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Abstract Introduction

Opl8 (also termed prosolin/stathmin) is a highly conserved
18-kD cytosolic phosphoprotein expressed in low levels in ma-
ture resting GO lymphocytes, but induced in late G1 and S
phases after entry into the cell cycle. In addition to its induction
in normal proliferating lymphocytes, Op18 has been found to
occur at high levels in acute leukemias and in neuroendocrine
tissue. The presence and rapid phosphorylation of Op18 after
stimulation of proliferating cells correlates with subsequent
functional responses of the cells, and, therefore, Op18 has been
suggested to play a key role in signal transduction. The pattern
of expression of Op18 during lymphoid development is of inter-
est in view of its high levels of expression in acute leukemias,
representing cells arrested at an immature stage, thus raising
the possibility that Op18 may be regulated differently in ma-
ture and immature lymphoid cells. Wereport here that imma-
ture human thymocytes bearing the cortical double positive phe-
notype (CD4+CD8+) constitutively express high levels of
Op18 protein. In contrast, in mature single positive thymocytes
(CD3+CD4' or CD3+CD8+), Op18 protein is expressed at a
lower level, comparable to that seen in peripheral blood T cells.
Cell cycle analysis demonstrated that most of the cells in the
double positive thymocyte population expressing high levels of
Opl8 were noncycling and arrested in GO. Furthermore, there
was no correlation between Op18 levels and the proportion of
cycling cells in double positive thymocyte populations isolated
from different thymuses. Interestingly, although Op18 protein
levels did not increase any further after mitogenic stimulation
of double positive thymocytes, an increase in 0p18 phosphory-
lation was observed, thus coupling of Op18 phosphorylation to
cell activation remained intact. Our results show that during
lymphoid maturation Opl8 expression is uncoupled from cell
proliferation. These data also suggest that the ordered expres-
sion of proliferation-associated genes seen in mature T cells
may be disrupted during T cell maturation. (J. Clin. Invest.
1992. 90:1576-1581.) Key words: T cell ontogeny * cell cycle.
proliferation * 2-D PAGE* leukemia
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Op18 is a highly conserved 18-kD cytosolic phosphoprotein
whose expression has been found to correlate closely with the
proliferative status of both normal and malignant tissues. Opi 8
is normally expressed in low levels in resting GOT cells, and is
strongly induced after mitogenic stimulation of these cells, with
maximal levels of expression seen in late Gl and early S phases
of the cell cycle ( 1-5 ). Thus, the gene for Op18, like those for
several other proteins including the cyclins and cdc2 kinase (6,
7), has been considered to be a "proliferation-induced" gene.
Consistent with this, regulation of Opi 8 expression occurs pri-
marily at the levels of transcription (5), and transformed cells
express elevated levels of a structurally unaltered gene (5). In-
duction of terminal differentiation in leukemic cells results in a
down-regulation of Opl 8 expression (8).

Several studies have suggested that Op18 may function as a
key signal transducing molecule after cell stimulation. Activa-
tion of lymphocytes by monoclonal antibodies to the T cell
receptor (TCR)' by lectins or by phorbol esters induces serine/
threonine phosphorylation of Opl 8 generating several distinct
forms designated Op18, a, -b, and -c (9). This is observed be-
fore induction of Op18 synthesis and occurs as early as 2 min
after stimulation of the T cell receptor/CD3 complex (TCR/
CD33) (9). Inhibition of proliferation after activation of leuke-
mic cells or proliferating normal lymphoblasts is associated
with Opi 8 phosphorylation ( 10, 11 ), and alterations in Op1 8
phosphorylation have been found to be associated with impair-
ment of this response ( 12 ). Finally, blockade of Op18 mRNA
translation using antisense oligonucleotides delays the en-
trance of resting lymphocytes into S phase after mitogenic stim-
ulation (8).

The putative role of Opl8 in signal transduction, and its
overexpression in lymphoid cells with a maturational arrest
(e.g., T cell acute lymphoblastic leukemia) ( 1 ) led us to study
the expression of Op18 during normal lymphoid development.
For T cells, maturational stages of thymocytes can be assigned
based on surface expression of the TCR/CD3 complex and the
accessory molecules CD4 and CD8. Before recombination of
the TCRgenetic elements, cells express neither CD3, CD4, nor
CD8on the cell surface ( 13) (Fig. 1 ). As maturation continues,
cells coexpress both the CD4 and CD8 molecules
(CD4+CD8+, "double positive cells"), and after productive
TCR gene recombination, they also display the TCR/CD3
complex on their cell surface (14). With further maturation
and selection, the thymocytes increase expression of TCR/
CD3 and lose CD4 or CD8 (CD3 +(bTgh't)CD4 + CD8- or
CD3+(bgh,)CD4-CD8+, "single positive cells") (15). Single
positive thymocytes are primarily found in the thymic medulla

1. Abbreviations used in this paper: 2-D PAGE, two dimensional
PAGE; PE, phycoerythrin; PMA, phorbol 12-myristate 13-acetate;
RII, relative integrated intensity; TCR, T cell receptor.
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Figure 1. A schematic
pathway of thymocyte
differentiation. This
model of T cell ontog-
eny demonstrates the
expression of specific
cell surface antigens at
different maturational
stages.

and represent mature MHC-restricted thymocytes that are
phenotypically identical to peripheral blood T cells ( 15).

In this study, we have examined the relationship between
Opl8 expression and lymphoid development using human
thymic tissue. Our results demonstrate that in freshly isolated
immature double positive thymocytes, Opi 8 is expressed in
high levels independent of proliferation, while in mature single
positive thymocytes that are phenotypically similar to periph-
eral blood T cells, Op18 is expressed in low levels and is in-
duced after mitogenic stimulation. Thus, the regulation of
Op18 expression is not coupled to cell cycle progression during
T cell ontogeny. These findings indicate that Opl 8 expression
may be differentially regulated during development and after
the maturation of lymphoid cells, and the previously described
association of high levels of Op18 expression with cell prolifera-
tion is not applicable to immature T cells.

Methods

mAb. The mouse anti-human mAbs 9.3 (anti-CD28), G19-4 (anti-
CD3), G17-2 (anti-CD4) and G10-1 (anti-CD8) were a gift of Dr.
Jeffrey Ledbetter, and T6 (anti-CDI ) was a gift of Dr. Patricia Rao.
FITC- and phycoerythrin (PE)-labeled goat anti-mouse antibodies
were purchased from Tago, Inc. (Burlingame, CA). Goat anti-mouse
coated magnetic beads were purchased from Advanced Magnetics,
Inc., ( Cambridge, MA).

Reagents. PMA(phorbol 12-myristate 13-acetate), propidium io-
dide, and acridine orange were purchased from Sigma Chemical Co.
(St. Louis, MO). Ionomycin was purchased from Calbiochem Corp.
(San Diego, CA).

Isolation of thymocytes. Thymic tissue was obtained from children
under age 6 undergoing corrective surgery, and a suspension of unfrac-
tionated thymocytes was prepared as previously described ( 16). To
obtain cells at distinct maturational stages, two different strategies for
cell isolation were used. Double positive and single positive thymocytes
were isolated by negative selection for CD28 or CD1, respectively,
since CD28 is expressed at high levels only on single positive thymo-
cytes ( 16), whereas CD1 is expressed on double positive thymocytes,
but is absent from the surface of single positive thymocytes ( 17 ). Nega-
tive selection with CDI or CD28was performed using goat anti-mouse
lg-coated magnetic beads as described ( 18). The most immature thy-
mocytes, those that are CD3-CD4 -CD8 -, express neither CD1 nor
CD28 (17 and Turka, L.A., unpublished observations). These are pres-
ent in very small numbers ( 1-2%) in the human postnatal thymus and
do not result in significant levels of contamination of CD1 - or CD28-
preparations. To study CD3-CD4 - CD8- thymocytes, this population
was separately isolated by negative selection with CD3, CD4, and CD8.
To insure that the results obtained using double positive cells isolated
by negative selection with CD28 were not secondary to an artifact of
cell separation, in some experiments double positive thymocytes (both

CD3+ and CD3-) were directly isolated by positive and negative selec-
tion with CD3, CD4, and CD8. Separations using CD3, CD4, or CD8
were done by panning ( 16). Cell purity was monitored by using indi-
rect immunofluorescent staining and flow cytometric analysis.

Cell culture. Thymocytes were cultured in complete medium con-
sisting of RPMI 1640, 105 U/liter penicillin, 100 mg/liter streptomy-
cin, 5 mMHepes, 2 mML-glutamine, and 10%FCS. All products were
purchased from Gibco Laboratories (Grand Island, NY). Cells were
cultured at a density of 1 x 106/ml. Whenspecified, PMA(10 ng/ml)
and ionomycin (250 ng/ml) were added to the culture media.

Analysis of cell surface phenotype. 1 X 106 cells were mixed with a
saturating amount of the apropriate FITC- or PE- conjugated antibody
and suspended in 100 Al of a solution containing 50% FCS, 50% PBS,
and 0.1I% sodium azide, incubated for 45 min, washed, and resus-
pended in 0.5 ml PBSwith 1%formaldehyde for flow cytometric analy-
sis ( 16). Whenunlabeled mAbwere used, cells were first incubated as
indicated above with the unlabeled antibody, washed twice, and
stained in a similar fashion with FITC- or PE- conjugated goat anti-
mouse antibody before fixation in 1% formaldehyde ( 16). Single and
dual color fluorescent analyses were performed on a FACScan® (Bec-
ton Dickinson Immunocytometry Systems, Mountain View, CA).

Cell cycle analysis. 2 x 106 cells fixed in 70% ethanol were incu-
bated with propidium iodide (5 mg/ml) and RNase A (40 mg/ml)
overnight at 40C, and then analyzed by flow cytometry. For cell cycle
analysis using acridine orange, 2 x I05 ethanol fixed thymocytes were
washed and resuspended in cold PBS at a concentration of 1 X 106
cells/ml. 400 ml of solution A (0.1% vol/vol Triton X-100, 0.08 N
HC1, 0.15 N NaCl) was added gently to the cells. After a 15-s incuba-
tion on ice, 1.2 ml of solution B (20 mMacridine orange, 1 mM
EDTA-Na, 0.15 MNaCI, phosphate-citric acid buffer, pH 6.0) was
then added and the cells were incubated for another 3 min on ice. Dual
color fluorescent analyses were performed on a FACScan® flow cyto-
meter (Becton Dickinson), with green fluorescence specific for DNA
and red fluorescence specific for RNA( 19).

Proliferation assays. Thymocytes were plated at 105 cells per well
in 96-well microtiter plate in a total volume of 0.2 ml. Cells were pulsed
with 1 MACi/well [ 3H I thymidine 6 h before harvest at the indicated time
points, as previously described ( 16).

Two-dimensional PAGE(2-D PAGE). The procedure followed was
as previously described (20). Cell pellets were solubilized in lysis buffer
consisting of (per liter): 8 Murea, 20 ml Nonidet P-40 surfactant, 20
ml of ampholytes (pH 3.5-10), 20 ml of 2-mercaptoethanol, and 0.2
mMof PMSFin distilled deionized water. 30-ml aliquots containing
solubilized cells (3 x 106) were applied onto isofocusing gels. First
dimension gels contained 50 ml of ampholytes per liter (pH 3.5-10).
Isofocusing was done at 1,200 V for 16 h and 1,500 V for the last 2 h.
For the second dimension separation, an acrylamide gradient of 11.4-
14.0 g/dl was used. Protein spots in gels were visualized by silver
staining.

Quantitative analysis of Opl 8 polypeptides was as previously de-
scribed (21 ). Each gel was scanned in a 1,024 x 1,024 pixel format. Gel
images were assigned coded numbers and were analyzed for the quan-
tity of Op18 (phosphorylated and unphosphorylated) without knowl-
edge of the sample to which an image corresponded. The integrated
intensity of Op18 polypeptides and a group of reference spots (21 ) were
measured in units of optical density times square millimeter. The refer-
ence spots were used to adjust Op18 spot integrated intensities as previ-
ously described (21) to compensate for slight variations in protein
loading or staining between gels. The adjusted values are designated
relative integrated intensity.

RNA studies. Northern blots were performed as previously de-
scribed ( 16). Briefly, RNAwas extracted from 20-50 x 106 cells by
disruption in guanidine isothiocyanate and ultracentrifugation over a
cesium chloride cushion. The RNAwas purified by phenol/choloro-
form extraction and precipitated with ethanol. Equalized RNAsam-
ples were size fractionated on 1% agarose-formaldehyde gels, trans-
ferred to nitrocellulose membranes, and sequentially probed with
cDNAs labeled by random hexamer reaction. The membranes were
washed and exposed to x-ray film, as previously described ( 16).
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DNAprobes. The probes used in these experiments were gene-spe-
cific inserts isolated from low melting point agarose after digesting the
plasmid in which they were propagated with the appropriate restriction
endonucleases. The HLA-B7 probe was a 1.4-kb Pstl fragment isolated
from pHLA-B7 (22). The Op18 probe was a 1.3-kb Xbal fragment (5).

Results

Diferential expression of Op18. Purified double positive and
single positive thymocytes were prepared as outlined in Meth-
ods. The extent of purity of the resultant cell fractions is shown
in Fig. 2.

The location of Opl 8 in 2-D gels is shown in Fig. 3. In three
separate experiments using different thymus specimens but
with double positive and single positive cells isolated from the
same thymus, there was a statistically significant sixfold differ-
ence in the relative integrated intensity (RII) of Op18 between
double positive and single positive thymocytes as detected in
2-D gels (Table I, Fig. 3). Based on previous studies of quanti-
tative analysis of silver stained gels, the difference in the RII
between the double and single positive thymocytes corre-
sponds to an 12-fold difference in the amount of Opi 8 pro-
tein present (21 ). In both cell types, Opl 8 occurred predomi-
nantly in the nonphosphorylated form. The observed mean
RII for total Opl 8 in the single positive thymocytes
( 1.48±0.17, mean±SD) was equivalent to that observed in six
separate preparations of freshly isolated peripheral blood T
cells ( 1.34±0.62). Consistent with the differences in Opi 8 pro-
tein levels between the two thymocyte populations, Northern
blot analysis revealed that steady state mRNAlevels for Op18

were substantially higher in double positive thymocytes, as
compared with single positive thymocytes (Fig. 4).

Double positive thymocytes are a heterogeneous group
consisting of both CD3-CD4+CD8+and CD3+CD4+CD8+
cells (Fig. 1 ). To determine if the observed high level of Opl 8
in double positive thymocytes was specific for a single subset of
cells, we isolated CD3-CD4+CD8+ (purity > 80%) and
CD3+CD4+CD8+ (purity > 93%) double positive thymo-
cytes. Both sets of double positive thymocytes expressed Opl 8
at high levels (Table II). The finding also serves to confirm that
the high levels of Opl 8 seen in double positive thymocytes
prepared by negative selection with CD28 were not an artifact
of the cell purification procedure. Wealso purified the most
immature thymocyte subset, CD3-CD4 -CD8 - (purity
> 84%). These cells also expressed high levels of Opl 8. In all
subpopulations tested, Opl 8 was found predominantly in the
nonphosphorylated form (Table II).

Cell cycle and proliferation analysis. Since high protein lev-
els of Opl 8 have been associated with proliferating cells, we
examined the cell cycle status of the double positive thymo-
cytes in relation to the total Opl 8 level (Table III). While there
was some variability in the proportion of cells in S/G2/M
phases between isolates from separate thymuses, total Op18
levels were unrelated to cell cycle distribution (Table III). High
Opl 8 levels were observed with as little as 4%of the immature
cells in S/G2/M.

Opl8 is induced during GI phase, and measurement of
DNAcontent alone does not differentiate between GOand G1.
Therefore, to determine if high Opl 8 levels were caused by a
large proportion of double positive thymocytes in G1 and not

Unseparated
A

CD4

B

Cell
Number

CD4+CD8+

CD8

CD3

CD3+CD4+
& CD3+CD8+

Figure 2. Phenotype of thymocyte preparations. Double positive thymocytes (CD4+CD8+) were negatively selected with anti-CD28 mAband

single positive thymocytes (CD3+CD4+ and CD3+CD8+) were negatively selected with anti-CDlmAb. (A) Unfractionated, double positive,
and single positive thymocyte preparations were stained with FITC-labeled anti-CD8 mAband PE-labeled anti-CD4 mAb. Double positive cells
were > 92%pure with < 4%contaminating mature CD3+ single positive cells. Single positive cells were > 85% pure with < 4%contaminating
double positive cells. (B) The same cell fractions were stained with FITC-labeled anti-CD3 mAb.
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Figure 3. 2-D PAGEpatterns of total cellular protein from unstimulated double positive (A) and single positive (B) thymocytes demonstrating
the differences in Op18 levels. OpI 8a corresponds to the primary phosphorylated form of Op18.

in GO, cell cycle analysis using acridine orange was performed
( 19 ). Acridine orange binds to both DNAand RNA, but has a
different emission spectrum for each, thus allowing for differ-
entiation between GO, GI, and S/G2/M phases (19). In a
representative preparation of freshly isolated immature thymo-
cytes that had a high level of Opl 8 (RII = 5.85), 93.4% of the
cells were in GO, while 1.1% and 5.5% of the cells were in GI
and S/G2 /M phase, respectively. After stimulation of this cell
population with PMAand ionomycin for 48 h, 30%of the cells
had elevated RNAcontent (GI) and 23% had elevated RNA
and DNAcontent (S/G2/M). Therefore, in the absence of
mitotic stimulation, most double positive thymocytes were in
GOand a marked shift in cell cycle distribution can be demon-
strated with mitotic stimulation.

To further determine the relationship between proliferative
activity and Op18 expression, double positive thymocytes were
cultured in media alone or with the addition of PMAand iono-
mycin for 48-96 h. In two separate experiments in which dou-
ble positive cells were stimulated with PMAand ionomycin or
incubated in media alone, the total amount of Op18 did not

Table I. Comparison of OpJ8 Protein Levels in
Unstimulated Double Positive Versus Single Positive Thymocytes

Relative integrated intensity
Thymus
specimen Phenotype* Opi8 Opl8a Opl8b OpI8c TotW*

1 Double positive 8.77 1.44 0 0 10.21
Single positive 1.61 0 0 0 1.61

2 Double positive 6.37 1.99 0.19 0.13 8.68
Single positive 1.53 0 0 0 1.53

3 Double positive 5.09 1.28 0 0.08 6.45
Single positive 0.97 0.20 0.13 0 1.30

* Double positive and single positive thymocytes were isolated by
negative selection using anti-CD28 mAbor anti-CD 1 mAb, respec-
tively, as described in the text. $ Double positive versus single posi-
tive, P = 0.02 (paired t test).

change after treatment (Table IV), although a 12-16-fold in-
crease in [3H]thymidine uptake was observed (data not
shown). In contrast, when single positive thymocytes were

stimulated with PMAand ionomycin for 48 h, induction of
Op1 8 could be demonstrated (Table IV), consistent with pre-

vious findings in mature peripheral T cells of an increase in
Op18 levels late in G1 (5 ). It should be noted that with both
double positive and single positive thymocyte populations,
there was an increase in the proportion of phosphorylated to
nonphosphorylated Op18 with proliferation (Fig. 5, Table IV).
In particular, the phosphorylated form Op 8c was clearly ob-
served in cells after 48 h of culture with PMAand ionomycin,
while in the unstimulated cells, OpI 8c was at the limit of detect-
ability.

Discussion

Previous reports examining the pattern of expression of Op18
in mature cells found that Op18 was a proliferation-associated
gene expressed following entry of cells into the cell cycle ( 1-5).
In the case of normal lymphocytes, this meant that Op18 ex-

A

B

C

Double Single
Pos. Pos.

I-
RNA Figure 4. Op18 gene expression

in unstimulated double posi-
tive and single positive thymo-
cytes. Total cellular RNAwas

isolated and equalized as de-

opl8 scribed in the text. Northern
blots were prepared and the
filters were hybridized sequen-

tially with cDNAprobes spe-
cific for Op18 (B) and HLA

HLA (C). (A) depicts a photograph
of ethidium bromide staining
of the 28S RNAribosomal
band.
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Table II. 0pJ8 Levels in Unstimulated
Immature Thymocyte Subsets

Relative integrated intensity

Phenotype* N Op18 Opl8a Opl8b Opl8c Total

CD3-CD4-CD8- 2 5.28 1.04 0 0 6.32
2.58 0.63 0.24 0 3.45

CD3-CD4+CD8+ 3 8.18 2.70 0.09 0.20 11.16
6.83 0.95 0.10 0.10 7.98
4.84 1.39 0.20 0 6.43

CD3+CD4+CD8+ 2 6.66 1.78 0.14 0.03 8.60
3.77 1.44 0.16 0 5.37

* Each thymocyte subset was isolated as described in the text. Cell
purity was monitored by flow cytometry.

pression could be induced after mitogenic stimulation through
the TCRor with pharmacologic agents ( 1, 5 ). The data pre-
sented above indicate that in contrast to mature T cells, in
which Op18 is induced late in G1, immature resting thymo-
cytes contain constitutively high levels of Op18. In addition,
while PMAplus ionomycin stimulation of immature thymo-
cytes induced proliferation, there was no further increase in
total Op18 protein levels, and, therefore, Op18 expression in
these cells was independent of proliferative activity or cell cycle
distribution. In contrast, mature single positive thymocytes ex-
pressed very low basal levels of Op18, but as with peripheral
blood T cells, Op18 was induced after treatment with PMA
plus ionomycin.

The occurrence of Op18 protein at high levels in double
positive thymocytes was associated with high levels of Op18
mRNA, indicating active expression of the Op18 gene rather
than persistent Op18 protein from previous synthesis together
with diminished turnover. Increased expression of the Op18
gene in immature thymocytes could result from high levels of
specific transcription factors or could be the consequence of
differences intrinsic to the gene itself (such as its methylation
pattern) in immature thymocytes versus resting T cells. In view
of the difficulty in undertaking studies of message stability in
this cell population, posttranscription mRNAstabilization
cannot be excluded as a contributing factor to high Op18 pro-
tein level.

While our data suggest that Op18 levels are linked to the
maturation status of T cells, at least two possibilities exist for
the manner in which they are related. One possibility is that
Op18 expression is directly linked to the differentiation pro-

Table III. Total 0p18 Protein Versus Cell Cycle Distribution
in Unstimulated CD4+CD8+Thymocytes

Thymus
specimen Total Op1 8 GO/G1* S/G2/M*

RH S %

1 5.09 67.8 32.2
2 5.50 79.4 20.4
3 7.25 95.0 4.0
4 5.85 85.0 15.0

Table IV. Effect of PMA/Ionomycin Treatment
on Phosphorylation of Op18
in Double Positive and Single Positive Thymocytes*

Relative integrated intensity

Phenotype Opl8 Opl8a Opl8b Opl8c Total

Double positive
Experiment 1,

media,Oh 6.83 1.92 0 0 8.75
PMA/ionomycin, 72 h 2.49 1.77 0.45 0.31 5.02
PMA/ionomycin, 96 h 2.21 1.73 0.30 0.27 4.51

Experiment 2,
media, Oh 5.43 1.42 0.14 0 6.99

PMA/ionomycin, 48 h 3.09 2.89 0.89 0.14 7.01
PMA/ionomycin, 96 h 3.96 3.02 0.60 0.28 7.86

Single positive
Experiment 1,

media,Oh 1.53 0 0 0 1.53
PMA/ionomycin, 48 h 1.30 0.87 0.20 0 2.37
PMA/ionomycin, 72 h 0.92 0.94 0.20 0.21 2.27
Experiment 2, media, Oh 1.09 0.13 0 0 1.22
PMA/ionomycin, 48 h 1.19 1.17 0.67 0 3.03
PMA/ionomycin, 96 h 1.66 1.08 0.37 0 3.11

* The cells were cultured for 48-96 h with PMA(10 ng/ml) and ion-
omycin (250 ng/ml) added to the culture medium.

gram of thymocytes independent of the thymic milieu. The
other is that high levels of Op18 reflect the influence of the
thymic microenvironment on gene expression, and that this
microenvironment is different for double positive and single
positive thymocytes. As there are no satisfactory in vivo or in
vitro models of extrathymic T cell development these two possi-
bilities cannot be distinguished. They are not, however, mutu-
ally exclusive, and indeed the differences we observed in Op18
expression in double positive and single positive thymocytes
may reflect differences in both their genetically controlled dif-
ferentiation program and local environmental influences.

As noted above, several lines of evidence suggest that signal
transduction involving Op18 protein may play a role in cell
proliferation. In addition, the Op18 gene promoter displays
features associated with proliferation related genes ( 5 ). It lacks
a TATAbox, has a GC-rich promoter, and contains AP2 and
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Figure 5. Phosphorylation of Opl8 after mitogenic stimulation.
Double positive thymocytes were analyzed by 2D-PAGE after insola-
tion (A) and after 48 h of culture with PMAand ionomycin (B).
The phosphorylated forms Op18 a, b, and c are evident after stimu-
lation, as compared with unstimulated thymocytes.
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* Cell cycle analysis was performed using propidium iodide or acri-
dine orange staining and analyzed by flow cytometry.



E2F binding sites. AP2 is a transcription factor that mediates
the effects of two signal transduction systems known to be in-
volved in growth control (23, 24). E2F is a transcription factor
bound to Rb protein. Rb phosphorylation releases E2F, which,
in turn, activates proliferation genes such as c-myc, N-myc, and
c-myb (25).

Based on our findings to date, the following patterns of
expression and/or phosphorylation of Opl 8 emerge. In the
resting state, normal mature and immature thymocytes differ
with respect to their content of Op18, and only mature thymo-
cytes respond to mitogenic stimulation by increasing Opl 8 ex-
pression. However, interestingly, activation of either mature or
immature thymocytes is associated with increased phosphory-
lation of Op18. In time course experiments, increased phos-
phorylation of Opl 8 is observed within 2 min of activation of
peripheral blood T cells with OKT3 (9). Thus, it appears that
both high levels of Opl 8 protein, as well as its substantial phos-
phorylation, characterize both proliferating T cells and prolifer-
ating thymocytes. This is in contrast to acute leukemic cells,
including T cell acute lymphoblastic leukemia, in which Opl 8
occurs at high levels without substantial phosphorylation.

The observation that blockade of Opl 8 expression with an-
tisense oligonucleotides inhibits cell cycle progression argues
that Opl 8 protein may be required for proliferation (8). How-
ever, based on studies of proliferating T lymphoblasts, an addi-
tional function has been suggested for Op18, namely that phos-
phorylation of Opl 8 mediates down-regulation of DNAsynthe-
sis ( 11). According to this model, resting T cells contain very
little Op18, and therefore the phosphorylation of Opl 8 after
stimulation of resting cells exerts little effect. However, as
Opl 8 accumulates after cell activation, stimuli that phosphor-
ylate Op18 (such as TCRligation) will now have an inhibitory
effect on cell proliferation. Although this model remains un-
proven, it is interesting to note that immature thymocytes ex-
press high levels of Opl 8 at rest, phosphorylate Opl 8 in re-
sponse to TCRligation (data not shown), and undergo activa-
tion-induced cell death via apoptosis after TCR stimulation
(26). While a full elucidation of the role of the function of
Opl 8 in cell proliferation remains to be determined, to the best
of our knowledge, these studies constitute the first report that
Op18 expression in hematopoietic cells is not coupled to cell
cycle progression, and that high levels of Opl 8 protein or
mRNAcan be found in noncycling cells. Our data also suggest
that the ordered expression of proliferation-associated genes
seen in mature T cells may be disrupted during T cell matura-
tion.
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