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potent inhibitors of protein kinases C and A, including l-(5 iscquinolinyl 
sulfonyl) 2-methyl piperazine (H7), staurosporine, and 2-amihopurine, 
depressed phorbol ester-induced HIV-1 virion production and HIV-specific 
transcripts by >90% in chronically infected promonocytic cells. 
Suppression was dose-dependent and occurred at concentrations that had 
little effect on cell growth. These effects appeared to be specific to 
activation of the PKC-diacylglycerol system. They did not alter IudR- 
mediated induction of HIV. In addition, m enhancement of an HIV-LTR 
driven reporter gene was notblocksxlbyH7 in the presence or absence of 
exogenous &Fit, at cohcentratiohs capable of inhibit- upregulation of 
virus at the cellular level. Insight into the biochemical nechanisrns of 
these processes is criticalto uhderstanding interactions of HIV with the 
inm.me system, and may eventually uncover new therapeutic strategies. 0 1990 
Academc Press, Inc. 

Induction of HIV replication frm chronically infected T lymphocytes 
andmonocytes canbe initiatedthrough signals as divergent as herpesvirus 
exposure, rmnolcine and lyqhokihe treatment, perturbation of the CD3/T cell 
receptor pathway, and EW exposure (l-3). Activation of protein kinases 
appears to be a key step in the mchanism of these agents (3,4). For 

example, IV-kB is one enhanca protein capable of upregulating HIV 
replication, as m-regulated phosphorylation of its inhibitory factor, 
IkB, enables the active moiety to bind to sequences in the IUV ITR (5). 
However, PMA responsive elements other than for NFkB have been identified 
in viral sequences, shared with HIV, that affect diverse transcription 
factors (6,7). Proteins encod~bycertai.nDNAvirusesalso augment 
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expression frcan the HIV-m enhamer, utilizing a variety of &-acting 
ehwnts (8). These firdings suggestmltiplepathwaysthatcanbeusedto 
activateHIV, distinct fmnNl?-kBortheQtgenepmduct. 

In this study we have concentrated on chronic HIV-1 infection in the 
nmmqte and its relationship to protein kinases and tat. Wepresent 
further evidence for divergent pathways for regulation of latent HIV, and 
explore their relationship to PKC inhibition. 

Cells A Ul.lA cells were s&cloned, by limiting dilution, frm U1.l, a 
clone of U937.3 prmonocytic cells infected with the lyqhadenopathy- 
associated virus (IAV) strain of HIV (9). They contain, on average, two 
proviral copies of HIV-l, as determined by Southern analysis using probes 
frmplasmids PBH5-2 and PE%i8-1, which together encapass the entireHIV-1 
provirus. 

Reacfents. Three protein kinase inhibitor5 of varying specificities were 
utilized. Staurosporine (Kamiya Bicxhem. Co., 'thousand Oaks, CA) has an 
inhibition constant (Ki) for PKC of O.O007m, which is at least lo-fold 
lower than for the cyclic-AMP and cyclic+MP dependent kimses (10,ll). H7 
(Sigma) has an equivalent Ki for PKC and PKA of approximately 6@¶ (lo), as 
does 2-aminopurine (12) (sigma). 

Viral assays. HIV antigens were guantitated in supernatants by an ELKA- 
based assay for viral p24 core protein as previously described (13). The 
sensitivity of this assay is I6Opg/ml. 

The ability of the t& transcription unit of HIV to enhance the expression 
of a reporter gene, chloranphenicolacetyltransferase (CAT), whenCATis 
1inkedtotheLTRofHIVwas measured as previously detailed (14). 

In situ hybridization for HIV structural and regulatory transcripts were 
performed using a linearized plasmid, pIIIextat, containing HIV tat and 
a, labelled with digoxigenin-ll-dUFP. procedures for INA labelling by 
the randcm primer method, p-formaldehyde cell fixation, hybridization and 
detection have been detailed elsewhere (15,16). 

Cultures of U1.l.A cells were expcsed to varying ccncentrations of two 
molecules capable of substituting for diacylglycerol, FNA and PUB (4 B- 
phorbol-12,13-dibutyrate), as well as two analogs, phorbol 13-acetate and 
4B-phorbol, ~~donota~ivateproteinkinasesanddonotdlter incsitol 
lipid metabolism (17). Culture supernatants wexe assayed for HIV p24 core 
antigen at 48h. A 4-20 fold inmease in viral antigen cccurredinthe 
presence of H+¶A or PDB, while phorbol 13-acetate and 4B-phorbol had little 
or no effect (Table I). 

The effect of PK inhibition on phorbol ester-dated induction of HIV 
inUl.lAwas evaluatedusing three different inhibitors. None ledtoa 
change in basal levels of HIV antigen. DNA synthetic responses were 
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Table I, Effect of phorbol esters on induction of HIV fran chronically infected Ul.lA cells l 

Phorbol Ester Concentration (rig/ml) HIV-l p24 core antigen 
@g/lo4 ccl 1s) 

PMA 5 13,040 i 1240 

PKA 50 32,440 i 4920 

PMA 500 11,200 i 600 

PDB 5 31,880 t 4920 

PDB 50 59,400 f 6320 

PDB 500 46,840 i 2800 

phorbol 13-acetate 5 2480 

phorbol 13-acetate 50 3600 

phorbol 13-acetate 500 1040 

4B-phorbol 5 4640 

4B-phorbol 50 5040 

4B-phorbol 500 3800 

* Cells uere plated at 1 x 104/microuell in 0.2 ml culture mediun together uith the appropriate 

concentration of phorbol ester. Supernatants were harvested 4Bh later and tested for p24 antigen by an 

ELISA-based antigen capture system. PMA and PDB data represent the mean *SD of three separate experiments. 
Phorbol 13-acetate and 4B-phorbol data represent pooled samples of triplicate uells. 

inhibited in a concentration~eperdent manner, both in the absence and 

Pr- of m, but no alteration in vital dye exclusion capacity 
ocmrred at doses below the maximum utilized. Maximal suppression of 
approximately 30% of baseline response ocaxred with 100 @9 H7, 100 @J 2- 
aminwine, and 0.05 @I staurcqorine. A dose-dependent inhibition of 
viral core antigenby H-7, 2-aminopurine, and staurosporinewas noted, with 
staurosporinethemstpotenton amlarbasis. tis resulted in a 60-80% 
inhibition of HIV using 5O@J H7 or 2-aminopurine, and a >70% inhibition 
With O.OOlj&l stauroqmrine (Table II). These concentrations had little 
effect on cell proliferation. 

A parallel effect on HIV specific transcripts was sought by in situ 
hybridization for t& and ernr mFNAs in cells expcsed to FMA in the presence 
of varying concentrations of staurosporine. As shown in Fig. 1, 
approximately 0.5% of chronically infected Ul.lA cells expressed HIV- 
specific mRNA, rising to >85% 24 h after expcsuz to 5 nKJ/nll Fm. 

Staurosporine in concentrations as low as 0.001 M led to cmplete blockade 
of HIV induction. 

We attempted to relate the Ul.l.A&hoxbol ester effect and its 
modulation by the various inhibitors used specifically to protein kinases 
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Ii. Table Effect of protein kinase inhibitors on induction of HIV-1 from Ul.lA cells by PMA* 

PKC Inhibitor HIV-1 activity+ 

Concentration tp243 core Irbibition 

Expt. PMA Agent fl Ag @g/lo4 cells) % 

A 

+ 

+ 

Ii7 10 13,540 f 650 7.6 

H7 50 5,840 f 2,590 60.2 

H7 75 2,150 t 730 85.3 

Ii7 100 1,070 92.7 

2-aninopurine 10 17,930 0 

2-aminopurine 50 2,890 79.0 

2-aminopurine 75 710 94.8 

2-aminopurine 100 640 95.4 

staurosporine 0.0001 

staurosporine 0.001 

staurosporine 0.01 

staurosporine 0.05 

I,= 
14,660 f 1,080 

1,080 

13,770 

63 
13,920 

9,920 

3,760 

40 

<60 

28.9 

73.3 

100 

100 

*Cells were plated at 1 x 104/microwell in 0.2 ml culture mediun together uith the appropriate concentration 

of protein kinase inhibitor for 1 h, folloued by addition of 5 rig/ml PMA. Supernatants uere harvested 48 h 

later and p24 Ag concentration measured. 

+ Values for p24 Ag represent the mean tSD of tuo experiments for experiment A, and the mean of pooled 
triplicate wells for experiments g and C. 

by~loyinganother~inducer,NW,whichdoesnotaffedtheseenzymes 

(1) - Ul.lA was exposed to IUdR (50 us/ml) for 96h and culture supernatants 

analyzed for ~24. HIV was upregulated by IUdR in the presence or absence of 

H7, with doses as high as 1OOuM having no effect in this system (Table 

III). 

We subsequently employed a transient transfection assay to study the 

relationship of phorbol ester induction of HIV to &&-mediated trans- 

activation. As tzlmwrl in Table IV, comm-sion of radiolabelled 

chloramphenicoltoits acetylated formswas stimulatedbyF+lAwhentheHIV- 
III'R-CAT plasmid was transfected into Ul.lA cells. PDBwas an even more 
potent stimulant in this system, while @orbol 13-acetate and 4B-@orbol 

had no effect (data not shown). This stimlation was mchless pmrmncezl 
in the aksence of exajenous tat (Table IV), and was cleazcly syneqistic 
with j&. Thelatterfirdingwasredemnstm ted in uninfected u937 cells 
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Fig. 1 Ul.lA cells after hybridization with a digoxigenin-labeled HIV- 
tat-envprobeinthepresence -- of PMA (5 rig/ml) &varying concentrations 
of staurospxine. Blue-black precipitates are forwd at sites of M 
amation in the cytoplasfr~. A: COnt.td, buffer Ody; B: FWG C: PMA + 
0.001 UM staurosporine; D: FMA+ O.OluM staurosporine. 

Table III. Effect of the Protein Kinase Inhibitor Ii7 on Induction of HIV-1 Ul.lA Cells by Iododeoxyuridine* 

Ccndi tion 

1 

IUCR Ii7 

HIV-1 activity 

tp241 core Ag Mean change (%) 

(pg/104 cells) frcm control 

3,584 

1,540 

2 + 

+ 
14.618 

17,346 

+423.8 

3 + + 15,314 
+ + 19,712 

483.6 

*Cells uere plated at 1 x 104/microwell in 0.2 ml culture mediun together with buffer of 100 UM H7 for 1-2 h 

at 37”C, followed by addition of 50 ug/ml IUcR. Supernatants were harvested after a 16 h incubation and p24 
antigent concentration assessed. Two separate experiments are represented for each condition. 
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Table IV. Effect of the protein kinase inhibitor ii7 on qwegulation of HIV-LTR-CAT activity by PMA in Ul.lA 

cells in the presence and absence of exogenous tat* 

Exp't. 

PLasmids trans- 

Pi4A ii7 CAT fected Inhibition 

concentration concentration HIV-LTR/CAT tat activity % 
(n&ml) (IA) 

A + 1.1 

50 + 17.2 

50 10 + 16.8 2.3 

50 50 + 20.0 0 

50 100 + 29.6 0 

B 

50 

50 

50 

50 

10 

50 

100 

+ + 29.4 

+ + 86.6 

+ + 87.7 

+ + 92.7 0 

+ + 92.5 0 

C 

10 

50 

+ + 12.2 i 2.3 

+ + 31.2 t 1.4 

+ + 31.8 t 5.2 0 

+ + 26.9 t 0.4 13.8 

l 2 x IO6 Ul.lA cells per condition uere exposed to DNA from each plasmid for cotransfections or salmon sperm 

DNA for controls (~1 negative cultures). 2ug of DNA were used in experiments A and C, and lug in 

experiment 6. Phorbol esters were present at the start of transfection and throughout the 48 h culture 
period. 

*CAT activity represents the conversion of 1'4C1chlormnphenicol into its acetylated forms. Each value is the 

mean tG0 of two acetylation assays, rur on separate TLC plates but utilizing the same pool of cell lysate. 

(Table V). Introduction of j& gave a 4-fold enhancement of CAT in the 
akxznceof PMA. EMA itself led to a 4-fold enhancement of L, but 
&& plus PMA caused a >70-fold increase in tmns-activation. 

Table V A Effect of the Protein Kinase Inhibitor ii7 on PMA-mediated Upregulation of HIV-LTR-CAT Gene Activity 

in Uninfected U937 Cells 

PMA 

+ 

+ 

+ 

+ 

H7 concentration (W 

50 

100 

Plasmids transfected Relative CAT 

HIV-LTR/CAT m activity 

+ 1.0 

+ 3.8 
+ + 4.2 
+ + 74.0 

+ + 64.0 

+ + 57.0 

Inhibition 

x 

13.5 

23.0 

*Cultures uere established and co-transfections performed as described in the legend to Table IV, except that 

uninfected u937.3 cells were used in place of their chronically infected counterpart, Ul.lA. PM 

concentration bras Song/ml. Relative CAT activity uas calculated by norsmlizing the percent conversion of 

114C1chloraaphenicol in the absence of tat, O-38%, to 1. 
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In terms of PKC inhibition, doses of H7 (Tables IV and V) or 
stawrine (data not shown) capable of blocking HIV induction by 60-90% 
had little to no effect on RilA-mediated upregulation of HIV-ITR directed 
CAT activity, either in latently infected Ul.lA cells, or in uninfected, 
parental U437 cells (Table V). 

DISCUSSION 

We have demonstrated that phorbolester-mediated induction of HIV 
frma chronically infected cell is dependent on protein kinase activity, 
most probably PKC, and is susceptible to protein kinase inhibitors. We 
have also investigated its relationship to pathways associated with u- 
mediated m-activation. 

We were able to distinguish the phorbol ester induction effect from 
anotherpathwayofHIVrescue, mdiatedthroughthehalogenatedpyrimidine 
IudR. Only the forner appeared to be protein kinase dependent. While 
protein kinases consist of a family of structurally related proteins that 
differ in tissue distribution, cofactor dependency, and substrate 
specificity, all subtypes are inhibited by H7 and 2-aminopurine, bind PDB 
with similar affinity, and are activated by similar wmentrations of FDB 
(18), permitting generalization of the phenmenon to this family of 
proteins. 'Ihe dose of H'7 which inhibited 50% of viral replication is 
between 10 and 50@& which correlates with its Ki for FXC and FXA. The IC- 
50 for staurosporine was approximately 0.0005@& Given the latter's 
increased specificity for PKC over other protein kinases (lO,ll), the 
effects observed were most likely related to this enzyme. 

We also explored the relationship between the phorbol ester effect and 
M-mediated tram-activation. 'JSm major differences were apparent: the 
absence of significant inhibition of PMA-mediated activation of the HIV-ITR 
byhi', inthepresence or absence of m, at wncentrations which block 
HIV induction; and the synergism between FMA-mediated activation of the 
HIV-Em ti m activity. !lhis synexgism is consistent with the 
existence of two distinct modes of activation, and wculd be mexpected if 
bothagentsworked in anidenticalmanner. 

Cur inhibition results are consistent with those fm other cell 
sysm. In one study, wncentrations of H7 >2OOm were reguired before 
inhibition of m-driven, HIV-LTR-CAT/&& interaction was seen (7), while 
in another, >lOO/m was used (19). 'Ihese data, obtained with such high 
concentrations of H7, should not be used to define a PKC-linked phenmenon, 
given the lack of specificity of H7 for PKC, its inhibition of DNA 
synthetic responses or cytotoxicity, and the fact that these are far above 
the IC-50 for protein kinases. 
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These data also argue against the involvemnt of a cyclic AMP-mediated 
kinase in the wtat trams-activation phenmenon. AcAMP-dependentPKA 
pathway has been identified in the activation of a related retrovirus, 
human T cell lymphotropic virus type I (Hl'LV-I) (20). PKC can, in turn, 
either enhance or antagonize the effects of PKA (20). However, the fact 
that H7 had no effect on &&-nediated trams-activation in our system, while 
it blocks both PKC and PKA with similar Ki's, and the fact that adenyl- 
cyclase regulators such as foreskolin and 8-bramo-cAMp have no effect on 
the HIV-LTR (20), suggest that PKA does not have a role in the regulation 
of chronic HIV infection. 

?here are, however, several caveats which pertain to this model. It 
is possible that actively replicating cells respond differently than 
chronically infectedbutnon-transformedhumanamxqtes. Preliminary data 
with human peripheral mmoqtes indicate that similar types of induction 
can be obtained in such cells derived directly frm HIV seropositive 
carriers using PMA in concert with lipopolysaccbaride (Ho, J. and J. 
Laurence, unpublished ob servations), or in acutely infected peripheral 
monocytes using various cytokines (21). Whether analogs of PMA or other 
PKC activators could induce chronic HIV-l in vivo is unclear, but it is 
testable intranSgenic~inemodelsbearingHIv-~~Tand~construds 

(22) - The presen t findings that regulation of HIV in a monocyte line is 
mediated in part through PKC may suggest a possible approach to 
pharmacological intervention with anti-PKC agents in clinical situations. 

!hisworkwas supported in part by National Institutes of Healthgrant CA 
42762 and U.S. Army Medical Reseamh Acquisition Activity contract DAMD 17- 
89-C-7020. 
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