
six-well plates (Falcon, Becton Dickinson Labware,and promote differentiation (2,33).

All-trans-retinoic acid (RA) is an important metab- Franklin Lakes, NJ), which was counted as day 1 of
differentiation. It has been published previously thatolite of retinol (vitamin A) that mediates epidermal

as well as bone growth, differentiation, reproductive, no difference had been noted in differentiation poten-
tial between ES cells grown in monolayer or suspen-and immune functions (14) by its interaction with

various retinoid receptors (RAR) and retinoid X re- sion form (22). All-trans-retinoic acid (Sigma) dis-
solved in 85% ethanol at a concentration of 10−6 Mceptors (RXR) (37). The retinoid–receptor complexes

influence gene regulation by inducing or repressing was added to the medium on days 8, 9, and 10 of
differentiation. Our preliminary experiments have in-gene transcription. Murine embryonic stem cells (ES)

were chosen to examine the influence of RA on c-Myc dicated the optimal dose and duration of treatment
with RA for neural differentiation of these cells. Theexpression during differentiation and apoptosis. Em-

bryonic cells are derived from the inner cell mass of control medium was treated with equal volume of
85% ethanol that was added to the experimental me-4-day blastocysts and can be maintained in an undif-

ferentiated state by growing them on fibroblast feeder dium. The total volume of ethanol in the culture me-
dium did not exceed 0.15% and did not influence thelayers (22). The ES cells respond to various internal

and external signals of proliferation and differentia- differentiation process.
tion, thus mimicking the in vivo differentiation pro-
cess. All-trans-RA has been used extensively as a c-myc mRNA Expression by Reverse Transcriptase-
differentiating agent in ES neuronal models (8,53) Polymerase Chain Reaction (RT-PCR)
because of its ability to mediate proliferation, differ-
entiation, and cell death by regulating gene expres- ES cells were grown in the absence of fibroblasts

and LIF in six-well plates at a density of 2 × 105. Thesion (39).
Because retinoids play an important role in prolif- cells were harvested at 0 (undifferentiated), 12, 24,

36, and 48 h after differentiation in the absence oferation, differentiation, and morphogenesis, the aim
of this study was to investigate RA-mediated modula- RA. To look at cellular response in the presence of

RA, ES cells seeded at similar density were treatedtion of the Myc family of genes, which appear to be
the key players in the cellular decision-making pro- on days 8, 9, and 10 of differentiation with 10−6 M

RA and harvested on days 11, 14, 17, and 21 of dif-cess between differentiation and proliferation during
cellular growth. Carcinogenesis entails dedifferentia- ferentiation to investigate modulation of c-myc genes

in response to RA. Control cells were treated withtion and reverting back to embryonic stages. A basic
understanding of embryonic development requires an equal volume of 85% ethanol. One milliliter of TRI

Reagent LS (Molecular Research, Cincinnati, OH)appreciation of the complexity involved in Myc sig-
naling and facilitates understanding the loss of or- was added to the cell suspension, and total RNA was

extracted according to the manufacturer’s protocol.derly control during oncogenic transformation. Our
study demonstrates the temporal pattern of c-myc, Three micrograms of total RNA was used to synthe-

size first-strand cDNA using Superscript II reversemax, and mad expression during RA-mediated differ-
entiation in murine embryonic stem cells. transcriptase (Life Technologies). Samples equivalent

to 1 µl of the first-strand reaction cDNA were then
used as a template for amplification in 50 µl PCR
reaction. Two microliters of dimethyl sulphoxideMATERIALS AND METHODS
(DMSO) (Fisher, Fair Lawn, NJ) was added to c-myc

ES Cell Culture and RA Treatment
reaction to enhance PCR specificity. The sense and
antisense primers for β-actin and c-myc were chosenMurine embryonic stem cells (ES-D3, ATCC #

1934-CRL) were maintained on mouse fibroblast by the Primer3 program (Whitehead Institute, Cam-
bridge, MA). These were 5′-ATGGATGACGATATfeeder layers, (STO, ATCC # 1503-CRL) treated

with 10 µg/ml mitomycin c, in Dulbecco’s modified CGCT-3′ and 5′-ATGAGGTAGTCTGTCAGGT-3′,
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5′-ATCTGCGACGAGGAAGAGAA-3′ and 5′-ATC Interaction of Max and Mad With c-Myc During
RA-Mediated Cellular DifferentiationGCAGATGAAGCTCTGGT-3′ for β-actin and c-myc,

respectively. The DNA was initially denatured for 5 by Ribonuclease Protection Assay (RPA)
min at 95°C. The following parameters were used for

Ribonuclease protection assay for c-myc-max/madamplification: 95°C for 30 s, annealing temperature
family was undertaken to simultaneously analyze theirof 48°C (β-actin) and 55°C (c-myc) for 30 s, 72°C
gene expression during ES differentiation. RNasefor 1 min and run for 25 cycles and 33 cycles for β-
protection assay is a sensitive and quantitativeactin and c-myc, respectively. Initial trials were run to
method of measuring the expression level of severalensure that the genes are amplified in the exponential
genes simultaneously. The assay was performed withphase (Fig. 1, inset). β-actin was used as a positive
Pharmingen’s Riboquant, multiprobe RNase assaycontrol, and negative controls with respective primers
custom kit (Pharmingen, San Diego, CA). ES cellsand no cDNA in the PCR reactions were used. After
were grown at a density of 2 × 105 cells in six-wellamplification, 10 µl of PCR products was mixed with
plates. The cells were harvested at undifferentiated =10× DNA dye [5 mg/ml bromophenol blue, 50%
0, 24, and 48 h after differentiation in the absence ofglycerol, 100 mM Tris, 20 mM NaCl, 1 mM ethy-
RA. To investigate RA-mediated differentiation, cellslenediaminetetraacetic acid (EDTA)] in 10:1 ratio,
plated in similarly densities were treated with RA asand run on 2.0% agarose gel stained with ethidium
mention before and harvested at days 11, 14, 17, andbromide for electrophoretic separation. The gels were
21 of differentiation. One milliliter of TRI Reagent

photographed in a backlighted UV transilluminator.
LS (Molecular Research, Cincinnati, OH) was addedPhotographs were scanned and quantified on UN-
to the cell suspension and total RNA was extractedSCAN-ITTM automated digitizing system (Silk Scien-
according to the manufacturer’s protocol. Total RNAtific, Inc., Orem, UT). Total pixel count for c-myc
from three wells was pooled together and quantifiedwas normalized to β-actin. All experiments were re-
in the spectrophotometer at A260 and 40 µg aliquotedpeated several times with the number of independent
and stored at −80°C. α-32P-labeled antisense RNAreplicates (n = 3) for each investigated time point.
probe was synthesized according to manufacturer’s

Determination of c-Myc Protein by Western Blot protocol from custom DNA templates and quantified
in a liquid scintillating counter (1214 Rackbeta, Phar-The control and RA-treated ES cells were lysed on
macia, Finland). The probe was diluted with hybrid-ice for 30 min in lysis buffer (54). Cell lysates were
izing buffer at strengths of 4 × 105/µl counts percentrifuged at 14,000 rpm at 4°C for 15 min to re-
minute and hybridized overnight to the target RNAmove cell debris. The aliquots of supernatants were
previously extracted from RA- and vehicle-treated ESstored at −80°C and assayed using Bradford reagent
cells. Appropriate positive and yeast tRNA negative(Sigma) for detection of protein. Fifteen micrograms
controls, provided by the manufacturer, were simulta-of the supernatant protein from each sample was
neously hybridized. Subsequently the free probe andheated with 4× lauryl sulphate (SDS) sample buffer
single-stranded RNA were treated with RNAse A toat 95°C for 5 min and separated on 10% SDS-poly-
destroy single-stranded RNA. The cRNA–mRNAacyramide gel electrophoretically. Subsequently, the
complexes were purified and electrophoresed on de-proteins were transferred onto 0.45-µm pore size ni-
naturing polyacrylamide gels. The gels were trans-trocellulose membranes for 90 min and blocked over-
ferred onto filter papers and dried at 80°C for 1 h andnight with 5% milk in Tween-Tris buffer saline (TBS).
quantified by autoradiography after 16 h of exposure.Nitrocellulose membranes were then exposed to c-Myc
During the duration of exposure, the gels were storedprimary monoclonal antibody (Santa Cruz Biotech-
at −80°C.nologies, Santa Cruz, CA). The membranes were in-

cubated for 1 h with horseradish peroxide-conjugated
polyclonal goat anti-mouse IgG at 1:5000 dilutions. Statistical Analysis and Replications
Between each exposure, nitrocellulose membranes
were washed for 30 min with Tween-TBS. c-Myc All cell culture experiments were repeated several

times using at least three independent replicates.was visualized autoradiographically by enhanced
chemiluminescent substrate (ECL Amersham Phar- Pooled RNA from three wells was used for RPA. The

RPA was repeated twice for consistency. Mean ± SEMmacia, Piscataway, NJ) after 60 min of exposure. The
radiographs were scanned and digitized using UN- of a representative experiment is presented in the re-

sults. The difference between control and treatedSCAN-ITTM automated digitizing system as men-
tioned for PCR gels above. All experiments were re- samples was analyzed using Student’s t-test assuming

equal variances. The error bars represent the SEM. Apeated several times with the number of replicates
(n = 3) for each investigated time point. probability of p ≤ 0.05 was considered significant.
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RESULTS PCR (Fig. 1). The results obtained by RT-PCR were
corroborated by RPA. Total RNA was extracted from

Expression of c-myc Gene by RT-PCR and RPA
the ES cells, hybridized to template RNA, and treated
with RNase A, as explained in Materials and Meth-Mouse ES cells can be induced to differentiate into

cells exhibiting neural morphology with RA, whereas ods. The assay revealed an increased expression of
c-myc RNA after 24 h of initiation of differentiation,absence of RA leads to differentiation into mesoder-

mal tissue. To answer the question of temporal pattern which was also found to be statistically significant
(p ≤ 0.05) compared with the undifferentiated con-of c-Myc expression during ES neural differentiation,

c-myc gene and protein expression was investigated trols harvested at 0 h. Similar to the observations of
RT-PCR reactions, after 48 h of initiation of differen-by RT-PCR, RPA, and Western blot. However, be-

cause Max and Mad essentially regulate c-Myc sig- tiation c-myc mRNA levels returned to basal values
of their undifferentiated phenotype as noted by RPAnaling, it was important to elucidate the pattern of

gene expression of the dimerizing partners simultane- (Fig. 2A, B).
When ES cells were allowed to differentiate in theously; the subsequent experiments were therefore

performed by RPA. Undifferentiated ES cells grown presence of vehicle only, they differentiated into fi-
broblasts, endodermal, and mesodermal cell types.in the presence of fibroblast feeder layers and leuke-

mia inhibitory factor (LIF) express basal quantities of No neural differentiation was seen in the absence of
RA. Modulation of c-myc gene expression duringc-myc gene. Changes in the level of c-myc were noted

upon induction of spontaneous differentiation in the RA-mediated differentiation was also examined by
RT-PCR and RPA. The ES cells were exposed to 1absence of feeder layers, LIF, or RA. Figure 1 shows

expression of c-myc gene normalized to β-actin µM RA on days 8, 9, and 10 of differentiation. Dif-
ferentiation in the presence of RA leads to neural cell(house keeping gene) at undifferentiated = 0, 12, 24,

36, and 48 h of differentiation. A transient increase types. Interestingly, a distinct response was observed
upon RA exposure by RT-PCR. The ratio of c-mycin the level of c-myc mRNA was noted at 12 and 24

h after initiation of differentiation and subsequently a RNA, normalized to β-actin, was elevated in RA-
treated cells relative to the ethanol-treated controls ondecline was observed by 48 h as detected by RT-
all days. However, the increased gene expression on
day 11 was significant (p ≤ 0.05) (Fig. 3A, B). Fol-
lowing RA exposure, an increase in c-myc mRNA
expression was also detected by RPA in RA-treated
cells compared with the concurrent control for the
respective days (11, 14, 17, and 21) (Fig. 4A, B).
The difference in gene expression between RA- and
vehicle-treated cells was found to be statistically sig-
nificant on days 11 and 14 of differentiation. Maxi-
mal amount of RNA expression was seen on day 14
in RA-treated cells, and a subsequent decline was
seen from days 17 to 21. Additionally, even during
the declining phase of c-myc expression, about two-
to threefold higher level of c-myc RNA was detected
in RA-treated cells from concurrent controls on days
17 and 21.

Expression of c-Myc Protein

Upon initial spontaneous differentiation, c-Myc
protein expression paralleled the gene expression and
an increased amount of translated product was de-Figure 1. Increased c-myc mRNA expression in spontaneously di-

viding ES cells at 12 and 24 h as detected by RT-PCR. The mRNA tected 36 h after differentiation, relative to the undif-
expression was normalized to house keeping gene β-actin at 0 = ferentiated controls (Fig. 5A). Additionally, differen-
undifferentiated, 12, 24, 36, and 48 h after initiation of differentia-

tiation in the presence of RA on days 8, 9, and 10,tion. The products were amplified at 33 cycles in the exponential
phase of PCR reaction and the gel representative of exponential which predominantly promotes the formation of cells
amplification of c-myc is shown (inset). The results are expressed resembling neural morphology, revealed a significant
as mean ± SEM (n = 3). The photograph of representative gel

increase in the level of c-Myc protein on day 14 ofshows β-actin and c-myc mRNA at respective times. *Significantly
different from undifferentiated group at p ≤ 0.05. differentiation, compared with the vehicle-treated



MYC FAMILY MODULATION DURING ES NEURAL DIFFERENTIATION 129

Figure 2. Differential expression of c-myc, max, and mad mRNA expression by RNase protection assay (RPA). (A) Representative gel of
RPA showing only c-myc, max, and mad (indicated on the left) mRNA expression at 0 = undifferentiated, 24 and 48 h. L32 represents the
housekeeping gene. A nonhybridized probe set was run as a size marker. (B) The relative mRNA expression normalized to housekeeping
gene L32 at 0 = undifferentiated, 24 and 48 h after differentiation. The results are expressed as mean ± SEM (n = 2). *Significantly different
from undifferentiated group at p ≤ 0.05.

Figure 3. Modulation of c-myc mRNA expression by RT-PCR during RA-mediated ES neural differentiation. The cells were treated with
RA on days 8, 9, and 10 of differentiation. (A) The photographs of representative gels show β-actin and c-myc mRNA on days 11, 14, 17,
and 21 of differentiation. (B) The relative c-myc gene expression was normalized to β-actin. The results are expressed as mean ± SEM
(n = 3). *Significantly different from concurrent control p ≤ 0.05.
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Figure 4. Alteration in c-myc expression during RA-mediated ES differentiation. (A) Representative gel of RNase protection assay. A
nonhybridized probe was run as a size marker. The names of the genes are listed on the left. L32 represents the housekeeping gene.
Treatment groups are indicated as control: (lane 1) 11-day vehicle-treated, (lane 3) 14-day vehicle-treated, (lane 5) 17-day vehicle-treated,
and (lane 7) 21-day vehicle-treated. RA-exposed: (lane 2) 11-day RA-treated, (lane 4) 14-day RA-treated, (lane 6) 17-day RA-treated, and
(lane 8) 21-day RA-treated. (B) The relative mRNA expression is indicated against L32. Pooled RNA from three independent wells was
used for the assay, and the results are expressed as mean ± SEM (n = 2). *Significantly different from concurrent control at p ≤ 0.05.

Figure 5. Alteration in c-Myc protein expression during differentiation by Western blot. (A) Fifteen micrograms of cytosolic cell lysate was
electrophoretically separated and transferred onto nitrocellulose membranes. After incubation with primary and secondary antibody, the
proteins were visualized autoradiographically with chemiluminiscent reagents and quantified as pixels. Results expressed are mean ± SEM
(n = 3). Representative gel shows c-Myc expression at 0 = undifferentiated, 12, 24, 36, and 48 h after initiation of differentiation. *Signifi-
cantly different from undifferentiated group at p ≤ 0.05. (B) Alteration in c-Myc protein expression during RA-mediated ES differentiation
on days 11, 14, 17, and 21 of differentiation. The results are expressed as mean ± SEM (n = 3). *Significantly different from concurrent
control at p ≤ 0.05. Representative photograph of gel is shown. Treatment groups are indicated as control: (lane 1) 11-day vehicle-treated,
(lane 3) 14-day vehicle-treated, (lane 5) 17-day vehicle-treated, and (lane 7) 21-day vehicle-treated. RA-exposed: (lane 2) 11-day RA-treated,
(lane 4) 14-day RA-treated, (lane 6) 17-day RA-treated, and (lane 8) 21-day RA-treated.
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controls. Thereafter, a gradual decline was noted in
the expressed protein. No difference in the level of
protein expression was noted in the presence or ab-
sence of RA on subsequent days (Fig. 5B).

Expression of Related Myc Family of Genes
Encoding for Dimerizing Partners Max
and Mad by RPA

After having established that RA treatment during
ES differentiation could modulate c-myc gene and
protein levels, concurrent expression of the dimeriz-
ing partners of c-Myc was investigated to understand
the implications of upregulation of c-Myc. No differ-
ence in max mRNA was detected by RPA upon initial
differentiation at 24 and 48 h (Fig. 2). In vehicle-
treated ES cells, not in RA-treated cells, max RNA
expression declined twofold on day 14 from day 11
mRNA levels and subsequently remained steady
throughout the period of differentiation. Increased

Figure 7. Alterations in mad expression during RA-mediated ESexpression of max mRNA was noted on all days in
differentiation. The relative mRNA expression is indicated against

RA-treated ES cells compared with the concurrent L32. Pooled RNA from three independent wells was used for the
assay, and the results are expressed as mean ± SE (n = 2). *Signifi-vehicle-treated cells, and the increase was statistically
cantly different from concurrent control at p ≤ 0.05.significant (p ≤ 0.05) on days 11, 14, and 21 of differ-

entiation (Fig. 4A, Fig. 6). About a threefold induc-
pared with the undifferentiated cells (Fig. 2A, B).tion of max was noted on day 14 compared with con-
However, increased mad mRNA was detected at 11current vehicle-treated controls.
and 14 days upon RA treatment compared with theContrary to max expression, a significant decline
concurrent vehicle-treated cells. In addition, the levelin the level of mad mRNA was noted at 24 h com-
of mad mRNA expression was found to be signifi-
cantly elevated from concurrent vehicle-treated cells
on day 14 of differentiation (Fig. 4A, Fig. 7). Further-
more, nonquantifiable to very low levels of mad tran-
scripts were detected on subsequent days of differen-
tiation in both RA- and vehicle-treated cells.

DISCUSSION

The results of this study show that RA can effec-
tively modulate Myc family gene expression during
ES neural differentiation. Undifferentiated ES cells
express Myc and its dimerizing partners, Max and
Mad. Upon spontaneous differentiation in the ab-
sence of feeder layer and LIF, an increase in c-myc
mRNA and a decline in mad mRNA was observed at
24 h. No change in the level of max was noted. Expo-
sure to RA at days 8, 9, and 10 during ES neural
differentiation causes distinct changes in the Myc
family of genes. The most prominent effect in re-
sponse to RA exposure was an upregulation of c-myc
gene and protein expression on day 14 of differentia-
tion and a gradual decrease in their levels. That RAFigure 6. Alterations in max expression during RA-mediated ES

differentiation. The relative mRNA expression is indicated against exposure can effectively modulate Myc family at spe-
L32. Pooled RNA from three independent wells was used for the cific stages of ES neural differentiation is suggested
assay, and the results of a representative experiment are expressed

by increased presence of c-myc, max, and mad mRNAas mean ± SE (n = 2). *Significantly different from concurrent
control at p ≤ 0.05. at specific times during ES neural differentiation.
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A biphasic response was observed during differen- dation, as c-Myc is a short-lived nuclear protein.
However, increased availability of c-Myc could betiation of ES cells. Upon initiation of differentiation,

even in the absence of differentiating-inducing agents, indicative of increased stability or translation control
(45). On day 14 in RA-treated cells, increased avail-c-myc mRNA showed a transient increase in 12–24

h as detected by RT-PCR. This finding was also cor- ability of c-Myc protein may provide the necessary
switching signal during ES cell neural differentiationroborated by RPA where an increase in c-myc mRNA

levels was observed at 24 h and returned to basal in conjunction with other associated proteins.
Investigation of c-myc gene and protein expressionlevels of undifferentiated state at 48 h. This initial

peak of increased expression of c-myc has been corre- alone can only partially be correlated to ES prolifera-
tion and differentiation because Myc family is a grouplated to commitment to differentiate rather than RA

exposure in P19 cells (12,42). Modulation of c-myc of transcription factors that act together to influence
apoptosis, differentiation, and growth arrest. Con-expression was also noted during RA-mediated dif-

ferentiation, where the ES cells were exposed to 1 trasting its expression with other interacting partners
can better elucidate the implications of c-Myc upreg-µM of RA on days 8, 9, and 10 of differentiation. A

distinct temporal response to RA exposure was seen ulation during RA-mediated neural differentiation.
The c-Myc signaling effectively requires dimerizingon days 11 and 14 compared with the ethanol-treated

controls in the form of increased c-myc mRNA ex- partners Max and Mad, as c-Myc by itself is unable
to bind to DNA. In contrast to c-Myc, Max is morepression as detected by RT-PCR and RPA. A similar

biphasic response to RA treatment has been pre- stable and exhibits a longer half-life (9). The role of
Max in differentiation is controversial. It is generallyviously elicited in mouse embryonal carcinoma cells

that were induced to differentiate into neurons and agreed that Max expression does not change during
cell cycle or differentiation (36). However, downreg-astrocytes by RA (51). Increased c-myc mRNA has

also been noted during mouse brain development ulation of max mRNA and protein in erythroid differ-
entiation (21,25) has been noted. Overexpression of(57). Increased biphasic expression of c-myc mRNA

also has been reported in erythroleukemic cells with Max may lead to reduced growth and delayed differ-
entiation (16). Interestingly, Max overexpression inDMSO and hexamethylene bisacetamide (40,44). Al-

though the overwhelming body of evidence suggests neuroblastoma cells lines can enhance RA-mediated
growth arrest and differentiation (46). No change inthat overexpression of c-Myc causes cellular prolifer-

ation and repression of differentiation, contrary to the max mRNA was noted between undifferentiated ES
cells and initial differentiation at 24 and 48 h. How-common findings of decreased c-Myc expression dur-

ing differentiation, several studies have reported high ever, increased expression of max mRNA levels was
noted by RPA on RA exposure on days 11, 14, 17,levels of c-Myc during differentiation in a variety of

cell lines (19,23,56). and 21. About a threefold increase in Max transcripts
was seen on day 14 of differentiation upon RA ex-There was a gradual decline in the overall message

from days 17 to 21 when the ES cells were morpho- posure, coinciding with increased c-myc mRNA ex-
pression detected by RPA. Increased Max may belogically differentiated in control and RA-treated cells.

However, the level of mRNA was elevated in RA- required in conjunction with increased c-Myc for
transcriptional activation in differentiating neuraltreated cells only, suggesting increased c-myc mRNA

in neural cells. There is mounting evidence that c- cells. C-Myc regulates the cell cycle primarily in G1

phase or G1/S transition and has been known to re-Myc may not be required for terminal differentiation
and that its expression is insufficient by itself to sup- press differentiation and cell adhesion while actively

promoting cellular proliferation (1). C-Myc binds topress the differentiated phenotype (26). Increased c-
myc noted in RA-treated cells may be required for the DNA in association with its dimerizing partner

Max (11). Max-Myc heterodimers can effectivelymaintenance and metabolism of newly formed neural
cells. bind to specific DNA sequences to promote transcrip-

tion, whereas c-Myc alone is unable to bind to DNA.An increased level of c-myc transcription was par-
alleled by increased protein observed at 36 h after Max lacks a transactivation domain and Max/Max

homodimers can effectively block c-Myc functioninitiation of differentiation, in the absence of feeder
layers, LIF, or RA. However, upon RA exposure, in- (3,34). Furthermore, because of a longer half-life,

Max interaction with the Mad family of proteins maycreased levels of c-Myc protein was observed only
on day 14 of differentiation and not on all the times logically influence c-Myc function.

We also noted an initial decrease in mad transcrip-of elevated c-myc mRNA. Increased c-myc gene ex-
pression is not followed by increased detection of tion after 24 h of differentiation. At this time we do

not know the significance of transient decrease inprotein by Western blot at similar times. This ob-
servation may be caused by increased c-Myc degra- mad mRNA during the early part of spontaneous dif-
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ferentiation. However, increased c-myc gene expres- growth arrest. It can be envisioned that Mad and c-
Myc inversely regulate differentiation, and upregula-sion in the presence of Max is indicative of a Myc-

Max heterodimer-driven trans-activation process. tion of Mad in RA-treated cells may provide the sig-
nal for ES differentiation. It is likely that Mad actsIncreased mad mRNA was observed during RA-

mediated differentiation only on days 11 and 14. The as a switch between proliferation and differentiation,
and retinoids may act as a master controller of therelative amount of mad mRNA was very low com-

pared with c-myc and max. Coinciding with increased cellular fate in the decision-making process. The vir-
tual absence of Mad at later stages of differentiationc-myc mRNA and protein, about a 3.5-fold increase

in mad mRNA expression was observed by RPA dur- and is indicative of increased probability of Myc-
Max or Max-Max dominated response.ing ES differentiation in the presence of RA on day

14 compare with ethanol-treated controls. The find- The correlation of c-Myc expression to cellular
proliferation and differentiation is fraught with varia-ings suggest that RA exposure during ES differentia-

tion upregulates Myc-associated partners for optimal tions, depending upon cell type and differentiating
agent used, and is incomplete without investigatingsignaling. Evidence has been presented that accumu-

lation of Mad/Max complexes during development of the modulation of selected Myc-associated partners.
Our results show that RA can effectively modulatemouse embryo (15), myeloid leukemic cells (5), and

keratinocytes (31) may facilitate differentiation. Ac- the expression of c-myc gene and protein during ES
neural differentiation. We have also shown the abilitycordingly, transcriptional properties of c-Myc may

be influenced by binding with the Mad family of of RA to effectively influence the c-Myc signaling
process by differentially regulating the expression ofproteins, which in turn recruit sin3 and other co-

repressors that compete for c-Myc binding sites and genes encoding for c-Myc dimerizing partners, name-
ly Max and Mad, suggesting that Myc family playspreclude c-Myc/Max-mediated gene regulation (2,7).

Consequently, increased expression of Mad proteins an important role during RA-mediated ES neural dif-
ferentiation.has been associated with cellular differentiation and
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