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Stress-associated endoplasmic reticulum (ER) protein 1 (SERP1), also known as ribosome-associated
membrane protein 4 (RAMP4), is a Sec61-associated polypeptide that is induced by ER stress. SERP1~/~ mice,
made by targeted gene disruption, demonstrated growth retardation, increased mortality, and impaired
glucose tolerance. Consistent with high levels of SERP1 expression in pancreas, pancreatic islets from
SERP1~/~ mice failed to rapidly synthesne proinsulin in response to a glucose load. In addition, reduced size
and enhanced ER stress were observed in the anterior pituitary of SERP1™/~ mice, and growth hormone
production was slowed in SERP1~/~ pituitary after insulin stimulation. Experiments using pancr eatic micro-
somes revealed aberrant association of rlbosomes and the Sec61 complex and enhanced ER stress in SERP1™/~

pancreas. In basal conditions, the Sec61 :
ribosomes, compared with SERP1*/* co
lation, the complex showed less cofractiona
Although intracellular insulin/proinsulin
suggest that subtle changes in translocatiox
rapid polypeptide synthesis. :

Fn*/AQ:B  Secretory proteins undergo posttranslational pr
AQ:Cc cluding correct folding and oligomerization, in th
mic reticulum (ER). In order to effectively produce
mature proteins, cellular mechanisms for monitor
environment are essential. In mammalian cells, at
different mechanisms contribute to this surveillanc
regulated induction of transcription, attenuation of tr
and degradation (11). Exposure of cells to conditions promot-
ing accumulation of unfolded proteins in the ER (ER stress)
induces molecular chaperones, folding catalysts, and subunits
of the translocation machinery (Sec61 complex), a process
known as the unfolded protein response. Attenuation of pro-
tein synthesis in response to ER stress provides another point
of regulation, in this case serving to reduce the load of proteins
entering the ER. The latter pathway requires activation of the
ER-resident membrane protein PERK and phosphorylation of
eukaryotic translation initiation factor 2o (eIF2a) (5).
SERP1 (stress-associated ER protein 1) was identified be-
cause of its induction in response to hypoxia or ER stress (20)
and found to be identical to RAMP4 (ribosome-associate
membrane protein 4). The latter was originally recognized
because it was copurified with the Sec61 complex (3) and then
found to be a genuine and evolutionarily conserved part of the

* Corresponding author. Mailing address: Department of Neuro-
anatomy, Kanazawa University, Graduate School of Medical Science,
13-1 Takara-Machi, Kanazawa City, Ishikawa 920-8640, Japan. Phone:
81-76-265-2162. Fax: 81-76-234-4222. E-mail: osamuh@nanat.m kanazawa-u

acjp.

microsomes was more cofractionated with
onditions. In contrast, after glucose stimu-
5 min) but more at a later phase (120 min).
tly changed in both genotypes, these results
rtant role in the regulation of ER stress and

locon. SERP1/RAMP4 controls glycosylation of ma-
compatibility complex class Il-associated invariant
a translocational pausing mechanism (16), and its
ssion stabilizes newly synthesized membrane pro-
er ER stress by associating with the Sec61 complex
Y6, the yeast homolog of SERP1, suppresses the de-
t in proteln export of particular mutant alleles of secY in
Escherichia coli (14). Although these observations suggest that
SERP1 is somehow involved in the biosynthesis/processing of
secretory proteins, the precise role of SERP1 has not been
clarified yet.

We have developed SERP1 knockout mice using a homolo-
gous recombination technique and report here that SERP1~7~
mice demonstrated postnatal growth retardation, increased
mortality, and impaired glucose tolerance. We present evi-
dence that these phenotypes are likely due to the incapability
of rapid production of polypeptide hormones by prolonged
translational suppression and possible damage of secretory
tissues by enhanced ER stress.

MATERIALS AND METHODS

Cell cultures and animal experiments. MING cells were provided by Jun-ichi
Miyazaki, Osaka University (10). Cells were cultured in Dulbecco modified
Eagle medium (DMEM) (25 mM glucose) with fetal calf serum (15%) and
placed in medium with high (25 mM) or low (5.5 mM) glucose when cultures

AQ: D

achieved ~70% confluency. Expression of SERP1 or other molecules was ana- .

lyzed after 24 h. Animal experimental protocols were approved by the Com-
mittee on Animal Experimentation of Kanazawa University (Takara-Machi
Campus).
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Northern blotting. Hybridization with cDNA fragments of SERP1, Sec6l o
and 3 subunits, or GRP78 was performed as described previously (20). Expres-
sion of SERP1 or the Sec61 complex in different tissues was analyzed using
human endocrine system MTN Blot, mouse MTN Blot, and mouse MTN Blot II
assays (Clontech, Palo Alto, CA).

Western blotting and immunostaining. For MING6 cells or isolated pancreatic
islets, protein extraction was performed in the presence of 1% Triton X-100, 10
mM Tris (pH 7.6), 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride (PMSF), 1 pg/ml aprotinin, 1 pg/ml leupeptin, and 1 pg/ml pepstatin.
Pancreas, liver, pituitary (anterior and posterior lobes), and cerebral cortex
(parietal lobe) were removed from C57BL/6 mice (20 to 25 g) after euthanasia
and were homogenized in 1% NP-40, 0.1% sodium dodecyl sulfate (SDS), 0.2%
deoxycholate, 10 mM Tris (pH 7.6), 150 mM NaCl, 1 mM EDTA, 1 mM PMSF,
1 pg/ml aprotinin, 1 pg/ml leupeptin, and 1 pwg/ml pepstatin. Western blotting
was performed with antibodies against SERPI/RAMP4 (3), Sec6la (3), KDEL
(StressGen Biotechnologies Corp., Victoria, British Columbia, Canada), Herp
(7), P-elF2a (Cell Signaling Technology, Beverly, MA), eIF2a (Cell Signaling
Technology), insulin (Biogenesis, Poole, England, United Kingdom), growth
hormone (GH; Biogenesis), corticotropin (ACTH; Chemicon, Temecula, CA),
P58 (a gift from M. G. Katze, University of Washington), or $-actin (Sigma, St.
Louis, MO). Sites of primary antibody binding were visualized using alkaline
phosphatase-conjugated secondary antibodies. For immunostaining, pancreas
and other tissues (including pituitary) were removed from C57BL/6 mice (20 to
25 g) after perfusion with paraformaldehyde (4%) and embedded in paraffin, and
5-pm sections were cut. Sections were incubated with anti-insulin antibody or
anti-growth hormone antibody (Biogenesis), followed by incubation with fluo-
rescein isothiocyanate- or Cy3-conjugated secondary antibodies.

Development of SERP1 knockout mice. A targeting vector was constructed in
pPNT (a gift from Victor L. J. Tybulewicz, MR C National Institute for Medical
Research, London, United Kingdom) by replacing exon 1 of the meuse SERP1
gone derived from the 129Sv/J library (Incyte Genomics, St. Louis
phosphoglycerate kinase (PGK)-neo cassette (see Fig. 2A). Seven
geted heterozygote embryonic stem cell clones were obtained, and
were injected into C57BL/6 blastocysts. Germ line transmission o;
mutant gene was achieved in both lines. Mice were genotyped
Southern blotting, and F; to F; offspring mice were intercrosse:
C57BL/6 background) or backcrossed into the C57BL/6 strain for si
(C57BL/6 background). In all studies comparing SERP1*/*, SEI
SERP1~/~ mice, sex-matched siblings derived from mating SERP
were used.

Glucose, insulin, and growth hormone measurements. Blood
were determined using a portable glucose-measuring device (Dexs
Medical Co., Tokyo, Japan). Intraperitoneal glucose tolerance tes
and insulin tolerance tests (ITT) were performed by administration;
g/kg of body weight, or insulin, 1 U/kg of body weight, followed b
blood from the tail vein. Insulin and growth hormone levels in culture medium,
cell extracts, or plasma were measured by enzyme-linked immunosorbent assay
(ELISA) (for insulin, the kit was from Shibayagi Co., Shibukawa, Japan, and for
growth hormone, the kit was from Cayman Chemical, Ann Arbor, MI).

Isolation of pancreatic islets and metabolic labeling. Pancreatic islets were
isolated from SERP1+/*, SERP1*/~, or SERP1 ™/~ mice (12 to 16 weeks old) by
collagenase digestion, as described previously (4). After incubation in glucose-
free RPMI 1640 (Sigma) for 1 h, islets (20 islets/condition) were exposed to high
glucose (22 mM), and insulin release was measured as above. Biosynthesis of
insulin was evaluated by metabolic labeling as follows. Isolated islets (30 islets/
condition) were exposed to high glucose (22 mM) in Met-free DMEM containing
dialyzed 10% fetal bovine serum (FBS), and [**S]Met/Cys (200 p.Ci; Amersham
Pharmacia Biotech Inc., Piscataway, NJ) was added for the indicated 30-min
periods prior to harvesting. Islet cells were then lysed in 1% Triton X-100, 10
mM Tris, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 pg/ml aprotinin,
1 pg/ml leupeptin, and 1 pg/ml pepstatin and immunoprecipitated with anti-
insulin antibody. Immunoprecipitates were analyzed on 15% Tricine-buffered
polyacrylamide gels followed by autoradiography.

Preparation of recombinant adenoviruses and adenovirus-mediated gene ex-
pression. A cDNA fragment spanning the entire coding regions of rat SERP1
and the FLAG epitope (20) was inserted into the pAdx1CA cosmid vector.
Recombinant adenovirus Adex1CA SERP1 was prepared by homologous recom-
bination using an adenovirus expression vector kit (Takara, Tokyo, Japan). Viral
stocks had titers of ~1 X 10° PFU/ml. A control virus, Adex1CA GFP (green
fluorescent protein), was a gift from Hiroshi Kiyama (Osaka City University,
Osaka, Japan). Infection of islets was performed as described previously (12).
Briefly, isolated islets (40 islets/condition) were incubated with AdexiCA
SERP1or Adex1 CA GFP (1 X 107 to 2 X 107 PFU/ml) in DMEM containing 5%
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FBS for 2 h at 37°C, after which RPMI 1640 containing 10% FBS was added.
After 36 h, expression of GFP and SERP1 or secretion of insulin was analyzed
by immunostaining, Western blotting, or ELISA, respectively, as described
above.

Isolation of pancreatic microsomes and in vitro translation/translocation
assays. Rough microsomes (RM) from SERP1*/* or SERP1™/~ mice (15 to
25 g) were prepared as described previously (17). In brief, mouse pancreas was
removed either after 15 h of fasting or after 15 h of starvation followed by glucose
stimulation, and two or three pancreata were pooled for each experimental
condition. Samples were then homogenized with a tissue grinder (30 s) and a
Dounce homogenizer (40 strokes) in ice-cold buffer A, containing 250 mM
sucrose, 50 mM triethanolamine, 50 mM KOAc, 6 mM Mg(OAc),, ImM EDTA,
1 mM dithiothreitol, and 0.5 mM PMSF. After sequential centrifugation, the
pellets were dissolved in buffer B, containing 250 mM sucrose, 50 mM trieth-
anolamine, and 1 mM dithiothreitol. In vitro translation/translocation analysis
was performed using the rabbit reticulocyte lysate system (Promega Corporation,
Madison, WI). After the standard reaction using [**S]Met/Cys (200 nCi; Amer-
sham Pharmacia Biotech Inc.) for 30 min at 30°C, half of the samples (12.5 )
were precipitated with 20% trichloroacetic acid. The pellets were washed with
acetone and dissolved in SDS sample buffer. The newly synthesized proteins
(B-lactamase and luciferase) were resolved by SDS-polyacrylamide gel electro-
phoresis (10% gel) followed by autoradiography. In vitro translation/transioca-
tion analysis of growth hormone, prolactin, and insulin was also performed in the
presence of ribosome-free membranes (K-RM) for both genotypes (2). One
equivalent was determined as described previously (17).

Fractionation of RM by iodixanol gradient centrifugation. Fractionation of
RM was performed essentially as described previously (2), with some modifica-
tion. In brief, RM were dissolved at 0.5 eq/pl either in low-salt buffer (100 mM
KOAc) high-salt buffer (600 mM KOAc), or high-salt buffer (600 mM KOAc)

7ith. 1. mM puromycin, containing 0.04% deoxycholate, 50 mM HEPES (pH 7.5),
OAc),, 0.25 M sucrose, and 0.5 mM PMSF. The samples were
t room temperature for 20 min and then layered onto 20 to 30%
pti-prep; Axis-Shield PoC AS, Oslo, Norway) gradients in the same
ose for dissolving RM. After centrifugation in a TLA 100.4 rotor at

for 140 min, fractions were subjected to Western blotting with
tibodies.

sitometric analysis and measurement of pancreatic islets and pitu-
densitometric analysis was performed to semiquantitate results of
d Northem blotting as described previously (7). The sizes of pancre-
ituitary anterior lobes, and intermediate/posterior lobes were mea-
Adobe Photoshop 6.0 (Adobe Systems Inc., San Jose, CA).

RESULTS

Expression of SERP1 in secretory tissue. In order to identify
a model system for the analysis of SERP1 function, its expres-
sion was determined in different human and mouse organs
(Fig. 1AI and AIL; also data not shown). SERP1 transcripts,
together with those of the Sec61 complex, were expressed at
high levels in secretory organs such as pancreas, prostate, and
salivary gland (Fig. 1Al and 1AIl) and, to a slightly lesser
extent, in liver (data not shown). While mouse and rat organs
had a prominent transcript of 2.3 kb as described previously for
rat tissues (Fig.1AII) (20), human cells contained an additional
SERP1 transcript of approximately 0.9 kb. PCR and Northern
blot analysis using different sets of primers/probes suggested
that both transcripts were derived from the human SERP1
gene but that they had different poly(A) attachment sites (data
not shown).

As expressions of the Sec61 complex and other translocon
members were reportedly upregulated in MING cells, a mouse
insulinoma cell line, after exposure to high glucose (18), the
levels of SERP1 expression in these cells were compared in the
presence of low (5.5 mM) and high (25 mM) glucose. Both
SERP1 transcripts and antigens increased under high-glucose
conditions to a similar extent as the Sec61 complex (~2.2-fold
increase at RNA level [Fig.1BI] and ~2.4-fold at antigen level
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FIG. 1. Expression of SERP1 in secretory tissue. A. Expression of
SERP1 and Sec6l complex in human and mouse secretory tissue.
Human endocrine system MTN Blot (I) or mouse MTN Blot II (II)
was hybridized with indicated 3?P-labeled cDNA probes. B. Expression
of SERP1 and the complex in MIN6 cells. L. MING cells (107 cells/
condition) were incubated in medium containing high (H; 25 mM) or
low (L; 5.5 mM) glucose for 24 h, and total RNA (10 pg/lane) was used
for Northern blotting. IL. MING6 cefls (5 X 10° cells/condition) were
incubated as described above, and cell extracts were subjected to
Western blotting using indicated antibodies. C. Expression of SERP1
and the Sec61 complex in pancreas. Protein extracts of pancreas from
CS57BL/6 mice after starvation for indicated times were subjected to
Western blotting as described above.
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. Generation of SERP1~~ mice. A. Creation of the mutant
homologous recombination. The neomycin resistance gene
ed by 5.2 and 1.5 kb of 5’ and 3’ genomic sequences and
exon 1 of the mouse SERP1 gene, including the start codon
TK, PGK-thymidine kinase (TK) cassette; neo, PGK-neomy-
ance gene (neo) cassette; E, EcoRI; P, Pstl. B. Southern
f mouse tail DNA in a litter born to two heterozygotes
). Purified DNA was digested with PstI (lanes 1 to 3) or
nes 4 to 6) and hybridized with 5’ or 3’ probes indicated in
The mutated allele (5.7 and 5.6 kb) could be distinguished
wild-type allele (7.2 and 4.4 kb) in each case. C and D.
n of SERP1 transcripts (C) and antigens (D) in SERP1*/*,
SERP1*~, and SERP1~/~ mice at 3 weeks after birth. Total liver
RNA (20 pg) was hybridized with 3?P-labeled cDNA probes as de-
scribed in the text (C). Protein extracts (40 wg) from pancreas were
subjected to Western blotting with indicated antibodies.

[Fig.1BII]). Accordingly, the levels of expression of SERP1
and Sec61 complex antigens in the whole pancreas decreased
by starvation in vivo (Fig. 1C).

Generation of SERP1 knockout mice and effects of the
SERP1 gene deletion on development. To study the function of
SERP1 in vivo, we created mice lacking SERP1. Targeted
disruption of the SERP1 gene was performed (Materials and
Methods) (Fig. 2A). Homologous recombinants of the SERP1
gene were correctly transmitted (Fig. 2B), and expression of
SERP1 was not observed in SERP1 knockout mice both at the
level of transcription (Fig. 2C) and at the level of translation
(Fig. 2D).

SERP1 ™~ mice were born almost at the expected Mende-
lian ratio, and there was no apparent phenotype observed
except for a slight reduction in body weight compared with
SERP1** and SERP1*/~ mice (0.9 + 0.1 g for SERP1~/~
and 1.0 = 0.1 g for other genotypes). However, by 3 weeks of



