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Proteotoxic Stress and Cell Lifespan Control
Simone Cenci, Niccolò Pengo, and Roberto Sitia*
Eukaryotic cells continuously integrate intrinsic and extrinsic signals to adapt to the environment. When exposed to
stressful conditions, cells activate compartment-specific
adaptive responses. If these are insufficient, apoptosis ensues as an organismal defense line. The mechanisms that
sense stress and set the transition from adaptive to maladaptive responses, activating apoptotic programs, are the
subject of intense studies, also for their potential impact in
cancer and degenerative disorders. In the former case, one
would aim at lowering the threshold, in the latter instead to
increase it. Protein synthesis, consuming energy for anabolic processes as well as for byproducts disposal, can be a
significant source of stress, particularly when difficult-tofold proteins are produced. Recent work from our and other
laboratories on the differentiation of antibody secreting cells,
revealed a regulatory circuit that integrates protein synthesis, secretion and degradation (proteostasis), into cell lifespan determination. The apoptotic elimination - after an
industrious, yet short lifetime - of terminal immune effectors
is crucial to maintain immune homeostasis. Linking proteostasis to cell death, this paradigm might prove useful for
biotechnological purposes, and the design of novel anticancer therapies.

INTRODUCING THE PLASMA CELL PARADIGM
Cells of the B lineage are responsible for antibody (Ab) production, a key arm of adaptive immunity. Their terminal differentiation into plasma cells is characterized by a series of spectacular
genetic and functional changes, finalized at producing antibodies in adequate amounts at the proper time (Brewer and Hendershot, 2005; Goldberg, 2003; Shapiro-Shelef and Calame,
2005; Sitia and Braakman, 2003; van Anken et al., 2003). Upon
encounter with antigen, resting B lymphocytes, small long-lived
cells, activate a profound functional and structural metamorphosis that, in few days, leads to differentiation into mature
plasma cells, terminally differentiated Ab factories (Brewer and
Hendershot, 2005; Ma and Hendershot, 2003; Shapiro-Shelef
and Calame, 2005; Sitia and Braakman, 2003). The vast majority of plasma cells are short-lived so as to limit the Ab response
(Manz et al., 2005; Radbruch et al., 2006). The mechanisms
leading to programmed death of plasma cells are still not completely understood (Shapiro-Shelef and Calame, 2005). Spe-

cific molecular íáãÉêë or ÅçìåíÉêë are likely to set apoptotic
programs after a terminally differentiated plasma cell has produced enough antibodies.
Recently, we proposed that the balance between protein synthesis and degradation contributes to sensitize plasma cells to
spontaneous and pharmacological apoptosis (Cascio et al.,
2008; Cenci et al., 2006). This concept arose from the observation that while protein synthesis and hence the demand for
proteasomal degradation increase geometrically, proteasome
abundance and activity decrease in activated B cells. The resulting overload of the ubiquitin proteasome system (UPS),
causes accumulation of pro-apoptotic proteins and confers
exquisite apoptotic sensitivity to proteasome inhibitors, powerful
anti-cancer agents (Cascio et al., 2008; Cenci et al., 2006).
The decrease of proteasome capacity following B cell activation is a challenging paradox. First, it contradicts the established capability of eukaryotic cells to adapt to proteasome
stress (the increased requirement for proteasome function imposed by direct impairment or functional overload) by increasing ÇÉ=åçîç proteasome biogenesis (Hanna and Finley, 2007).
Second, it fails to match the increasing metabolic demands of
the Ab factory (van Anken et al., 2003). It was recently demonstrated that in eukaryotic cells a substantial amount of newly
synthesized proteins undergoes proteasomal degradation,
hence referred to as rapidly degraded polypeptides (RDP),
including defective ribosomal products (Princiotta et al., 2003;
Schubert et al., 2000). Increased protein synthesis should result
in higher RDP production, thereby increasing the load of client
proteins for the proteasome. Accordingly, the levels of proteasome-dependent degradation of newly synthesized proteins
increase dramatically in B lymphoma cells following mitogen
stimulation (G. Bianchi et al., submitted). These RDP could
further burden a reduced pool of proteasomes, likely contributing to proteasomal overload and impairment of the UPS
(Cascio et al., 2008; Cenci et al., 2006). The situation resembles that of an inefficient bureau at rush hour: despite an increasing affluence of customers (protein synthesis), many
desks unexpectedly close. Respectful customers (long-lived
proteins) face another problem, as many unkind clients (RDP)
skip the line and greatly prolong the average serving time. A
long queue inevitably forms (Fig. 1).
Is this overload responsible for sensitization to apoptosis and
eventual cell death? We generated proof-of-principle evidence
that expression of orphan Ig-µ heavy chains in non-lymphoid
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Fig. 1. The paradox of proteasome load vs capacity imbalance in
differentiating plasma cells as a post office jam. In resting B cells
(the placid office on the left), proteasomes cope efficiently with client
proteins awaiting degradation. In differentiated plasma cells (on the
right) increasing protein synthesis imposes higher proteasomedependent degradation (rapidly degraded polypeptides, RDPs, skip
the line and demand priority). Surprisingly, proteasomes (office
desks) decrease in quantity and the ubiquitin proteasome system
(UPS) gets jammed. Client proteins accumulate, stress increases,
and tranquility is inevitably lost.

tumor cells causes proteasomal overload, apoptotic sensitivity
to proteasome inhibitors (PI) and eventual cell death (Cenci et
al., 2006). Important additional evidence derived from studies
on human multiple myelomas (MM), the malignant transformation of plasma cells. This tumor displays exquisite sensitivity to
PI, but the molecular bases are currently under investigation
(Goldberg and Rock, 2002; Rajkumar et al., 2005). Attesting to
a key role for protein synthesis in sensitizing MM cells to death,
manipulation of Ig synthesis in MM lines resulted in altered
sensitivity to bortezomib (Btz), a first-in-class PI in clinical use
against MM (Meister et al., 2007). The differential sensitivity of
MM lines to PI was found to correlate with the ratio between
proteasome capacity and workload: altering these parameters
has profound effects in cell stress and death (G. Bianchi et al.,
submitted).
An important implication of these studies is that proteotoxic
stress and apoptotic sensitivity to PI could represent general
features of Ig-secreting plasma cells. This would make Ab responses amenable to treatment with PI so as to lower Ab titers.
In favor of this attractive possibility, Ab responses to both Tdependent and independent antigens can be reduced with Btz
áå=îáîç=(Cascio et al., 2008). A recent study confirmed that autoreactive plasma cells can be effectively eliminated áå=îáîç by PI
treatment, resulting in prolonged survival in two mouse models
of systemic lupus erythematosus, a paradigmatic autoAbmediated autoimmune disease (Neubert et al., 2008).
How is plasma cell death triggered in these models? A terminal UPR has been proposed to execute cell death in PIstressed plasma cells (Neubert et al., 2008), but causal evidence is missing. The observations that genetic ablation of
Perk (Gass et al., 2008) or Chop (S. Masciarelli et al., manuscript submitted) does not alter plasma cell lifespan suggest
more complex role(s) for the UPR in operating plasma cell
apoptosis.

Thinking metabonomics
Experimental models where changes in cellular metabolism are

bound to strategic developmental decisions allow to gain
mechanistic insights on how adaptive responses are integrated.
In this respect, the terminal differentiation of plasma cells provides a suitable tool to investigate the cellular dynamics of
metabolic stress, imposed by massive development of the secretory apparatus, intensive cell proliferation followed by cell
cycle arrest, robust protein synthesis and secretion, and profound changes of lifespan control (Fig. 2). Indeed, clonally expanded lymphocytes are hallmarked by resistance to apoptosis
in the early phases of the immune response, and reduce their
death threshold thereafter, prior to apoptotic elimination of their
vast majority. A number of predictions can be made in this
model, relating, for instance, to redox imbalances. In their late
differentiation phases, before apoptotic programs are activated,
normal plasma cells produce large amounts of Igs, molecules
containing many disulfide bonds. It follows that massive
amounts of disulfides are formed each second in plasma cells,
solely to sustain Ig production. Oxidative protein folding largely
depends on two conserved resident oxidases, Ero1α and
Ero1β (Benham and Sitia, 2006; Cabibbo et al., 2000;
Mezghrani et al., 2001; Pagani et al., 2000). Accordingly, both
Ero1α and Ero1β are up-regulated during plasma cell differentiation (van Anken et al., 2003) (M. Otsu, S. Masciarelli and R.
Sitia, unpublished observation). få= îáíêç, Ero1 flavoproteins
utilize O2 as a terminal electron acceptor, producing H2O2 in
equimolar quantities to the number of disulfides formed (Gross
et al., 2006). Therefore, disulfide bond formation could cause
H2O2 by-production, possibly inducing signaling and/or oxidative stress. Ongoing redox stress in differentiating B cells is
documented by the increase in peroxiredoxin synthesis (van
Anken et al., 2003) and activation of Nrf2 and downstream
genes of the antioxidant response (our unpublished observations). In addition, we have obtained evidence for tight links and
synergies between redox and proteasomal blockade (NeriniMolteni et al., 2008). Efforts are being taken to determine
whether peroxides are formed as byproduct of exuberant Ig
synthesis. In addition to redox imbalances, amino acid supply
or energy production may become limiting during terminal
plasma cell differentiation. IgM being planar molecules 36 nm
wide and 4 nm thick, also an impressive number of vesicles
must be produced to warrant their transport, and as many to
recycle the intracellular membrane compartments.
Wide-scope studies are thus required to describe the metabolic profile of plasma cells, with emphasis on energy production, amino acid import and synthesis, aiming at identifying
metabolic correlates hallmarking plasma cell differentiation and
death decisions. jÉí~ÄçåçãáÅë= is the systematic study of a
large number of metabolites in complex biological systems and
its variations upon internal or external influences (Lutz et al.,
2005; Nicholson et al., 1999; 2002). It combines highly quantitative, reproducible, and non-destructive Nuclear Magnetic Resonance (NMR) and extreme sensitivity of Mass Spectrometry
(MS) to achieve high-throughput detection, analysis and quantification of metabolites in the extra- and intra-cellular milieu.
Changes in metabolite patterns can be exploited in clinical research for early detection of diseases, discovery of specific
biomarkers, to relate health status with lifestyle, and in drug
discovery (Goodacre et al., 2004; Nicholson et al., 1999;
Raamsdonk et al., 2001; Reo, 2002). Adopted only in few research models so far, metabonomics promises to identify characteristic profiles in tumor cells, correlating with genetic makeup or pharmaceutical treatment, or programmed cell death
(Lutz et al., 2005). Since a wealth of information is available
about the transcriptome and proteome dynamics during B cell
differentiation (Romijn et al., 2005; Sciammas and Davis, 2004;
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another regulatory link between the two systems. The recently
described pharmacological synergy between PI and inhibitors
of aggresome formation in MM cells further supports the idea
that Ig-producing cells could be particularly vulnerable to strategies that hamper proteocatabolic pathways (Catley et al., 2006;
Hideshima et al., 2005).
How the different cellular clearance systems are coordinated
is an exciting challenge. As the UPS is naturally impaired in
differentiating plasma cells (Cascio et al., 2008; Cenci et al.,
2006), this model offers the unique opportunity of investigating
whether autophagy comes into action and through what regulatory mechanisms, with obvious potential biotechnological and
therapeutic implications.

Plasma cells differentiate, overwork, and die:
a cellular model of aging

Fig. 2. A role for proteotoxic stress in plasma cell function and programmed cell death. In a first phase, adaptation to stress is required
for proliferation and differentiation, and the demanding secretory
goals are met. In a second phase, proteasome capacity falls, metabolic demands increase, and stress becomes overwhelming.
Lowering the apoptotic threshold, proteotoxic stress may constitute
an inbuilt sensor of metabolic activity evolved to limit plasma cell
lifespan and the Ab response.

Shaffer et al., 2002; van Anken et al., 2003), the plasma cell
paradigm offers a remarkable model for an unbiased assessment of metabolic correlates of protein synthesis, cellular stress,
and apoptosis, likely to unveil novel targets to manipulate Ab
responses and plasma cell malignancies.

Handling the waste
In principle, the waste generated by exuberant protein synthesis and secretion could outnumber the homeostatic capacity
and cause toxicity. In eukaryotes, misfolded proteins are degraded primarily by proteasomes and autophagy (Ding and Yin,
2008). Autophagy was initially described as a mechanism to
produce aminoacids in starved cells, through a molecular circuit
involving mTOR (Baehrecke, 2005). Later, it was shown to play
a key role in removing damaged organelles (Levine and Kroemer, 2008), macromolecular aggregates (Ding and Yin, 2008;
Pandey et al., 2007) and proteins marked by the KFERQ motif
(chaperone-mediated autophagy) (Dice, 2007). All autophagic
sub-pathways ultimately dispatch substrates to lysosomes, for
degradation by pH-dependent resident hydrolases (Levine and
Kroemer, 2008; Pandey et al., 2007). Recent data revealed
tight interactions between autophagy and proteasomal degradation (Hara et al., 2006; Iwata et al., 2005; Komatsu et al.,
2006; Rideout et al., 2004). Autophagy can compensate áå=îáîç
for an impairment of the UPS, in neurodegenerative models
associated with proteasome mutations or polyglutamine proteotoxins, through a pathway involving HDAC6 (Pandey et al.,
2007). Likewise, EDEM (a molecule involved in ER associated
proteasomal degradation) is constitutively degraded by an
autophagy-related mechanism (Cali et al., 2008), providing

Although energy consuming, protein degradation is crucial to
maintain cell homeostasis. By eliminating damaged and oxidized molecules, protein degradation keeps high protein quality
standards and minimizes the exposure to hazardous toxic
products that may alter cell function (Goldberg, 2003). Moreover, efficient protein degradation allows rapid changes of the
proteome that enable the efficient adaptation to novel environmental conditions and functional demands. Major cell remodeling is crucial during embryogenesis, morphogenesis, differentiation, or massive clonal expansions of effectors, like during
immune responses. Thus, protein degradation is important for
maintaining function (ÜçãÉçëí~ëáë). Conversely, reduced protein turnover leads to accumulation of altered proteins, resulting
in reduced cellular function, increased vulnerability, and ultimately reduced adaptive and differentiation capacity, all recognized features of senescence. Gerontologists refer to this situation as ÜçãÉçëíÉåçëáë, i.e. the characteristic, progressive constriction of homeostatic reserve that occurs with aging in every
organ system (Lund et al., 2002; Troncale, 1996). A fascinating
possibility is that reduced protein turnover may underlie the
aging process. Does proteasome activity become limiting with
age?
While a progressive loss of proteasome activity has been
proposed to play a role in a yeast model of aging (Chen et al.,
2004), direct evidence involving proteasome decline in aging
higher eukaryotes is missing. Some intriguing correlative evidence exists: cells from healthy centenarians (individuals selected by successful aging) display higher proteasome levels
than disease-associated aging individuals, and comparable to
young and healthy donors, suggesting a protective role for
improved protein homeostasis (Chondrogianni et al., 2000).
Moreover, impaired proteasome function has been proposed
as a causative factor in neurodegeneration, and potentially in a
number of heterogeneous age-related diseases involving proteotoxicity (e.g. type 2 diabetes, insulin resistance, obesity,
atherosclerosis), collectively referred to as ÅçåÑçêã~íáçå~ä= ÇáëJ
É~ëÉë (Chondrogianni and Gonos, 2005; Chondrogianni et al.,
2003; Martinez-Vicente et al., 2005). Finally, although none of
the longeve `K=ÉäÉÖ~åë mutants known revealed a proteasome
phenotype, most ÖÉêçåíçÖÉåÉë thereby identified are involved
in improving adaptation to stress (Johnson et al., 2000).
Direct (pharmacological or genetic inhibition) and indirect proteasome stress (heat shock, oxidative stress) can induce ÇÉ=åçîç
proteasome synthesis, implying the existence of sensors and
transducers (Hanna and Finley, 2007). In yeast, the transcription
factor Rpn4 promotes the expression of the various proteasome
subunits: Rpn4 is itself a proteasome substrate, providing an
elegant and robust inbuilt regulatory circuit (Fleming et al., 2002;
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Mannhaupt et al., 1999; Xie and Varshavsky, 2001). So far, however, no Rpn4 orthologs have been found in mammalian cells,
and very little is known on the mechanisms that regulate proteasome biogenesis in higher eukaryotes (Lundgren et al., 2003;
2005; Meiners et al., 2003).
In the absence of mechanistic insights, the possibility that aging is somehow linked to reduced proteasome activity remains an
intriguing possibility awaiting solid experimental evidence. At the
cellular level, however, the plasma cell model can be viewed as a
paradigm for aging, allowing the study of the complex relationships between proteasomes, cell function, adaptive responses
(~ìíçéÜ~Öó, éêçíÉ~ëçãÉ=ëíêÉëë=êÉëéçåëÉ) and lifespan.

Plasma cells proteostasis
Recently, a stimulating model has been proposed (cçäÇbñ) for
predicting the fate of proteins in the secretory compartment
(Wiseman et al., 2007). Essentially, the model integrates the
necessity of a given polypeptide to fold, be transported or otherwise degraded. Viewed in a similar way, protein homeostasis,
or éêçíÉçëí~ëáë=(Balch et al., 2008), could fulfill two main tasks
of plasma cell differentiation: efficient secretion followed by
death of effector cells. This simplified view of plasma cell function may help to integrate all the data accumulating on this
process, which represents both an overwhelming and exciting
future challenge. In particular, thinking of the new proteome as
functionally adapted to Ig folding and secretion may lead to a
better understanding of ER folding and export dynamics. This
approach has been useful to identify single players, like ERp44
(Anelli et al., 2002), but it could be also adapted to the understanding of global ER pathways.
Even though protein - particularly Ig - secretion relies on
complex protein networks, FoldEx simplifies the ER-associated
machineries devoted to degradation (ERAD), folding (ERAF),
and export (ERAE) as single enzymes (Wiseman et al., 2007).
One of the predictions of this model is that modifying ERAD
function affects ER export, a modest inhibition being able to
improve protein secretion. This may provide a framework for
understanding the teleological purpose for the down-regulation
of proteasomes during plasma cell differentiation, in apparent
contrast with induction of the ER folding and export machineries (Cenci et al., 2006; van Anken et al., 2003). A reduced
ERAD may provide a mechanism to ameliorate protein secretion while limiting cellular lifespan: two birds with a stone. Moreover, the death program would be triggered by Ab production: a
sensible inbuilt counter for the humoral response. Beyond
physiology, the study of how these different ER pathways are
balanced should be extended to plasma cell diseases, e.g.
autoimmune disorders or plasma cell cancers (MM or light
chain amyloidosis), as this would provide potential targets to
modulate plasma cell lifespan and immunoglobulin secretion.
It is important to understand whether the assumptions in the
FoldEx model are universally applicable to other contexts. One
assumption is that ERAD and ERAF directly compete for the
same substrate (the unfolded protein). A competition between
ERAE and ERAD can also be envisaged, particularly for what
concerns glycoprotein substrates (Ruddock and Molinari,
2006): accordingly, we have recently observed that inhibiting
ERGIC-53, a lectin of the export machinery, leads to increased
proteasomal degradation of SUMF1/FGE (Fraldi et al., 2008).
Nevertheless, mutual feeding between a simplified global
modeling and single ER protein studies are bound to widen our
understanding of ER function. Indeed, plasma cells stand as an
outstanding model for such approaches, and anticipate the time
when we will be able to link the ER folding and export tasks to

other ER functions such as the apoptotic pathway.

CONCLUDING REMARKS
“^ää= íÜáåÖë= ãìëí= é~ëë”, G. Harrison sang in 1970, unwillingly
referring to plasma cells, essential immune effectors. But understanding Üçï things pass may generate great advances in
our understanding of the regulatory circuits setting the lifespan
of Ab secretors, which might apply to all protein factories of our
body. Sure, having plasma cells commit suicide after accomplishment of their mission serves the purpose of terminating the
Ab response, thus preventing immune-related complications. A
sure socially-oriented, generous behavior. Even more generous,
as it provides a goldmine for bioscientists. After all, “çåäó= íÜÉ=
ÖççÇ=ÇáÉ=óçìåÖ”.
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