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In addition to serving as the entry point for newly trans-
lated polypeptides making their way through the secre-
tory pathway, the endoplasmic reticulum (ER) also synthe-
sizes many lipid components of the entire endomembrane
system. A report published in this issue implicates a sig-
naling pathway known to respond to ER unfolded protein
load in the control of phospholipid biosynthesis by the or-
ganelle (Sriburi et al., 2004). The reasonable notion that
demand for ER membrane is integrated with protein pro-
cessing capacity was initially suggested by genetic analy-
sis of yeast. The new data lend direct support for this idea
and imply interesting mechanistic possibilities for how this
coupling develops.

 

The lumen and membranes of the ER contain hundreds of dif-
ferent resident proteins that deal with the influx of newly syn-
thesized, unfolded, and unassembled ER client proteins. This
apparatus of resident proteins and membranes promotes early
steps in the biogenesis of soluble and membrane-bound client
proteins, which in their mature form function extracellularly
and throughout the endomembrane system. These steps in-
clude translocation across the ER membrane, signal sequence
cleavage, specific posttranslational modification, chaperone-
assisted folding and complex assembly, quality control and
degradation of malfolded protein, and ER-to-Golgi traffick-
ing. Although the aforementioned apparatus is present in all
eukaryotic cells, the extent to which it is present varies con-
siderably among different cell types and is influenced by the
cell’s physiological state (Nunnari and Walter, 1996). Tran-
scriptional control accounts for some of this variation, as cells
with an elaborate ER have higher steady-state levels of
mRNAs that encode resident proteins performing the func-
tions listed above. Furthermore, it is clear that a developed
ER and endomembrane system also require a greater lipid bi-
layer mass, implying that there is some level of coordination
between expansion of the protein machinery and the lipids in
which it is embedded.

Identification of the unfolded protein response (UPR)
provided the first clues as to how such a circuitry might func-
tion; it was noted that pharmacological and genetic manipula-
tions that increased misfolded client protein load on the ER
machinery (causing so-called ER stress) led to transcriptional
up-regulation of some of its components (Kozutsumi et al.,
1988). Since that finding, many details of the signaling path-
ways of this UPR have been worked out, first in yeast and later
in mammalian cells (for reviews see Kaufman, 1999; Patil and
Walter, 2001). In mammals, three ER-localized upstream stress
transducers respond to perturbations in the lumen of the ER
and transmit the signal across the ER membrane to downstream
effectors, culminating in changes in gene expression in the nu-
cleus and translation in the cytoplasm (Mori, 2000). The cur-
rent view is that the signaling action of each transducer is re-
pressed by free ER chaperones (i.e., chaperones unengaged by
client proteins), allowing these signaling devices to measure
the functional capacity of the organelle by gauging its chaper-
one reserve (for review see Patil and Walter, 2001). This aspect
of the UPR, resembling the phylogenetically older heat shock
response (Bertolotti et al., 2000), fits well with current thinking
about quality control in the ER; client proteins that have passed
quality control dissociate from chaperones (Ellgaard et al.,
1999), rendering average chaperone occupancy a suitably in-
clusive measure of the organelle’s functional reserve. The gene
expression program activated by the UPR has also proven to be
appropriately broad. Exposure of cells to agents that impair
protein folding in the ER up-regulates hundreds of genes en-
coding components that function at all levels of the endomem-
brane system (Travers et al., 2000; Murray et al., 2004). These
observations suggest that cells monitor client protein load at
the entry point and use that information to remodel the entire
endomembrane system.

The new work by Sriburi et al. (2004) focuses on the
most conserved arm of the UPR, that mediated by IRE1. IRE1
is an ER-localized transmembrane kinase-endoribonuclease
conserved in all known eukaryotes. Genetic studies in yeast
showed that ER stress–activated IRE1 specifically cleaves the
mRNA encoding its effector, the transcription factor Hac1p,
leading to a noncanonical splicing event, which in turn alters
mRNA structure and the coding region, ultimately promoting
Hac1p expression and UPR signaling (for review see Patil and
Walter, 2001). The transcription factor X-box binding protein 1
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(XBP1) proved to be the metazoan homologue of HAC1, and
ER stress–mediated IRE1-dependent splicing of the 

 

XBP1

 

mRNA is required for XBP1 protein expression (Yoshida et al.,
2001; Calfon et al., 2002). This finding was especially interest-
ing in light of an observation reported a few months earlier,
whereby XBP1 is required in B cells for their differentiation to
plasma cells (Reimold et al., 2001). Acquisition of an elaborate
ER, required for high capacity immunoglobulin secretion, is
one of the striking aspects of the transition from B cells to
plasma cells, and is blocked in the XBP1 mutants. Because
XBP1 function is absolutely subordinate to activation by IRE1,
these observations led to the speculation that client protein load
plays an important role in remodeling and expanding the ER,
through activation of an IRE1–XBP1 signaling pathway (Yo-
shida et al., 2001; Calfon et al., 2002).

A key role for XBP1 in promoting ER expansion in de-
veloping B cells is now supported by the observation that en-
forced, retroviral expression of the active, spliced form of the

 

XBP1

 

 mRNA in a B cell line was sufficient to cause expansion
of the endomembrane system (Shaffer et al., 2004). Sriburi et
al. (2004) have independently arrived at the same conclusion,
and have gone on to show that enforced, retroviral expression
of active XBP1 also led to increased activity of key enzymes
involved in phospholipid biosynthesis, in some cases up to six-
fold. This remarkable up-regulation of choline phosphotrans-
ferase activity in lysates of cells with deregulated XBP1 activ-
ity mimicked the increase in enzyme activity observed during
normal B cell differentiation and was associated with a marked
increase in cellular phospholipid content (normalized to protein
content). This is the sort of biochemical effect that would be
expected of a signaling pathway promoting membrane expan-
sion of the endomembrane system.

The specific dependence on IRE1–XBP1 in this lipid re-
sponse might fit into a recently proposed temporal model of
XBP1 function (Kaneko and Nomura, 2003; Yoshida et al.,
2003). It was noted that expression of key proteins for ER deg-
radation is controlled by the slower IRE1–XBP1-dependent
branch of the UPR, which allows cells to first fold abnormal
proteins (by activities induced by the faster branches of the
UPR) before inducing genes that promote a last-ditch destruc-
tion of recalcitrant malfolded client proteins (Lee et al., 2003;
Yoshida et al., 2003). This model predicts that in mammals, the
IRE1–XBP1 branch of the UPR is biased toward gene expres-
sion that is needed to adapt to long-term or chronic ER stress.
In the same manner, it would make sense to reserve expansion
of the entire ER for situations in which the burden of client pro-
teins heralds a long-term commitment to increased ER func-
tion, such as in plasma cells and, perhaps, other professional
secretory cells.

The mechanistic aspects of IRE1–XBP1-stimulated en-
domembrane expansion remain poorly understood. Interfering
with phospholipid biosynthesis activates the UPR in both yeast
and mammalian cells (Cox et al., 1997; van der Sanden et al.,
2003). However, it is not clear whether UPR signaling during
phospholipid limitation is triggered indirectly by a primary per-
turbation to ER function that secondarily affects client protein
folding and activates ER stress sensors, such as IRE1, by the

canonical mechanisms, or whether a change in the lipid envi-
ronment modulates these sensor’s activities more directly. It is
noteworthy, in this regard, that all three upstream ER stress
sensors have transmembrane domains that could be influenced
by changes in the lipid environment. On the downstream side,
we are faced with the conundrum that in cultured mammalian
cells, XBP1 contributes modestly to the overall gene expres-
sion program of the UPR (Lee et al., 2003; Yoshida et al.,
2003; Shaffer et al., 2004); IRE1 makes but a similar mod-
est contribution (suggesting the absence of other downstream
IRE1 effectors; unpublished data). Furthermore, the known
XBP1 target genes do not immediately explain the increased
phospholipid biosynthesis and membrane biogenesis. Given
the important role of posttranslational regulation in controlling
choline phosphotransferase activity, the effects of XBP1 might
be rather indirect.

In yeast, components of the UPR are required for cell sur-
vival when inositol, a precursor in phospholipid biosynthesis,
is limited. And the UPR plays an ill-defined but important role
in the sustained up-regulation of genes involved in inositol bio-
synthesis (Cox et al., 1997). However, it is unclear whether the
inositol auxotrophy of 

 

ire1

 

 and 

 

hac1

 

 yeast reflects inadequate
phospholipid biosynthesis or whether it reflects some other
problem. Both IRE1 and XBP1 are essential in mammals
(knockout mice die at early embryonic stages), and XBP1 is re-
quired for plasma cell development; however, the contribution
of defective phospholipid biosynthesis, or defective membrane
biogenesis, to these phenotypes is also not known.

It is interesting to consider how this link between the
UPR and membrane biogenesis is integrated with other path-
ways controlling lipid biosynthesis. It is noteworthy that dereg-
ulated XBP1 did not affect cellular cholesterol levels (Sriburi
et al., 2004). Thus, the selective increase in phospholipid con-
tent is consistent with the XBP1-dependent membrane ex-
pansion predominantly affecting the cholesterol-deficient ER
membranes. This increase is also consistent with separate con-
trol of sterol and phospholipid biosynthesis: the former, by end
product inhibition; the latter, by physiological stress signal-
ing the need for more ER. However, intriguing connections
abound. The activation of the UPR transducer ATF6 proceeds
by precisely the same transport-regulated mechanism that af-
fects cholesterol-regulated activation of SREBPs, the central
transcription factors of cholesterol homeostasis (Ye et al.,
2000). Furthermore, activation of the UPR is now thought to
contribute to the cellular toxicity of cholesterol that is associ-
ated with certain clinical conditions (Feng et al., 2003). Al-
though the mechanistic ties between ER biogenesis and choles-
terol physiology remain to be determined, they too will be
interesting and likely important.

 

Submitted: 20 August 2004
Accepted: 27 August 2004

 

References

 

Bertolotti, A., Y. Zhang, L. Hendershot, H. Harding, and D. Ron. 2000. Dy-
namic interaction of BiP and the ER stress transducers in the unfolded
protein response. 

 

Nat. Cell Biol.

 

 2:326–332.



 

REGULATING MEMBRANE LIPIDS • RON AND HAMPTON

 

25

 

Calfon, M., H. Zeng, F. Urano, J.H. Till, S.R. Hubbard, H.P. Harding, S.G.
Clark, and D. Ron. 2002. IRE1 couples endoplasmic reticulum load to
secretory capacity by processing the 

 

XBP-1

 

 mRNA. 

 

Nature.

 

 415:92–96.

Cox, J.S., R.E. Chapman, and P. Walter. 1997. The unfolded protein response
coordinates the production of endoplasmic reticulum protein and endo-
plasmic reticulum membrane. 

 

Mol. Biol. Cell.

 

 8:1805–1814.

Ellgaard, L., M. Molinari, and A. Helenius. 1999. Setting the standards: quality
control in the secretory pathway. 

 

Science.

 

 286:1882–1888.

Feng, B., P.M. Yao, Y. Li, C.M. Devlin, D. Zhang, H.P. Harding, M. Sweeney,
J.X. Rong, G. Kuriakose, E.A. Fisher, et al. 2003. The endoplasmic retic-
ulum as the site of cholesterol-induced cytotoxicity in macrophages. 

 

Nat.
Cell Biol.

 

 5:781–792.

Kaneko, M., and Y. Nomura. 2003. ER signaling in unfolded protein response.

 

Life Sci.

 

 74:199–205.

Kaufman, R.J. 1999. Stress signaling from the lumen of the endoplasmic reticu-
lum: coordination of gene transcriptional and translational controls.

 

Genes Dev.

 

 13:1211–1233.

Kozutsumi, Y., M. Segal, K. Normington, M.J. Gething, and J. Sambrook. 1988.
The presence of malfolded proteins in the endoplasmic reticulum signals
the induction of glucose-regulated proteins. 

 

Nature.

 

 332:462–464.

Lee, A.H., N.N. Iwakoshi, and L.H. Glimcher. 2003. XBP-1 regulates a subset
of endoplasmic reticulum resident chaperone genes in the unfolded pro-
tein response. 

 

Mol. Cell. Biol.

 

 23:7448–7459.

Mori, K. 2000. Tripartite management of unfolded proteins in the endoplasmic
reticulum. 

 

Cell.

 

 101:451–454.

Murray, J.I., M.L. Whitfield, N.D. Trinklein, R.M. Myers, P.O. Brown, and D.
Botstein. 2004. Diverse and specific gene expression responses to
stresses in cultured human cells. 

 

Mol. Biol. Cell.

 

 15:2361–2374.

Nunnari, J., and P. Walter. 1996. Regulation of organelle biogenesis. 

 

Cell.

 

 84:
389–394.

Patil, C., and P. Walter. 2001. Intracellular signaling from the endoplasmic
reticulum to the nucleus: the unfolded protein response in yeast and
mammals. 

 

Curr. Opin. Cell Biol.

 

 13:349–355.

Reimold, A.M., N.N. Iwakoshi, J. Manis, P. Vallabhajosyula, E. Szomolanyi-
Tsuda, E.M. Gravallese, D. Friend, M.J. Grusby, F. Alt, and L.H. Glim-
cher. 2001. Plasma cell differentiation requires the transcription factor
XBP-1. 

 

Nature.

 

 412:300–307.

Shaffer, A.L., M. Shapiro-Shelef, N.N. Iwakoshi, A.-H. Lee, S.-B. Qian, H.
Zhao, X. Yu, L. Yang, B.K. Tan, and A. Rosenwald. 2004. XBP1, down-
stream of Blimp-1, expands the secretory apparatus and other organelles,
and increases protein synthesis in plasma cell differentiation. 

 

Immunity.

 

21:81–93.

Sriburi, R., S. Jackowski, K. Mori, and J.W. Brewer. 2004. XBP1: a link be-
tween the unfolded protein response, lipid biosynthesis, and biogenesis
of the endoplasmic reticulum. 

 

J. Cell Biol.

 

 167:35–41.

Travers, K.J., C.K. Patil, L. Wodicka, D.J. Lockhart, J.S. Weissman, and P.
Walter. 2000. Functional and genomic analyses reveal an essential coor-
dination between the unfolded protein response and ER-associated deg-
radation. 

 

Cell.

 

 101:249–258.

van der Sanden, M.H., M. Houweling, L.M. van Golde, and A.B. Vaandrager.
2003. Inhibition of phosphatidylcholine synthesis induces expression of
the endoplasmic reticulum stress and apoptosis-related protein CCAAT/
enhancer-binding protein-homologous protein (CHOP/GADD153). 

 

Bio-
chem. J.

 

 369:643–650.

Ye, J., R.B. Rawson, R. Komuro, X. Chen, U.P. Dave, R. Prywes, M.S. Brown,
and J.L. Goldstein. 2000. ER stress induces cleavage of membrane-
bound ATF6 by the same proteases that process SREBPs. 

 

Mol. Cell.

 

6:1355–1364.

Yoshida, H., T. Matsui, A. Yamamoto, T. Okada, and K. Mori. 2001. XBP1
mRNA is induced by ATF6 and spliced by IRE1 in response to ER stress
to produce a highly active transcription factor. 

 

Cell.

 

 107:881–891.

Yoshida, H., T. Matsui, N. Hosokawa, R.J. Kaufman, K. Nagata, and K. Mori.
2003. A time-dependent phase shift in the mammalian unfolded protein
response. 

 

Dev. Cell.

 

 4:265–271.


