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Abstract

Mycobacteria have been implicated in the pathogenesis of
autoimmunity. To determine the potential effect of myco-
bacterial antigens on peripheral blood mononuclear cells
(PBMC), we analyzed PBMC incubated with the acetone-
precipitable fraction of Mycobacterium tuberculosis (AP-
MT) for changes in cellular protein expression. Two-dimen-
sional gel analysis showed induction of a 36-kD polypeptide
identified as proliferating cell nuclear antigen (PCNA), a
known autoantigen, after incubation with AP-MT. PCNA
plays a role in cell proliferation and is expressed as a late
growth regulated factor. However, its synthesis in response
to AP-MT was induced as an early event. The early induc-
tion of PCNA was regulated at a posttranscriptional level
and was restricted to T cells. Treatment of PBMC with
known T cell mitogens, namely PHA, anti-CD3 antibodies,
and staphylococcal superantigens failed to induce an early
PCNA increase. The distinct characteristics of the AP-MT
effect on PCNA expression suggest a separate mechanism
of induction in response to AP-MT, compared with the late
increase observed in response to mitogens. The induction of
PCNA in response to mycobacterial antigens may represent
a pathogenically relevant mechanism in autoimmunity. (J.
Clin. Invest. 1994. 94:1365-1372.) Key words: autoimmu-
nity * cell cycle , cell activation - antigen presentation
nuclear antigens

Introduction

Proliferating cell nuclear antigen (PCNA)' is a cofactor of
DNA polymerase 6 involved in DNA replication and excision
repair ( 1-7). PCNA levels have provided a measure of prolifer-
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ative activity and cell cycle progression in a variety of cell
populations (8-12). Interestingly, PCNA has also been impli-
cated in autoimmunity. Approximately 3% of patients with sys-
temic lupus erythematosus express anti-PCNA antibodies (13,
14). The underlying mechanism(s) responsible for antibody
formation against certain cellular proteins but not others is un-
known.

Mycobacteria have been suggested as potential triggering
agents in certain autoimmune conditions. Evidence to that effect
includes the high prevalence of antinuclear antibodies, rheuma-
toid factor, and other autoantibodies in the sera of patients with
pulmonary tuberculosis (for review see reference 15), induction
of autoimmune arthritis in rats immunized with complete
Freund's adjuvant (16), the high incidence of inflammatory
arthritis in humans after BCG immunotherapy (17), and the
reactivity of synovial fluid and peripheral blood T lymphocytes
from patients with rheumatoid arthritis (RA) to mycobacterial
heat shock proteins ( 18) and to the acetone-precipitable fraction
of Mycobacterium tuberculosis (AP-MT) (19, 20).

Our previous studies of RA synovial fluid cells have shown
that AP-MT selectively activates, and can be used to expand,
a subset of y6 T cells (21). Proliferation of these cells in
response to AP-MT requires a close contact with antigen-pres-
enting cells (22). Presentation of AP-MT to y6 T cells seems
to have distinct characteristics. Unlike presentation of nominal
antigens and superantigens, presentation of AP-MT is indepen-
dent of MHC molecules (22, 23).

To better understand the relationship between mycobacteria
and autoimmunity, we have investigated the molecular changes
that peripheral blood mononuclear cells undergo after their ex-
posure to AP-MT. Here we report that AP-MT, specifically,
induced a posttranscriptional upregulation of the autoantigen
PCNA in peripheral blood T lymphocytes. Unlike its induction
in response to mitogen stimulation, which occurs as a late event
during cell cycle progression, induction of PCNA by AP-MT
occurred as an early event and was dissociated from cell cycle
progression.

Methods

Antigens and antibodies. AP-MT was prepared from M. tuberculosis
strain H37Ra (Difco Laboratories, Inc., Detroit, MI) as previously de-
scribed (19). Staphylococcal enterotoxins A and B (SEA and SEB,
respectively) were purchased from Toxin Technology, Inc. (Sarasota,
FL). Phytohemagglutinin (PHA) was purchased from Murex Diagnos-
tics (Norcross, GA). The anti-PCNA monoclonal antibodies, 19F4
(IgG1; Coulter Corp., Hialeah, FL) and PC1O (IgGua; Boebringer Mann-
heim Biochemicals, Indianapolis, IN), were used in immunoblots and
flow cytometric analysis, respectively. Anti-human actin antibody
(HHF35) was purchased from Enzo Biochem Inc. (New York). The
anti-CD3 antibody, OKT3 (IgGu), was used as ascites prepared from
the OKT3 hybridoma purchased from American Type Culture Collection
(Rockville, MD). Anti-Leu 4 (IgG1) was purchased from Becton Dick-
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inson Immunocytometry Systems (Mountain View, CA) and used in
flow cytometry in its phycoerythrin (PE)-conjugated form. Isotype-
matched controls in flow cytometry studies were MsIgG1-RD1 (Coulter
Corp.) for IgG1 and y2a Pure (Becton Dickinson Immunocytometry
Systems) for IgG2a. Goat anti-mouse IgG2a conjugated to FITC was
purchased from Boehringer Mannheim Biochemicals.

Cell culture. All experiments, unless stated otherwise, were per-
formed in serum-free RPMI 1640 medium containing 1% Nutridoma
HU (Boehringer Mannheim Biochemicals), 10 mM Hepes, 200 mM
glutamine, and 1% penicillin/streptomycin (referred to below as Nutri-
doma medium). Peripheral blood mononuclear cells (PBMC) were iso-
lated from healthy donors using a Ficoll density-gradient technique.
PBMC at concentrations of 3-6 X 106/ml in Nutridoma medium were
cultured at 370C in polypropylene tubes for 24 or 48 h. Antigens were
added subsequently at different time points to allow stimulation with
the tested antigen during the last 1, 2, 4, 24, or 48 h of incubation. This
method was used to assure identical handling of all samples during the
harvesting stage. Identical results were obtained when incubation with
the antigens was allowed from the beginning of the culture period.
Concentrations of the tested antigens were predetermined in dose-re-
sponse experiments and included 20-100 tzg/ml AP-MT, 2-10 pg/ml
PHA, 100 ng/ml SEA or SEB, or 1:100 dilution of OKT3 ascites. At
the end of the incubation period, the cells were centrifuged at 6,000
rpm in an Eppendorf microfuge (Eppendorf North America, Inc., Madi-
son, WI), and the supernatant was decanted. Cells were washed three
times in Nutridoma medium.

Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE).
Cell pellets were lysed in 40 1l of a detergent lysate containing 8 M
urea, 2% (vol/vol) Nonidet P-40 surfactant (Hoefer Scientific Instru-
ments, San Francisco, CA), 20 mM ampholytes (pH 3.5-10) (Phar-
macia LKB Biotechnology Inc., Piscataway, NJ), 2% (vol/vol) 2-mer-
captoethanol, and 0.2 mM phenylmethylsulfonyl fluoride (Sigma Immu-
nochemicals, St. Louis, MO) in distilled deionized water. 2-D PAGE
was performed as described previously (24). 25-pl aliquots containing
- 70 pig of protein were applied to isofocusing gels. First dimension
gels contained 50 ml of ampholytes/liter (pH 3.5-10). Isofocusing was
performed 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%
was used. Protein spots were visualized by a silver-staining technique
(25). Quantification of spots on silver-stained gels was performed as
described previously (26). Each gel was scanned in a 1,024 x 1,024
pixel format, with 160 pim as the pixel width. All gel images were
digitized and analyzed. The integrated intensities of PCNA and seven
other reference proteins were measured in units of optical density times
square millimeter. The reference spots were used to adjust for gel-to-
gel variation in staining or amount of protein loaded (26). Data were
analyzed using the Michigan Interactive Data Analysis System statistical
package (27).

[35S]Methionine incorporation studies. To assess the extent of pro-
tein synthesis, [35S]methionine incorporation studies were performed.
PBMC were incubated with AP-MT or PHA in methionine-free Nutri-
doma medium over a time course as described above. [35S] Methionine
(Amersham Corp., Arlington Heights, IL), 200 pCi per 5 x 106 cells,
was added for the final 3 h of incubation. The cells were washed, lysed,
and resolved by 2-D PAGE as described above. The proteins in the gels
were then electrophoretically transferred to Immobilon-P polyvinyl-
difluoride (PVDF) membranes (Millipore Corp., Bedford, MA). Filter
papers were soaked in 100% methanol and immersed in either anode
transfer buffer (50 mM boric acid and 20% methanol, adjusted to pH
9.0 with sodium hydroxide) or cathode buffer (as above, with 5%
methanol). Electrotransfer was performed for 2 h at a current of 0.15
mA/cm2. Membranes were then exposed to storage phosphor imaging
plates (Molecular Dynamics, Inc., Sunnyvale, CA) for 48 h. Digitized
images were obtained using a Phosphorlmager system (Molecular Dy-
namics, Inc.) as described (28). The relative position of the spots de-
tected was compared with the position of the polypeptides identified by
silver stain and immunoblot (29). Individual spots were quantitated

using ImageQuant software (Molecular Dynamics, Inc.). Results are
expressed as Phosphorlmager signal per hours of exposure.

Immunoblots. Cell pellets were lysed, and proteins were resolved
by 2-D PAGE. Samples were prepared as described (30) with some
modifications: after protein transfer to Immobilon-P PVDF, membranes
were placed in a blocking solution containing 5% nonfat milk and 0.02%
sodium azide and 0.02% Tween 20 (Sigma Immunochemicals) in PBS
(pH 7.4) for 4 h to equilibrate the membrane and to block unbound
sites. The membranes were then transferred to a fresh blocking solution
containing a mixture of anti-PCNA antibody 19F4 and antiactin antibody
HHF35, both at a concentration of 5 pg/ml, and incubated overnight at
40C. The membranes were washed twice in PBS and once in blocking
solution and incubated for 4 h with '25I-labeled sheep anti-mouse IgG
(Dupont/New England Nuclear, Boston, MA) diluted 1:1,000 in PBS.
Membranes were then exposed to storage phosphor imaging plates for
48 h and analyzed as described above.

Northern blot analyses. Northern blot analysis was performed as
described previously (31 ). PBMC were stimulated with AP-MT in Nu-
tridoma medium. Cell aliquots were harvested, and total cellular RNA
was prepared by the RNAzol' B method (Cinna Scientific, Inc.,
Friendswood, TX) as described (32). Total cellular RNA was also
prepared from Jurkat cells as a positive control. The purified RNA was
dissolved in diethyl pyrocarbonate-treated 0.5% SDS and quantitated
by spectrophotometry as well as a quantitative agarose gel. Equal
amounts of RNA were denatured in formaldehyde and formamide, fol-
lowed by fractionation on a 1% agarose formaldehyde gel and trans-
ferred to Magna Graph NT membranes (Westboro, MA). The filters
were hybridized to an [a-32P]dCTP nick translated 1.2-kb HindIll/
BamHI human PCNA cDNA probe (donated by Dr. Eng Tan, Scripps
Clinics, La Jolla, CA) as described (33). After overnight hybridization,
the membranes were washed in high stringency conditions, air-dried,
and visualized by Phosphorlmager (28). The membranes were stripped
and rehybridized with a 1.4-kb PstI-digested human HLA B7 cDNA
probe (donated by Dr. David Fox, University of Michigan, Ann Arbor,
MI) as an internal control to assure equal RNA loading.

Flow cytometry and cell cycle analysis. PBMC were stimulated with
AP-MT or PHA as described above. The cells were washed twice in
PBS containing 1% FCS (Gibco Laboratories, Grand Island, NY) and
incubated for 30 min with normal mouse serum (Sigma Immunochemi-
cals), diluted 1:5, to block nonspecific binding sites. The cells were
washed again twice in 1% FCS/PBS and subsequently incubated for
30 min with either anti-CD3 monoclonal antibody conjugated to PE
(Leu-4 PE; Becton Dickinson Immunocytometry Systems) or a PE-
conjugated mouse IgG1 (MsIgG, RD1; Coulter Corp.) as an isotype-
matched control. To obtain intranuclear staining, cells were permeabil-
ized by Triton X (34) as follows: each sample was washed twice in
1% FCS/PBS and then fixed with 1% paraformaldehyde for 20 min on
ice and permeabilized with 1 ml 0.1% Triton X-100 (Sigma Immuno-
chemicals) as described (34). After permeabilization, the cells were
washed in 1% FCS/PBS and subsequently incubated for 30 min with
either the anti-PCNA monoclonal antibody PC10 or control monoclonal
IgG2a (y2a Pure; Becton Dickinson Immunocytometry Systems). The
samples were washed twice in 1% FCS/PBS and incubated for 30 min
with FITC-conjugated goat anti-mouse IgG2. (Boehringer Mannheim
Biochemicals). The cells were washed, resuspended in 1% FCS/PBS,
and analyzed by flow cytometry using an EPICS-C flow cytometer and
the QuadStat statistical package (Coulter Corp.).

For cell cycle analysis, fresh PBMC were cultured for 48 h in 10%
FCS in RPMI 1640 in the presence or absence of 10 pM hydroxyurea
(Sigma Immunochemicals). The cells were then washed and resus-
pended in Nutridoma medium with or without 10 pM hydroxyurea and
stimulated with AP-MT or PHA over time. Samples were then washed,
permeabilized with 70% ice-cold ethanol, and kept overnight at 4°C.
The cells were either stained for PCNA as described above or incubated
at room temperature with 40 Mg/ml RNase A for 30 min, followed by
the addition of 18 pg/ml propidium iodide (both from Sigma Immuno-
chemicals). Cells were again incubated at room temperature for 30 min
and then for 30 min at 40C. Analysis of DNA content and PCNA
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fluorescence was performed using an EPICS elite flow cytometer
(Coulter Corp.). Cell cycle distribution data were computed with
MultiCycle software from Phoenix Flow Systems (San Diego, CA).

Results

Induction ofPCNA in PBMC stimulated with AP-MT. Freshly
isolated PBMC were stimulated with AP-MT and harvested at
different time points. 2-D gel analysis showed that a 36-kD
protein with a pI of 4.4 was markedly increased as early as 2
h after stimulation with AP-MT (Fig. 1, A and B). A similar
increase was present in cell samples from all healthy individuals
tested to date (a total of 21 different donors). Quantitative
analysis of the 36-kD polypeptide spot performed on nine indi-
viduals showed a mean 10.9-fold increase in the integrated in-
tensity of the protein spot after 4 h of stimulation with AP-MT,
from an integrated intensity of 0.11±0.07 to 1.2±0.18. Such
an increase in spot intensity correlates with a - 30-fold increase
in protein quantity based on prior quantitative measurements
of 2-D gels (26). The location of the 36-kD polypeptide in
relation to other landmarks in 2-D gels was characteristic of
PCNA (27).

To confirm the identity of the 36-kD protein, we performed
Western blot analysis. 2-D gels were transferred to Immobilon-
P PVDF membranes and stained with a mixture of two mono-
clonal antibodies, an anti-PCNA antibody and an antiactin anti-
body, for reference. Fig. 2 shows positive staining at the ex-
pected location of PCNA. This immunoblot was overlaid on a
[35S ] methionine-labeled gel of PBMC stimulated with AP-MT,
identifying the induced protein as PCNA. Quantification of the
PCNA spot on the immunoblot demonstrated an increase in its
intensity after 2 h of stimulation with AP-MT from 1980 to
7915 phosphor signals/h.

The early increase in PCNA occurs in T cells and is specific
for AP-MT. To identify the subpopulation of PBMC in which
PCNA is induced, two-color flow cytometry analysis was per-
formed. Cells were first stained with an anti-CD3 antibody,
followed by permeabilization and intranuclear staining with an
anti-PCNA antibody. The double staining approach allowed us
to compare PCNA levels in the CD3 + and the CD3 - subsets.
A representative experiment (one of eight repetitions) is shown
in Fig. 3 A. Only the CD3 + population showed an early increase
in PCNA staining after AP-MT stimulation (Fig. 3 A). The
increment in the percentage of cells expressing PCNA over time
in each subset is plotted in Fig. 3 B. While a significant increase
in the percentage of T cells showing positive staining with anti-
PCNA antibody could be detected 1 h after stimulation with
AP-MT, no comparable increase in staining in the CD3 - cell
population was seen. The mean percent increase of PCNA-
positive CD3 + cells at 4 h in eight consecutive experiments
was 11.1+3.5, compared with 1.1±0.3 in the CD3- population
(P < 0.001). In addition, two-color flow cytometry experiments
using antimonocyte and anti-B cell antibodies showed no in-
crease in PCNA positivity at the early time points in those
subsets (data not shown). Thus, we conclude that the early
PCNA increase observed in PBMC is contributed primarily by
T cells.

To determine the antigenic specificity of the early increase
in PCNA protein, PBMC were stimulated with several known
T cell mitogens. As shown in Fig. 4, neither PHA, OKT3, SEA,
nor SEB resulted in an early increase in PCNA. As expected,

however, the PHA, OKT3, and SEA did induce a late increase
in PCNA at 24-48 h (Fig. 4).

The mechanism for the early increase in PCNA. Previous
studies have shown that expression of PCNA in proliferating
cells is regulated by both transcriptional and posttranscriptional
mechanisms (33-36). As shown in Fig. 5, an increase in
PCNA, based on uptake of radiolabeled methionine, could be
detected within 1 h after incubation of PBMC with AP-MT,
indicating de novo synthesis of PCNA. To determine whether
the increase in PCNA at the protein level was paralleled by an
increase in PCNA mRNA, we performed Northern blot analysis.
There was no detectable increase in PCNA mRNA expression
at the early time points (Fig. 6). Furthermore, actinomycin D
had no effect on early PCNA synthesis (Fig. 7). There was no
significant decrease in radiolabeled methionine incorporation
into PCNA at the early time points in the presence of actinomy-
cin D. There was, however, complete inhibition at 24 h. Taken
together, these results suggest that the early induction of PCNA
protein in response to AP-MT occurs as a posttranscriptional
event, whereas the late increase is regulated primarily at the
level of transcription.

The early increase in PCNA is independent of cell cycle
progression. Previous studies of cells induced to proliferate
have shown that PCNA protein expression is induced during
the GI /S transition and peaks in the S phase of the cell cycle
( 1, 9, 11). To determine whether the early induction of PCNA
observed in response to AP-MT correlates with G1 /S transition,
cell cycle analysis after AP-MT stimulation was undertaken.
As can be seen in Fig. 8, the AP-MT-induced early increase
in PCNA expression was not accompanied by cell cycle progres-
sion from GI to S phase. Treatment with hydroxyurea to induce
cell cycle arrest did not prevent the early increase in PCNA in
response to AP-MT (data not shown).

Discussion

Our data show that stimulation with a mycobacterial extract
results in early induction of PCNA protein in T lymphocytes.
This rapid induction occurs in response to AP-MT, but not in
response to mitogens that induce PCNA late during progression
through the cell cycle. The early increase in PCNA occurs by
a posttranscriptional mechanism.

The significance of these findings is fourfold. First, this is
the first report implicating a microbial antigen in the induction
of a known autoantigen, PCNA. Second, the mechanism of
induction is distinct from that of known mitogens. Third, induc-
tion of PCNA by AP-MT is not accompanied by cell cycle
progression. Fourth, our findings may provide important clues
about the relationship between mycobacteria and autoimmunity.

Our flow cytometry data indicate that the early increase of
PCNA in PBMC occurs in T cells. Previous studies have shown
that PCNA can be induced by T cell mitogens as a late event
during cell cycle progression. A 20% increase in PCNA protein
has been demonstrated by immunofluorescence in peripheral
blood lymphocytes stimulated for 72 h with PHA, pokeweed
mitogen, or concanavalin A (13). Similarly, a PHA-induced
PCNA mRNA synthesis was detected after 48 h of stimulation
(37). T lymphocytes stimulated with anti-CD3 antibody and
exogenous IL-2 displayed an increase in PCNA levels only after
20 h, peaking at 48 h (38). Our finding that known T cell
mitogens, such as PHA, anti-CD3 antibodies, and staphylococ-
cal superantigens, do not cause an increase in PCNA until
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SDS

Figure 1. Upregulation of a 36-kD protein upon AP-MT stimulation.

Silver-stained gel analysis. Five million PBMC were incubated with AP-

MT or PHA over a time course. Cellular proteins were resolved by 2-D

PAGE and subsequently silver-stained. (A) A representative full-size 2-

D gel after 4 h of AP-MT stimulation is shown. The area of interest is

marked by a box. (B) Enlarged sections of the relevant area in different

time points. An arrowhead indicates the 36-kD protein spot. a, no antigen;

b, AP-MTf 2 h; c, AP-MT 4 h; d, AP-MT 24 h; e, AP-MT 48 h;f, PHA

48 h.
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Figure 2. Identification of the 36-kD upregu-
lated protein as PCNA. Western blot analysis.
PBMC were incubated with or without AP-
MT as described in Methods. Cellular pro-
teins were resolved by 2-D PAGE and trans-
ferred to Immobilon-P PVDF membranes.
The membranes were stained with anti-
PCNA and antiactin monoclonal antibodies,
followed by '251-labeled sheep anti-mouse
IgG, and exposed to storage phosphor im-
aging plates. The spot labeled AC identifies
actin with a molecular mass of 43 kD and a
pI of 5.2. The protein spot labeled P identifies
PCNA with a molecular mass of 36 kD and
a pI of 4.4.

24-48 h after stimulation concurs with previous studies and
is in contrast with the rapid induction observed in response to
AP-MT.

Although the data presented here clearly identify T lympho-
cytes as the source of the increased PCNA, it is noteworthy that
purified T cells cultured with AP-MT fail to show an increased
expression of this protein. Cell mixing experiments using puri-
fied subsets of PBMC reveal that the early induction of PCNA
in T cells requires the presence of monocytes (Haftel, H. M.,
S. M. Hanash, and J. Holoshitz, unpublished data). This obser-
vation suggests that antigen presentation is required. Experi-
ments to address the relative role of cell contact versus cytokines
and identification of the subpopulations of T cells in which
PCNA is preferentially induced (e.g., CD4+ versus CD8',
CD45RA+ versus CD45RO', etc.) are underway.

Induction of PCNA has been described in several other sys-
tems. Human breast epithelial cultures stimulated with a variety

of growth factors, including epidermal growth factor, trans-
forming growth factor-a, or a combination of insulin/hydrocorti-
sone/cholera toxin, showed increased PCNA protein only after
48 h (39). Similar studies with quiescent mouse 3T3 cells
showed no increase in the protein after the addition of serum,
platelet-derived growth factor, or fibroblast growth factor until
8-12 h after stimulation (40). Studies using an 1L-2-dependent
T cell line demonstrated an increase in PCNA mRNA within 4-
8 h of 11L-2 stimulation, but synthesis did not become maximal
until 24-28 h after stimulation (41). It is unlikely that IL-2 is
the mediator for the induction of PCNA in response to AP-MT,
as peripheral blood T lymphocytes, unlike cloned T cell lines,
express very low levels of 11L-2 receptors. In addition, PBMC
cultured with AP-MT do not produce any detectable IL-2. Re-
combinant human IL-2, even in superphysiologic concentrations,
failed to increase PCNA protein expression in PBMC before 24
h of stimulation (Haftel, H. M., S. M. Hanash, and J. Holoshitz,
unpublished data).

No Andgen AP-MT 2 h AP-MT 4 h

lose

PCNA

2 4

Time (hrs)

/Figure 3. Early increase of PCNA is confined to T lymphocytes. PBMC were stimulated
with AP-MT over time. Surface staining was performed with PE-conjugated anti-Leu-
4 monoclonal antibody or an isotype-matched monoclonal antibody control. Cells were

then permeabilized with 1.0% paraformaldehyde followed by 0.1% Triton X-100. Intra-
nuclear staining was carried out with Coulter clone PC1O anti-PCNA or control mono-

clonal antibody followed by goat anti-mouse IgGu-FITC and analyzed by a Coulter
EPICS-C flow cytometer. (A) A representative experiment of two-color flow cytometry
of PCNA versus CD3 at different time points. Percentage of cells in each of the four
quadrants is shown in the right lower corners. (B) Change in PCNA expression over

24 48 time. The percent increment of PCNA-positive cells was calculated separately for the

T cell (CD3+, open circles) and the non-T cell (CD3 -, closed-circles) populations.
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Figure 4. Early induction of PCNA is specific for AP-MT. PBMC were

incubated over time with either AP-MT (circles), PHA (squares),
OKT3 (triangles), SEA (diamonds), SEB (crossed boxes), or 10%
FCS (inverted triangles). Cellular proteins were resolved by 2-D PAGE,
silver stained, and PCNA quantitated. Protein integrated intensity is
expressed in units of optical density times square millimeter.

PCNA

HLA

&0

Figure 6. Northern blot analysis. Total RNA was isolated from PBMC
incubated in the presence or absence of AP-MT. Equal amounts ofRNA
from each fraction were separated on a 1% agarose gel and transferred
to Immobilon PVDF membrane. The membranes were hybridized with
PCNA cDNA and HLA B7 cDNA probes. The Jurkat cell line was used
as a positive control. A and B depict two representative experiments.

The nature of the bioactive component of AP-MT is cur-
rently unknown. Preliminary results indicate that a mannose-
containing low molecular weight antigen is present in AP-MT
(42, 43, and our unpublished data). It is unlikely that LPS
accounts for the bioactivity reported here, since there is no
detectable endotoxin activity in AP-MT, and incubation of
PBMC with purified mycobacterial LPS did not result in in-
creased expression of PCNA. Purified mycobacterial 65-kD heat
shock protein, likewise, did not induce PCNA (Haftel, H. M.,
S. M. Hanash, and J. Holoshitz, unpublished data).

The kinetics of PCNA induction in response to AP-MT
relative to other inducers of PCNA suggests that a different
signaling pathway may be responsible for induction in response
to AP-MT compared with induction in response to known mito-
gens. Alternatively, it is possible that AP-MT activates the same

Figure 5. Early upregulation of PCNA in-
volves de novo protein synthesis. PBMC
were incubated in the presence or absence of
AP-MT in methionine-free Nutridoma me-
dium. [35S] Methionine was added for the fi-
nal 3 h of incubation. Cellular proteins were
resolved by 2-D PAGE and exposed to phos-
phor imaging plates. An arrow points at
PCNA. a, no antigen; b, AP-MT 1 h; c, AP-
MT 4 h; d, AP-MT 24 h.

1370 H. M. Haftel, Y. Chang, R. Hinderer, S. M. Hanash, and J. Holoshitz

I

a

1.



0

E.
a

c

0

a.
to

0

0 1 2 24

Time (hrs)

Figure 7. Actinomycin D does not inhibit early upregulation of PCNA.
PBMC were incubated with AP-MT over time, and [355]methionine
incorporation into PCNA was determined in the presence (closed cir-
cles) or absence (open circles) of 1 /Lg/ml of actinomycin D. Cellular
proteins were resolved on 2-D PAGE, and [355]methionine incorpora-
tion in PCNA was quantitated and expressed as phosphor signal per h.

pathway, albeit more efficiently. The fact that AP-MT-induced
PCNA induction was not only different temporally but did not
lead to cell cycle progression may indicate that a distinct path-
way is involved.

The association of PCNA expression with cell cycle pro-
gression in proliferating cells has been studied previously (10,
12, 13, 29, 44). PCNA levels increase in late Gl and peak
during S phase and diminish in G2/M (1, 11, 9, 45). This
increase has been shown to be most noticeable in cells that have
been previously resting, although spontaneously proliferating
cells have been shown to exhibit a two- to threefold increase
in PCNA during the S phase (46). The expression of PCNA
has also been shown to be linked to DNA synthesis. Changes
in the nuclear distribution of PCNA to sites of DNA synthesis
appear to be dependent on DNA replication (47). It has been
shown, however, that although DNA synthesis requires PCNA
expression (3-5, 7, 48), PCNA can be expressed in the pres-
ence of DNA synthesis inhibitors (33, 42, 49). It is therefore
conceivable that an increase in PCNA could occur independent
of DNA synthesis and that the regulation of this protein could
be dissociated from the regulation of other DNA synthesis-
related factors. Our data are consistent with this possibility.

Another significant finding is that the early increase in
PCNA was regulated by a posttranscriptional mechanism. Some
previous studies of proliferating cells have shown that PCNA
expression is regulated at the level of transcription (33, 35).
Others have demonstrated a role for both transcriptional and
posttranscriptional mechanisms. Increased PCNA mRNA stabil-
ity after antigen stimulation has been found in 3T3 cells
transfected with the human PCNA cDNA (36) and in a cloned
murine T helper cell line (34). Our results with actinomycin D
(Fig. 7) indicate that inhibition of transcription has no effect
on the early synthesis of PCNA protein, although a complete
inhibition was found at 24 h. Thus, the early and late induction
ofPCNA differ not only in their kinetics but also in their regula-
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Figure 8. AP-MT-induced PCNA increase is independent of GI /S
switch. PBMC were stimulated for various times with AP-MT. Cells
were analyzed for PCNA positivity and DNA content by a Coulter
EPICS Elite flow cytometer as described in Methods. Percentages of
cells in GO/GI (open circles), in S phase (closed circles), and in G2
(open squares) are shown vis a vis the incremental percentage of cells
with positive PCNA expression (open triangles).

tion. It has been shown recently that PCNA facilitates DNA
excision repair without prior synthesis of new PCNA mRNA
(6, 7). In those studies, however, it was demonstrated that the
enhanced repair activity was mediated by a protein which was
derived from a previously synthesized pool. This mode of func-
tional upregulation is unlikely to play a role here, since we
show that de novo protein synthesis dominates the early PCNA
increase.

The relevance of our findings to autoimmunity is presently
unknown. Experiments are underway to compare the levels of
PCNA in response to AP-MT in cells from patients with autoim-
mune conditions with that of normal controls. It is noteworthy
that a relationship between PCNA levels and autoreactivity was
postulated recently, based on dissociation of PCNA levels from
cell cycle progression. Turka et al. (50) reported that immature
CD4+ CD8 + thymocytes express high levels of PCNA protein
and mRNA, relative to mature single positive thymocytes or
peripheral blood T lymphocytes, in the absence of cell cycle
progression. It was hypothesized that the level ofPCNA expres-
sion may play a role in clonal deletion of potentially autoreac-
tive T cells in the thymus. Since mycobacterial antigens have
been implicated in autoimmunity (15-21) and PCNA is a
known autoantigen (13, 14), it is tempting to speculate that the
early increase of PCNA levels in peripheral blood T lympho-
cytes induced by AP-MT may represent a pathogenically rele-
vant cellular event in autoimmunity.
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