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Fig. 4. Concentration dependence of rabbit pro- 
teins on collagenase induction of human skin 
fibroblasts. Various concentrations of purified 
12-kD and 14-kD proteins, pI 8, were tested for 
their ability to induce collagenase (Fig. 2). IL-1 
(60 nglml) represents a positive control. 

Fig. 5. RNA blot analysis of rabbit mRNA 
hybridizing with a human SAA probe. Whole-cell 
RNA (25 p,g) from untreated control or rabbit 
fibroblasts stimulated with PMA for 48 hours was 
separated on a 1% agarose gel containing 2.2M 
formaldeyhyde (16) .  After electrophoresis in 
phospha;e buffer ( l6) ,  the gel was transferred to a 
GeneScreen plus filter (Du Pont, Biotechnology 
Systems) and hybridized with a [32P]deoxycyti- 
dine triphosphate-oligolabeled cDNA probe for 
human SAA (5) under stringent conditions (16). 
Lanes 1 and 3, RNA from PMA-stimulated cells; 
lane 2, RNA from control cells. (A) Hybridiza- 
tion with human SAA probe and (B) total cellular 
RNA stained with ethidium bromide. 

Alternatively, they may amplify the signal 
for collagenolysis from low levels of 11-1, 
TNF, or substance P. We suggest that these 
proteins may play a role in modulating 
connective tissue breakdown in both normal 
and disease states. 
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A CAMP-Regulated Chloride Channel in Lymphocytes 
That Is Affected in Cystsc P i b d  

A defect in regulation of a chloride channel appears to be the molecular basis for cystic 
fibrosis (CF), a common lethal genetic disease. It is shown here that a chloride channel 
with kinetic and regulatory properties similar to those described for secretory 
epithelial cells is present in both T and B lymphocyte cell lines. The regulation of the 
channels by adenosine 3',5'-monophosphate (cAMP)-dependent protein kinase in 
transformed B cells from CF patients is defective. Thus, lymphocytes may be an 
accessible source of CF tissue for study of this defect, for cloning of the chloride 
channel complex, and for diagnosis of the disease. 

A N UNDERLYING MOLECULAR BASIS phosphorylation of the ion channel or of a 
for CF involves an unusual C1- se- regulatory protein or an altered response to 
lective channel with distinctive the phosphorylation. Our observations in 

properties in the apical membrane of the lymphocyte cell lines initiated a specific 
epithelial cells (1-6). Activation of the C1- study of whether the CF-affected C1-. chan- 
channel by CAMP-dependent phosphoryl- nel also resides in these cells. 
ation is defective in CF, implying an altered We first used Jurkat E6-1 human T lym- - .  - 

phocytes (7). Single-channel C1- currents 
J. H. Chen and P. Gardner, De arunent of Medicine, 
Stanford University, Stanford, CX 94305. were recorded by the extracellular patch- 
H. Schulman, Deparunent of Pharmacology, Stanford clamp technique (8) from inside-out and 
University, Stanford, CA 94305. cell-attached patches. Activity of the C1- 
*To whom correspondence should be addressed. channel was first identified by excising 
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Fig. 1. Traculgs and I- V relat~ons 6 
of CJ iha~lneis ln Jurkat E6 1 T 

h m * w m v l  
- . 1 1 CI gradient 

Ivmphoc) tcs. (A) Slnglc CI chan- +40 

ncl currcnts recorded from an ex I I -- 
ciscd. inside-out patch at six hold- 
ing voltagcs. The polarity of trans- 
mcmbranc voltages is expressed 
with reference to the pipettc solu- 
tion. Ounvard currents are upward 
deflections. Baseline currcnt level is 
ind~cated by the solid line and 
open-channel currcnt level by the 
ciashcd line at the right of each 
trace. Bath and pipette solutions 
werc identical, consisting of 154 
m.M NaCI. 5.5 m.V1 KCI. 2 null 
CaCI,. 1 nblf MgCI,, and' 10 m t f  
Hcpes-NaOH (pH 7.3). Records 
bverc filtered at 1 kHz. (6) Current- 
voltage relation obtained from the 
channcl shovcrn in (A) (0)  and a channel recorded from a patch in the same 
bath solution, but with a pipette containing 37.5 mM NaCl and 5 n d l  
Hepcs-NaOH (pH 7.4) (0). Imposition of the approximate 1 : 4  CI- 
gradicnt shifted the reversal potential by +28 mV (Nernst potential 
prcdictcd shift is +36 ~ I V  for a perfectly CI- selective cha~ncl).  Cells were 
washed twice, resuspended in the bathing solution, and maintained at roo111 

membrane patches into Hepcs-buffercd 
hngc r ' s  solution and imposing large depo- 
larizing potentials (Fig. 1A). Under these 
conditions, C 1  channel activity appeared in 
11114 (79%) o f  patches after a time varying 
bctlveen 1 0  s and 1 0  min. The  C1- channel 
currcnts were characterized by nonlinear 
current-voltage (I- C3 relations in synmletri- 
cal wlut~ons , \v i th  slope conductance higher 
at depolar i~ed voltages (Fig. 1B). Slope 
conductance at  0 m V  was appros~mately 40 
pS (39  t 7.3 pS, mean t SD, 1 1  = 8). A- 
though conductance was somewhat var~able 
from patch t o  patch, the kinetic appearance 
of  prolonged bursts of well-resolved open- 
~ n i q  at 1 - k ~ a  recording bandwidth, inter- 
rupted by brief flickers as well as intermit- 
tent long closures, and the strong outward 
rectification of  the 1- relation distin- 
guishcd the C1- channel from other T 1yn1- 
phocvte channcls. By imposing an approsi- 
mate 1: 4 Na' and C1- gradient and  docu- 
menting t 28-mV shift o f  reversal potential 
(Fig. lB) ,  we determined that the channel - 
was a predominantly anion-selecti\~e chan- 
nel. Calculation o f  the relative C1- to  Na' 
lxrmeability, P (CVNa), from the Goldman- 
Hodgkin-Katz cquation yields a value o f  
approxinlately 1 0 :  1, which is identical (4) 
o r  similar (3) t o  published values for the 
epitl~rlial ccll C1- charmel. 

Thc relation o f  channel activation in cx- 
cised patches t o  voltage and [Ca2+]i was 
complex. T h c  variable time t o  appearance of  
C1- currents aficr depolarization (seconds t o  
minutes), the persistence o f  channel opening 
at  hyperpolarized potentials once activated 
by dcpolarization, and the occasional (111 1 
o r  8%) activation o f  patches subjected t o  
sustained hpperpolarizing potentials indi- 
catc that the mechanism o f  CI- charmcl 

temperature (20" to 22°C) for recording with a List-EPC7 patch-clamp 
amplifier. Current signals \!.ere stored on videocassette tape and later 
digitized for analysis. Current mlplitudes for the I- V' relation were estimated 
by the user intcn~ention mode of the single-channel analysis program 
IPKOC-2 and NFITS (C. Lingle aid F. Sachs). Error bars represent SDs 
based on 11 = 50 amplitudes measured per potential. 

-30 mv i j ~ , ~ & ~ & I ~ ' ~ ~ ~ " r " " ~ { i ~ ,  - 
Fig. 2. Cycl~c AMP-depen- 
dent actlvatlon of C I  chan- 

- nels 111 Jurkat T Iympho 
-40 n lv  I ' & ~ ' ~ ~ i ( & ~ & & & , & # # & ' & & ' d  cvtes (A) Trac~ngs of C1- 

o 8 PA current In a cell-attached 
200 ms patch on a11 8-bromtr 

B CAMP (10-4if) stimulated 
-40mV---"""~-"----- - ccll C1- cullcnts are shov n 

at the fi\e hold~ng voltages 
ind~cated at the lecft of each 

+ c 3% T ~ r ~ ~ ~ $ f l ~ ~ ~ b ~ t r 7 ~ \ ~ & ~ f l d ~ # / k ~ f l l - . * ~ p  - trace Bath and plpette solu- 
~ I O I I S  were the same as 111 

t40 mv ~ l ~ ~ t ~ ~  *!l"y?T v?qW Fig. 1 ,  and 8-bromo-CAMP 
I I 

I ,  . .-.--.- r,.- . -- 
(10 4A4 was added to the 

_I 1 
bath approximately 10 mill 

200 ms before formation of the 
patch. (Inset) Current-volt- 

age relation for this channel. Voltages are expressed relative to cellular resting potential. The calculated 
slope conductancc at reversal potential was 45 pS. (6 )  Effect of catalytic subunit of CAMP-dependent 
protein lunasc on a CI channel. Tracings are from an excised, inside-out patch. Baseline current level is 
indicated by a solid line at the right of each, and holding potential is indicated at the left of each trace. 
During the first 3 min after excision of the patch into a bath containing 1 mAti[ ATP, no channels opened 
(trace 1). Subsequent addition of 150 nlbl of purified catalytic subunit activated the channel at the -40 
mV (trace 2) .  Channel activity continued when the patch tvas depolarized to +40 ~ I V  (trace 3) .  The 
bath solution consisted of 140 1 1 ~ 4 1  NaCI, 2 rn!M~MgCl~, 0.1 1n.W CaCI,, 1.1 mM EGTA (calculated free 
CaZ' 10-'~bQ, and 10 nuZl Hepcs-NaOH (pH 7.2). The pipette solution consisted of 154 mhl NaCI, 
5.5 IILII KCI, 2 null CaCI,, 1 IILM hIgC1, 10 rn;Z.l Hepcs-NaOH (pH 7.3). The catalytic subunit of the 
CAMP-dependent protein lunase was purified to homogenei~ from bovine heart esserltiaUy as dcscribcd 
(13). The cAM1' kinase stock (10 FIVQ is in 25 m.L1 KPi (pH h.7), containing 10 mA4 dirhiothreitol and 
50% glycerol (wiv). The specific activity is 1.2 pmolin~in per milligram with histone as substrate. 
ilddition of an equal volume of vehicle without the catalytic subunit had no eEcct on eight tested 
patches. Addition of 1 rnlM ATP alone induced channcl activation in 2/20 patches, but only after 
sustained depolarization by +80 mV. The latter finding was attributed either to endogenous kinase or 
to the cffecrs of sustained dcpolarization. 

gating in excised patches is distinct from described for epithelial cell C1- channels (3, 
many voltage-gated Na', K t ,  and Ca2 t  4). Lymphocyte C1- channels required a 
channcls. The  relation o f  lymphocyte CI nlinimum of approximately l0-"~2.1 [Ca2+],, 
channels t o  voltage appears s~milar  t o  that in which 4117 (24%) o f  tected patches nrere 

658 SCIk,NCE, VOL. 243 



Fig. 3. CI- currents in normal 
and CF-derived mutant human 
lymphoblasts. (A) Tracings and 
current-voltage relations of sin- 
gle channel CI- currents record- 
ed from excised inside-out 
patches from normal (left trace) 
and CF-derived (right trace) 
human lymphoblasts. Record- 
ing conditions were as in the 
legend to Fig. 1A. At least two 
channels are active in the nor- 
mal lymphoblast patch. (6 )  Ef- 
fect of 8-bromo-cAMP (10-4.14) 
stimulation. (Left) Outward CI- 
currents at +40 mV recorded in 
a cell-attached patch of a normal 
lymphoblast after exposure to 
8-bromc+cAMP. (Right) Up- 
per trace shows lack of CI- cur- 
rent activity in a cell-attached 
patch of a CF-derived human 
lymphoblast exposed to 8- 
bromo-CAMP. After excision 
of the patch and depolarization 
by +40 mV, typical CI- current 
activity is then recorded (right 
lower trace). Bath and pipette 
solutions are the same as for 
Fig. 1A. Voltages are expressed 
relative to cellular resting po- 
tential in the cases of the cell- 
attached patches. (C) Effect of 
catalvtic subunit of CAMP-de- 

~2 PA 
200 ms 

B 
+40 mV 
cell-attached y v , ~ w ~ " y " , r ~ ~  --- 

+ I? - 
8-bromo-CAMP 

-40 mV 
i; C sub u n I t * ~ ~ * f l ~ l i * , ~ ~ ~ d ~ l  - 
1 
-40 mV -- , 
+ C subunit d i W ' h U i h U i r W 1 ' b ~ h ~ ~  - 
3 5 

i4g ~ y b u n l t  m-m 
5' - 

+40 mV 
cell-attached 

+ - 
8-bromo-CAMP 

+40 mV "me""""h --- 
inside-out *. 4 - 1 PA 

200 ms 

-40 mV - 
-40 mV 

+C subunit - 
6' 

+40 mV -------- - 
+C subunit 

10' 
_ ] I  PA 

200 ms 

pendent protein kinase on CI- channels. Tracings are from excised, inside- of purified catalytic subunit activated the channel \vithin 1 min at the 
out patches from normal (left) and CF-derived (right) lymphoblasts. Bath hyperpolarized voltage (trace 2).  Channel activity after 3.5 min at -40 mV 
and pipette solutions are the same as for Fig. 2B. In the case of the normal (trace 3) and at +40 mV (trace 4). In the CF-derived lymphoblast patch 
(left), no channels opened during the first 3 min after excision of the patch (right), no channel activity was seen under any of these conditions. 
into a bath containing 1 mM ATP (trace 1).  Subsequent addition of 150 nM 

activated, compared to 0111 at 10-'M 
[Ca2+Ii and 0110 at approximately ~ o - ~ M  
[ca2+li (9). Once activated, however, there 
was no apparent effect on channel gating 
when the bath solution was lowered to 

is seems to contra- 10M9hl [ca2+li (10). Th' 
indicate a direct ligand-gating mechanism 
by Ca2+, such as typified by the ca2+-  
activated K+ channel (11). The apparent 
dependence of lymphocyte C1- channel acti- 
vation in excised patches on a minimum of 
I O - ~ M  [Ca2+Ii distinguished them from 
epithelial cell CI- channels, which can be 
activated by depolarization in excised patch- 
es in 1 0 - ' ~  [Ca2+Ii (5, 6). 

Other than the noted exception, the prop- 
erties of the C1- channel in Jurkat T lym- 
phocytes were similar to those of the C1- 
channel in the apical membrane of airway 
epithelial cells (3, 4). We determined wheth- 
er the T lymphocyte C1- channel is also 
regulated by a CAMP-dependent process. 
We compared recordings from cell-attached 
patches of control and 8-bromo-cAMP- 
treated cells. In control conditions, C1- cur- 
rents were never seen at recording potentials 
equal to or more hyperpolarized than rest- 
ing potential. The C1- channel could infre- 
quently (3113 cell-attached patches or 23%) 
be induced under conditions of imposed 

depolarization (+ 80 mV) sustained for peri- 
ods up to 20 min. In contrast, we recorded 
C1- current activity from 14120 cell-attached 
patches (70%) of cells preexposed to 8- 
bromo-CAMP (IO-~M) for between 5 and 
30 min (Fig. 2). Sustained depolarization 
was not a necessary requirement for activa- 
tion by 8-bromo-cAMP-dependent mecha- 
nisms. The I- V relation, slope conductance 
at reversal potential, and kinetic appearance 
of C1- currents evoked by 8 - b r o m ~ A M P  
were similar to CI- currents induced by 
depolarization in excised patches (Fig. 2A). 

We then exposed the cytoplasmic surface 
of excised patches to a catalytic subunit of 
CAMP-dependent protein kinase plus 1 mM 
adenosine triphosphate (ATP). Patches 
were held at either -40 mV or +40 mV in 
~ o - ~ M  [ca2+li, conditions in which no 
detectable channel openings were seen in a 
control series of recordings. Addition of the 
catalytic subunit (50 to 150 nM) plus 1 mM 
ATP evoked C1- currents within seconds to 
4 min in 11123 tested patches (Fig. 2B). 
These results are consistent with activation 
of C1- channels by a phosphorylation event 
by CAMP-dependent protein kinase. 

We determined whether the CF defect in 
CAMP-dependent phosphorylation of chlo- 
ride channels (3-6) was present in the lym- 

phocyte channel. We compared normal hu- 
man Epstein Barr virus (EBV)-transformed 
(B cell) lymphoblasts to mutant human 
EBV-transformed lymphoblasts derived 
from CF patients (12). First we confirmed 
that a C1- channel of similar properties was 
present in the lymphoblasts. Single channel 
CI- currents were recorded from inside-out 
patches excised into Hepes-buffered Ring- 
er's solution and depolarized for substantial 
periods (seconds to minutes) by +40 to 
+80 mV. Channels were recorded from 519 
(56%) normal lymphoblasts and 13123 
(57%) CF lymphoblasts (Fig. 3A). The 
selectivity of the channel for C1- over cat- 
ions was confirmed by the predicted positive 
reversal shift in a 1: 4 C1- gradient (n  = 1 
for normal; n = 7 for CF). The persistence 
of channel opening at all potentials after 
depolarization-induction and the kinetic ap- 
pearance of prolonged bursts of openings 
were indistinguishable from that described 
for the Jurkat T cell. No difference in C1- 
channel activity induced by depolarization 
in excised patches could be discerned be- 
tween normal and CF-derived lymphoblasts. 

We then sought to determine whether the 
B lymphoblast channel is also regulated via a 
CAMP-dependent process and whether this 
is defective in CF. We recorded typical C1- 
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current activity from 7/14 (50%) cell-at- 
tached patches of normal B lymphoblasts 
exposed to 8-bromo-CAMP ( l ~ - ~ l @  (Fig. 
3B). In contrast, C1- current activity was 
never seen in 13 (0%) of cell-attached patch- 
es of CF lymphoblasts after exposure of the 
cell to 8-bromo-CAMP (l0-~12.1). In two 
cases, including the example depicted in Fig. 
3B, we were able to excise the patch after a 
10-min recording period in the cell-attached 
configuration. In both cases, typical current 
activity was induced after patch excision and 
depolarization. Thus, at least in these two 
cases, C1- channels were present in the 
patches of CF cells but were unable to be 
activated by the CAMP-dependent pathway. 

In a final protocol we compared the effect 
of 150 nA4 catalytic subunit of CAMP-de- 
pendent protein kinase plus 1 mill ATP on 
excised patches of normal versus CF-derived 
B lymphoblasts. The protocol was identical 
to that described for ~urkat  T lvm~hocvtes. 

d L ,  

Under these conditions C1- current activity 
was induced in 5/11 (45%) of normal B 
lymphoblast inside-out patches after expo- 
sure to catalytic subunit plus ATP (Fig. 3C). 
Activation occurred within a few seconds to 
2 min after addition of catalytic subunit to 
the bath. In contrast, CI- current activity 
was never recorded in 22 (0%) inside-out 
patches of CF cells exposed to catalytic 
subunit plus ATP in an identical protocol 
(Fig. 3C). 

In summary, we have presented evidence 
that a CAMP-regulated chloride channel 
similar to that described for airway epithelial 
cells (3-6) is present in both T and B 
lymphocyte cell lines. Importantly, the ge- 
netically programmed defect in the regula- 
tion by CAMP-dependent phosphorylation 
described for CF appears to be present in 
transformed lymphocytes as well as epitheli- 
al cells. The finding of CF-affected C1- 
channels in lymphocytes, which are easily 
accessible and abundant, may have impor- 
tant implications for the pathophysiology 
and for the hture biochemical and molecu- 
lar genetic analysis of the disease. 

Note  added itz prooj While extending our 
studies we have noticed large variations in 
the percentage of lymphocyte patches with 
detectable CI- channel currents that may be 
due to different lots of fetal calf serum. 
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Transformation and Plasmacytoid Dserentiation of 
EBV-Infected Human B Lyrnphoblasts by rus Oncogenes 

The biological effects of ras oncogene activation in B cells were studied by using 
amphotropic retroviral vectors to introduce H- or N-ras oncogenes into human B 
lymphoblasts immortalized by Epstein-Barr virus. Expression of both H- and N-ras 
oncogenes led to malignant transformation of these cells, as shown by clonogenicity in 
semisolid media and tumorigenicity in immunodeficient mice. In addition, terminal 
differentiation into plasma cells was detectable as specific changes in morphology, 
immunoglobulin secretion, and cell surface antigen expression. This combined effect, 
promoting growth and differentiation in human lymphoblasts, represents a novel 
biological action of ras oncogenes and has implications for the pathogenesis of 
terminally differentiated B-lymphoid malignancies such as multiple myeloma. 

0 NCOGENE FUNCTION HAS BEEN 

mainly assessed by in vivo and in 
vitro studies whose endpoint is the 

production of a transformed phenotype in 
fibroblasts (1) .  Although of great value for 
our approaches to oncogenesis, these studies 
may not adequately reflect the complex al- 
terations of both growth and differentiation 
that characterize the phenotype of naturally 
occurring malignancies in other tissue types. 
It is conceivable, and in part already proved, 
that distinct biological effects of different 
oncogenes and phenotypic changes specific 
for certain lineages or stages of differentia- 
tion may become apparent only by studying 
different tissue types. 

The lymphoid tissues represent a particu- 
larly attractive model system for studying 
the biological effects of different oncogenes, 
since pathways controlling growth, lineage 
commitment, and differentiation of lym- 
phoid cells can be dissected by use of a vast 
array of available molecular and immuno- 
logical reagents. We established an in vitro 
transformation assay in which Epstein-Barr 
virus (EBV)-immortalized B lymphoblas- 

toid cells (LCL) are used as targets for 
testing the biological activity of oncogenes 
(2). Using this system, we showed that the 
expression of c-myc oncogenes induces ma- 
lignant transformation of these cells without 
relevant changes in their differentiation phe- 
notype (2). w e  now describe the biological 
effects of activated H-uas and N-uas onco- 
genes (3)  in the same target cells. These 
oncogenes also induced malignant transfor- 
mation in LCL but in addition lead to 
dramatic phenotype changes involving ter- 
minal differentiation of lymphoblasts into 
plasmaqtoid cells. 

An activated H-uas allele derived from 
Harvey sarcoma virus (4) ,  or a human N - Y ~ S  
allele, activated by a mutation at codon 12 
( 5 ) ,  were introduced into LCL derived from 
normal cord blood (CB33 line) or from 
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