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Atrial Natriuretic Factor-SV40 T Antigen Transgenes 
Produce Tumors and Cardiac Arrhythmias in Mice 

LOREN J. FIELD 
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transgene ANF promoter (Fig. 1B). While 
T antigen was readily detected in the trans- 
genic atria, expression of the fusion gene 
was not observed in the other tissues tested. 
Thus 500 bp of 5' flanking sequence is 
d a e n t  to direst atrial-s@c expression 
of the human ANF gene. Low levels of 
transgene expression in cdl types that con- 
stitute a small fraction of the toml number of 
cells in any of these tissues cannot be ruled 
out by these analyses. Indeed, low levels of 
ANF expression have been observed in the 
ventricle, lung, and various portions of the 
brain (7). However, the predicted fusion 
gene expression in these tissues, based on 
that observed for the endogenous ANF 
gene, is appreciably below 1 percent of that 
for atrial expression, and as such is below the 
sensitivity afforded by this technique. 

Atrial T antigen expression has been ob- 
served in all adult animals fkom the ANF- 
TAG 24,52,84, and 210 lineages (Table 1). 
In addition, T antigen expression was seen 
in both the atria and ventricles of mice 
ANF-TAG 49 and 75 (that is, in two of the 
duee founders that died shortly after birth). 
Ventricular ANF expression is nonnally ob- 

served during development, but this expm- 
sion ceases shortly &r birth (8). Thus, T 
antigen expression in young transgenic ven- 
tricle is not surpris'i. However, the rela- 
tion between developmental expression of 
ventricular ANF and neonatal viability is 
unknown. 

Histological analysis of an 8-wdek-old 
ANF-TAG 52 mouse heart indicates that 
the left and right atria ace of similar size and 
morphology, and at this age they are indis- 
mgushable b m  those of nontcansgenic 
animals (Fig. 2A). A similar section stained 
for the presence o f T  antigen indicates that 
virtually every aaial cacdiocyte is expressing 
the fusion gene (Fig. 2B). This distribution 
is identical to that for the endogenous ANF 
gene product (7, 9). The highly branched 
tcabeculac architecture c h a r a c t d c  of nor- 
mal aaia is readily seen with higher magnifi- 
cation (Fig. 2C). 
Similar analyses of a 20-week-old ANF- 

TAG 52 mouse reveals a pathological re- 
sponse to T antigen expression. The right 
aaium in this animal is grossly hyperplastic, 
anditssizchasincreasecan~ted10-to 
20-fold (Fig. 2D). However, the hypeplas- 

A PI T W S  B COS *I Ve Uu U Kt M Lu Er Sp To Sm 

Fig. 1. westan blot anaty- 
ses of T antigen expression 
in ANF-TAG transgenic 
mice. (A) Arrial expression 
of T antigen. Total aaia g 1 B - 
homogcnate (500 pg) from 
nontransgenic (N) or trans- 
genic (T) mice, and 50 pg 
of totaI protein homogenate 
from COS-1 cells were irn- 
mutmpmipitatcd with 
monodonal antibody to T 
antigen (pAB412) (17), displayed on 5 to 10 v t  polyaaylvnide gels, tranfixred to GENE- 
SCREEN membrane, and probed first with rabb~t antibody to T antigen and then with labeled goat 
antibody to rabbit immunoglobulin G (IgG). Western bkus were patbnned essentially as d&bed (5, 
18). Molecular size standards (k i ld tons )  were from Bio-Rad. The doublet s e t n  for the COS marker 
was an artifact, and did not reappear on other gels with the same extract. (B) Tissue survey offusion 
gcnc expression. Total protcin homogenatc (500 M) from the indicated tissues were immunoprcdpi- 
tatcd and proassed for Wcste-m blot analyses as described above. At, atrial; Ve, ventride; Mu, mu&; 
Li, liver; Ki, kidney; Ad, adrrnal, Lu, lung; Br, brain; Sp, spleen, To, tongue; and Sm, submandibular 
gluld. 

Table 1. Status of ANF-TAG ransgenic mice. 

ANF-TAG 
l in tag~ deslgnaaon 

24 
25 
52 
84 

210 
49 
54 
75 

Founder 
status* 

Yes 25 
pending 2 
Yes 15 
Yes 30-40 
Yes 20-30 
NO 5-10 
No 15-20 
No ND 

Yes 
ND 
Yes 
Yes 
Yes 
Yes 
ND 
Yes 

Yes 
ND 
Yes 

No (25 W) 
Yes 
Yes 
Yes 
Yes 

tic right atrium has retained its overall struc- 
tural organization, as evidenced by a rela- 
tively normal (albeit enlarged) gross archi- 
tecture and the absence of any obvious sites 
of focal outgrowth. The I& atrium is of 
normal size (Fig. 2D). Immunohis- 
tochemical adyses indicate that T antigen 
is e x p d  in both the hyperplastic right 
atrium and the nonhyperplastic left atrium 
(Fig. 2E). Oncoprotein accumulation is 
similar in both atria by this analysis, al- 
though Western blot analyses indicate a 
slight increase in T antigen levels in the right 
atrium. A similar distribution for the endog- 
enous ANF gene product has been reported 
(1 0). The venmdes are devoid of significant 
T antigen expression, thus conficmq the 
earlier Western blot results. At this stage of 
pathology, scattered nuclei have become en- 
larged and imgularly shaped; however, the 
bmched trabccular organhtion of the am- 
urn is still evident (Fig. 2F). 

Hyperplastic growth of the right atrium is 
eventually lethal to the affected mice. The 
right atrium of such aniads undergo exten- 
sive hypecplasia (in this case, a 12-week-old 
ANF-TAG 210 mouse (Fig. 2G); its overall 
sizc is three to five times that of the entire 
heart from a n o d  mouse of the same age. 
Atrial tissue virmally surrounds the cardiac 
ventricles. Overall, this dects a several 
hundredfold increase in right atrial mass. 
The ventrides of the heart appear relatively 
wrmal, there ace no obvious signs of ven- 
mcular hypertrophy or dilation. Immune 
histochemical a n h i s  shows that both left 
and right atria are &pressing T antigen, and 
once again the ventrides are not expressing 
the oncoprotein (Fig. 2H). At this stage of 
pathology, the atrial cacdiocyte nuclei are 
grossly enlarged and misshaped, and the 
characteristic architecture of the cacdiocyte 
syncytium has been disrupted (Fig. 21). 

The most saiking feature of the patholo- 
gy ccsulting fkom T antigen expression is the 
asymmetrical nature of atrial hyperplasia. 
Thus far, three of the four ANF-TAG trans- 
genic lines (24, 52, and 210) have devel- 
oped the aqmmeay. Of the approximately 
30 transgenic animals examined to date that 
uhibited atrial pathology at nccropsy, the 
hyperplasia was invariably on the right side 
of the heart. Momver, the pathology has 
been obsaved as far as two perations 
canoved fiwn the founder mouse. Tumors 
have not been observed at sites other than 
the cardiac aaia. Although both atria ex- 
press similar levels of T antigen, only the 
right atrium is subject to gross hyperplasia. 
The asymmetry may d e c t  the expression of 
requisite angiogenesis fictors, autoaine 
loops, or other necessary ~ m o r  progression 
fktors. DiEercntiaI activity of any of these 
fictors could rcnder the right atrium mpon- 
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sive and the kft aaium rrfi.actile to T anti- 
gcn.In~thacarcmanygamp1csthat 
implicate a link between the pracnce of 
a u t o a i n c g r o w t h ~ a n d t u m o ~ i s  
(11). 
Therightatriaarcudbrmlyhypaplastic 

drctainadathdynonnalanatomical 
~ u n t i l t h e t a m i n a l s t l g c s o f p a -  
thdogy. Such a condition is consisrmt with 
the idea that each right atrial myocatdiocya 
has the caplcity to respond directly to T 
antigen, and does not require an additional . . ~ e v r n t i n o r d a t o e x h i b i t h y p c r -  

Similar pattans of hyperplasia have 
bctnobsavedinothersystansofwgetd 

ootogaKsis as, for example, the bilateral 
hypaplasia of the Hvdarian gland in 
MMTV-v-Ha-RAS transgtnic mice and the 
gross drymic hyperplasia seen in GRF-T 
antigen ansgcnic micc (12). In the ANF- 
TAGmiac,itisnordeuifhypaplasiainthe 
abseneofrmligaancydectsanaturalre 
h c t i l i t y o f ~ t i s s u c a g a i n s t o n ~ i s ,  
0rifitisaamquaKeofearlydeathducto 
c v d i r ~ a i o n . T h u s , i t i s ~  
thatatcialtumorsarcrareinbothhuinans 
and mice (13). 

Ekarocardrograpb ( E m )  anahpts 
ptrformtd on normal and ANF-TAG trans- 
genic mice ofvarious aga to assess the &kt 

of atrial hypaplasia on the cardiac conduc- 
tion systan (14). Momnw, since the arnpli- 
tuck of ECG signals arc dreorctically pro- 
pordon;ll to dssue mass, this analysis could 
provide a simpk noninvasive assay tbr the 
extent of atcial hypaplasia. Tail pulse accs 
wat simultaneously crcorded to show the 
rr)ltianbttw~~~ECGsigMlandvcnlIicular 
contraceion. lkpubam war  @d 
on consdous animals to rule out potential 
artiELctsduetoancsth&ECGtracesob- 
tained fiom a 21-&-old nonmmgcnic 
F1 (C57B116J x DBA12J) mouse shows 
typical P waves (atrial depolarizations) aad 
QRS compkxcs (ventricular depolariza- 
ti-); the amplitude of the P wave spike is 
muchkssthanthatofdrcQRScomplar 
(Fig. 3A). Thac is a d i m  correlation be- 
tween the appcaaMx of the QRS compkx 
andvcnlIicularcontactionspilrcsinthe 
pllscacc(compamECGandPaccsin 
Fig. 3A). In the mousc, the signal om- 
-to vcamiah repolarization (the 
T wave) is obmmd and difficult to dttca 
(15). To the right is a survey photomime 
graphoftheheartuscdtogaxratcthe 
traces. 

ECG and pulse rate traces ftom a young 
(8-weck~1d) ANF-TAG 52 mouse arc in- . .  . c h m p h b l e  firom the nontransgmic con- 
trol (Fig. 3B). The right atrium fiPm this 
vlimalisnonn?linappearanaandshows 
no signs of hypaplasia. However, the ECG 
d pulse rate tnccs garaatcd by a 21- 
wedr-old ANF-TAG 52 mouse indicate a 
disruption of the conduction system (Fig. 
X). The ECG shows that the P wavcs arc 
dtuu$ both the duration as well as the 
relative amplitude of the P waves have in- 
CnrSedTheQRSspilrcsarcofnonnal 
~ a n d d u r a t i o n , a n d s t i l l d o ~ t h e  
acc (the identity of QRS spike? arc con- 
fumed by their dative alignmmt with con- 
aaionspilrcsinthepulfetacc). Imgular- 
ities in the heart rate ari present at the right 
adofthetrace, andtwop wavespllres arc 
obscmd over the acrhythmic contraction 
cydcs. The right atrium of the hart used to 
gcImatc these araccs is hyperplastic while 
the left atrium is relatively normal (Fig. X). 

ThcECGdpulseratcgcncratcdbya 
30-wak-oId ANF-TAG 52 mouse reveals 
that the QRS complex no longer c h h t e s  
the recording (Fig. 3D). In the regions of 
rcgulvpulse,drcrrarctwospilrcsinthe 
ECGaccfiwclchcondonregisaredin 
thepulSCratetrace,sqptingthattheP 
wavcs arc now present at an amplitude 
similar to that ofthe QRS complexes. Onct 
agait~, multiple ECG spilrcs arc present over 
the arrhythmic regions. Histological analy- 
scs indicate that the atrial pathology is of 
modcratc severity. As atrial hyperplilsia pro- 
grrsses, there is a corresponding incrasc in 



the degree of conduction disruption (Fig. 3, throughout the pulse traces of both animals. 
E and F). The relative amplitudes of the In both instances, atrial mass has exceeded 
ECG spikes vary in these traces, thus making that of the ventricles. 
it difficult to identify discrete P and QRS There is an apparent increase in heart rate 
waves. Cardiac arrhythmias are apparent (tachycardia) which accompanies atrial hy- 

ECG 

D 

Fig. 3. ECG analysis of ANF-TAG mice. The ECG traces (labeled ECG) and pulse traces (labeled P) 
were recorded simultaneously on conscious animals with a Narco Biosystems Mark I11 physiograph 
interfaced with a high gain coupler. Electrodes were placed in the standard lead-1 position. Recordings 
were at a sensitivity of 20 mV/cm, a voltage gain of x 100, a time constant of 3.2 seconds, and a chart 
speed of 5 cm per second. Simultaneous pulse traces were recorded with a second channel interfaced 
with a Narco Biosystems pneumatic pulse transducer and a programmed electrosphygmomanometer. 
To the right of each set of traces is a survey photomicrograph of the heart used to generate the 
recording; the samples were processed as in Fig. 2. (A) A 21-week-old nontransgenic mouse. (B to F) 
ANF-TAG 52 mice that were 8, 21, 30, 26, and 28 weeks old, respectively. 

perplasia (690 to 730 beats per minute; see 
Fig. 3, C to F). However, this increase in 
heart rate is within the normal range of 
pulse rates reported for inbred mice [310 to 
840 beats per minute (16)l. The tachycardia 
and arrhythmia may be due to the presence 
of ectopic pacemaker activities caused, for 
example, by ischemia resulting from the 
proliferation of atrial cardiocytes. Alterna- 
tively, the conduction abnormalities may 
result from a reentry phenomenon directly 
related to the large mass of the hyperplastic 
atria. With further characterization, these 
animals may prove to be a useful system to 
study cardiac conduction abnormalities. 
Moreover, the asymmetrical nature of atrial 
pathology makes these mice an attractive 
system in which to assess the events required 
to commit cells to the hyperplastic state. 
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Modulation of Folding Pathways of Exported 
Proteins by the Leader Sequence 

Leader peptides that function to direct export of proteins through membranes have 
some common features but exhibit a remarkable sequence diversity. Thus there is some 
question whether leader peptides exert their function through conventional stereospe- 
cSc protein-protein interaction. Here it is shown that the leader peptides retarded the 
folding of precursor maltose-binding protein and ribose-binding protein from Esche- 
d i a  wli. This kinetic effect may be crucial in allowing precursors to enter the export 
pathway. 

E FFICIENT TRANSFER OF PROTEINS similarity among such peptides. In bacteria 
through membranes during the pro- the leader peptide is likely to be involved in 
cesses of secretion and mitochondria1 several phases of export, initially in mediat- 

assembly in eukaryotes and of export in ing entry into the export pathway, and 
prokaryotes requires that the polypeptide subsequently in establishing interaction 
has not adopted the stably folded structure with the membrane at export sites (6-8). 
of the mature species (1, 2).  The current The precise role of the leader sequence in 
models for the export process incorporate these separate steps may differ. Gierasch and 
the effects of protein conformation in differ- co-workers (9) have suggested that during 
ent ways. One hypothesis prevalent among the encounter of the precursor with the 
workers studying eukaryotic systems is that membrane, the hydrophobicity and confor- 
cells contain factors that actively unfold mation of the leader are crucial for its proper 
structured precursors by using the hydroly- insertion into the bilayer. We propos~ that, 
sis of nucleotide triphosphates as a source of in addition, at an earlier step leader se- 
energy (3, 4). A different notion, proposed quences allow the initial interaction with 
for bacterial export, is that components components of the export apparatus by 
within the cells blnd to precursors before modulating the folding pathways of precur- 
they fold into the final mature conformation 
and thereby maintain (or create) the export- 
competent state without having to disrupt 
established tertiary structure (2, 5). A defin- 
ing and essential feature of a protein des- 
tined for export to the periplasm of Escbe- 
richia coli is that at its amino terminus it 
contains a leader sequence that is proteolyti- 
cally removed to generate the mature species 
upon translocation across the membrane. 
Although functional leader peptides have 
some common features, there is no sequence 

BiochemisuyiBiophysics Program, Washington State 
University, Pullman, WA 99164. 

*Present address: Genetic Engineerin Center, Korea 
Advanced Institute of Science and ~ecanology, Cheon- 
gryang 150, Seoul, Korea. 
tPresent address: De artment of Biological Sciences, 
University of New orLans, New Orleans, LA 70148. 

Fig. 1. Comparison of relaxation times for folding 
transitions of mature and precursor maltose-bind- 
ing proteins. The relaxation times for folding 
(open symbols) and unfolding (closed symbols) 
transitions were obtained by monitoring the 
change in fluorescence of tryptophan. For unfold- 
ing transitions the protein was initially in 10 mM 
Hepes, p H  7.8, and guanidinium hydrochloride 
(GuHCI) was added to the final concentration 
shown. For refoldmg transitions, the protein was 
dissolved in 2JM GuHCI, which was diluted to the 
final concentration shown. Fluorescence measure- 
ments were made with a Perkin-Elmer MPF-3L. 
The excitation and emission wavelengths used 
were 295 nrn and 344 nm, respectively; mature 
maltose-binding protein (0); precursor maltose- 
binding protein (0). The precursor species was 
purified by a procedure that includes one cycle of 
unfolding-refolding (1 0). As a control, the mature 
species was subjected to a cycle of unfolding- 
refolding. Relaxation times determined with this 
unfolding transition (0) ; refolding (0).  

sor polypeptides, and we present evidence 
that the leader sequences of two periplasmic 
proteins from Escbericbia colz, those of malt- 
ose-binding protein and ribose-binding pro- 
tein, decrease the rates of folding of these 
proteins into their mature conformations. 

Since we were interested in investigating 
the effect of leader sequences on the path- 
way of protein folding in the absence of 
interaction with any other cellular compo- 
nents, we purified the precursor and mature 
forms of the proteins (1 0, 11 ) and compared 
the kinetics of their folding in vitro. Both 
maltose-binding protein (molecular weight 
38,500) and ribose-binding protein (molec- 
ular weight 29,000) are monomeric and 
contain no disulfide bonds. Maltose-binding 
protein contains eight qptophanyl residues 
and thus the reversible unfolding-folding 
transition could be monitored by changes in 
the intrinsic fluorescence of tryptophan 
(12). In contrast, fluorescence spectroscopy 
could not be used to monitor the folding of 
ribose-binding protein, because that protein 
contains no tryptophan, and no change in 
the fluorescence of tyrosine was observed 
when the protein was denatured. Studies of 
the folding of ribose-binding protein were 
thus performed by measuring the resistance 
of the mature conformation to proteolytic 
degradation as the assay for folding. 

Using fluorescence spectroscopy we have 
investigated the equilibrium, unfolding 
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