
Temperature ('C) 

Fig. 3. Generalized map of the free energy change 
of protein stability per unit amino acid residue as 
a function of heat capacity change and tempera- 
ture. The bold solid line represents the level at 
which AGOln is zero for the denaturation reaction 
of the native protein (N + D). The spacing 
between contour lines is 100 J mol-', with solid 
lines indicating positive values and dotted lines 
indicating negative values. The contour map was 
generated from Eq. 3 with AH* = 6.4 kJ (mol- 
residue)-', AS* = 18.1 J K-' (mol-residue)-', 
and T-k = 112'C. The solid line labeled AGO,,, 
indicates where AGO for a protein with a given 
AC, goes through its maximum value as the 
temperature is raised. 

J K-' (mol-residue)-', the stability rises to a 
maximum value and then decreases with 
increasing temperature. The decrease in sta- 
bility with decreasing temperature is a direct 
manifestation of increased hydrophobic sol- 
vation at lower temperatures and gives rise 
to the phenomenon of cold denaturation. At 
high temperatures, a decrease in stability 
occurs as a result of the dominance of the 
nonhydrophobic entropy contribution, ex- 
pressed in TAS*. The standard state stabil- 
ity surface given in Fig. 3 summarizes the 
universal thermodynamic features found in 
proteins and provides a first-order represen- 
tation of the thermal stability of globular 
proteins. 
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Activation of Proto-Oncogenes: An Immediate Early 
Event in Human Cytomegalovirus Infernon 

A rapid increase in the RNA levels of the proto-oncogenes crfos, c-jun, and c-myc was 
detected after human cytomegalovirus infection. Neither inactivation of viral infectiv- 
ity with ultraviolet irradiation (with or without psoralen), nor inhibition of translation 
with cycloheximide or anisomycin adversely affected the enhanced expression of proto- 
oncogenes, even though these treatments substantially reduced or eliminated the 
detection of immediate early viral antigens. The increase in the RNA levels of the 
proto-oncogenes was prevented in the presence of a-amanitin or actinomycin D. Thus, 
expression of these oncogenes appears to be induced by events occurring before the 
onset of viral protein synthesis, perhaps by the interaction of viral particles with the cell 
surface. 

H UMAN CYTOMEGALOVIRUS, A VI- 

rus with demonstrated oncogenic 
potential in vitro ( I ) ,  has long 

been recognized for its ability to stimulate 
cellular DNA synthesis and cell proliferation 
(2). Infection with human cytomegalovirus 
(HCMV) generates cellular responses simi- 
lar to those described for activation of cells 
by growth factors such as platelet-derived 
growth factor (3) including: increased cellu- 
lar levels of the secondary messengers inosi- 
to1 trisphosphate (IP3) and 1,2-diacylgly- 
cerol (DG), Ca2+ influx, increased cytosolic 
Ca2+ activity, and increased cellular levels of 
adenosine 3 ',5 ' -monophosphate (CAMP) 
[reviewed in (4)]. It has also been demon- 
strated that HCMV particles that have been 
inactivated and appear to be incapable of 
giving rise to the synthesis of either immedi- 
ate early (IE) or early viral antigens play an 
important role in the stimulation of 
HCMV-induced cell proliferation (5) .  These 

findings suggest that defective or inactivated 
HCMV particles have the capacity to initiate 
cellular replication. 

The molecular interactions associated 
with the activation of cell proliferation have 
been the subject of extensive recent studies 
through analysis of the induction of proto- 
oncogenes in quiescent cells stimulated to 
proliferate by the addition of serum or 
growth factors. From the temporal pattern 
of their expression, it has been suggested 
that proto-oncogenes play a pivotal role in 
the regulation of cell proliferation (6). Since 
stimulation of proto-oncogene expression 
could be involved in cell activation by 
HCMV as previously described (4), we 
wished to determine whether HCMV infec- 
tion affected the expression of selected 
proto-oncogenes. We now show that one of 
the consequences of HCMV infection is a 
striking increase in the levels of RNA de- 
rived from the proto-oncogenes c-fos, cjun, 
and c-myc. 

Department of Microbiology, The University of Texas Quiescent human embryonic lung (LU) 
Medical Branch, Galveston, TX 77550. cells infected with HCMV demonstrated a 
"Permanent address: Department of Microbiology, rapid, transient increase in the levels of 
Medical University of Debrecen, Debrecen H-4012, RNA for the proto~oncogenes cjun, c-fos, Hungary. 
?To whom correspondence should be addressed. and c-myc between 20 and 120 min postin- 
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fection when either cytoplasmic (Fig. 1A) or 
total (7) cellular RNAs were analyzed. Maxi- 
mum stimulation of these proto-oncogenes 
was quantitatively similar to that achieved 
by serum stimulation (Table 1). During the 
ht 120 min postinfection, the transcripts 
from five other proto-oncogenes (c-H-ras, c- 
raf, c-erbAl, c-myb, and c-mos) were either 
not detectable or did not show substantially 
altered levels in the total cellular RNA (Fig. 
1B). These data suggest that the increases in 
c-fos, c-jun, and c-myc RNA levels were a 
specific response to HCMV infection. 

Substantial increases in c-fos and c-jun 
RNA levels preceded the quantitatively sim- 
ilar increase in c-myc RNA levels. Increased 
levels of c-fos and c-jun RNAs were first 
detectable by 20 min postinfection, reached 
their highest level at 40 min, and by 120 
min postinfection decreased to about the 
basal levels for quiescent, mock-infected 
cells (Fig. 1A). Increased levels of c-myc 
RNA were first detectable at 20 min postin- 

feaion, although a substantial increase, sim- 
ilar to those for c-fos and cjun RNAs, was 
not observed until 40 min. Maximum levels 
of c-myc transcripts were noted at 60 min, 
and by 120 min they had decreased to levels 
approaching, but still somewhat greater, 
than those for the mock-infected cells. Since 
mock infection induced minor changes in 
the levels of c-jun, c-fos, and c-myc RNAs, the 
increase in specific RNAs in HCMV-infect- 
ed cells was evaluated relative to the RNA 
levels for mock-infected cells. The maximum 
levels of c-fos, c-jun, and c-myc RNAs were 
17,11, and 7 times as great as the values for 
the mock-infected cells, respectively. As an 
internal control, we measured the RNA 
levels for p-actin, which remained stable 
from 0 to 2 hours postinfection in mock- or 
HCMV-infected cells (7). The increases in 
specific RNA species were similar when 
cytoplasmic and total cellular RNA were 
compared (7). 

We used a purified HCMV inoculum in a 

mos 

Fig. 1. The kinetics of proto-oncogene activation Time postlnfectlon (rnln) 
in LU cells after HCMV infection. (A) Hybrid- 40 60 120 0 20 40 60 120 0 20 40 60 120 

ization of cytoplasmic RNA from HCMV- and - -- 

series of ex~erirnents to exclude the wssibi- 

mock-infected quiescent LU cells maintained in 
the absence of serum with 32P-labeled DNA (3ZP- , 
DNA) probes for c-fs, c-jun, and c-myc. 2 

ity that contamination of our virus prepara- 
tions with serum- or cell-derived growth 
factors contributed significantly to the ob- 

28s- 

0 .) 

ias- 

served increase in proto-oncogene expres- 
sion. Extensive purification of the virus par- 
ticles before their use as inocula did not 
reduce the increase in proto-oncogene 
expression (Table l), as described for simian 
virus 40 (SV40) (8),  indicating that it was 
unlikely that serum- or cell-derived growth 

Hybridization of total cellular RNA with ' P- 2 
DNA probes for other proto-oncogenes. LU cells 
were grown to confluence and maintained in 
minimal essential medium (MEM) enriched with 
8% fetal bovine serum. Afterward, the cells were 
arrested in serum-free MEM for 72 hours. Virus jun - 
particles were pelleted from clarified stock 
(10,000 rpm for 20 min at 22°C) by velocity 
sedimentation (Beckrnan SW28 rotor, 27,000 
rprn for 90 min at 20°C). The virus pellet was *.",.. 
resuspended in a small amount of serum-free 
MEM (sedimented virus), and the suspension was 
added to the culture fluids of serum-arrested, 
precooled (4°C) cells. For further purification, the 
sedimented virus was pelleted through 20% (wlv) D-sorbitol in phosphate-buffered saline (PBS). The 
pellet was resuspended and layered on a continuous CsCl gradient (p = 1.16 to 1.36) and centrifuged at 
27,000 rpm for 60 min at room temperature (23). The band containing enveloped virus was recovered, 
diluted in MEM, pelleted (27,000 rpm for 90 min at room temperature), and resuspended in serum- 
free MEM (purified virus). Virus was allowed to adsorb at 4°C for 30 min. For mock infection a cell 
lysate was prepared in the same manner as virus stock from uninfected LU cells. The HCMV- and 
mock-infected cultures were shifted to 37°C (0 hours postinfection) and incubated for the periods 
indicated. Total cellular (24) and cytoplasmic (25) RNA was isolated as described previously by others. 
For Northern analysis, we fractionated 14 kg of RNA per lane on 1.4% agarose (Seakem LE) after 
glyoxal denaturation (26) and transferred onto a nylon membrane (Zeta-Probe) using 10 mM NaOH 
(27). The blots were prehybridized and hybridized at 42°C under conditions specified by Schleicher and 
Schuell [50% fonnamide, 5 x  Denhardt's solution, 5x  SSPE (0.15M NaCI, 0.01M NaH2P04, and 
0.001M EDTA), 0.2% SDS, and herring testis DNA (200 pg!ml)]. a-"P-labeled DNA probes 
(specific activity = lo9 cpdpg) were labeled with a-"P-labeled cytidine 5'-triphosphate (specific 
activity = 3000 Cilmmol) by the random primer method (Boehringer Mannheirn). After a 12-hour 
prehybridization and a 24hour hybridization, the blots were washed twice in 6 x  SSPE and 0.5% SDS 
for 30 min at room temperature, twice in I x  SSPE and 0.5% SDS for 30 min at 3 X ,  and, for more 
stringent conditions, in I x SSPE and 0.5% SDS for 60 min at 65°C. The blots were exposed to x-ray 
film for 18 hours at -20°C, and the intensity of the bands was analyzed with a densitometer. After 
hybridization, bands of 2.2,2.4, and 2.6 kb were identified on autoradiograms, which correspond with 
the reported molecular size equivalents for c-fs, c-myc, and c- jun RNAs, respectively (28). In thex 
experiments the following probe DNAs were used: c-foz (Eco RI-Barn HI), c-H-ras (Barn HI), c-raf-1 
(Hind 111-Eco RI), c-erbAl (Eco RI), c-myb (Eco RI), and c-mos (Eco RI) fragments. The oncogene- 
containing plasmids were obtained from the American Type Culture Collection except that the c- jun 
(Eco RI-Pst I) oncogene was kindly provided by I. M. Verma (The Salk Institute, San Diego, 
California) and the v-fos (Eco RI), c-myc exon I11 (Eco RI), and v-myc (Eco RI) oncogenes were 
obtained from ONCOR (Gaithersburg, Maryland). The oncogene fragments were isolated by agarose 
(Seakem GTA) electrophoresis after restriction enzyme (Bethesda Research Laboratories) digestion. 

factors associating with virus particks dur- 
ing preparation of virus stocks were substan- 
tially involved in the stimulation of proto- 
oncogene expression. Mild digestion of viri- 
on envelope proteins with either protease E 
or trypsin, however, abolished the HCMV- 
induced increase in the level of proto-onco- 
gene RNAs (Table l) ,  suggesting that intact 
virions were required fbr stimulation of 
proto-oncogene expression. 

The requirement for de novo protein syn- 
thesis fbr induction of increased proto-on- 
cogene RNA levels by HCMV was evaluat- 
ed by measuring the effect of anisomycin or 
cycloheximide on the amount of the specific 
RNA species relative to the detection of 
HCMV IE antigens (Table 1). Although the 
synthesis of IE HCMV-specific proteins was 
undetectable under these restrictive condi- 
tions (Table l) ,  the magnitude of proto- 
oncogene RNA levels exceeded those docu- 

V 

mented in Fig. 1, resembling the superin- 
duction previously reported for senun-stirn- 
dated cells (9). The results of these 
experiments suggest that activation of these 
cellular genes is independent of the expres- 
sion of IE HCMV-specific proteins and is 
unlikely to require d; novo protein synthe- 
sis, since it has been previously shown (9) 
and confirmed in this investigation (7) that 
cydoheximide and anisomycin block protein 
synthesis in HCMV-infected cells by about 
97 or 98%, respectively. The increase in 
proto-oncogene RNA levels was sensitive, 
however, to a-amanitin (Table l) ,  sug- 
gesting that the increase in transcripts results 
fiom the activity of RNA polymerase 11. 
Similar results were obtained when tran- 
scription was blocked with actinomycin D 
(Table 1). These findings are consistent 
with the view that the increased levels of 
proto-oncogene RNAs may result from 
transcriptional activation of the proto-onco- 
genes. 

To investigate further the necessity for 
expression of HCMV IE proteins, if any, as 
well as the role of virus particles in altered 
proto-oncogene expression, we treated the 
virus suspension with short-wave ultraviolet 
(swW) irradiation or psoralen and long- 
wave ultraviolet (IwW) irradiation to pre- 
vent viral transcription (1 0). Inactivation of 
the HCMV stock before infection reduced 
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the detection of HCMV IE antigens from 
>99% for cells infected with nonirradiated 
HCMV stock to from 17% to undetectable 
levels for cells infected with stock exposed to 
4.8 x to 2.9 x lo-' ~ / m '  of swUV 
or psoralen and lwUV (Table 1). The in- 
crease in specific proto-oncogene RNA spe- 
cies was unaffected, however, at doses that 
reduced detection of IE antigen expression 
to less than 0.1% of the cells. Thus, there 
was no correlation between the expression 
of HCMV IE antigens and the increased 
levels of RNAs for proto-oncogenes. The 
increase in proto-oncogene transcripts was 
somewhat reduced at higher swUV doses 
(for example, 2.9 x ~Imm') ; it is likely 
that the responsible protein or proteins were 
affected by the swUV light. These findings 
suggested that the HCMV particle may be 
sufficient to induce the elevated proto-onco- 

gene RNA levels in the absence of protein 
svnthesis. 

Our data suggest that the elevated levels 
of proto-oncogene RNAs are related to the 
interaction of HCMV virion comDonents 
with the cell, possibly the cytoplasmic lamel- 
la, to initiate a physiological cascade associ- 
ated with activation of the infected cell. This 
hypothesis is supported by our previous 
findings that HCMV particles appear to be 
sufficient to increase phosphatidylinositol- 
4,5-bisphosphate (PIP2) hydrolysis and the 
cellular levels of the secondary messengers 
IP3 and DG (11). 

The proto-oncogenes induced by HCMV 
are thought to be involved in cellular signal 
transduction and regulation of cell prolifera- 
tion (6). Czjun is reported to encode a 
transcription factor, junlAP-1, which recog- 
nizes specific DNA sequences (12, 13). Most 

Table 1. The relation between HCMV-induced synthesis of IE antigens and elevated RNA levels for 
proto-oncogenes. Serum-arrested LU cells were prepared, infected, and analyzed for proto-oncogene 
RNA levels as described in the legend to Fig. 1. HCMV IE antigens were detected by the 
anticomplement immunofluorescence test (21). For the immunofluorescence test, LU cells were plated 
on glass cover slips and treated in the same way as the cells prepared for RNA analysis. Purified anti- 
HCMV immunoglobulin G (IgG) together with human complement and fluorescein conjugated to 
IgG specific for human complement C3 (Cappel) was used to detect HCMV-specific IE antigens. 
Protein synthesis was blocked by treating cells with anisomycin or cycloheximide continuously from 2 
hours before infection through the period of maximum oncogene induction. a-Amanitin or actinomy- 
cin D was added at the time of infection. Virus suspensions were treated with either protease E (50 pgl 
ml) or trypsin (50 pglml) for 10 min at 37°C to remove possible ligands from the virus envelope (22). 
Virus stock was irradiated on an ice bed with a "germicidal" bulb producing swUV predominantly at 
254 nm, at a dose rate of 8 X J/s per square millimeter. For inactivation with psoralen and IwUV, 
psoralen (Sigma) was added to clarified virus suspension to obtain a final concentration of 10 pglml. 
The treated virus was collected by velocity sedimentation, resuspended in serum-free MEM, and 
irradiated on an ice bed with a lwUV lamp producing irradiation predominantly at 365 nm, at a dose 
rate of 4.2 X J/s per square millimeter. 

Extracellular 
stimulus 

Fold increase in RNA* Cells containing 
one or more 
HCMV IE 

c jun  c- fos c-myc antigens 
("/.I 

Mock infection 
Fetal bovine serum (10%) 
Sedirnented HCMVt 
Purified HCMVt 
Inactivated HCMVt 

UV (254 nm) of 
4.8 x J/(s mm2) 
9.6 x JI(S mm2) 
1.9 x lo-' J/(s mm2) 
2.9 x lo-' J/(s mrn2) 

Inactivated HCMVt 
psolaren and 
UV (365 nm) of 
2.5 x lo-' J/(s mm2) 
5.0 x lo-' J/(s mmz) 

HCMVt and 
cycloheximide (100 pglml) 
Anisornycin (100 pglml) 
Actinornycin D (20 pglml) 
a-Amanitin (4 pglml) 

HCMVt treated with 
Trypsin (50 pglml) 
Protease E (50 pglml) 

-- - - - - 

*Measured at the time of maximum stimulation relative to the value for mock-infected cells. The data for cells treated 
with HCMV and cycloheximide, anisomycin, actinomycin D, or a-amanitin are relative mock-infected cells treated 
with the same drug and concentration. tMultiplicity: 30 plaque-forming units (PFUs) per cell (determined before 
any inactivation treatment). 

junlAP-1 is complexed with Fos (13), which 
increases the ability of the complex to stimu- 
late transcription. The sequence for the 
junlAP-1 binding site-TGA N TCA (14)- 
is similar to a sequence (TGA CG TCA) 
located in the HCMV IE promoter-regula- 
tory region (IS), and identical to that re- 
ported as a CAMP-responsive element (16). 
The c-myc gene product is a DNA-binding 
protein, implicated in the rapid modulation 
of cellular gene expression specifically in- 
volved in the GdGl transition (1 7). 

The activating effect of HCMV on proto- 
oncogenes could be related to disrupting 
normal cell functions or the initiation and 
progression of HCMV replication. This 
phenomenon may be involved in HCMV 
oncogenesis, perhaps through a proposed 
"hit and run" mechanism (18), as well as in 
the induction of HCMV-associated disease 
such as developmental abnormalities (19) 
and, possibly, atherosclerosis (20). Since in 
our laboratory similar findings have been 
obtained in another cell type (Balblc 3T3) 
and for Herpes simplex virus types 1 and 2 
in both LU and 3T3 cells (7), the induction 
of proto-oncogenes may be a more general 
phenomenon associated with viral-induced 
pathogenesis. 
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Suppression of HIV Infection in AZT-Treated 
SCID-hu Mice 

JOSEPH M. M C C U N E , * REIKO NAMIKAWA, C H U - C H I H S H I H , 
LINDA RABIN, H I D E T O KANESHIMA 

The SCID-hu mouse, engrafted with human hematolymphoid organs, is permissive 
for infection with the human immunodeficiency virus (HIV). This mouse model was 
used to test compounds for antiviral efficacy. Two weeks after infection with HIV, 100 
percent (40/40) of SCID-hu mice were positive for HIV by the polymerase chain 
reaction. When first treated with 3'-azido-3'-deoxythymidine (AZT), none (0/17) 
were HIV-positive by this assay. However, AZT-treated SCID-hu mice did have a few 
infected cells; after AZT treatment was stopped, viral spread was detected by 
polymerase chain reaction in such mice. Thus, the SCID-hu mouse provides a means to 
directly compare new antiviral compounds with AZT and to further improve antiviral 
efficacy. 

MUCH HAS BEEN LEARNED ABOUT 

the epidemiology of the acquired 
immunodeficiency syndrome 

(AIDS) and its etiologic agent, HIV. Little 
is known, however, about the pathophysiol­
ogy of infection in man. It has thus been 
difficult to evaluate prophylactic measures, 
such as vaccines, that might prevent infec­
tion or to establish therapies that might alter 
the course of established disease. 

A relevant animal model for HIV infec­
tion would provide a system to evaluate the 
pathogenesis of AIDS and to analyze poten­
tial antiviral agents or vaccine preparations 
before the initiation of clinical trials. The 
SCID-hu mouse (1) was constructed pre­
cisely for this purpose. Immunodeficient 
C.B-17 scid/scid mice (2) are engrafted with 
those organs of the human hematolymphoid 
system that are requisite for both hemato­
poietic stem cell differentiation and immune 
function. Human hematopoietic precursor 
cells in the fetal liver differentiate to mature 
human T and myelomonocytic cells in 

HIV Group, SyStemix, 3400 West Bayshore Road, Palo 
Alto, CA 94303. 
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SCID-hu mice engrafted with human fetal 
thymus. Implants of human fetal lymph 
node provide human antibody responses. 
Direct intrathymic or intranodal injection of 
HIV resulted in signs of viral replication 
in die SCID-hu mouse (3). Our data indi­
cate that HIV infection is suppressed in 
SCID-hu mice that are treated with the 
antiviral compound, 3'-azido-3'-deoxythy-
midine (AZT). 

Four to eight weeks after engraftment, 
SCID-hu mice were infected with 400 to 
4000 infectious units (IU) of H I V J R . C S F or 
HIVJR.FL by direct intrathymic injection. 
This dose of virus had been shown to result 
in infection of 100% of SCID-hu mice by 2 
weeks, as assayed by in situ hybridization 
(3). Two weeks after infection, the human 
thymus implants were biopsied and analyzed 
by the polymerase chain reaction (PCR) for 
the presence of HIV (Fig. 1A). PCR prod­
ucts for both human p-globin and for HIV 
were present. Cells from these biopsy speci­
mens were also positive for immunohis-
tochemical stains for envelope and gag epi­
topes (3). The HIV and p-globin PCR 
products were not detectable in biopsy spec­
imens derived from the murine spleen (M) 

Table 1. Cumulative results of HIV infection of 
SCID-hu mice by HIVJR-CSF o r HIVJR.FL in the 
presence (+) or absence (-) of AZT. At 2 weeks 
after infection, thymic sections were analyzed by 
DNA PCR for the presence of human p-globin 
and HIV, as described in the legend to Fig. 1. 

Virus 
strain 

AZT 
treatment HIV p-globin 

JR-CSF, 
JR-FL 
JR-CSF 
JR-FL 

34/34 
6/6 
0/12 
0/5 

34/34 
6/6 

12/12 
5/5 

(Fig. 1A) or the murine lymph nodes or 
thymus of the same animals; nor was the 
HIV PCR product found in uninfected 
littermates kept within the same cage (Fig. 
1A). Thus, direct intrathymic injection of 
HIV results in detectable and reproducible 
levels of HIV infection in the human, but 
not the murine, lymphoid organs of the 
SCID-hu mouse. 

To test the possibility that such evidence 
of HIV infection could form the basis of an 
in vivo assay of antiviral efficacy, AZT was 
administered to SCID-hu mice with human 
thymic implants for 24 hours before HIV 
infection by intrathymic injection. These 
mice then received continued AZT treat­
ment for 2 weeks. At that time, the thymus 
implants were biopsied for PCR analysis 
(Fig. IB). After 2 weeks of AZT treatment, 
HIV-infected SCID-hu mice (number 5, 6, 
7, and 8) had no detectable HIV-specinc 
PCR products. This antiviral effect was re­
producible with larger numbers of animals 
(Table 1). All (40/40) of the SCID-hu mice 
infected with HIV in the absence of AZT 
were positive by PCR after 2 weeks. None 
(0/17) of the SCID-hu mice treated with 
AZT had HIV-specific PCR products after 
2 weeks. Infection was suppressed when 
either a T-lymphotropic isolate of HIV (JR-
CSF) or a monocytotropic isolate (JR-FL) 
was used. 

More sensitive assays were used to evalu­
ate the qualitative nature of this antiviral 
effect. Thymic biopsy specimens from HIV-
infected SCID-hu mice treated with AZT 
for 2 weeks were subjected to in situ hybrid­
ization with a 35S-labeled RNA probe spe­
cific for the 3 ' end of the HIV genomic 
transcript (Fig. 2). Fewer cells were infected 
in the presence of AZT and each infected 
cell had fewer HIV transcripts. Nonetheless, 
infection by HIV had occurred. Because 
continued rounds of viral infection might 
spread from such cells, SCID-hu mice that 
had been treated with AZT for 2 weeks and 
were negative for HIV (by PCR) were then 
switched to a regimen without AZT for an 
additional 4 weeks. At that time, thymic 
biopsy specimens were found to be positive 
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