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bInstitut Jacques Monod, CNRS et Université Paris VII, Paris, France
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Abstract. 20S proteasomes (prosomes/multicatalytic proteinase) are protein particles built of 28 subunits in variable com-
position. We studied the changes in proteasome subunit composition during the differentiation of U937 cells induced by
phorbol-myristate-acetate or retinoic acid plus 1,25-dihydroxy-cholecalciferol by western blot, flow cytometry and immuno-
fluorescence. p25K (C3), p27K (IOTA) and p30/33K (C2) subunits were detected in both the nucleus and cytoplasm of
undifferentiated cells. Flow cytometry demonstrated a biphasic decrease in proteasome subunits detection during differenti-
ation induced by RA+VD. PMA caused an early transient decrease in these subunits followed by a return to their control
level, except for p30/33K, which remained low. Immuno-fluorescence also showed differences in the cytolocalization of
the subunits, with a particular decrease in antigen labeling in the nucleus of RA+VD-induced cells, and a scattering in the
cytoplasm and a reorganization in the nucleus of PMA-induced cells. Small amounts of proteasomal proteins were seen
on the outer membrane of non-induced cells; these membrane proteins disappeared when treated with RA+VD, whereas
some increased on PMA-induced cells. The differential changes in the distribution and type of proteasomes in RA+VD and
PMA-induced cells indicate that, possibly, 20S proteasomes may play a role in relation to the mechanisms of differentiation
and the inducer used.

Keywords: Proteasome (prosome, multicatalytic proteinase), differentiation, myeloid, leukemic, cytolocalization, western
blot, flow cytometry, immunofluorescence

Abbreviations

RA, all-trans-retinoic acid;
VD, 1,25-dihydroxy-cholecalciferol = vitamine D3;
PMA, phorbol 12-myristate 13-acetate;
p-mAb, anti-proteasome monoclonal antibody;
MFI, mean fluorescence intensity;
SEM, standard error of the mean.

∗Corresponding author: Prof. Jean Paul Bureau, Laboratoire de Biologie Cellulaire et Cytogénétique Moléculaire (UPRES-
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1. Introduction

20S proteasomes (prosomes, multicatalytic proteinase complexes) [3,43,49] are very stable high
molecular mass (720 kDa) complexes. They are 15 nm long cylindrical particles of 11 nm diameter
that contain 14 distinct proteins, with molecular mass ranging from 20 to 38 kDa, organized in four
stacked rings of seven subunits [16,25]. They constitute the core of the 26S complex [15] and are
found in archaebacteria, eubacteria and all eukaryotic cells, from yeast to human, and in plants [12].
Their best characterized function is multi-catalytic proteinase activity inside the 26S complex, they
are implicated in numerous functions including antigen presentation [6,32], regulation of cell cycle
[20,41], transcription [34,35] and apoptosis [13]. Recently, they were shown to contain RNAse activity
[38,40]. For review, see [11,42].

Individual proteasomes are “mosaics” of subunits. The presence and distribution of proteasomes
within the cell compartments appears to vary according to the proteasomal protein probed. The specific
subunit patterns vary as a function of species, cell type, state of differentiation and pathology [1,5,
7,8,14,17–19,36,44,48]. Proteasomes may reflect or be involved in differential gene expression and
thus in cell differentiation and/or in the establishment of the morphological and functional parameters
of differentiated cells.

The present study examines the changes in 20S proteasome content, composition and location
during the differentiation of U937, a human monoblast-like histiocytic leukemia cell line that can
be induced to differentiate into a macrophage-like cell by incubation with PMA or RA+VD [31,45].
The differentiation of U937 along the monocytic-macrophage pathway provides a valuable model for
studying the changes in proteasomes during cell differentiation and may shed light on their functions.

2. Materials and methods

2.1. Cell culture

U937 cells from ATCC (Rockville, MD, USA) were grown in RPMI 1640 medium supplemented
with 2 mM L-glutamine and 10% low-endotoxin, heat-inactivated (30 min at 56◦C) fetal calf serum
(Sera-Lab, Crawley Down, Sussex, England) at 37◦C in a humidified, 95% air and 5% CO2 atmo-
sphere. Cells were maintained as stationary cell suspension cultures at a maximum concentration of
106 cells/ml and passaged every two to three days. Viability of control cells was always more than
95%, as estimated by Trypan blue exclusion. For differentiation, the cells were rinsed and cultured in
presence of 160 nM PMA (Sigma, Saint Quentin Fallavier, France) [31], or 100 nM RA plus 100 nM
VD [45].

2.2. Antibodies

Proteasomal proteins were labeled with ascitic mouse monoclonal antibodies (p-mAbs) directed
against purified 20S proteasomes [17], distributed by Organon Teknika (Turnhout, Belgium): anti-
p25K (7A11) recognize a protein of 25 kDa which was identified (Hendil, personal communication)
as the C3 alpha subunit, anti-p27K (IB5) react with a 27 kDa protein identified as the IOTA alpha
subunit and anti-p30/33K (62A32) recognize a 33 kDa protein identified as the C2 alpha subunit. For
review of known 20S proteasomal proteins, see Tanaka [47] and Kristensen et al. [26]. Irrelevant
was included in each series using normal mouse immunoglobulins (Sigma, Saint Quentin Fallavier,
France) in place to the monoclonal antibody.
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2.3. Flow cytometry

Fluorescence was analyzed by a flow cytometer (FACScan, Becton-Dickinson, Mountain View,
CA, USA) equipped with an argon ion laser operating at 488 nm and 15 mW. Data were recorded
in the list mode via the LysisII program for immunophenotyping and the CellFit program for DNA
content. The calibration of the photomultiplier tubes was checked with a suspension of standardized
fluorescent beads (CaliBRITE, Becton-Dickinson). 10,000 cells were counted in each experiment.
The green fluorescence of fluoro-isothyocyanate (FITC) was collected via a 518 nm filter and the red
fluorescence of propidium iodide (PI) via a 577 nm filter. Gating on dot plot was used to distinguish
cells from debris (forward versus side scattering) and for single cells analysis of DNA content (area
versus peak of red fluorescence).

Single staining: 106 cells were washed (3× 5 min), preincubated for 15 min with 5% normal goat
serum (Sigma), washed again (3 × 5 min) and incubated 30 min with the mouse p-mAbs diluted in
PBS-1% BSA. The cells were then washed (2 × 5 min + 1 × 15 min) and incubated with FITC
conjugated goat anti-mouse (GAM-FITC, Coulter, Hialeah, FL, USA) antibody in PBS-BSA, washed
again (2× 5 min + 2× 15 min) and suspended in PBS for analysis by flow cytometry. Intracellular
antigens were examined on cell permeated by incubation for 30 min in cold 70% ethanol.

DNA content: The DNA content was measured by staining with intercalating agent propidium
iodide (20 µg/ml, Sigma).

Double staining: For staining of antigens and DNA simultaneously, cells were permeated, treated
for indirect immunofluorescence and then incubated with propidium iodide.

2.4. Immunofluorescence

Cells were washed, centrifuged on a cytospin and fixed for 10 min in cold 70% ethanol. They
were then rapidly rinsed, permeated by incubation for 15 min in 0.5% Tween-20 in PBS, rinsed for
10 min and preincubated for 15 min with normal goat serum diluted 1/20 in PBS-BSA. The cells
were washed again and incubated for 2 h with the primary antibody diluted 1/20 in PBS-BSA, washed
for 30 min and incubated for 1 h with the fluorochrome-conjugated secondary antibody diluted 1/100
in PBS-BSA. Finally, the cells were thoroughly washed and mounted in anti-fading medium (Oncor,
Gaithersburg, MD, USA) for fluorescence microscopy.

2.5. Western blotting

Cells were suspended in buffer (Tris HCl 20 mM pH 8.8, CaCl2 2 mM) containing 0.3% SDS
and 1% mercapto-ethanol and boiled for 2 min. They were cooled in ice and treated by DNAse.
An equal volume of 2× Laemmli-loading buffer was then added to the total protein extract. The
proteins extracted from 250,000 cells were separated by SDS-PAGE and transferred to nitrocellulose
membrane. The membrane was incubated with 5% milk in PBS for 30 min to block non-specific
adsorption sites and then overnight with the monoclonal antibody diluted 1 : 1000 in PBS containing
5% milk and 1% Tween-20. The membrane was washed for 30 min with 1% Tween-20 in PBS and
incubated for 1 h with the goat anti mouse peroxidase-conjugated antibody diluted 1 : 1000 in PBS
containing 1% Tween-20. Lastly, the membrane was washed for 30 min with PBS containing 0.05%
Tween-20, rinsed with water and incubated with the peroxidase substrate (DAB tablets, Sigma).
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2.6. Preparation of nuclear and post-mitochondrial fractions

The cells were pelleted and rinsed three times in NKM buffer (Hepes 10 mM pH 7.4, NaCl 140 mM,
KCl 5 mM, MgCl2 1.5 mM). They were lysed in hypotonic TEKM-2 buffer (Tris 10 mM pH 7.4, KCl
10 mM, MgCl2 1 mM, MnCl2 1 mM) containing 0.1% Nonidet-P40. The pellet volume was estimated,
4 volumes TEKM 2/0.1% NP40 were added and the suspension was mixed for 5 min with a Pasteur
pipet. Cell lysis was checked by microscopy and isotony was restored by sucrose 2 M in TEKM-2
(1/7 total volume). The suspension was centrifuged at 2500 rpm for 20 min at 4◦C and the pellet
(nuclear pellet) was stored frozen at −20◦C. The post-nuclear supernatant was once more centrifuged
at 12,000 rpm for 20 min at 4◦C, the resulting supernatant (post-mitochondrial supernatant) was stored
frozen.

2.7. Purification of proteasomes by immunoaffinity

Proteasomes were purified on a Hi-Trap NHS-activated column (Pharmacia Biotech, Uppsala, Swe-
den) coupled to a polyclonal antibody prepared in the laboratory. The samples were centrifuged at
11,000 rpm for 10 min at 4◦C, diluted 1/2 in NET-2 2× buffer (Tris 50 mM pH 7.4, NaCl 150 mM,
NP40 0.05%) and charged on rinsed, prepared column. Unbound proteins were washed out with NET-2
buffer, aspecifically-bound non-proteasomal proteins were removed by washing with 0.1% Sarkosyl
in NET-2. Proteasomal proteins were eluted by Glycine/HCl 100 mM pH 3. The pH was immediately
raised with Tris-HCl 1 M pH 8 buffer and proteins were precipitated with 10% trichloracetic acid,
rinsed in acetone and frozen or suspended in loading buffer.

3. Results

3.1. Cell differentiation

The differentiation of U937 leukemic cells induced by 160 nM PMA or 100 nM RA plus 100 nM
VD was followed by monitoring morphological and functional parameters. RA+VD and PMA induced
cells developed the typical morphology of differentiated cells as described [31,45] and cell growth
was inhibited (Fig. 1). Functional studies indicated that U937 cells were differentiated into cells with
characteristic properties of the macrophage pathway.

3.2. Western blot detection of proteasomes (prosomes) in un-induced and induced cells

Total proteins extracted from 250,000 non-induced control cells were separated by SDS-PAGE,
transferred on nitrocellulose membrane and detected by antibodies. The specific monoclonal antibodies
against p25K, p27K and p30/33K gave clear, single bands on western blots (Fig. 2).

In 72 h RA+VD-induced cells, the three subunits were decreased, especially the p27K. In contrast,
no decrease was observed in PMA-induced cells, and even p25K seemed slightly increased. It should
be noted that with a constant number of cells used for the extraction of proteins, the Coomassie
staining (lanes a) showed an overloading of proteins in PMA-induced cells compared to control and
RA+VD-induced cells. This might be due to the increase in cell size observed after PMA treatment.
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Fig. 1. Growth and viability of control and induced cells. Cells were rinsed and seeded at initial concentration of 1.25×105/ml
with the different inducers. Cell concentration (dashed lines, left logarithmic ordinate) and percentage of viable cells (solid
lines, right ordinate) were followed during three days.

Fig. 2. Western blot detection of proteasomal proteins of control cells and cells induced to differentiate during 72 h by
100 nM RA + 100 nM VD or 160 nM PMA. Whole protein extracts were prepared from an equal number of cells (250,000)
and separated by SDS-PAGE (lanes a), blotted onto nitrocellulose and analyzed with the p-mAbs anti-p25K (lanes b),
anti-p27K (lanes c) and anti-p30/33K (lanes d). Anti-p25K (7A11) recognize a protein of 25 kDa which was identified as
the C3 alpha subunit, anti-p27K (IB5) react with a 27 kDa protein identified as the IOTA alpha subunit and anti-p30/33K
(62A32) recognize a 33 kDa protein known as the C2 alpha subunit. Irrelevant was included in each series using normal
mouse immunoglobulins in place of the monoclonal antibody.

3.3. Flow cytometric detection of proteasomal proteins during differentiation

Flow cytometry was used to follow the 20S proteasome changes during differentiation (Fig. 3).
Cellular proteasomes were monitored by flow cytometry after permeation of cells by ethanol [29]
allowing penetration of the p-mAbs. Results are expressed as mean fluorescence intensity (MFI) ±
standard error of the mean (SEM) of 10,000 cells for at least three different experiments, and not
as percentage of positive cells, since the cells behaved as an homogeneous population. Mouse total
immunoglobulins were used as irrelevant antibodies. The variations in MFI of the irrelevant antibody
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Fig. 3. (a) Flow cytometric detection of proteasomal proteins on control and induced U937 cells. For each time-point,
the cells were permeated by incubation for 30 min in cold 70% ethanol and incubated with a panel of 7 monoclonal
antibodies. GAM-FITC was used as conjugated secondary antibody. MFI of 10,000 cells was determined by flow cytometry
(FACScan, Becton-Dickinson, Mountain View, USA). Each point on the curves is the mean MFI ± SEM of at least three
different experiments. Non-specific immunoreaction was low (MFI of 90.47 ± 3.22, data not shown), as determined with
irrelevant total mouse immunoglobulins. Flow cytometric detection by monoclonal antibodies anti-p25K (b), anti-p27K (c)
and anti-p30/33K (d) of proteasomal protein subunits on RA+VD and PMA-induced U937 cells. The proteasomal protein
subunit contents of non-induced control cells remained constant throughout the 72 h period of experiment (see T = 0).

from one experiment to another, and in treated or untreated-cells, were low and not significant (MFI
of 90.47± 3.22). The amount of cellular 20S proteasomes in control cells, detected with a mixture
of seven anti-proteasome monoclonal antibodies (recognizing various proteins of 21, 23, 25, 27, 29,
31 and 33 kDa), was constant throughout the 72 h period of the experiments (Fig. 3(a)). PMA and
RA+VD both induced changes with a similar general trend. First, there was a rapid (as early as 6 h
after induction) and large decrease in the proteasomes detection; thereafter, the labeling remained low
or increased occasionally and finally, after two days of differentiation, the amount of the proteasomes
detected decreased further. Interestingly, from 24 to 48 h, the proteasome detection in PMA-induced
cells seemed to increase transiently, whereas in RA+VD-induced cells, the decrease continued.

In view of the known compositional variability of the 20S proteasome complex [2,10,36,42], the
changes in individual subunits during differentiation were monitored with monoclonal antibodies.
The apparent amounts of individual proteasomal proteins detected in non-induced control cells were
quite different: a MFI of 506.41± 29.33 was found for the p25K antigen, 184.32± 13.84 for p27K
and 489.00 ± 20.74 for p30/33K (Fig. 3(b)–(d), T = 0) and did not vary in control cells during
the experiment time. With the various inducer used, the general trend of the changes in the three
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Fig. 4. Western blot detection of proteasomal protein subunits in whole cell extracts during the 72 h period of differentiation
induced by RA+VD or PMA.

proteasomal proteins during differentiation were similar. There was a rapid initial decrease followed
by a transient increase and then a second decrease at three days of differentiation. In PMA-induced
cells, the proteasomal antigens rapidly decreased, at 6 h for p25K and p30/33K (MFI of 268.05±6.86
and 365.00±48.21, respectively) and 12 h for p27K (MFI of 150.75±17.79). Thereafter, the amount
of these proteins increased to reach a maximum at 48 h, they were then higher than the control level
(MFI of 724.01±86.69 for p25K, 207.00±40.80 for p27K and 571.67±161.28 for p30/33K). Finally,
all proteins tested decreased between 48 and 72 h to reach nearly control levels (T = 0) except for
the p30/33K subunit which decreased further.

Until 24 h, the changes in the level of proteasomal proteins of RA+VD-induced cells were similar
to those of PMA induced cells. Thereafter, there was less labeled protein in RA+VD-induced than in
PMA-induced cells. In fact, proteasomal proteins did not increase between 24 and 48 h, but began to
decrease to final levels, except for p30/33K which increased slightly at 48 h. Finally, all three subunits
decreased between 48 and 72 h, but attained levels clearly below than those found in non-induced
cells, in contrast to PMA-induced cells.

3.4. Western blot detection of proteasomal proteins during differentiation

The kinetic of proteasomal antigens changes during differentiation were confirmed by western
blotting (Fig. 4). The amount of subunits were decreased after 6 h of induction in both differentiated
cells, they were also decreased at the end of RA+VD-induced differentiation. Figure 4 confirms that
proteasomal subunits were not decreased at the end of PMA-induced cells.

3.5. Flow cytometry study of changes in proteasome protein level in relation to the cell cycle

Double staining of proteasome and DNA was carried out to follow the proteasome protein content
during the cell cycle. In G2/M phase of non-induced control cells, more p25K, p27K and p30/33K
proteasomes were detected than in S-phase cells which, in turn contained more than the G0/G1 phase
cells. The p25K, p27K and p30/33K subunit content was linearly correlated with the DNA content
(correlation coefficient r2 > 0.99). These differences in the relative detection of proteasomal antigens
in the phases of the cell cycle were conserved during differentiation, indicating that the changes in
protein content were the same in the three phases of the cycle (correlation coefficient r2 > 0.96, data
not shown). Figure 5 shows the example of variations in subunit p30/33K at 72 h of incubation. These
results confirmed our previous works [19], meaning that differentiation induced general changes in
proteasome content without modification in the relative amount encountered in the different phases of
the cell cycle.
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Fig. 5. Flow cytometric detection of proteasomal subunit p30/33K in the different phases of the cell cycle of non-induced
and 72 h RA+VD and PMA-induced cells. The subunits detection is linearly correlated with the DNA content.

3.6. Localization of proteasomes by immunofluorescence microscopy

Proteasomal subunits were detected by immunofluorescence microscopy using monoclonal anti-
bodies on permeated U937 cells. The subunits p25K, p27K and p30/33K were highly labeled in
non-induced control cells (Fig. 6A, D and G), whereas the non-specific fluorescence of cells incu-
bated with the fluorochrome conjugated secondary antibody alone was very low (data not shown).
The three antigens were detected in the nucleus as well as in the cytoplasm, showing a regular and
diffuse distribution, but the fluorescence intensity was higher in the cytoplasm. In addition, for p27K,
some more intensively labeled areas were observed around the nucleus (Fig. 6D).

Differentiated cells were examined after 72 h. Staining of all three proteasomal proteins was strongly
decreased in the nucleus and, to a lesser extent, in the cytoplasm of RA+VD-induced cells (Fig. 6B,
E and H), with an apparent loss of the nuclear p27K antigen (Fig. 6E). The decrease in cytoplasmic
p30/33K antigen was less pronounced than those of p25K and p27K subunits. The distribution of
proteasomal antigens was regular and appeared more often in a granular pattern.

The amounts of proteasomal antigens detected in PMA-induced cells (Fig. 6C, F and I) seemed to
decrease. Antigen p25K was reduced in both compartments; in some cells having adopted a highly
differentiated phenotype, reduction was particularly strong (Fig. 6C). Although p27K and p30/33K
staining was reduced in the cytoplasm (Fig. 6F and I), there was no decrease in the nucleus, but the
fluorescence appeared in heterogeneous “patchy” pattern, suggesting a reorganization of proteasomes
in the nucleus. Cyto-immunofluorescence seemed to show a decrease in proteasomal antigens but they
were rather scattered in the cytoplasm, since PMA-induced cells were larger than control cells. Thus,
the global content of antigens per cell was unchanged as determined by western blotting.

3.7. Western blot detection of intracellular proteasomal antigens from different subcellular fractions

The immunofluorescence data were further confirmed by western blotting analysis of fractionated
protein extracts. The gel (Fig. 7) was voluntarily overloaded, compared to Figs 2 and 4, to allow
nucleus antigens to become apparent. Proteasomal subunits were detected in whole cell extracts
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Fig. 6. Detection by cyto-immunofluorescence of proteasomal subunits p25K (A, B, C), p27K (D, E, F) and p30/33K
(G, H, I), in control cells (A, D, G), and cells incubated for 72 h with RA+VD (B, E, H) or PMA (C, F, I). Cells were
cyto-centrifuged, fixed and permeated by incubation for 15 min in 0.5% Tween-20 in PBS; proteasomal antigens were then
detected with p-mAbs. Magnification 2000×, 1 cm = 5 µm.

(lanes a), in the nuclear pellet (lanes c), and in the post-mitochondrial supernatant (lanes b) devoid
of mitochondria, vacuoles, lysozymes and membrane fragments. Considering the whole population of
control cells in which the percentage of cells in the different cell cycle phases was constant, the level
of detection remained constant in both fractions during the time of experimentation (Fig. 7).

p25K, p27K and p30/33K antigens were all markedly decreased in the nuclear pellet of RA+VD-
induced cells. In PMA-induced cells, only p25K antigen was decreased, whereas p30/33K antigens
seemed unchanged and p27K was slightly increased.

The amounts of proteasomal proteins in the post-mitochondrial supernatant were decreased in cells
induced with RA+VD for 72 h (Fig. 7), while they seemed unchanged in PMA-induced cells.
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Fig. 7. Western blot detection of proteasomal proteins in whole cell extracts (lanes a), post-mitochondrial supernatant
(lanes b) and nuclear pellet (lanes c) isolated from control and induced U937 cells. Cells were incubated 72 h with inducers
and fractionated, the proteins separated by SDS-PAGE, blotted on NC and analyzed with the monoclonal antibodies. In this
case, the gel was voluntarily overloaded to allow nucleus antigens to become apparent.

Fig. 8. Flow cytometric detection of proteasomal subunits on the plasma membrane of control and 72 h induced U937 cells.
Cells were carefully washed to avoid non-specific binding. (a) Main plasma membrane antigens detected with a panel of
7 monoclonal antibodies. (b) Various proteasomal protein subunits detected with monoclonal antibodies.

3.8. Flow cytometric detection of proteasomal antigens on the cell surface

Since proteasomal proteins had been detected on erythrocyte and blood cell membranes [9,22,24],
we checked if they might be present at the surface of U937 cells and whether there were any changes
in surface antigens during differentiation. To this extent, we analyzed proteasome proteins on cells
which were not permeated prior to immunoreaction (Fig. 8) and which were drastically washed to
avoid non-specific binding of extracellular proteins. Specific labeling of surface proteasome proteins
was low in general, compared to their intracellular level. A specific binding of immunoglobulins,
determined by using an irrelevant antibody, differed between control (4.10± 0.62) and differentiated
cells (5.97± 0.94 for RA+VD-induced versus 10.78± 1.19 for PMA-induced cells). Therefore, the
MFI data were expressed after subtraction of irrelevant MFI (Fig. 8).

Using a mixture of antibodies, proteasome antigens labeling on non-induced control cell membranes
was low (MFI of 9.15± 1.63, Fig. 8(a)). On RA+VD-induced cells membrane, proteasomal proteins
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became hardly detectable (MFI of 2.77± 1.12). In contrast, proteasome antigens detection on PMA-
induced cells membrane was strongly increased (MFI of 23.95± 7.42).

Considering proteasomal subunits (Fig. 8(b)), all proteins tested were weakly labeled at the surface
of control cells, p25K antigen seemed absent, p27K (1.48± 0.27) and p30/33K (1.15± 0.46) antigens
were slightly detected. After three days of differentiation, the membrane proteins tested were markedly
decreased on RA+VD-induced cells. In contrast on PMA-induced cells, while the p30/33K antigen
was unchanged, the p25K and p27K antigens had clearly increased.

4. Discussion

This study is based on the finding that the subunit composition of proteasomes (prosomes) and
their cytodistribution varies with physiological and pathological changes, and with cell differentiation
and embryonic development (reviewed in [42]). These observations are in line with the finding that
interferon treatment of HeLa cells, the LMP2, LMP7 and MECL1 subunits replace the corresponding
X, Y and Z proteins of the untreated cells within hours [2,33]. Particularly relevant to the present
study, is also the finding that the composition of the 20S complex varies with the intracellular location
in rat liver cells [37]. Proteasomes were also demonstrated to be over-expressed in a variety of tumour
and tumour cell lines [7,21,27]. All these data have led to the suggestion that proteasomes may be
used as tumour markers [7,8,42].

We have therefore monitored the changes in protein subunits during the stimulation of the histiocytic
leukemia U937 cell line to obtain further information on the role of proteasomes and their variabil-
ity in differentiation and malignancy. The data obtained by western blotting, flow cytometry and
cyto-immunofluorescence, all showed that there was an overall decrease in proteasomes detection in
RA+VD-induced cells. In contrast in PMA-induced cells, whereas cyto-immunofluorescence showed
an apparent decrease in proteasomal proteins at 72 h, this was not observed by flow cytometry and
western blotting, as they indicated that the apparent content of the subunits monitored was not signifi-
cantly different from that of non-induced control cells. This difference might be due to the difference
in cell size [31] and then the scattering of antigens in PMA-induced cells.

Flow cytometry (Fig. 3) showed that there was a rapid initial decrease in proteasomal proteins
detection, followed by a stable period in RA+VD-induced cells and a transient increase in PMA-
induced cells. But the detection of antigens decreased in both type of differentiated cells after 48 h.
Most of the proteasomal subunit proteins studied indicate the same trend [19].

The decrease in proteasomal subunits detection was not due to masking of 20S epitopes since the
MFI data were confirmed by protein analysis using western blotting. The apparent changes observed
could rather be explained by timely adjustments in the proteasome types needed for protein synthesis
and breakdown during reprogramming of the cell and differentiation. In this issue, the hypothesis of
Coux et al. [11] that “the production of new proteasomes may be regulated at the translational level
or during particle assembly, and that the excess subunits not incorporated may be rapidly degraded” is
particularly relevant and explains the discrepancy between the rapid changes observed and the known
long half-life of proteasomes [46].

Another possible explanation of the changes in subunits detection could be the disturbance of
antigen–antibody reactivity by post-translational modifications. The three subunits tested share a
phosphorylation site and it has been demonstrated that monoclonal antibody do not always recognize
different isoforms of a given subunit with the same affinity [30]. Thus, the changes observed could be
the hallmark of the regulation between phosphorylated and unphosphorylated forms of the subunits.
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The data reported here (Figs 6 and 7) indicated a particular decrease in antigens in the nucleus in
RA+VD-induced cells, and rather a scattering in the cytoplasm and a reorganization in the nucleus
in PMA-induced cells. These differences are not totally unexpected, since the final phenotype of the
cells induced to differentiate is not identical and the inducers used act by quite different pathways
(i.e., cytosolic receptors for PMA [4] and nuclear receptors for RA and VD [28,39]). This is in line
with a subtle and differential modulation in the specific functions of proteasomes in the nucleus and
cytoplasm, rather than a more general phenomena, such as the cell cycle or DNA replication. While
the apparent decrease in p25K (C3) in the nucleus of both differentiated cells could be related to cell
growth inhibition, this is not the case for p27K (IOTA) and p30/33K (C2). These proteins certainly
have functions other than regulating the cell cycle, since their contents are not correlated with the
changes in the cell cycle. Hence, alternative types of proteasomes may be necessary, with the changes
in gene expression that occur during differentiation induced by various compounds.

The confirmation that there were proteasomal antigens at the cell surface is particularly interesting
(Fig. 8). The proteasomal antigens p27K and p30/33K, faintly detected at the surface of non-induced
control cells, disappeared from RA+VD-induced cells. At the surface of PMA-induced cells, p25K
and p27K were strongly increased while p30/33K was unchanged compared to control cells. These
surface antigens were not due to the non-specific binding of extracellular antigens, since cells were
thoroughly washed before flow cytometry, and since the proteasome antigens were detected even after
trypsinisation [9]. The changes in the proteasomal proteins detected during differentiation indicated
that these specific subunits were somehow linked to the expression of the specialized function of the
myeloid cells. The recent identification of a membrane-bound inhibitor of MCP [23] suggests that
there is a localized, specific regulation of proteasome activity at the membrane level, further indicating
that membranal proteasomes have a specific function. Since the plasma membrane subunit patterns
in the induced and in the control cells differed from that of the intracellular proteasomes, the surface
antigens seemed to be genuine. Further studies are needed to know whether proteasomes or only
proteasomal proteins are present at the cell surface; particularly, it is of interest to determine the kind
of relationship between proteasome particles (or proteins) and the major histocompatibility complex
(MHC) molecules involved in the antigen presentation at the cell surface.

From this study, it appeared that the presence of proteasomes in the cell was not a sufficient criteria
for tumour diagnosis. This is in line with the description of high content of proteasomes in non-
tumoural rapidly dividing cells. It is more that the proteasome (prosome) population of myeloid cells
adapts to induced differentiation by subtle changes in subunit profiles of intracellular and cell surface
proteins at translational or/and post-translational level. The complexity of the proteasome system
precludes any simple general explanation. Only further detailed multiparametric studies will lead to
an understanding of their different putative function.
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