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There is considerable interest regarding the crucial role that protein kinase C (PKC) plays in a

multitude of cellular activation processes 1'. PKC. which is present in many tissues, is activated by

diacylglycerol, a breakdown product of cell membrane-associated inositol phospholipids. The breakdown

of these phospholipids can be induced by a number of extracellular signals (rnitogens, growth factors, etc.)

interacting with specific cell surface receptors. Phorbol esters (PE) appear to exert biological effects on

cells via a direct activation of PKC through intercalation into the cell membrane, thereby substituting

directly for diacylglycerol in the PKC activation process:". A number of these phorbol compounds, (phorbol

12-myristate 13-acetate (PMA), phorbol l2,13-dibutyrate (PDBu), 4-o-methyl PMA) have been used to

study PKC activation in both normal and tumor cell lines, including studies on the activation of B

lymphocytes:' - 5) and T lymphocytes" - 81. Studies on morphological and differentiative effects of PE's

include the induction of aggregation and adherence of lymphocytes" -11 I, increased locomotion and changes

in shapes of human T lymphocytes 12.13 1, induction of adhesion and differentiation in human monoblastoid

(U937) 14.151 and human promyelocytic leukemia (HL-60) cell lines 16 1, increased aggregation of

neutrophils J 7. J8), stimulation of the production of interleukin-2 (IL-2) by normal mouse l":"?' and human

lymphocytcs"! and by cultured EL-4 mouse thymoma cells 2 2 1. SANDO et al. 2 3 1 reported the identification

of phorhol ester receptors in EL-4 mouse thymoma cells and observed a phorbol ester (PM A)-induced

adherence of an IL-2 producing sublinc ofEL-4 cells. We were interested in determining if this PMA-induced

adherence might he exploited in the development of a simple and rapid microassay system which would

be capable of detecting agents whose mechanism of action might be similar to that of PMA ti.e. phorbol

A rapid, colorimetric, microassay for detection of agents which arc known agonistsjantagonists
of protein kinase C (PKC) was developed. utilizing their effects on adherence of EL-4.lL-2 cells,
Cells that were incubated with agents which are known inducers of PKC activation, phorbol
12-myristate !3-acetate (PMA), phorbol 12.13-dibutyrate (PDBu). mezerein and indolactam V, readily
adhered to wells of 96 well microtiter plates within I ~ 2 hours, whereas cells incubated with the
negative PKC activator. 4o:-phorbol 12-myristate 13-acetate (4o:-PMA), which is structurally related
to PMA (4fl-PMA). did not adhere. The adherent cells withstood repeated vigorous washings with
tissue culture medium. Adherence of EL-4.IL-2 cells in the presence of PMA could be blocked by
the addition of two known inhibitors of PKC, 1-(5-isoquinoline-sulfonyl)-2-methylpiperazine
dihydrochloridc and staurosporine. Detection of the presence of adherent cells was accomplished
by the addition of a tetrazolium salt to culture wells and determination of the remaining viable
cells by scanning using a multiwell spectrophotometer (ELISA reader). The EL-4.IL-2 adherence
assay meets several important criteria for usc as a primary screen in the detection of potential
PKC agonistsjantagonists. i.e, its selectivity. simplicity, rapid performance through automation
and reproducibility.
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Materials and Methods

Statistics
Triplicate 00 readings were recorded for test and control wells and the mean and standard error

determined for each data set.

binding and PKC activation), by observing the effects of these agents on adherence of EL-4.IL-2 cells.

We report here a method by which the adherence of EL-4.IL-2 cells can be used to identify agents of

certain classes which may serve to agonize and/or antagonize activation of PKC. The assay is rapid (6 hours

total), and can be adapted to high volume screening by the use of microtiter plates and data readout using

a colorimetric method and an automated plate reader.
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Reagents
PMA, POBu, mezerein and 41X-phorbol 12-myristate 13-acetate (41X-PMA) were obtained from LC

Services Corporation (Woburn, MA), 1-(5-isoquinoline-sulfonyl)-2-methylpiperazine dihydrochloride (H-7)
and (3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyl)tetrazolium bromide (MTT) were obtained from Sigma
Chemical Co. (St. Louis, MO). Staurosporine was purchased from Kamiya Biomedical Co. (Thousand
Oaks, CAl. Indolactam V (~) and (+) isomers were obtained from Biomol Research Laboratories
(Plymouth Meeting, PAl. Stock solutions of PMA, PDBu, mezcrein, 41X-PMA and staurosporine were
prepared in OMSO. Indolaetam V was prepared in ethanol. All solutions were stored at - 70°C prior to
use. Stock solutions of H-7 were prepared in sterile distilled water (lOmM) and kept at 4"C prior to
use.

Adhe~ence Assay
EL-4.IL-2 cells at various concentrations were cultured in 96-well, flat bottomed microtiter test plates

(Nuncalon, Nunc A/S, Roskilde, Denmark) at 37°C in the presence or absence of test compounds and
with the appropriate solvent controls. Incubation times were also varied. Following the incubation period.
the contents of each well were removed by flicking the plate into a catch tray, and placing the plates
inverted onto a paper towel in order to drain and blot the remaining draining wells. To each well, a volume
of 100III of room temperature TCM was then added and the plates placed on a rotating platform shaker
(Mini-Orbital Shaker, Belko Biotechnology, Vineland, NJ) at setting "5" for 4 minutes. The plates were
then rotated 180° and subjeeted to an additional 4 minutes of shaking. The plates were removed and their
contents again removed as described, blotted. TCM was added to each well and the plates placed on the
rotating shaker. This process was repeated for two additional wash cycles. The presence of viable cells
was determined using a modified colorimetric method of MOSSMAN 24 l

. Briefly. following the final
removal of well contents. a volume of 200 III of TCM and 75111 of MTT solution (2 mg/rnl in TCM) was
added to each well. Plates were incubated at 37"C for an additional 5 hours. Following incubation, the
contents of the plates were again removed and the plates blotted onto paper towels. A volume of 200 III
of isopropyl alcohol was then added to each well in order to dissolve the resulting formazan crystals. The
plates were read at 570 nm using a plate reader (Microplate Autorcader, Model EL-3 J1. BIO-TEK
Instruments, Inc., Winooski, VT).

Cells
EL-4.IL-2 cells (TIB 181), were obtained from American Type Culture Collection (Rockville. MO)

and were maintained in culture by in vitro passage with tissue culture medium (TCM) (RPMI-I640 medium
supplemented with 10% heat-inactivated fetal calf serum, 100 u/ml benzylpenicillin. 100Ilg/ml streptomycin,
601lg/ml t-glutamine, and 5 x 10- 3 M 2-mercaptoethanol, Grand Island Biologicals Co., Grand Island,
NY). Cells were passaged every 3 to 4 days. Viability was determined by trypan blue exclusion, and always
exceeded 80%. For the adherence assay, cells were utilized within 15 passages of frozen stock cultures.
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Results

Optimization of EL-4.IL-2 Adherence Assay

Initial experiments were designed to optimize and standardize the PMA-induced adherence of

EL-4.IL-2 cells in the development of a reproducible assay system. Fig. I shows results obtained when

two concentrations of EL-4.IL-2 cells were incubated in Hat-bottomed plates. with various concentrations

of PMA or solvent control (0.0) for I(A). 2(B) and 24(C) hours. Figs. I(A) and I(B) show that I or

2 hours incubations of EL-4.IL-2 cells yielded plates whose adherent cells were resistant to three cycles of

washing. and which demonstrated a dose responsive adherence to PMA as measured by MTT metabolism.

Incubation for 24 hours (Fig. I(C)) resulted in a reduction of the total number of adherent cells as measured

by the same tests. Solvent controls always consisted of the relative percentage of solvent contained in the

highest concentration of compound tested and were consistently negative in inducing or inhibiting cell

adherence. Fig. 2 shows that EL-4.IL-2 cells incubated in Hat bottomed plates for I hour with 16 nM of

PMA and washed three times following incubation consistently resulted in plates with greater numbers of

adherent cells as measured by MTT absorbance. compared to identical conditions using U-bottom plates.

While incubation of 5 x 105 EL-4.IL-2 cells per well resulted in the highest 00 values under all conditions

tested. a cell concentration of 2 x 105 cells was established for the standard assay in view of I) need of

fewer cells for the assay to be performed and 2) 00 values which were still at least 74% of the highest

OD values obtained. To determine the number of plate washes necessary to reduce the degree of potential

non-specific attachment of non-PM A stimulated EL-4.IL-2 cells to an acceptable background 00 value.

unstimulated cells were incubated for I hour and subjected to various numbers of wash cycles. Results

illustrated in Fig. :; show that three wash cycles were sufficient to reduce non-specific attachment of

EL-4.IL-2 cells to 00 values of <0.001. with a corresponding PMA-stimulated attachment 00 value of

approximately 0.400. Increasing the number of washings did not appreciably reduce further EL-4.IL-2

attachment.

Effect of 4x-PMA on Adherence of EL-4.IL-2 Cells

To determine if the structurally related compound 4x-PMA. which does not activate PKC, could

induce a non-specific adherence of EL-4.IL-2 cells in our assay system. EL-4.IL-2 cells were incubated

with various concentrations of 4x-PMA and 4/3-PMA. and their effects on adherence evaluated. The results

in Fig. 4 show that 4x-PMA did not induce non-specific adherence of EL-4.IL-2 cells. compared to the

positive induction demonstrated by equivalent concentrations of 4/3-PMA. This data indicates that

adherence exhibited by EL-4.IL-2 cells could possibly be related to structural components of PMA which

induce PKC activation.

Comparative Effects of PKC Activators Mczercin, POBu and PMA on Adherence of EL-4.IL-2 Cells

EL-4.IL-2 cells were incubated for I hour with various concentrations of the PKC activators mczerein,

POBu. and PMA. The results in Fig. 5 show that all three agents were effective in the induction of a dose

responsive adherence of EL-4.IL-2 cells following a l-hour incubation. Both PMA and mezerein

demonstrated peak adherence at IOng/ml (16 and IS nM. respectively). while maximum cell adherence for

PDBu occurred at gOng/rnl (160 nM). These results indicate that in addition to PMA. two PKC activators.

mezerein and POBu. induce the adherence of EL-4.IL-2 cells.
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0.6

Fig. 1. Optimization of EL-4.IL-2 adherence assay.

EL-4.IL-2 cells, I x 105 and 2 x 105 were incubated at 37"C for (A) I hour. (8) 2 hours or (C) 24
hours with or without various concentrations of PMA.
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Plates were subjected to three cycles of warm (37"C) TCM washes and agitation as described in the
text. A volume of 200 III of TCM and 75 Iii of MTT (2 mg/mlj was added to each of the wells and the
plates incubated for an additional 5 hours. Supernatants were removed and isopropyl alcohol added to
each well. Plates were read on an ELISA plate reader at a wavelength of 570 nm. Results are expressed
as mean absorhance values of triplicate wells, ± SE.
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Results are expressed as mean absorbance values of triplicate wells, ± SF.
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Fig. 2. Effect of cell concentration and well type on PMA-induced adherence of FL-4.IL-2 cells.

Various concentrations of EL-4.1L-2 cells were incubated with 16nM PMA in either flat or
If-bottomed plates for I hour at :17'c, and the plates processed. stained and absorbances determined
as described in the text.
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Effect of PKC Inhibitors H-7 and Staurosporine on Adherence of EL-4.IL-2 Cells

If the adherence of EL-4.IL-2 cells is linked to the activation of PKC, then such adherence would be

Indolactam V. the basic structural nucleus of

two compounds which activate PKC (Iynghyatoxin

A and the telcocidins) was evaluated for its ability to
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in adherence of HL-60 cells (FUJlKI et al. 2 5 ») and

the (+) isomer which is commonly used as the

negative control were tested in the adherence assay.

Fig. 6 shows that the (-) isomer induced a

significant dose responsive adherence of EL-4.IL-2

cells, with peak responsiveness occurring at 10.0 IlM,

following a I hour incubation. The ( +) isomer was

effective in inducing adherence, but only at
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higher and only within a narrow concentration

range. These results show that the (-) isomer of

indolactam V which is structurally unrelated to the phorbol esters but which

of PKC can similarly induce the adherence of EL-4.IL-2 cells in our system.
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Fig. 4. Effect of 4a·PMA on adherence of EL-4.1 L-2 cells.

Various concentrations of PMA and 4a·PMA were added to wells of mierotiter plates containing
EL-4.JL-2 cells and incubated at 3TC for I hour.
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expected to be blocked by agents which serve to inhibit the activation of PKC. Two known inhibitors of

PKC. H·7 and staurosporine were evaluated as to their effects on adherence of EL-4.IL-2 cells. Compounds

were tested under identical conditions. using 2 x 105 EL-4.1 L-2 cells per well in the presence of PMA (32 nM

final concentration) with or without the inhibitors. Both compounds were shown to be non- toxic for

EL-4.1L-2 cells following a 2-1

MTT (data not shown). Fig. 7
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Plates were processed. stained and ahsorbanees determined as described in the text. Results are
expressed as mean ahsorbance values of triplicate wells. ± SE.

Plates were processed. stained and ahsorhanees determined as described in the text. Results arc
expressed as mean ahsorhanee values of triplicate wells. ±SE.

Fig. 6. Effect of indolaetam V on adherence of EL-4.IL-2 cells.

The two isomers of indolaetam Y. (-) and ( +). were added at varying concentrations to EL-4.IL-2
cells and ineuhated for I hour at 3TC.

Fig. 7. Effect of the PKC inhihitors H-7 and staurosporine on adherence of PM A stimulated EL-4.IL-2eells.

EL-4.IL-2 cells were ineuhated in the presence of 32nM PMA with various concentrations of H-7
or staurosporine for I hour at 3TC.
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EL-4.IL-2 cells following a 2-hour incubation, as measured by trypan blue exclusion and metabolism of

MTT (data not shown). Fig. 7 shows that H-7 suppressed the PM A-induced adherence of EL-4.IL-2 cells

at 138,275, and 550 11M, however, lower concentrations (0.5 ~ 1711M) induced adherence above the control

values. Staurosporine inhibited the PMA-indueed adherence of EL-4.IL-2 cells in a dose responsive manner,

with maximum inhibition of the adherence occurring at 43 nM. H-7 and staurosporine, themselves, did not
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Discussion

significantly induce the adherence of EL-4.IL-2 cells in the absence of PMA (data not shown). These results

show that inhibitors ofPKC activation also serve to inhibit the adherence of PM A stimulated EL-4.1 L-2 cells.

Recently. OSADA ct al.261 reported a cellular based screening method for detection of inhibitors of

PKC, utilizing a "bleb forming assay" by which activators of PKC induced the formation of "blebs" on

the surface of K562, a human chronic myeloid leukemia cell line. The assay was reported to be selective

and easy to perform. however. their method required a time consuming microscopic examination of the

tumor cells to detect appearance of the "blebs", and did not include provisions for measuring cellular

viability or the adaptability for automation.

Our initial observations and reports of others23.271 on the induction of adherence of EL-4 cells by

PMA has lead us to the development of a cellular-based microassay which is capable ofdetecting compounds

which arc known agonists/antagonists of PKC. The assay is simple, fast and easy to perform (automated).

Stimulated. adherent EL-4.IL-2 cells were extremely resistant to repeated cycles of washing with TCM

and those cells which remained attached to wells of microtiter plates metabolized MTT efficiently. an

indication of a high degree of viability. Non-specific adherence of non-stimulated cells was consistently

low. as evidenced by the lack of MTT metabolizing cells on the surface of the microtiter wells. Since

compounds at high concentrations could exert cytotoxic effects on cells and thus prevent their attachment.

parallel plates which were not subjected to washes were always included in each assay in order to detect cyto
toxic effects, via MTT metabolism and trypan blue exclusion.

Several important aspects regarding the performance of the assay were revealed during its development.

We found that consistent results were obtained if the EL-4. IL-2 cells which were to be used for the assay

were in the log phase of growth and within I ~ 15 passages of the ATCC stock culture. Older cultures

(i.e. > 15 passages) tended to display reduced adherence characteristics when stimulated with PMA (data

not shown). Although we did not investigate the specific cause of this phenomenon, it may be due. in part,

to a selection of a cell type which is resistant to PMA cffccts ':". In addition, warmed en C) medium was

always used for the washings, since cold medium tended to induce cell detachment.

Our assay docs not directly measure PKC enzyme activity, however. several lines of evidence strongly

support our premise that this assay may be a useful adjunct in the detection of potential agonists.antagonisrs

of PKC. Early studies by KRAFT et al.2s1documented a decrease in cytosolic caleium phospholipid-depen

dent protein kinase (PKC) activity following treatment of EL-4 thymoma cells with phorbol esters.

Subsequent studies with EL-4 sublines and other cell types have confirmed the observed translocation of

PKC activity from the cytosol to cell membrane:'?' and this phenomenon is now regarded as a generally

accepted mechanism of PKC activation by phorbol esters and other PKC activators I I.

Both PDBu and mczcrcin, compounds which are structurally related to PMA and which act as PKC

activators, induced a dose responsive adherence of EL-4.IL-2 cells as measured by our assay. Even morc

compelling evidence linking EL-4.IL-2 adherence with PKC activation is supported by our results which

verify the exquisite selectivity of phorbol receptors for 4/:- but not 4o:-PMA in the induction of PKC

activation, as measured by cell adherence in our assay as well as in other reported systems:'?'.

An interesting aspect of our study included the analysis of the compound indolactam V. which is

structurally unrelated to PMA, but with reported PKC activation. Both isomeric forms of indolactarn V

induced the adherence of EL-4.IL-2 cells. with the (+) form exhibiting approximately 100-fold less potent

(Ilg!ml) activity compared to the (--) form. Our results are consistent with studies of FUJIKI ct al. 2 51 who

reported similar concentration effects of the indolactams as measured by adhesion of H L-60 cells.

We also tested two known inhibitors of PKC, which demonstrated varying degrees of potency in their

ability to inhibit the adherence of EL-4.IL-2 cells. Our results were consistent with those of others, using

other test systems. who have reported similar rankings of PKC inhibitory activity ti.c. staurosporine
;:::H_7)31-331. The apparent stimulatory effect of the adherence of PMA stimulated EL-4.IL-2 cells which

we observed at concentrations of H-7 less than 8.SIIM cannot be fully explained. however, concentrations

of H-7 which are routinely reported to inhibit cellular based, but not isolated enzyme PKC assays, arc

commonly in the range of 20liM to SOD 11M 11.18.261, similar to the inhibition rangc we report here. The
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