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After few days of intense immunoglobulin (Ig) secretion,

most plasma cells undergo apoptosis, thus ending the

humoral immune response. We asked whether intrinsic

factors link plasma cell lifespan to Ig secretion. Here we

show that in the late phases of plasmacytic differentiation,

when antibody production becomes maximal, proteasomal

activity decreases. The excessive load for the reduced

proteolytic capacity correlates with accumulation of poly-

ubiquitinated proteins, stabilization of endogenous pro-

teasomal substrates (including Xbp1s, IjBa, and Bax),

onset of apoptosis, and sensitization to proteasome inhi-

bitors (PI). These events can be reproduced by expressing

Ig-l chain in nonlymphoid cells. Our results suggest that a

developmental program links plasma cell death to protein

production, and help explaining the peculiar sensitivity of

normal and malignant plasma cells to PI.
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Introduction

Upon encounter with antigen, B-lymphocytes activate a

complex program involving proliferation, generation of

memory cells, isotype switch, and affinity maturation.

Rapid defense is guaranteed by the differentiation of anti-

body-secreting plasma cells (Calame et al, 2003; Brewer and

Hendershot, 2005). Although a minority of them home in the

bone marrow and survive for longer periods, most plasma

cells are short-lived and succumb after a few days of intense

immunoglobulin (Ig) secretion, particularly those producing

IgM (Ho et al, 1986; Manz et al, 2002). Disregulated plasma

cell lifespan can cause autoimmune diseases and tumors

(Kuehl and Bergsagel, 2002; Hoyer et al, 2004). Although it

is clear that extrinsic factors are key to determine the proper

environment for long-lived plasma cells, rather little is known

on the molecular events that cause apoptosis in short-lived

plasma cells. In particular, whether intrinsic factors play a

role in limiting plasma cell lifespan is undetermined. An

intriguing possibility is that cell death is linked to antibody

production.

To explore these issues, we exploited murine primary B

cells and a B lymphoma (I.29mþ ) that can be induced to

differentiate into massive IgM secretion (van Anken et al,

2003). After lipopolysaccharide (LPS) stimulation, I.29mþ

activate a developmental program that induces the stepwise

synthesis of different classes of proteins so as to increase the

secretory capacity. Endoplasmic reticulum (ER)-resident pro-

teins increase over the entire time of the experiment, whereas

IgM subunits increase significantly after 2 or 3 days, to

become the dominant molecular species synthesized in the

last days of differentiation (van Anken et al, 2003). LPS-

stimulated I.29mþ cells begin to die after day 3 or 4, con-

comitantly with massive IgM secretion and accumulation of

spliced Xbp1 (Xbp1s). This transcription factor is activated

during the unfolded protein response (UPR) and is essential

for plasma cell development (Reimold et al, 2001; Iwakoshi

et al, 2003b). Xbp1s drives the transcription of genes encod-

ing factors involved in secretion (Shaffer et al, 2004; Sriburi

et al, 2004; Tirosh et al, 2005) and ER-associated degradation

(ERAD) (Yoshida et al, 2003). Promoting the efficiency of

protein secretion is of obvious importance for plasma cells,

which are specialized in Ig production. Why could ERAD

regulation be so important? A considerable fraction of secre-

tory m-chains are degraded also in hybridoma cells (Fra et al,

1993; Fagioli and Sitia, 2001), probably owing to the ineffi-

cient assembly of IgM polymers, the only species that negoti-

ate export from the ER (Sitia et al, 1990; Cals et al, 1996). We

reasoned that the exuberant production of IgM that charac-

terizes activated B cells could represent a load on the protein

degradation machinery, which is largely dependent on cyto-

solic proteasomes (Mancini et al, 2000; Fagioli et al, 2001;

Goldberg, 2003). This idea stemmed also from the fact that

proteasome inhibitors (PI) proved particularly effective in the

therapy of multiple myeloma (MM), by inducing apoptosis

of malignant cells (Hideshima et al, 2003; Adams, 2004).

Therefore, we decided to test a model that, described in broad

terms, predicts that apoptosis of short-lived plasma cells and

the exquisite sensitivity of plasma cells to PI are promoted by

an unbalance between load (protein synthesis) and capacity
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of the proteolytic machinery (proteasomes). Our results

suggest that this may be indeed the case. When Ig synthesis

becomes maximal, the abundance of proteasomes decreases

in both I.29mþ and primary B cells. This correlates with

reduced proteasome activity, accumulation of polyubiquiti-

nated proteins, enhanced susceptibility to PI, and stabiliza-

tion of several proteasome substrates important in B-cell

physiology (Xbp1s, IkBa, and Bax). Similar events can be

reproduced in HeLa cells forced to express m-chains in large

quantities. Hence, we propose that the unbalance between

proteasomal load and capacity intrinsically exaggerates ER

stress and predisposes plasma cells to apoptosis. These

findings help explaining the exquisite sensitivity of normal

and malignant plasma cells to PI.

Results

In LPS-activated I.29 l+ cells, apoptosis correlates with

exuberant IgM production

I.29mþ are B lymphoma cells that can differentiate and

acquire a plasmacytoid phenotype if stimulated with LPS

(van Anken et al, 2003). After 3–4 days of LPS treatment,

concomitantly with massive IgM synthesis and secretion,

I.29mþ cells undergo apoptosis, thus mimicking the fate of

short-lived plasma cells. Indeed, after 3–4 days of stimula-

tion, the frequency of apoptotic cells increases sharply

(Figure 1A). Apoptotic cells contain high amounts of intra-

cellular m-chains, correlating cell death with IgM production

(Figure 1B). Following an initial acceleration in cell division,

apoptotic cells accumulated. The onset of apoptosis corre-

lated with a decrease in G2/M cells (Supplementary Figure

1A). LPS-treated I.29mþ cells divided more rapidly at day 1

and less at days 3–4 (Supplementary Figure 1B). Caspases 3,

8, and 9 were strongly activated after day 3 (Supplementary

Figure 1C).

Decreased proteasomal levels and activity in

differentiating I.29 l+ cells

In both B and plasma cells, a fraction of secretory and

membrane IgM are rapidly degraded (Sitia et al, 1987; Fra

et al, 1993), mostly by cytosolic proteasomes (Mancini et al,

2000; Fagioli and Sitia, 2001; Fagioli et al, 2001; Rabinovich

et al, 2002). The existence of mechanisms that adapt protea-

some biogenesis to the degradative demand has been postu-

lated (Meiners et al, 2003). Therefore, as the massive increase

in Ig synthesis induced in I.29mþ cells by LPS (van Anken

et al, 2003) represents an increased proteolytic demand, we

expected proteasomes to increase in abundance. Surprisingly

instead, two constitutive proteasomal catalytic subunits (Yand

X) significantly decreased after LPS stimulation (Figure 2A

and B). Also the interferon-g (IFNg)-induced subunits LMP2

and MECL-1 (Cascio et al, 2001) decreased, albeit to a lesser

extent, whereas LMP7 and Z remained essentially constant.

As a functional counterpart of these results, the proteaso-

mal chymotryptic activity, normalized per protein content,

decreased significantly at days 3 and 4 (Figure 2C).

Proteasome activity fell dramatically also on a per cell basis

(Supplementary Figure 2), indicating that plasma cells do not

increase the synthesis and/or assembly of proteasomes to

match Ig production.

Caspase activation can inhibit proteasomal activity by

cleaving subunits of the 19S regulatory particle (Sun et al,

2004). The decrease in proteasome activity could thus be

a consequence of I.29mþ cells undergoing apoptosis. To

exclude this possibility, we compared lysates of total or live

cells. Despite Ficoll centrifugation efficiently eliminated dead

cells (less than 3 and 7% dead cells were present at days 3

and 4), neither the three main proteasomal activities (panels

D–F) nor the abundance of individual subunits differed

significantly (panel A, compare lanes 3, 4 and 3F, 4F), apart

from m-chains being slightly more abundant in the fraction

enriched in live cells (A, second panel from top). Therefore,

the reduction of proteasome activity is not caused by cell

death (see also below).

Accumulation of polyubiquitinated proteins in

differentiated I.29 l+

Consistent with the observed decline of proteasomal activity,

polyubiquitinated proteins markedly increased in LPS-acti-

vated cells, at the expense of the pool of free Ub (Figure 3A).

To further confirm that the accumulation of polyubiquiti-

nated proteins was not a consequence of apoptosis, we

exposed I.29mþ cells to UV rays or MG132 (Figure 3B, left

panel). Despite UV treatment induced more apoptosis (30%)

than proteasomal inhibition (23%), polyubiquitinated pro-

teins did not increase significantly in UV-treated cells. Only a

modest decrease of proteasome activity was detected upon

UV treatment (Figure 3B, right panel). Induction of apoptosis

by UV failed to increase polyubiquitinated proteins and to

decrease proteasome activity also in day 3 LPS-stimulated

I.29mþ (not shown). Thus, apoptosis does not per se induce

the accumulation of polyubiquitinated proteins in differen-

tiating I.29mþ cells.

Accumulation of polyubiquinated proteins was visualized

by confocal microscopy with specific antibodies well before

overt apoptosis (Figure 3C). Numerous fluorescent dots were

detected throughout the cytoplasm after day 3. These struc-

tures differed from aggresomes (Kopito and Sitia, 2000) and

A

0

10

20

30

40

50

1 2 3 4

PrId+
Ann-V+ PrId+

Day post-LPS 

In
cr

ea
se

 r
el

at
iv

e
to

 d
0 

(%
)

B

1
2
3
4

0
% MFI
4.5
6
9

23
33

R3R1

85 491
76
59
37
27

% MFI
R2

10
18
32
38
40

% MFIDay

0 500 1000

1000

0

SSC

677
981
815
973 4290

2874
2678
1534
1541

3767
2585
1660
1373
1845F

S
C

Figure 1 LPS-stimulated I.29mþ cells undergo apoptosis. (A) Cell
death was assessed in LPS-stimulated I.29mþ cells by Annexin V
(Ann-V) and propidium iodide (PrId) staining, and expressed as
variation with respect to unstimulated cells. Mean7s.d. of three
independent experiments. (B) Flow cytometry statistics of m-chain
content in LPS-stimulated I.29mþ cells. R1, R2 and R3 were
enriched in resting, activated and dead cells, respectively (van
Anken et al, 2003 and our unpublished data). Mean fluorescent
intensity (MFI) is indicated.
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dendritic cell-induced aggresome-like structures (DALIS)

(Lelouard et al, 2002). These structures did not colocalize

with Ig-m, which remained confined to the ER (Figure 3C,

lower right panel). However, it should be noted that our anti-

m antibodies preferentially recognize determinants present

on folded m-chains. Reduced m-chains or fragments thereof

would have been stained weakly, if at all.

Taken together, these findings suggest that the fewer

proteasomes in differentiating I.29mþ are insufficient to

cope with the protein load, and polyubiquinated proteins

accumulate intracellularly.

Stabilization of proteasomal substrates during I.29 l+

differentiation

Our previous observation that Xbp1s accumulates after day 3

of LPS stimulation in I.29mþ suggested a possible connection

between abundant IgM synthesis and UPR induction (van

Anken et al, 2003). This could in turn activate apoptosis

(Breckenridge et al, 2003). The reduced proteasomal effi-

ciency in LPS-stimulated cells could exaggerate the cascade,

stabilizing crucial signaling molecules. First, we determined

the steady-state levels of candidate cell death mediator

proteins (Figure 4A). These included Chop, a protein in-

volved in ER stress-induced apoptosis in several systems

(Breckenridge et al, 2003), and members of the Bcl2 protein

family, which play a key role in life–death decisions within

the B-lymphocyte lineage (Borner, 2003). Chop increased in

the first days of I.29mþ differentiation, and decreased there-

after, when apoptotic cells were most abundant. In contrast,

the apoptotic executor Bax increased significantly after day 3,

Bcl2 remaining essentially constant. As a result, the balance

of pro- and antiapoptotic factors is shifted towards cell death,
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Figure 2 Decrease in proteasome function during terminal I.29mþ differentiation. (A, B) Decrease in proteasome subunits. Extracts from cells
stimulated for the indicated times with LPS were resolved by SDS–PAGE and blots decorated with antibodies to different proteasomal subunits,
Ig-m chains or actin. F, Ficoll-purified live cells (A). The densitometric quantification of the relevant bands is shown in panel B, relative to day 0.
Data represent the means of two independent I.29mþ inductions7s.e.m. (C–F) Decrease in proteasome activity. Proteasomal chymotrypsin-
like activity was assessed in extracts from LPS-stimulated I.29mþ cells and expressed as percentage relative to day 0. Mean of four independent
LPS inductions7s.e.m. (C). All three proteasomal activities decrease in a similar way in the total pool of cells (gray bars) and in Ficoll-purified
cells (black bars). Chymotrypsin-like (D), trypsin-like (E) and caspase-like (F) activities are expressed as specific activities. Mean of three
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concomitantly with the observed onset of apoptosis. To gain

further insights into the regulation of UPR components dur-

ing differentiation, we monitored Xbp1 splicing (Figure 4B,

top panel) and the mRNA levels of EDEM (a Xbp1 target gene

(Yoshida et al, 2003) and BiP (Figure 4B, bottom panel). The

efficiency of Xbp1 splicing peaked at day 1, whereas EDEM

and BiP transcripts increased in abundance throughout

differentiation. The elevated mRNA levels of EDEM at later

stages of differentiation—when Xbp1 splicing decreases—

could reflect post-translational stabilization of the Xbp1

protein. Indeed, like its unspliced counterpart (Lee et al,

2003), Xbp1s is degraded by proteasomes (panel C) and

its half-life increases during differentiation (Figure 4D,

top panel).

Two other proteasome substrates important for B-cell fate,

IkBa (Lin et al, 1998) and Bax (Li and Dou, 2000), were

stabilized in LPS-stimulated cells (panel D), probably reflect-

ing the decrease in degradative capacity upon differentiation.

Ig-m chains were stabilized as well, as revealed by pulse-

chase assays (panel E).

These results indicate that the increased load on the fewer

proteasomes causes stabilization of proteins that differ in

intracellular localization and intrinsic stability, some of

which may facilitate apoptosis.

Increased susceptibility of differentiating I.29 l+ cells

to PI

PI are emerging as powerful drugs in MM treatment, but why

these tumors are so sensitive is not entirely clear (Hideshima

and Anderson, 2002; Goldberg, 2003; Adams, 2004). The

above results suggested that the unfavorable load-capacity

ratio in Ig-secreting cells could make the latter more prone to

enter apoptosis, either basally or following treatment with PI.

In this scenario, one would predict that the sensitivity of

I.29mþ cells to PI would increase following LPS stimulation.
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Therefore, we exposed cells stimulated for 0 or 3 days with

LPS to increasing doses of MG132, and determined the

fraction of apoptotic cells after 5 h (Figure 5A). Clearly, the

sensitivity of LPS-stimulated cells was significantly higher

in day 3-stimulated cells. Three additional PI gave similar

results (data not shown). To determine whether ER stress

could increase the sensitivity to PI, we coincubated cells

with tunicamycin (TM), at a dose that did not per se

induce apoptosis in the experimental time frame utilized

(panel B). TM synergized with MG132 in inducing apoptosis

in resting, but not in day 3-stimulated cells (panel A),

possibly suggesting that the latter were already experiencing

ER stress.

Exuberant synthesis of Ig-l chains makes HeLa cells

more sensitive to PI

The above results revealed a correlation between increased

Ig-synthesis, decreased proteasomal degradation, ER stress,

and apoptosis, both basal and PI-induced. Owing to the

complexity of terminal I.29mþ differentiation (van Anken

et al, 2003), and to the intrinsic difficulties encountered in

transferring genes into B cells, it was not possible to establish

causal links. To circumvent this problem and determine

whether a cause–effect relationship exists between excessive

proteasomal load and apoptosis, we generated stable HeLa

cells expressing secretory m-chains under an inducible pro-

moter (Tet-Off) and analyzed their sensitivity to PI after

induction (Figure 6). At day 2, when m-chain accumulation

is still minimal, no differences were detected (data not

shown). At day 4, the percentages of apoptotic cells present

before the addition of PI were similar in Tetþ or Tet� cells.

However, the synthesis of orphan m-chains clearly made HeLa

cells more sensitive to PI (Figure 6A, left panel). The effects

of m-chain synthesis were particularly evident at intermediate

doses. After 6 days of induction, m-chains caused apoptosis in

HeLa cells even in the absence of PI (Figure 6A, right panel).

Because of the few HeLa-ms Tet-Off cells undergoing apopto-

sis, single-cell assays were developed based on the expression

of short-lived GFPs rapidly degraded by proteasomes as

reporters of proteasomal overload (Dantuma et al, 2000).

After 4 days of m-chain synthesis, more cells became positive

if treated with low doses of PI (Figure 6B, left panel). At day

6, a small yet significant percentage of cells were positive

even in the absence of PI (Figure 6B, right panel). Therefore,

the synthesis of orphan m-chains increases the sensitivity of

HeLa cells to PI in a time- and dose-dependent way, and

eventually causes apoptosis, in correlation with proteasomal

overload. Activation of m-chain synthesis did not affect pro-

teasomal activity (Supplementary Figure 3), indicating that

synthetic overload is sufficient to sensitize to PI also in the

presence of intact proteasome activity.

Normal differentiating B splenocytes downregulate

proteasomes and undergo basal and PI-induced

apoptosis

To further generalize our observations, we analyzed primary

murine B splenocytes. After LPS stimulation, the relative

proteasome capacity fell in the last days of differentiation

(Figure 7A), when IgM production becomes maximal (see the

Ig-L blot in panel B). Polyubiquitinated proteins accumulated

in LPS-activated CD19þ splenocytes, peaking at day 3 (panel
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B). Next, to activate B cells by means other than LPS, we

cocultured them with CD3-activated Tcells (Banchereau et al,

1994; Johnson-Leger et al, 1998). After an initial rise, protea-

somal activity fell dramatically at day 6 (panel C), concomi-

tantly with intracellular accumulation of polyubiquitinated

proteins (panel D) and Ig-m chains (not shown), as revealed

by immunofluorescence.

In LPS-activated CD19þ splenocytes, apoptosis increased

after day 3 in parallel with mitochondrial damage (panel E),

suggesting the involvement of intrinsic pathways.

Proteasome inhibition significantly accelerated the death of

normal plasma cells, causing apoptosis mainly after day 3

(panel E), again in correlation with the onset of abundant IgM

secretion.
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Figure 7 Primary plasma cells accumulate poly-Ub proteins and become sensitive to proteasome inhibitors. (A) Proteasomal activity during
LPS-induced primary plasma cell differentiation. Proteasomal chymotrypsin-like activity was assessed in extracts from stimulated primary
splenocytes as described in legend to Figure 2, and expressed as % relative to day 0. (B) Accumulation of poly-Ub proteins in differentiating
primary immunomagnetically purified CD19þ cells. Extracts from cells stimulated with LPS for the indicated times were blotted with anti-Ub.
Ig light chains (Ig-L) were detected in a denser gel (bottom panel). (C) LPS-independent B-cell activation. Unfractionated splenocytes were
seeded onto insolubilized anti-CD3 to activate T cells, which in turn cause polyclonal B-cell activation (Banchereau et al, 1994; Johnson-Leger
et al, 1998). At the indicated times CD38þ cells were tested for proteasomal chymotryptic activity as in panel A. (D) Cells treated as in (C)
were stained with Fk2 antibodies as in legend to Figure 3C. Bar: 5mm. (E) Occurrence of mitochondrial activation (continuous line) and
apoptotic death (dotted lines) during LPS-induced plasma cell differentiation from primary B cells. MG132 (100 nM) was added to cultures from
day 0. Measurements performed by FACS analysis upon staining with Annexin V and propidium iodide (apoptotic death) or JC-1 (to detect the
loss of transmembrane potential across the outer mitochondrial membrane). Mean7s.d. of three independent experiments. (F) FACS profiles of
CD38 and CD138 expression in splenocytes 4 days after intraperitoneal injection with 1 mg LPS. Cells were cultured for 6 h in the absence (top
panel) or presence of MG132 (bottom panel). (G) Proportion of plasma cells (filled bars) and prevalence of apoptosis (empty bars) in
splenocytes from in vivo LPS-treated mice treated in vitro with increasing doses of MG132 for 6 h. Apoptosis was assessed as the proportion of
Annexin V-positive cells. Mean7s.d. (H) Accumulation of a short-lived GFP reporter of the Ub–proteasome system in primary B cells from
transgenic mice (Lindsten et al, 2003) after LPS stimulation. CD19þ cells from UbG76VGFP transgenic mice and wild-type littermates were
immunomagnetically purified and stimulated in vitro with LPS for 3 days and with MG132 (1.5mM for 2.5 h) as indicated.
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To further explore whether proteasomal inhibition is selec-

tively toxic to primary plasma cells, unfractionated white

splenocytes were prepared from mice 4 days after LPS injec-

tion and exposed ex vivo to increasing doses of MG132 for up

to 24 h in vitro. LPS-treated mice accumulated CD138þ
plasma cells in their spleen (B30% after 4 days in these

experiments). Administration of PI in vitro caused a dose-

dependent and preferential depletion of CD38þ CD138þ
plasmablasts and plasma cells in as little as 6 h of treatment

(panels F and G). Thus, like their malignant counterparts

(Hideshima et al, 2001; Zavrski et al, 2003), normal Ig-

secreting cells are extremely sensitive to PI.

Further evidence for proteasomal insufficiency during

B-cell differentiation was obtained by analyzing transgenic

mice expressing a chimeric uncleavable ubiquitin-GFP

(UbG76VGFP) that is rapidly degraded by proteasomes

(Dantuma et al, 2000). A short exposure to PI caused a strong

accumulation of the reporter in unstimulated CD19þ B cells

(panel H, top). After 3 days of LPS stimulation in vitro, most

B cells expressed CD138 (not shown) and accumulated the

GFP reporter even in the absence of PI (panel H, bottom).

Altogether, these findings demonstrate that also in primary

splenocytes, plasma cell differentiation causes loss of protea-

somal capacity, accumulation of endogenous proteasomal

substrates, and sensitization to PI before spontaneous cell

death.

Discussion

The short lifespan of the majority of plasma cells is important

to limit antibody responses (Ho et al, 1986). However, some

of them home in the bone marrow where they find conditions

for longer survival, which maintains protective Ig titers in the

blood (Manz et al, 2002). While it is clear that extrinsic

factors such as cytokines and contacts with stromal cells play

important roles in shaping the environmental niche that

promotes survival of long-lived plasma cells, little is known

about the mechanisms inducing the death of short-lived ones

(Donjerkovic and Scott, 2000; Hase et al, 2002; Kroesen et al,

2003). In particular, the existence of intrinsic factors regulat-

ing plasma cell lifespan has been proposed, but never de-

monstrated. Our findings reveal that in differentiating I.29mþ

and primary spleen B cells, the proteasomal capacity de-

creases despite the higher demand imposed by the high

rates of protein production. The finding that an unfavorable

proteasomal load/capacity ratio can predispose cells to apop-

tosis has important implications for the physiology of the

immune system and for different pathological conditions,

in primis Ig-secreting tumors.

Proteasomes in the physiology of plasma cell

differentiation

The finding that Xbp1 is essential for plasma cell develop-

ment (Reimold et al, 2001; Iwakoshi et al, 2003a) suggested

that exuberant Ig synthesis causes ER stress, thus inducing

ER biogenesis and eventually apoptosis via UPR-related path-

ways (Ma and Hendershot, 2003; Sitia and Braakman, 2003;

Brewer and Hendershot, 2005). While confirming a correla-

tion between massive Ig production and plasma cell death

(Figure 1), our findings reveal unexpected aspects. Chop—an

UPR-induced protein known to mediate apoptosis—de-

creased in abundance after day 3 of LPS stimulation. Also,

the efficiency of Xbp1 splicing decreased in the last days of

differentiation. The concomitant accumulation of Xbp1s may

be due in part to its increased stability, which in turn reflects

reduced proteasomal capacity (Figure 4). Delayed Xbp1s

degradation could allow B cells to rely on the Xbp1 pathway

without activating Perk and consequently inhibit translation,

which would be detrimental to their synthetic goal. The

reports that Xbp1s stabilizes certain ER-targeted proteins

(Shaffer et al, 2004) and stimulates m-chain translation

(Tirosh et al, 2005) suggest the existence of complex regula-

tory networks that likely allow B cells to customize the UPR

to fulfill their physiological requirements. Therefore, both the

Perk and the Ire1a pathways seem to be tuned down before

LPS-stimulated I.29mþ cells undergo apoptosis. A decreased

protection by the UPR might actually promote Chop-indepen-

dent cell death. What then triggers apoptosis?

As an efficient ERAD is important for folding and secretion

capacity (Eriksson et al, 2004), it was surprising to observe

that the enzymatic activities and the relative abundance of

proteasomes decreased during differentiation of both I.29mþ

lymphoma cells and primary splenocytes. Proteasomes

decreased also on a per cell basis, revealing that plasma

cell differentiation entails decreased proteasome biogenesis.

Intriguingly, only two catalytic subunits (X and Y) were

downregulated, the third one (Z) remaining essentially

unchanged. This implies specific mechanisms for regulating

the expression of proteasomal subunits, in line with recent

observations on PA28 a and b (Ossendorp et al, 2005).

Proteasomal catalytic subunits are synthesized as inactive

precursors, which are cleaved upon assembly into functional

proteasomes (Rock and Goldberg, 1999). The cleaved

Z-subunits present in LPS-stimulated I.29mþ cells could be

part of particles containing multiple copies of this subunit.

The decreased X and Y levels were not compensated

by increased synthesis of immunoproteasomes. In fact,

two IFNg-inducible subunits (LMP2 and MECL-1) slightly

decreased, albeit to a lesser extent than X and Y.

Paradoxically, therefore, when the need for proteasomes

increases, their abundance becomes limiting. This could

represent a distinctive feature of short-lived plasma cells, as

dendritic cells upregulate proteasomal subunits in response

to LPS (Macagno et al, 2001). No changes in proteasome

activity were induced by LPS in a monocytic line

(Supplementary Figure 3), implying that TLR4 triggering

per se is not sufficient to cause proteasome downregulation.

Likewise, decreased proteasome activity and accumulation of

polyubiquitinated proteins were observed also when primary

splenocytes were cocultured with CD3-activated T cells

(Figure 7C and D). Whilst polyubiquitinated proteins accu-

mulated in activated B cells, the pool of free Ub decreased.

Either the latter or the relative number of proteasomes could

limit degradation. As a consequence, endogenous proteaso-

mal substrates were stabilized in differentiating I.29mþ cells,

and a reporter of the Ub–proteasome pathway (Lindsten et al,

2003) accumulated in LPS-activated GFPG76V-transgenic sple-

nocytes (Figure 7F). Altogether, these data confirm that

proteasome insufficiency is a feature of plasma cell differ-

entiation, independently from how B cell are activated.

Proteasome decrease and apoptosis: chicken not egg

Although activated caspases may cleave 19S regulator parti-

cle subunits during apoptosis (Sun et al, 2004), exposure to
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UV light did not result in significant accumulation of poly-

ubiquitinated proteins in apoptotic I.29mþ . The detection of

live cells with abundant polyubiquitinated proteins (Figures

4C and 7B) further confirms that in differentiating B cells

proteasomal insufficiency precedes apoptosis. In the late

stages of differentiation, activated caspases could further

decrease proteasomal capacity by cleaving certain 19S

subunits, possibly leading to an amplification circuit (Sun

et al, 2004).

Linking protein production to cell death

A clear cause–effect relationship was established using HeLa

cells harboring inducible Ig-m chains. Overexpression of Ig-m
increased the sensitivity to PI, and resulted in spontaneous

apoptosis, similar to what was observed in B cells.

Proteasome activity did not decrease in this model, perhaps

explaining why the effects were less marked than in activated

B cells, where increased load is accompanied by a reduced

capacity.

The stabilization of endogenous proteasomal substrates

might meet certain functional requirements of plasma cells.

For instance, the increased stability of ms chains may favor

IgM polymerization, whereas accumulation of death factors

may predispose to the apoptotic program. IkBa stabilization

would decrease NF-kB activity and lower the apoptotic

threshold. Likewise, the stabilization of Bax and Bim, two

proteasome substrates known to control B-cell lifespan

(Marsden and Strasser, 2003), may—at least in part—explain

their relative increase with respect to Bcl2, until the death

threshold is reached. In this scenario, plasma cell death

would be linked to Ig production, thus contributing to end

humoral responses. At the very high rate of Ig production that

characterizes the late phases of differentiation, even a small

percent of defective degradation would lead to accumulation.

Combined with the progressive decrease of proteasomal

capacity, this could allow cells to keep track of the amount

of Ig secreted.

Generality of the load versus capacity model

The findings obtained with primary B cells indicate that PI

hypersensitivity is not a specific feature of myelomas, but is

inherent to the processes of plasma cell differentiation and

exuberant Ig synthesis, as sensitization can be observed

during B to plasma cell differentiation (Figure 7), and artifi-

cially reproduced in nonlymphoid cells by overexpressing

orphan m-chains (Figure 6). This has important implications

related to the potential utilization of PI in the treatment of

inflammatory disorders, especially those related to excessive

antibody production. Indeed, epoxomicin inhibits inflamma-

tion, and the mechanisms herein described could potentiate

NF-kB deregulation (Meng et al, 1999; Goldberg and Rock,

2002). With respect to cancer treatment, our findings with

I.29mþ cells suggest that certain lymphomas or leukemias

can become sensitive to PI if properly induced to differentiate

(Figure 5). In many tumors, factors that induce differentiation

facilitate or induce apoptosis (Kasibhatla and Tseng, 2003).

Our results suggest that apoptotic sensitivity could be in-

creased by inducing protein synthesis and misfolding. This

may sound heretic when degenerative disorders owing to

proteotoxicity represent a major social concern. Yet, the

observation that TM and PI synergize in I.29mþ cells provides

a proof of principle for utilizing stress against cancer. In the

context of plasma cell tumors, the secreting potential of

myeloma cells has been proposed as a prognostic factor for

MM (Symeonidis et al, 2002). Further studies are needed to

determine whether PI sensitivity correlates with Ig produc-

tion and to investigate the features of cytotoxic proteins, with

respect to topology, synthesis, folding, or degradation rates.

In principle, the intrinsic ‘self-pollUbtion’ mechanism de-

scribed here could operate in other secretory cells in con-

junction with diverse extrinsic factors. The latter play a major

role in controlling plasma cell lifespan. By providing appro-

priate soluble factors and costimulatory molecules, germinal

centers allow plasmacyte differentiation and survival (Le Bon

et al, 2001; Manz et al, 2002; Poeck et al, 2004). Long-lived

plasma cells home in the bone marrow, where they find

optimal survival conditions, but die when cultured in vitro.

Based on our findings, one could speculate that long-lived

plasma cells reduce their unbalance perhaps by decreasing Ig

synthesis, or deploying more degradative capacity, for exam-

ple, by increasing proteasome biogenesis. Comparing the

load-capacity ratios in long- and short-lived plasma cells

may shed light into the role of extrinsic and intrinsic life-

limiting mechanisms.

In conclusion, we propose that the progressive impairment

of proteasomal capacity is one of the mechanisms that

contribute in limiting plasma cell lifespan, linking it to anti-

body production. Identifying the factors that control protea-

some synthesis and activity might allow one to manipulate

protein production and cell lifespan with obvious implica-

tions for biotechnology and cancer therapy.

Materials and methods

Cell cultures and spleen B-cell purification
I.29mþ cells were activated with LPS as described (van Anken et al,
2003). Primary plasma cells were generated from C57Bl/6 mice via
three alternative approaches: (1) mice were injected intraperitone-
ally with 1 mg LPS; after 1–5 days spleen white cells were harvested
and assayed for CD38 and CD138 expression and apoptosis by
FACS; (2) CD19þ splenocytes from normal or transgenic GFPG76V

mice (Lindsten et al, 2003) were prepared by immunomagnetic
selection (Miltenyi) and stimulated with LPS in vitro; and (3)
unfractionated splenocytes were seeded in wells previously coated
with anti-mouse CD3 (BD Pharmingen), harvested after 0, 3, or 6
days, and assayed for B-cell content and activation by FACS,
proteasomal activity, and immunofluorescent staining for poly-Ub
proteins.

HeLa-ms Tet-Off cells were generated by trasfecting Tet-Off cells
(Clontech Laboratories Inc.) with pTRE-m1 and pTK-Hyg. Hygro-
mycin-resistant clones were screened by immunofluorescence after
72 h in the absence of Tet, selected and maintained in medium
supplemented with tetracycline. To generate HeLa-ms Tet-Off cells
stably expressing the Ub-GFP reporter, lentiviral transduction was
adopted (see below and Supplementary data for details).

Flow-cytometric analyses of apoptosis
Cells were washed with PBS and stained with Annexin V–FITC
(1 mg/ml) and propidium iodide (2.5 mg/ml). The loss of mitochon-
drial transmembrane potential across the outer mitochondrial
membrane was assessed with JC-1 dye, as described (Bedner
et al, 1999). Flow cytometry data were obtained with FACScalibur
(BD Biosciences) and analyzed using the Cellquest software (BD
Biosciences).

Antibodies and immunocytochemistry
I.29mþ cells were harvested and coated on 1% Alcian blue-treated
coverslips for 5 min at 371C, fixed with 3% paraformaldehyde in
PBS for 10 min at RT and permeabilized with 0.5 mg/ml saponin in
PBS containing 5% FCS and 10 mM glycine. Primary splenocytes
and plasma cells were seeded on poly-L-lysine-coated slides, before
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fixation and permeabilization. Cells were stained with monoclonal
antibody Fk2 (Biomol, Exeter, UK) for 1 h, rinsed in PBS followed
by staining with Alexa Fluor 488 goat anti-mouse IgG1 antibody and
TO-PRO-3 (Molecular Probes Inc., Eugene, OR, USA). Coverslips
were observed on a Zeiss LSM 510 confocal microscope.

Proteasome activity assays and immunoblot analyses
Details are provided in Supplementary data.

RT–PCR, vector production, and infection
Details on the protocols and primers utilized for RT–PCR and on the
lentiviral vectors encoding unstable Ub-R-GFP, an N-end rule
substrate, and UbG76V-GFP, containing a mutated uncleavable Ub
moiety (Dantuma et al, 2000), are given in Supplementary material.
HeLa-ms Tet-Off cells were transduced using different dilutions of
the vector. Cells expressing optimal amounts of the reporter were
sorted by FACS upon reversible proteasomal inhibition.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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