
Mitogens and Oncogenes Can Block the Induction of 
Specific Voltage-Gated Ion Channels 

The mechanisms underlying the ontogeny of voltage-gated ion channels in muscle are 
unknown. Whether expression of voltage-gated channels is dependent on mitogen 
withdrawal and growth arrest, as is generally true for the induction of muscle-specific 
gene products, was investigated in the BC3H1 muscle cell line by patch-clamp 
techniques. Differentiated BC3Hl myocytes expressed functional Ca2+ and Na+ 
channels that corresponded to those found in T tubules of skeletal muscle. However, 
Ca2+ and Na+ channels were &st detected after about 5 days of mitogen withdrawal. 
In order to test whether cellular oncogenes, as surrogates for exogenous growth 
factors, could prevent the expression of ion channels whose induction was contingent 
on mitogen withdrawal, BC3Hl cells were modified by stable transfection with 
oncogene expression vectors. Expression vectors containing v-erbB, or c-myc under the 
control of the SV40 promoter, delayed but did not prevent the appearance of 
functional Ca2+ and Na' channels. In contrast, transfection with a Val1' c-H-ras 
vector, or cotransfection of c-myc together with v-erbB, suppressed the formation of 
functional Ca2+ and Na' channels for Z4 weeks. Potassium channels were affected 
neither by mitogenic medium nor by transfected oncogenes. Thus, the selective effects 
of certain oncogenes on ion channel induction corresponded to the suppressive effects 
of mitogenic medium. 

USCLE DIFFERENTIATION IS AC- 

companied by developmental 
changes in the expression of volt- 

age-gated membrane ion channels (I) ,  
whose underlying cellular mechanisms are 
unknown. In contrast, the induction of 
genes that encode each subunit of the lig- 
and-gated nicotinic acetylcholine receptor 
has been linked to cessation of cell division 
or to withdrawal of mitogenic growth fac- 
tors (2,3). It has been proposed that cellular 
oncogenes that have been implicated in me- 
diating growth factor effects (4) hnction as 
negative regulators of myogenesis (5). Fur- 
thermore, certain variant muscle cell lines 
that cannot differentiate autonomously ex- 
press either c-myc (6) or the epidermal 
growth factor (EGF) receptor encoded by c- 
erbB (7). We therefore examined the ontog- 
eny of voltage-gated ion channels in BC3H1 
muscle cells, a clonal line that has been used 
extensively as a model of myogenic differen- 
tiation (3, 5, 8, 9). We wanted to determine 
whether expression of one or more voltage- 

gated channels in BC3H1 myocytes would 
be contingent on mitogen withdrawal, or 
would be influenced by stable transfection 
(10) with cellular or viral oncogenes that 
mimic the effects of growth factors on mus- 
cle-specific gene induction (9). We report 
that expression of functional calcium and 
sodium channels was suppressed both dur- 
ing proliferative growth and by transfection 
with certain oncogene alleles. In contrast, 
expression of potassium channels was inhib- 
ited neither by mitogenic medium nor by 
the transfected onco enes. 

We examined CaL, *a+, and Ki cur- 
rents in whole cells or single channels by 
means of the gigaseal patch-clamp method 
(11). In BC3H1 cells that had been induced 
to differentiate in 0.5% fetal bovine serum 
(FBS) for 5 days (5, 9) we identified (i) a 
rapidly activating, low-threshold ca2+ cur- 
rent, (ii) a slo\vly activating, higher thresh- 
old Ca2+ current (Fig. l ) ,  (iii) a delayed, 
outwardly rectifying K+ current, and (iv) an 
inward Na+ current that was half-maximally 

Table 1. Properties of Ca2+ channels in BC3Hl myoqtes, skeletal muscle (12), and smooth muscle 
(13). Vth, potential for threshold activation; V,, potential at which inward current is maximal; and tllz, 
time to 50% activation or inactivation. 

Vt h VP  tlI2 Activa- tIl2 Inactivation Samples 
(mv)  (mv? tion (msec) (msec) 

BC3H1 myoqtes 
Fast -30 to -20 -10 to 0 2 to 10 500 to 5,000 
Slow -20 to 0 0 to +20 20 to 100 1,000 to 10,000 

Skeletal muscle 
Fast -70 to -60 -20 to -10 5 to 50 500 to 5,000 
Slow -50 to -40 -10to 0 100 to 300 500 to 5,000 

Smooth muscle 
Fast -60 to -50 -20 to -10 1 to 10 10 to 50 
Slow -30 to -10 0 to +30 2 to 10 200 to 1,000 

inhibited by tetrodotoxin at 10 pM. Whole- 
cell recordings of the ca2+, Na', and K+ 
currents, current-voltage (I-V) relations, 
and unitary channels are each shown in Fig. 
1. The two Ca2+ currents resembled those 
reported for skeletal muscle (12) and dif- 
fered from the Ca2+ currents reported for 
smooth muscle cells (13) (Fig. 1, A to C, 
and Table 1). The "slow" Ca2+ current of 
BC3H1 cells activated with a time constant 
~ 2 0  to 100 msec, comparable to "slow" 
Ca2+ channels found in T tubules of skeletal 
muscle. The "fast" current inactivated very 
slowly, as observed in T tubules. Further- 
more, the "fast" and "slow" components 
could be distinguished by the voltage depen- 
dence of inactivation (see the legend to Fig. 
lB), conductance and mean open time of 
single channels (Fig. lC), divalent cation 
selectivity, and pharmacology. Taken to- 
gether, these data indicate that two indepen- 
dent classes of elementary ca2+ channels 
coexist in differentiated BC3H1 cells, whose 
biophysical properties correspond to those 
in T tubules of skeletal muscle. The kinetics 
and I - V  relations of the K+ current (Fig. 1, 
D to F) and Na+ current (Fig. 1, G and H )  
also were similar to those reported for skele- 
tal muscle (14, 15). 

To determine whether changes in voltage- 
gated currents of BC3H1 muscle cells could 
be induced by mitogen withdrawal, we com- 
pared whole-cell clamp recordings from ex- 
ponentially growing cells with those from 
cells at 1 to 20 days in 0.5% FBS (Fig. 2). 
Ca2+ and Na+ currents could not be detect- 
ed in proliferating BC3H1 myobiasts, at test 
potentials ranging from -20 to t 6 0  mV: 
these currents first appeared after 4 to 5 days 
of mitogen withdrawal. Peak amplitudes for 
the three inward currents, relative to one 
another, neither varied appreciably from cell 
to cell nor varied during the observed time 
course of differentiation (1). Current densi- 
ties were normalized to membrane area, 
which was estimated from bo t j  cell capaci- 
tance and cell geometry, and were found to 
increase through days 15 to 20 after mito- 
gen withdrawal and then to plateau (Fig. 
2B). We estimated channel number (N) 
using the relation I = N . i s  Po where I de- 
notes the amplitude of the whole-cell cur- 
rent, i is the mean single-channel amplitude, 
and Po indicates the probability that a single 
channel is in an open state (11). For the 
"slow" Ca2+ current, at + 10 mV in 50 mM 
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~ a ~ + ,  I r- 400 PA, z = 0.65 PA, and Po 
0.1. Thus, we calculate that differentiated 
BC3H1 mpocytes map express -lo4 h c -  
tional "slown ca2+ channels per cell, with a 
doubling time of approximately 2 days dur- 
ing mitogen withdrawal. For the K+ cur- 
rent, I = 500 PA, z = 0.5 PA, and Po = 0.5, 
indicating that BC3H1 cells express -2000 
K+ channels per cell (Fig. 1, D to F). In 
contrast to our results for Ca2' and Na+ 
currents, the K+ current was relatively in- 
variant during differentiation (Fig. 2D). 

To test if induction of ca2+ channels can 
be inhibited via genes that encode proteins 
postulated to transduce or emulate mitogen- 
ic signals, we investigated clonal cell lines 
derived from BC3H1 cells that had been 
stably transfected with activated alleles of c- 
myc, v-wbB, both genes, or c-H-rm (9) (Fig. 
3). The c-myc expression vector, pSVc-myc- 
1, contained murine c-myc coding sequences 
under the transcriptional control of the 
SV40 promoter (16). The v-erbB vector, 
pAEV11-dl-3, consisting of the avian 
erythroblastosis viral genome deleted in the 
irrelevant evbA andgag sequences ( 1 3 ,  cor- 
responds to a truncated or ligand-indepen- 
dent EGF receptor. The vector, pEJ6.6, 
containing the Va1I2 allele of C-H-rm, en- 
codes a rm protein that binds, but cannot 
hydrolyze guanosine triphosphate and is 
postulated to function constitutively in 
transduction of signals induced by growth 
factors (16, 18). Evidence that the transfect- 
ed oncogenes are expressed in the resulting 
clonal cell lines is reported elsewhere (9). 
We found that either an autonomous c-myc 
gene or v-erbB delayed, but did not prevent, 
differentiation of BC3H1 cells, indicated by 
>loo-fold induction of muscle creatine ki- 
nase (mck) messenger RNA (mRNA) (9). In 
contrast, more than additive inhibition of 
differentiation resulted when c-myc was co- 
transfected with 11-evbB. Moreover, the va112 
C-H-rm allele, when transfected alone, sup- 
pressed mck and a-actin mEWA induction 
(9). The expression vectors were not them- 
selves mitogenic for BC3Hl cells, and each 
of these stably transfected, clonal cell lines 
withdrew from the cell cycle within 48 
hours of mitogen deprivation. Thus, the 
effects of transfected oncogenes on muscle- 
specific gene expression were independent 
of cell proliferation. In BC3H1 cells that had 
been transfected with pSVc-myc-1 or 
pAEVl l-dl-3,  the initial expression of both 
ca2+ channels was delayed by 1 to 2 days, 
when compared to control BC3Hl myo- 
cytes. On the other hand, the ca2+ current 
density ultimately was equivalent to that of 
the control cells (Fig. 2B). Neither the I-V 
relations nor the kinetics of the macroscopic 
Ca2+ currents were altered. These results 
agree with recent reports indicating that c- 

myc expression by itself does not suppress 
the differentiated phenotype in muscle cells 
(9, 19). 

In contrast, cotransfection of pSVc-myc- 1, 
together with pAEV11-dl-3, resulted in 
synergistic suppression of the two ca2+ 
currents (Fig. 2). These results substantiate 
our previous observation that the concerted 
effect of the oncogenes c-myc and v-evbB on 
nyogenesis was more than additive in these 
cells (9, 11). Consistent with its marked 

effects on muscle-specific gene induction 
(9), the Va1I2 allele of c-H-ras sufficed by 
itself to abolish expression of functional 
Ca2+ channels at up to 40 days in "differen- 
tiating" medium (Fig. 2). Maximal concen- 
trations of isoproterenol (IO-~~M) and BAY 
k 8644, a dihpdropyridine agonist (DHP, 
5 x 10-6M) (20), did not elicit ca2+ cur- 
rents either in ras-transfectants or in prolif- 
erating cells. Since currents of 2 1 0  pA 
could be resolved, the number of Ca2+ 

1-x 
I,,, (PA) 

15mOBc 

D F 
1, (PA) 

so msec 

vm(mv) _Ipk 
-60 -40 -20 0 20 40 

15 msec 

G H 

Fig. 1. Voltage-activated Ca2+, K+, and Na+ currents in differentiated BC3H1 myocytes. (A) "Fast," 
low-threshold (upper pair) and "slow," higher threshold (lower pair) inward Ba2+ currents were elicited 
by 450-msec voltage steps from - 80 mV (Vh) to the test potentials (V,) shown. The external solution 
was without Na+ and contained: 20 mM barium glutamate, 110 mM N-methyl-D-glucamine, 5 mM 
glucose, and 10 mM Hepes (pH 7.3); cells were internally dialyzed with 130 mM cesium aspartate, 10 
m M  CsF, 5 mM EGTA, and 10 mM Hepes (pH 7.3). (B) Current (I,) is plotted as a hnction of 
voltage of the membrane (V,,,) for peak inward Ba2+ current elicited b voltage steps from -80 mV to 
the potentials shown (open symbols). In order to isolate the "fast" BaJ+ current, iislown Ba2+ currents 
were inactivated with a holding potential of -50 mV (closed symbols) (11). (C) Single Ba2+ channels 
were measured in a differentiated BC3H1 myocyte (cell-attached patch). Pipette: 50 mM barium 
glutamate, 50 mM tetraethylammonium glutamate, 15 mM glucose, and 10 mMHepes (pH 7.3); bath: 
50 mM potassium glutamate, 60 mM sodium glutamate, 5 mM glucose, and 10 mM Hepes (pH 7.3). 
Currents were elicited by 150-msec pulses from - 100 to - 10 mV at 5-second intervals, filtered at 1 
kHz, and sampled at 100 ysec per point. (D) Delayed, outwardly rectifying K+ currents were measured. 
Vh = -80 mV; V, = -30, -20, - 10, or 0 mV; the pulse duration was 450 msec. External: 5 mM 
CaC12, 130 mM NaCI, 5 mM KCI, 5 mM glucose, 10 mM Hepes (pH 7.3), and 5 mM Ca2+ Tyrode's 
solution; internal: 130 mM potassium aspartate, 10 mM KF, 5 mM EGTA, and 10 mM Hepes (pH 
7.3). (E) Current (I,) is plotted as a function of voltage of the membrane (V,) for K+ current 450 
msec after onset of a voltage step from -80 mV to each potential. (F) Unitary K+ channels were 
measured in a proliferative, undifferentiated BC3Hl cell (cell-attached atch . Vh = -80 mV; Vt = P ) -20 mV. Pulse duration was 150 msec. Pipette and bath: 5 mM Ca2 Tyrode's solution. (0 )  Na+ 
currents are depicted evoked by 45-msec voltage steps from -90 mV to the potentials shown. External: 
5 mM Ca2+ Tyrode's solution; internal: 130 mM cesium aspartate, 10 mM CsF, 5 mM EGTA, and 10 
mM Hepes (pH 7.3). (H) Current (I,) as a function of voltage of the membrane (V,) is plotted for 
peak inward Na+ current elicited as in (G). 
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channels that were activated by DHP thus 
was decreased at least 50-fold by either FBS 
or transfeaion with the valI2 c-H-ras allele. 
Corresponding results were obtained for 
Na+ currents (Fig. 2C), whereas, by con- 
trast, the K+ currents were not altered by 
any of the transfected genes (Fig. 2D). 

It will be interesting to test the prediction 
that mitogenic stimulation and the transfect- 
ed ras gene suppressed ca2+ currents by 
channel biosynthesis, or because channels, 
though present, were rendered functionally 
inactive. It remains to be established wheth- 
er an activated m protein that can serve as a 

Fig. 2. (A) Induction of Ca2+ currents in BC3Hl 
muscle cells after mitogen withdrawal and inhibi- 
tion after transfection with genes that suppress 
myogenesis. Individual traces are shown for 
(maces a to c) BC3Hl muscle cells or cells trans- 
fected with (traces d to f) c-myc, (traces g to i) v- 
erbB, (trace j) c-myc + v-crbB, or (trace k) ValI2 
H-m. Cells were cultured in 0.5% FBS for the 
durations shown in days to the right of each 
tracing. Currents were elicited by voltage steps 
from -80 mV to a test potential of + 10 mV 
(conditions as for Fig. 1A). Under these condi- 
tions, both the "fast" and "slow" components of 
the Ca2+ current are maximally activated in differ- 
entiated BC3Hl myocytes (see Fig. 1B). Hori- 
zontal calibration: 50 msec; vertical: (day 1) 50 
pA or (day 7 to day 40) 200 PA. (B) Ca2+ current 
density as a function of duration of serum with- 
drawal for BC3Hl cells and transfectants. Values 
ire means k SD of peak Ba2+ current elicited as 
above. Cell surface area was calculated from each 
cell's input capacitance for 1 pF/cm2 (11). Input 
capacitance for each cell line (- 30 pF at day 1) 
was twice as much by day 14 for each aansfectant 
except v-dB,  which was five times as much as on 
day 1. Results shown represent six independent 
experiments (three to eight observations per cell 
line for each time indicated after serum withdraw- 
al). BC3H1 (.), v-&B (pAEV11-dl-3) (A), C- 

myc (pSVc-myc-1) (O), v-crbB + c-myc (O), Val" 
c-H-rr (pEJ6.6) (M). (C) Na+ current inactiva- 
tion is dependent on mitogen withdrawal and is 
suppressed by an activated r r  gene. Cells were 
shifted to 0.5% FBS for the duration shown in 
days under each set of bars. Na+ currents evoked 
by pulses from -90 to -20 mV were normalized 
to membrane areas as for (B). BC3Hl (solid); v- 

Fig. 3. Morphology of stably transfected BC3Hl 
myocytes. Phase-contrast microscopy is shown for 
(A) proliferative BC3H1 cells and (8) differentiat- 
ed BC3H1 cells, or after aansfection with (C) c- 
myc (pSVc-myc-1); (D) v-crbB (pAEV11-dl-3); 
(E) c-myc + v-dB; (F) Val" c-H-rr (pEJ6.6). 
Panels B through F show quiescent cultures at 10 
days of mitogen withdrawal. Bar = 100 pm. To 
introduce exogenous DNA into BC3Hl muscle 
cells, we used transfection by the calcium phos- 
phate method (lo). Each reaction mixture for 106 
cells per 100-mm dish comprised 1 pg of test 
DNA, 30 pg of camer DNA, and 0.1 pg of 
pSV2nco DNA, conferring amino lycoside resist- 
ance as a dominant selectable marfer (26). Stable 

surrogate for exogenous growth factors (i) 
has a primary effect on induction of these 
three voltage-gated channels, or (ii) is cou- 
pled to channel function as a negative mod- 
ulator (21), or (iii) acts principally through 
up-regulation of secondary autocrine fac- 
tors. Our investigation does not resolve the 
issue of whether the effects of "activated" 
oncogene alleles, which have been altered by 
mutation or by transcriptional control, may 
be extrapolated to imply similar involvement 
of the respective endogenous genes. As illus- 
trated by contrasting results in rat pheochro- 
mocytoma cells, biological responses to ras- 

dependent signals may reflect inherent prop- 
erties of a particular cell lineage rather than 
properties inttinsic to the ras gene product 
(22)- 

Expression of K+ channels in BC3H1 cells 
was retkaaory. to both the state of cell 
proliferation and to transfection with genes 
that suppress myogenic development. This 
"constitutive" expression of these K+ chan- 
nels agrees with previous findings of K+ 
channel expression in immature or undiffer- 
entiated cells (1,W) and contrasts with the 
regulated induction of functional ca2+ and 
Na+ channels. 

A BC3Hl emyc  v-erbB c-myc 4 v-erb8 

P ' d 8  T- g--- j 
day l day 1 day 1 day 20 

r 
---I day 7 

h-L---d- 
day vall* H-ras 

day 40 
' ? i _ & l 4  'i i d s y  14 .day 7 14 J 

Time (days) .day 

crbB (striped); Val" c-H-ras (third or open). (D) and is refractory to the transfected genes. Current 
Expression of the delayed rectifier K current densities were calculated as above, after mitogen 
does not vary with the state of cell proliferation withdrawal for the times shown. Bars as for (C). 

clones were isolated 18 to 21 days after mnsfec- ~ g l m l  and were propagated in the selective medi- and expression in the aansfected myocytes are 
tion with the neom~cin analog G418 at 400 urn. Measurements of oncogene incorporation reported elsewhere (9). 
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In agreement with our results shown here " 
for voltage-gated ion channels analyzed by 
patch-clamp techniques, transfection of 
BC3H1 cells with the va112 rm gene (but not 
the c-myc vector) was sufficient to prevent 
the induction of muscle differentiation prod- 
ucts measured at the level of mRNA abun- 
dance. It is possible that the coordinate 
regulation of multiple channels, whose in- 
duction is contingent on mitogen withdraw- 
al and is prevented by a single missense 
mutation, is interpreted most simply in the 
context of models for the control of muscle- 
specific gene induction via the recognition 
of shared, cis-acting DNA sequences (24). 
Since the regulatory events underlying the 
expression of voltage-gated channels during 
development are likely to be complex, it 
should prove advantageous to exploit a clon- 
al system such as the present one, in which 
genetic manipulations produce clear-cut 
phenotypic effects (25). 
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Clustering of Genes Dispensable for Growth in 
Culture in the S Component of the HSV-1 Genome 

The herpes simplex virus 1 genome consists of one long and one short stretch of 
unique sequences flanked by inverted repeat sequences. The nucleotide sequence and 
RNA map predict 12 open reading frames designated as US1 through US12 within 
the short stretch of unique sequences. This paper reports the construction of virus 
mutants from which US2, US3, or US4 had been deleted that are capable of growth in 
cell culture. One of the three deleted genes, US4, specifies the viral envelope 
glycoprotein G .  Mutants with deletions in US1, US8, US9, US10, US11, and US12 
have been previously reported. The nine genes deleted from this region form two 
clusters, US1 through US4 and US8 through US12, and encode at least two and 
possibly more structural proteins. The presence of so many genes dispensable for 
growth in cell culture suggests several hypotheses regarding their function and 
evolution. 

T HE 150--KILOBASE PAIR (KBP) HER- 
pes simplex virus 1 (HSV-1) genome 
consists of two covalently linked 

components (L and S). Each component 
consists of unique sequences (U, or Us) 
flanked by inverted repeats (1-3). The in- 
verted repeats of the L component, desig- 
nated as a6 and 6'a' (4), each contain in 
their entirety two genes (a0  and 734.5) (5- 
7); those of the S component, designated as 
a'c' and ca, each contain a copy of the a 4  
gene (5,  6) and an origin of viral DNA 
synthesis (8-1 0). The nucleotide sequence 
of the Us sequence predicts the presence of 
12 open reading frames designated as US1 
to US12 (11). The products of several of 
these open reading frames have been identi- 
fied as those of the a proteins a22 (USl) 
and a47  (US12) and of the glycoproteins G 
(US4), D (US6), and E (US8). Other stud- 
ies have shown that virus mutants with 
deletions in the a22 gene or from which the 
entire domain of genes specifying gE ( U S ) ,  
US9, US10, US11, and US12 had been 
deleted are viable and multiply in cells in 
culture (12, 13). In this paper we report the 

deletion of DNA sequences encoding the 
open reading frames US2, US3, and US4. 
These genes-are contiguous, mapping with- 
in the Bam H I  N and Barn H I  J fragments 
of HSV-1 strain F [HSV-1(F)] viral DNA 
(Fig. 1). On the basis of analyses of the 
nucleotide sequences, it was suggested that 
US2 specifies a membrane-translated pro- 
tein (11) because of the predicted hydro- 
phobic NH2-terminal region, which could 
be a signal for membrane-bound translation. 
The uredicted amino acid seauence for US3 

1 

is homologous to members of a protein 
kinase family in eukaryotes and retroviruses 
(11, 14). US4 encodes glycoprotein gG (15, 
16). 

The procedures used for construction of 
the delltion mutants were similar to those 
described previously (12, 17). Specifically, a 
chimeric thymidine kinase gene consisting 
of the promoter-regulatory domain of the 
a27  gene fused to the transcribed domain of 
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