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XBP-1 is a CREB/ATF family transcription factor highly
expressed in hepatocellular carcinomas. Here we report
that XBP-1 is essential for liver growth. Mice lacking
XBP-1 displayed hypoplastic fetal livers, whose reduced
hematopoiesis resulted in death from anemia. Neverthe-
less, XBP-1-deficient hematopoietic progenitors had no
cell-autonomous defect in differentiation. Rather, hepa-
tocyte development itself was severely impaired by two
measures: diminished growth rate and prominent apop-
tosis. Specific target genes of XBP-1 in the liver were
identified as aFP, which may be a regulator of hepato-
cyte growth, and three acute phase protein family mem-
bers. Therefore, XBP-1 is a transcription factor essential
for hepatocyte growth.
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Members of the CREB(CRE-binding protein)/ATF family
of transcription factors form dimers and bind to cAMP
response elements found in a large number of cellular
promoters. The diversity of genes regulated by this large
group of transcription factors is reflected in the essential
functions of individual factors in fetal survival, neuro-
logical development, bone growth, and immune system
activation (Reimold et al. 1996a; Rudolph et al. 1998;
Maekawa et al. 1999). Recently, an important role in
coordinating the timing of hepatocyte proliferation in
the regenerating liver was demonstrated for the CREB/
ATF family member CREM (CRE modulator; Servillo et
al. 1998). In addition, ATF-3 was found to be induced in
regenerating liver with the kinetics of an early response
gene (Chen et al. 1996).

The functions of a further CREB/ATF family member,
XBP-1 (X-box binding protein-1), have not been defined
in detail. This transcription factor is expressed ubiqui-
tously in adults but is found mainly in exocrine glands
and bone precursors in the embryonic mouse (Liou et al
1990; Clauss et al. 1993). In vitro studies have demon-
strated down-regulation of the XBP-1 gene by BSAP (B
cell-specific activator protein), dimerization of XBP-1
protein with c-Fos, and a decrease in MHC class II gene
expression when antisense XBP-1 sequences are intro-
duced into Raji cells (Ono et al. 1991; Reimold et al.
1996b). Recently, the expression of XBP-1 was found to
be increased dramatically in hepatocellular carcinomas
(Kishimoto et al 1998), raising the possibility that XBP-1
may have a function in the liver, as well.

Results

Disruption of the XBP-1 gene

To define the actions of the XBP-1 protein in vivo, the
XBP-1 gene was disrupted in embryonic stem (ES) cells
by replacing a 0.8-kb fragment containing parts of exons
1 and 2, as well as the intervening intron with a neomy-
cin resistance gene, resulting in a frameshift of the re-
maining amino acids (Fig. 1A). One of three ES clones
that had undergone targeted disruption of the XBP-1
gene transmitted the disrupted allele to offspring and
XBP-1+/− mice were intercrossed to generate XBP−/−

mice, as demonstrated by Southern blot analysis of ge-
nomic DNA from embryos (Fig. 1B). Northern blot
analysis of total cellular RNA made from +/+ and −/−
embryos revealed an absence of a correctly sized XBP-1
transcript in −/− samples and the appearance of a fainter,
higher molecular weight transcript (Fig. 1C), which also
hybridized with a neomycin cDNA probe. Western blot
analysis of extracts from XBP-1 +/+, +/−, and −/− fetal
livers using a monoclonal antiserum specific for XBP-1
revealed an absence of immunoreactive XBP-1 protein in
the −/− samples (Fig. 1D).

Embryonic lethality from liver hypoplasia
in XBP-1−/− mice

Matings of heterozygous XBP-1 mice produced no −/−
live births. Of >400 pups born, no homozygotes were
obtained, suggesting that XBP-1 is necessary for survival.
Genotyping of litters harvested from serial timed mat-
ings revealed embryonic lethality beginning at E12.5
(Fig. 1E). By E13.5, XBP-1−/− embryos could be recog-
nized by their growth retardation, pale coloration, and
hypoplastic livers. Inspection of −/− livers showed them
to be markedly reduced in size compared to normal
E13.5 livers (Fig. 2A), and total liver cell counts were
15% of +/+ livers at this age. Histologic analysis of −/−
E14.5 livers revealed reduced cellularity and increased
empty space, indicating less dense packing of cells in the
−/− as compared to the control livers (Fig. 2B,C).
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Because the fetal liver becomes the main hematopoi-
etic organ by E13.5, fetal blood counts were determined
to assess whether severe liver hypoplasia correlated with
abnormal red blood cell production. Anemia became evi-
dent in XBP-1−/− embryos after E11.5 as hematopoiesis
switched from the yolk sac to the fetal liver. By E14.5,
the total blood counts of surviving XBP-1−/− mice were
20% of the values found in normal littermates (Fig. 2D).
Cytospin preparations of peripheral blood at E13.5 re-
vealed that −/− erythroid cells were predominantly im-
mature, nucleated cells of yolk sac origin, whereas +/+
erythroid cells were 80% liver-derived nonnucleated
cells (Fig. 2E,F). Cytospin preparations of E13.5 liver cells
demonstrated the presence of erythroid and myeloid lin-
eage cells at all stages of maturity in −/− specimens,
though in reduced numbers consistent with the hypo-
plastic livers (not shown).

To compare the potential of +/+ and −/− hematopoi-
etic progenitor cells to develop into the erythroid and
myeloid lineages, in vitro methylcellulose colony assays
were performed using fetal AGM (aorto-gonad meso-
nephros), yolk sac, or liver as the source of progenitor
cells (Muller et al. 1994; Wang et al. 1997). All three of
these tissues gave rise to equivalent numbers of ery-
throid and myeloid colonies from +/+ and −/− samples

(not shown), indicating that pluripotent hematopoietic
stem cells are found in all three locations. Although −/−
fetal livers are severely hypoplastic, some hematopoietic
stem cells do migrate there and have the potential to give
rise to all hematopoietic lineages, as also seen in cyto-
spin preparations of fetal liver (not shown). Because the
XBP-1−/− hematopoietic committed progenitor cells
were able to proliferate and differentiate normally when
tested in vitro, the anemia seen in these embryos cannot
be attributed to a hematopoietic cell-autonomous defect.
These findings were reinforced by an analysis of chi-
meric mice derived from XBP-1-deficient ES cells in the
RAG-2-deficient complementation system. In these ani-
mals, the livers were almost exclusively of RAG-2-defi-
cient cell origin, whereas reconstitution of hematopoi-
etic elements such as B and T lymphocytes from XBP-1-
deficient precursors occurred readily (A.M. Reimold, F.
Alt, and L.H. Glimcher, in prep.). Therefore, although
XBP-1-deficient ES cells do not contribute to normal
liver development, they are not defective in the recon-
stitution of hematopoietic elements.

XBP-1 expression in the developing liver

The fetal liver begins its development as an outpouching
of foregut endoderm (Gualdi et al. 1996). At E10.5, the
liver bud was found to express high levels of XBP-1
mRNA by in situ hybridization (Fig. 3). As this repre-
sents a time point before significant population of the
liver by hematopoietic cells, it demonstrates that XBP-1
is expressed in hepatic parenchymal cells. Northern blot-
ting of RNA also showed high levels of XBP-1 mRNA in
hepatic stromal cell lines and in HepG2 hepatocarci-
noma cells (not shown). This evidence further supports a
role for XBP-1 in liver growth rather than in hematopoi-
etic cell division and differentiation.

Reduced growth rate and increased apoptosis
in XBP-1-deficient livers

Two mechanisms that account for the severely hypo-
plastic livers in XBP-1−/− embryos were identified: re-
duced growth rate and increased apoptosis. To directly
demonstrate reduced cell growth, mice at day 13.5 of
pregnancy were injected with BrdU, and the fetuses were
harvested and analyzed for BrdU incorporation. Wild-
type fetal livers showed heavy nuclear staining in the
entire liver, whereas XBP-1-deficient samples had less
staining with significant areas remaining unstained, es-
pecially toward the center of the liver (Fig. 4A–D). The
reduced BrdU incorporation in XBP-1−/− livers directly
demonstrates a subnormal rate of growth in this organ.

Apoptosis was identified morphologically (Fig. 4E,F)
and by TUNEL staining of E13.5 fetal livers (Fig. 4G,H),
showing a markedly elevated rate of apoptotic hepato-
cytes in XBP-1−/− samples. In contrast, the apoptotic
cells identified in +/+ livers were generally of the my-
eloid lineage (Fig. 4E). The use of chloroacetate esterase,
which stains select myeloid lineage cells but not the
liver parenchyma, was used to confirm that hepatocytes,

Figure 1. Disruption of the XBP-1 gene. (A) Parts of XBP-1
exons 1 and 2 were deleted and replaced by the neo resistance
gene, in the opposite orientation from XBP-1. (B) Southern blot-
ting of genomic DNA from yolk sacs of XBP-1 +/+, +/−, and −/−
embryos. (C) Northern blot of whole embryo RNA from XBP-1
+/+ and −/− embryos, probed with 32P-labeled XBP-1 coding
region cDNA. (D) Western blot of nuclear cell extracts made
from XBP-1 +/+ and −/− fetal livers and probed with XBP-1
monoclonal antibody. (E) Diminished survival of XBP-1−/− em-
bryos seen in offspring of XBP-1+/− × XBP-1+/− matings geno-
typed by Southern blotting of genomic DNA. No live XBP-1−/−

embryos were identified past E14.5. (ND) Not determined.

XBP-1 controls liver growth

GENES & DEVELOPMENT 153

 Cold Spring Harbor Laboratory Press on August 23, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


but not hematopoietic cells, accounted for most of the
apoptotic cells in −/− liver samples (not shown).

XBP-1 induction after partial hepatectomy

To further study the role of XBP-1 in liver growth and
gene induction, partial hepatectomies were performed
on normal adult mice. In this model the remnant liver
reverts to a quasifetal phenotype and undergoes rapid
cell division to re-establish the original weight of the
organ within 10 days (Michalopoulos and DeFrances
1997). Among the first steps in this process is the acti-
vation of preformed transcription factors such as NF-kB
or STAT3 (Taub 1996). These factors then induce tran-
scription of immediate early genes, many of which en-
code transcription factors such as AP-1, NF-kB, and cer-
tain CREB/ATF family members such as CREB and
CREM (Servillo et al. 1998; Taub 1996). Results of partial
hepatectomies in mice now demonstrate that XBP-1 is
an immediate early gene in this process, induced within
30 min of surgery but having a prolonged peak of induc-
tion past 16 hr (Fig. 5A). This time course is similar to
the induction of C/EBPb(CCAAT/enhancer binding pro-
teinb), which peaks slightly earlier at 14 hr post-hepa-
tectomy. It is expected that XBP-1 acts as a homodimer
or heterodimer to bind at CRE-like sites and, in turn,
up-regulates the delayed-early genes involved in liver re-
generation. The decreased liver cell proliferation seen in
XBP-1−/− embryos indicates that XBP-1, like CREB and
CREM, is a CRE-binding transcription factor involved in
hepatic proliferation.

Identification of XBP-1 target genes
in liver

To identify target genes for XBP-1 action
in the liver, differential hybridization to
microarray chips was compared in
samples derived from E13.5 +/+ or −/−
livers. The genes for a1-antitrypsin
(a1AT) and a-fetoprotein (aFP) were
found to be expressed at significantly re-
duced levels in −/− samples, as also
shown in Northern blots of +/+ and −/−
fetal liver mRNA (Fig. 5B). a1AT belongs
to the family of acute phase proteins,
whereas aFP is expressed strongly in di-
viding hepatocytes. Two other acute
phase proteins, transthyretin and apoli-
poprotein A1 (apoA-1) were also found to
have decreased levels of mRNA in −/−
livers, whereas multiple other acute
phase proteins and hepatocyte-expressed
genes [vitamin D-binding protein, C-re-
active protein, serum amyloid P, a1-acid
glycoprotein, hepatocyte growth factor
(HGF)] were expressed equally in +/+ and
−/− samples (Fig. 5B; data not shown).
This indicates that XBP-1-deficient hepa-
tocytes have defects in the synthesis of
specific gene products rather than a glob-
al reduction in transcription.

To demonstrate direct regulation of the a1AT pro-
moter by XBP-1, transient transfections were performed
using an XBP-1 expression plasmid and a1AT luciferase
reporter constructs in the HepG2 cell line. Although this
cell line contains endogenous XBP-1, overexpression of
XBP-1 could transactivate the a1AT promoter by 3.5-fold
(Fig. 5C). As controls for specificity of the XBP-1 effect,
the use of a frameshifted XBP-1 expression construct or
the mutation of an XBP-1 target site in the a1AT pro-
moter eliminated all transactivation. Transactivation of
an aFP reporter construct by the XBP-1 expression plas-
mid was also demonstrated in vitro (not shown). There-

Figure 3. XBP-1 expression during liver growth. In situ hybrid-
ization of a wild-type E10.5 embryo showing XBP-1 signal in the
developing liver. (L) Liver; (H) Heart.

Figure 2. Liver hypoplasia and anemia in XBP-1-deficient embryos. (A) Hypoplasia
of E13.5 XBP-1−/− embryonic livers (middle and left) compared to a XBP-1+/+ litter-
mate control (right). (B,C) Sections of E14.5 +/+ and −/− livers, hematoxylin–eosin
stain, 200× magnification. (D) Peripheral blood counts of +/+ and −/− E14.5 and E11.5
embryos. (E,F) Cytospin preparations of blood from E13.5 +/+ and −/− embryos.
Nucleated red blood cells represent cells of yolk sac origin; nonnucleated cells derive
from liver hematopoiesis.
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fore, XBP-1 has a specific transcriptional effect on these
two hepatocyte-expressed genes.

Discussion

The phenotype of XBP-1-deficient embryos shows simi-
larities to several mouse models in which gene disrup-
tions result in abnormal liver development. Disruption
of the homeobox gene Hlx resulted in initial liver speci-
fication but only minimal growth and represents an ear-
lier, more severe defect than XBP-1 deficiency (Hentsch
et al. 1996). Abnormal liver growth has been described in
HGF/SF (hepatocyte growth factor/scatter factor)-defi-
cient embryos with a phenotype similar to the XBP-1−/−

embryos: loosened liver structure, enlarged sinusoidal
spaces, and dissociation of parenchymal cells (Schmidt
et al. 1995; Uehara et al. 1995). However, HGF/SF
mRNA levels are normal in XBP-1−/− embryos and in
vitro treatment of hepatocytes with HGF/SF did not lead
to induction of XBP-1 (data not shown). Therefore, XBP-1
is unlikely to be an important element in the HGF/SF
signaling pathway. MTF-1 deficiency resulted in a disso-
ciated hepatic epithelial compartment and enlarged si-
nusoids, but unlike XBP-1−/− embryos, no significant de-
crease in liver size and no anemia (Gunes et al. 1998).
Deficiency in c-Jun also led to hypoplasia and dissocia-
tion of liver cells and death by E15.5 (Hilberg et al. 1993;

Johnson et al. 1993), but c-jun mRNA levels were normal
in XBP-1−/− embryos. A small liver can be the result of
abnormal hematopoietic cell proliferation, as described
in c-myb-deficient embryos (Mucenski et al. 1991), or
abnormal erythroid cell proliferation and differentiation,
as seen in Rb−/− embryos (Jacks et al. 1992; Lee et al.
1992). In contrast, we found normal in vitro proliferative
and differentiative function of XBP-1−/− hematopoietic
progenitor cells. The homing of hematopoietic cells to
the liver was the presumed defect in the absence of b1
integrin (Faessler and Meyer 1995; Hirsch et al. 1996),
but XBP-1−/− livers showed normal hematopoietic poten-
tial on a per-cell basis. Finally, apoptosis has contributed
to liver failure in Rb−/−, RelA−/− (Beg et al. 1995), and
HGF/SF−/− embryos (Schmidt et al. 1995; Uehara et al.
1995), as was also seen in XBP-1−/− embryos. XBP-1 is
not known to act directly upstream of these multiple
factors that are important in normal hepatogenesis, but
its potential to be a downstream target for these factors
has not been evaluated in most cases. In addition, it is

Figure 5. XBP-1 induction in the acute phase response. (A)
Gene induction after partial hepatectomy. Total cellular RNA
collected in a time course after partial hepatectomy in +/+ mice
was probed sequentially with the cDNAs for XBP-1, C/EBPb,
and control b2 microglobulin. (B) Northern blot of mRNA pre-
pared from +/+ (E12.5 or E13.5) or −/− (E13.5) fetal livers, or
from the embryo torsos with the livers removed (body). The blot
was sequentially hybridized with probes for a1AT, aFP, trans-
thyretin, apoA-1, vitamin D binding protein (VDBP), C-reactive
protein (CRP), serum amyloid P (SAP), and g-actin. (C) Trans-
fections of an a1AT reporter construct or an a1AT reporter con-
taining a mutation of the −1100-bp presumptive XBP-1 binding
site (mut a1AT; the ACGT core changed to GTAG) (Clauss et al.
1996), along with an XBP-1 expression plasmid (XBP) or a frame-
shifted mutant XBP-1 plasmid (XBP-D) (Reimold et al. 1996b).

Figure 4. Reduced growth rate and increased apoptosis in XBP-
1-deficient livers. (A,B) BrdU labeling of E13.5 XBP-1+/+ and
XBP-1−/− embryos. (C,D) Higher power views. The −/− liver (L)
is smaller in size and labels less intensely than the +/+ control.
(E,F) Congo red staining of E13.5 livers. Arrows indicate mor-
phologically apoptotic cells, which were mainly hematopoietic
cells in +/+ samples and hepatocytes in −/− samples. (G,H)
TUNEL staining (in red) of E13.5 +/+ and −/− livers.
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possible that XBP-1−/− hepatic parenchymal cells may be
defective in their ability to support proliferation of he-
matopoietic progenitor cells. Analysis of mRNA has not
identified altered levels of b1 integrin, HGF/SF, c-myb,
c-kit ligand, AML-1, Rb, or c-jun in XBP-1−/− embryos
(not shown), making these genes unlikely to be major
targets of regulation by XBP-1 during liver development.

Instead, our data have identified four genes expressed
in hepatocytes during liver growth as specific targets of
XBP-1. The induction of acute phase proteins represents
liver-specific gene activation, whether during embryonic
development or in adults after injury from partial hepa-
tectomy, inflammation, infection, toxins, or malig-
nancy. The systemic role of some acute phase proteins
has been defined in detail, such as the serum protease
inhibition by a1AT or the antiatherogenic properties of
apoA-1 (Andersson 1997; Gabay and Kushner 1999). A
reduction in the levels of these acute phase proteins re-
flects a decrease in specific hepatocyte protein synthesis,
but individually, deficiency of these genes is not known
to result in the defects observed in XBP-1-deficient liv-
ers. However, the regulation of aFP by XBP-1 provides
one possible explanation for the growth defect seen in
XBP-1-deficient hepatocytes. aFP is highly expressed in
fetal liver and yolk sac and represents one of the earliest
phenotypic markers of the rapidly growing fetal liver as
it develops from the foregut endoderm (Gualdi et al.
1996). aFP expression is down-regulated in adult liver
but becomes strongly induced when hepatocytes are
stimulated to resume growth, such as after partial hepa-
tectomy or in hepatocellular carcinomas. Interestingly,
the times when aFP levels are highest are also the times
of strong XBP-1 expression in the liver. Although the
precise role of aFP has not been established, it has been
proposed that its major function is to promote cell
growth in the liver, possibly by sequestering estrogen,
which otherwise has antiproliferative effects (for review,
see Chen et al. 1997). We have demonstrated that in the
absence of XBP-1, aFP is expressed only at reduced levels
and that liver growth is severely impaired. Our data es-
tablish that XBP-1 is involved in the growth and survival
of hepatocytes and, through its regulation of acute phase
protein genes, also in the expression of liver-specific
genes. These studies have demonstrated that XBP-1 di-
rectly controls a subset of the liver’s protein synthetic
activity and that normal liver growth cannot be achieved
in the absence of XBP-1 protein.

Materials and methods
Disruption of the XBP-1 gene
The targeting construct was generated by cloning the disrupted
XBP-1 fragment into the vector pBS/TK, followed by lineariza-
tion and introduction into D3 ES cells by electroporation. The
cells were grown in neomycin and Gancyclovir to achieve posi-
tive/negative selection, and resistant clones were tested for ho-
mologous integration of the disrupted XBP-1 fragment by per-
forming Southern blots of genomic DNA. Three clones had cor-
rectly targeted XBP-1 and were injected into blastocysts,
transferred to pseudopregnant females, and produced chimeric

offspring. One clone resulted in germ-line transmission of the
disrupted allele.

Phenotype analysis
Methylcellulose colony assays were performed as described (Wang et al.
1997), with cultures using erythropoietin alone or erythropoietin, IL-1,
IL-3, and G-CSF. For in situ hybridization, wild-type embryos were sec-
tioned and probed for XBP-1 as described (Clauss et al. 1993). To perform
BrdU labeling and TUNEL assays, pregnant mice were injected IV with
0.3 ml of 50 mg/ml BrdU (Sigma) in PBS. Embryos were harvested after
1 hr and fixed in Carnoy’s fixative. After embedding in paraffin, detection
of BrdU was performed following the instructions of the BrdU labeling
kit (Roche). The TUNEL assay was performed using the Cell Death Kit
(Roche). Partial hepatectomies removed the left and caudate lobes of the
liver from wild-type adult mice. Remaining liver tissue was harvested in
a time course for total RNA isolation. Northern blots were probed with
cDNA for XBP-1, C/EBPb, and the control gene b2M. Transfection of the
HepG2 cell line was by calcium phosphate coprecipitation (Ausubel et al.
1987) using 1 µg of the a1AT (1.3 kb of the proximal promoter) or aFP (1.0
kb) luciferase reporter plasmids (gift of I. Stamenkovic, Harvard Medical
School, Boston, MA) along with 3 µg of the XBP-1 expression constructs
in the vector pcDNA-1. Transfection efficiencies were controlled for by
a separate CMV-luciferase reporter construct. Luciferase activities from
at least three experiments were used to calculate mean values and stan-
dard deviation.

Differential hybridization to microarray chips
RNA was isolated from +/+ and −/− E13.5 livers by lysis in guanidine and
centrifugation through a CsCl cushion. Ten micrograms of total RNA
were converted to double stranded cDNA using an oligo dT primer with
a T7 RNA polymerase site on its 58 end (58-GGCCAGTGAATTGTA-
ATACGACTCACTATAGGGAGGCGG-38). The cDNA was used di-
rectly in an in vitro transcription reaction in the presence of biotinylated
nucleotides Bio-11-UTP and Bio-11-CTP (Enzo, Farmingdale, NY). To
improve hybridization kinetics, the labeled antisense RNA was frag-
mented by incubating at 94°C for 35 min in 30 mM MgOAc, 100 mM

KOAc. Hybridization to GenechipsTM (Affymetrix, San Jose, CA), dis-
playing probes for 250 genes of immunological interest or 250 genes with
roles in development was done at 40°C overnight in a mix including 10
µg of fragmented RNA, 6× SSPE, 0.005% Triton X-100, and 100 µg/ml
herring sperm DNA in a total volume of 200 µl. Chips were washed,
stained with phycoerythrin–streptavidin, and read using an Affymetrix
GeneChip scanner and accompanying gene expression software. The
software includes algorithms that determine whether a gene is absent or
present and whether the expression level of a gene in the −/− sample was
significantly increased or decreased relative to the +/+ sample.
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