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� cell failure is a common denominator of diabetes. Susceptibility
to stress-induced apoptosis may underlie � cell failure and�or
hamper islet transplantation therapy. The causal basis is not well
understood. In efforts to identify important differences in gene
expression in � vs. � cells, a gene termed HIMP1 (Hypoglycemia�
hypoxia Inducible Mitochondrial Protein, or HIG1) has been cloned
from an � cell cDNA library. It is a member of a well conserved
eukaryote protein family. In mice, its two alternatively spliced
products each form a transmembrane loop, having an Noutside–
Coutside orientation and are expressed highly in the mitochondrial
inner membrane in several tissues including heart and pancreatic
� cells, but not in � cells. Ectopic expression of HIMP1 in MIN6 �
cells protects the cells from apoptosis induced by several stimuli
and prolongs their survival. These results suggest an important
role for HIMP1 in stress protective programs in mitochondria.

islet � apoptosis � inner membrane protein � stress

D iabetes, including two main types, is one of the most important
health problems in the world today. In type 1 diabetes, � cells

have been long-recognized to be especially sensitive to various
noxious stimuli and also selectively prone to autoimmune destruc-
tion. In type 2 diabetes, accumulated findings illustrate that � cell
mass is reduced (1–5). However, there is general agreement that an
absolute or relative deficiency of insulin is a typical manifestation
of this disease and is due to selective loss of � cell mass, often
accompanied by elevated production and secretion of glucagon by
an increased proportion of � cells. Functional disturbances of
pancreatic � and�or � cells are thus central to the failure to
maintain physiological glucose levels and the related metabolic
concomitants of this disease.

In both types of diabetes, increasing � cell apoptosis is suggested
to be mainly responsible for the reduction of � cell mass (6–7). The
primary reason for the apoptotic susceptibility of � cells compared
to other cell types remains unclear. Is it a cell type-specific property
acquired inherently during differentiation due to the attenuation of
some beneficial genes, and�or the turning on of detrimental genes?
Or is it due to overloading the � cells under stressful conditions such
as hyperglycemia or obesity and their concomitant toxic byproducts
such as hydrogen peroxide? Albeit data supporting both views exist,
increasing evidence tends to support the former notion because it
has been observed that � cells are more sensitive to various
apoptotic stimuli, such as the stress of low glucose (8, 9) or hypoxia
(10), and � cell apoptosis increases during chronic hyperglycemic
conditions (3, 11–14). The maturation of � cells has also been shown
to link to increases in their sensitivity to the apoptotic stimuli of
toxins and cytokines (15). In addition, low expression level of
various protective genes against oxidative stress, such as catalase, in
the � cells has been proposed to contribute to the apoptotic
proneness of � cells (16, 17). On the other hand, defective or
reduced expression of � cell-specific genes, e.g., partial PDX1
deficiency (18), has also been implicated in increased � cell loss.

Although mitochondria are believed to be the organelles that
integrate cellular metabolism and apoptosis (19) and play a key role

in � cell function (20), so far no mitochondrial, residential, or
associated proteins linked to pro- or antiapoptosis have been found
that differ profoundly between � cells and other cell types with high
rates of glucose oxidation, such as cardiomyocytes. To assess
differences in gene expression between � and � cells, we have
analyzed profiles of gene expression by using mRNA differential
display and microarrays. In the course of these studies, a low glucose
and oxygen dually inducible gene, termed HIMP1, or HIG1, has
been cloned from an � cell cDNA library. It is a member of a unique
gene family that is conserved in eukaryotes. Various analyses
demonstrate that two HIMP1 alternatively spliced gene products
are mitochondrial inner membrane proteins, which are ubiquitously
expressed, abundant in heart and pancreatic �, but not � cells, and
are linked to cell survival. Transfection of HIMP1 into MIN6 cells
enhanced their resistance to several apoptotic stimuli.

Results
Two Isoforms of a Unique Protein Family Conserved in Eukaryotes. Two
similar predicted full-length cDNAs were cloned from an �TC1.6
cell cDNA library using a probe of a cDNA fragment detected in
�TC1.6, but not in MIN6 cells by mRNA differential display.
Analysis of their sequences revealed ORFs encoding two similar
protein products which we have designated as HIMP-a and -b (Fig.
6A, which is published as supporting information on the PNAS web
site). One transcript of 1,930 bp (HIMP1-b) encodes a protein of 99
aa; whereas a shorter one (HIMP1-a) lacks 499 internal nucleotides
of HIMP1-b, which leads to a frame shift at residue 79, generating
a stop codon at residue 96, to yield a protein of 95 aa (Fig. 6B). A
BLAST search revealed that HIMP1-a is identical with hypoxia-
inducible gene 1 (HIG1), a cDNA deposited in GenBank that arises
from a locus on mouse chromosome 9. Comparison of the cDNA
sequences of HIMP1-a and -b with murine genomic DNA indicated
that the two transcripts are alternatively spliced forms of a single
copy HIMP1�HIG1 gene. The missing region in HIMP1-a is due to
the excision of an intron-like DNA fragment in exon 3 of the HIMP1
gene. The corresponding two protein products share 84.2% amino
acid sequence identity. The predicted molecular mass and isoelec-
tric points are 10.6 kDa and 9.8 for HIMP1-a and 11.0 kDa and 11.2
for HIMP1-b, respectively.

A search for HIMP1 homologues yielded �70 hits arising mainly
from 12 species of eukaryotes ranging from fungi to man. As shown
in Fig. 6B, a cluster analysis of 11 HIMP1-related members, this
family is evolutionarily well conserved at the amino acid level,
exhibiting �40% identity to HIMP1-a. These findings imply a
conserved function in a basic cellular pathway in eukaryotes
generally. Using a prediction program (21), HIMP1 and its homo-
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logues are predicted to have two transmembrane helices (TMHs)
linked by a small loop. The predicted TMH and loop regions
represent the most highly conserved regions in these proteins. The
murine 2310056K19Rik gene encodes a homologue that shows
44.8% identity with HIMP1-a (Fig. 6B) and can be traced to its locus
on chromosome 11.

HIMP1 Is Expressed Predominantly in �, not �, Cells Within the
Pancreas and at Highest Levels in Heart Among Other Tissues Exam-
ined. Coincident with the findings using mRNA differential display,
HIMP1 transcripts were detected at high levels in �TC1.6, but not
in MIN6 cells by Northern blotting (Fig. 1A). The two detected
bands (�1.5 and �2.0 kb) correspond to the predicted sizes of
HIMP1-a and -b transcripts, respectively. HIMP1-a mRNA is the
major transcript detected in �TC1.6 cells, E10–12 embryo, adult
organs including heart, testis, and kidney, and is also detected in
various other tissues upon longer exposure of Northern blots. In
brain, the HIMP1-b signal is slightly stronger than HIMP1-a.
Interestingly, both forms are detected at similar high levels in the
heart among major organs.

The expression of the two HIMP1 transcripts in islets was further
analyzed by RT-PCR (Fig. 1B). Two PCR products corresponding
to the expected sizes of the two cDNA fragments were amplified
from �TC1.6 cells and islets, but were absent in MIN6 cells similar
to the pattern obtained by Northern blotting. The contrasting
expression pattern between � and � cells was further examined by
immunoblotting using a polyclonal anti-HIMP1 serum generated
against the shared N-terminal region of the two isoforms (Fig. 1C).
A �12-kDa band, which corresponds with the calculated molecular
mass of the HIMP1 proteins, was identified only in �TC1.6, but not
in MIN6 cells. No signal was detected by using the preimmune
serum (data not shown). As HIMP1-a and -b differ in size by only
4 aa, they apparently comigrated on SDS�PAGE immunoblots
(Fig. 1D). To further verify the distribution of HIMP1 in pancreas,
double immunostaining of pancreas sections was performed by
using antibodies against HIMP1 and glucagon or C-peptide. The
results revealed that HIMP1 immunoreactivity is predominant in �
cells, but not in � cells (Fig. 1E). The analysis indicates that HIMP1
is normally expressed predominantly in �, but not in �, cells within
islets. The expression of the HIMP1-related 2310056K19Rik gene
(see Fig. 1) in islets was also examined by RT-PCR. No detectable
expression was found in islets, �TC1.6 or MIN6 cell lines, but was
detected at high levels in heart (data not shown). The tissue
distribution of the HIMP1 proteins was further examined by
immunoblotting (Fig. 1 F and G). HIMP1 was found to be ex-
pressed at highest levels in heart and ubiquitously detected in
various organs and some endocrine tissues, consistent with the
Northern blot results.

HIMP1 Expression Is Induced by Low Glucose and Oxygen. When we
examined the effects of glucose on HIMP1 levels in �TCI.6 cells by
Northern blot and immunoblotting, we found that low (2.5 mM)
glucose substantially increased levels, whereas high (25 mM) glu-
cose decreased them (Fig. 1 A and C). This finding was of interest
in view of the observation by Denko et al. (26) that the HIMP1
homologue in human tumor cells is inducible by hypoxia. When we
examined the response of HIMP1 to hypoxia at 1, 2, 6, and 24 h in
�TCI.6 cells, we found a significant response (Fig. 1D). In contrast,
no detectable induction was observed in MIN6 cells. Similarly,
induction of HIMP1 levels by 1 mM glucose over a 24-h time course
occurred in �TC1.6, but not in MIN6 cells.

HIMP1 Proteins Localize to the Mitochondrial Inner Membrane and
Cristae. The subcellular localization of HIMP1 was analyzed by
using �TC1.6 cells. Initial analyses showed that HIMP1 proteins
were detected only in the membrane fraction by immunoblotting
(Fig. 2A). This finding, along with the predicted structure, suggests
that HIMP1 proteins are integral membrane proteins. To deter-
mine which organelle contains HIMP1 proteins, fractions of
�TC1.6 cells were separated on sucrose gradients (22) and sub-
jected to immunoblotting and RIA for several markers. As shown
in Fig. 2B, the peak of HIMP1 immunoreactivity was detected in
fraction 9, which also contained mitochondrial heat shock protein
MtHsp70, whereas peaks of Golgi components identified by Golgi
matrix protein GM130 and glucagon-containing secretory granules
were enriched at fractions 8 and 10, respectively. Consistent with
these analyses, HIMP1 immunoreactivity was observed to colocal-
ize with mitochondria along with cytochrome c oxidase (Cox)
subunit I by confocal immunofluorescence staining of �TC1.6 cells
(Fig. 2D). To study the localization of HIMP1 proteins in detail, two
fractions of mitochondrial outer and inner membranes were sep-
arated by centrifugation after digitonin treatment (23) and exam-
ined by immunoblotting. The results show that the HIMP1 proteins
colocalize with inner membrane (mitoplast, containing matrix)
markers such as Cox subunit I, but not with an outer membrane
marker, the voltage-dependent anion channel protein (VDAC)
(Fig. 2C). These data strongly suggest that the HIMP1 proteins are
located in the mitochondrial inner membrane of �TC1.6 cells.

To validate these findings, immunoelectron microscopy studies
were performed comparing immunogold labeling of mitochondria
in �TC1.6 cells, heart, or testis samples (Fig. 3A). The specific
HIMP1 immunoreactivity was clearly identifiable along the inner
mitochondrial membrane and its enfolded cristae in �TC1.6 cells,
heart, and also in the helix-shaped chondriosomes fused with
mitochondria and wound around the flagellum of a sperm tail in the
testis (Fig. 3A). No comparable labeling of mitochondria in MIN6
cells is seen (data not shown). These findings clearly indicate that

Fig. 1. Contrasting tissue distribution and induction
of expression by low glucose or O2 of the two HIMP1
gene products. (A) Northern blot. E10–12, 10- to 12-
day embryos. (B) RT-PCR. The primer set (5�-GGGTTG-
TACAAGCTGAAGAG-3�, 5�-TGACACCCTCCCAAAG-
CATG-3�) is derived from the upstream and
downstream regions beyond the 499 internal nucle-
otides of the HIMP1-b cDNA. HIMP1-a (500 bp) and
HIMP1-b (999 bp) are shown. (C and D) Immunoblot
analysis of HIMP1 level inducible at low glucose (C) or
5% O2 hypoxia (D) for 24 h; 50 �g of protein per lane.
(E) Double immunofluorescent detection of HIMP1 (b
and e) with glucagon (a) or C-peptide (d) in mouse
pancreatic islets. (c and f ) Merged images of a and b
and d and e, respectively. (Scale bar, 50 �m.) (F and G)
Immunoblot analysis of HIMP1 level in various tissues;
50 �g of protein per lane. E17, 17-day embryo. EDL,
extensor digitorum longus muscle.
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HIMP1 proteins are localized in the inner membrane of mitochon-
dria in � cells, cardiomyocytes, and mature sperm cells in testis.

Because several potential trypsin and chymotrypsin (Tc) cleav-
age sites exist beyond the predicted TMH regions of HIMP1, we
chose the method described in ref. 24 using in vitro translated
HIMP1-a protein (Fig. 3 B and C) and separated outer and inner
membrane fractions of mitochondria from �TC1.6 cells (Fig. 3E).
We initially tested whether in vitro synthesized HIMP1-a can insert
into canine pancreatic microsomal membranes, despite the lack of
evidence of localization normally to the endoplasmic reticulum
(ER) in vivo. As shown in Fig. 3B, [35S]HIMP1-a protein synthe-
sized with microsomes was partially protected during Tc treatment

compared to the control without microsomes (lanes 4 vs. 3). The
estimated sizes of the three observed cleavage products on 16.5%
tricine SDS�PAGE gel are 9.4, 7.8, and 6.7 kDa, based on the
migration of molecular markers. These correspond respectively to
the three predicted cleavage products generated by removing the
C-terminal, the N-terminal, or both N- and C-terminal regions that
lie beyond the predicted TMH and loop regions of HIMP1-a (Fig.
6B). Furthermore, no evidence was found for cleavage in the loop
region, supporting its luminal localization. These results indicate
that in vitro translated HIMP1-a can insert into microsomal mem-
branes and has a membrane topology with Noutside–Coutside and
loopinside orientations (Fig. 3D). The possibility that the microsomal

Fig. 2. Analyses of HIMP1 subcellular localization.
(A) Immunoblot. M, membrane; Cyto, cytosol; 50 �g
of protein per lane. (B) RIA of glucagon and immu-
noblot analyses of proteins (GM130, MtHsp70, and
HIMP1) in 13 fractions of �TC1.6 cells separated by
sucrose gradient centrifugation. (C) Immunoblot.
PNS, postnuclear supernatant; Mit, crude mito-
chondrial fraction; O, outer membrane fraction;
mitoplast, inner membrane and matrix. (D) Confo-
cal immunofluorescence staining. (a) HIMP1. (b)
Cox subunit I. (c) Merged image of a and b.

Fig. 3. Subcellular localization and membrane topology of
HIMP1. (A) Examination of HIMP1 in �TC1.6 cells, cardiomy-
ocytes, and mature sperm by immunoelectron microscopy. (B)
In vitro synthesized [35S]HIMP1-a protein with�without mi-
crosomes was subjected to digestion with Tc and separation
by SDS�PAGE gel for autoradiography. (C) Immunoprecipi-
tants with anti-HIMP1 serum from aliquots treated with�
without Tc of translation products in B were subjected to
SDS�PAGE for autoradiography. (D) Membrane topology
sketch of HIMP1-a, as determined in the in vitro system. (E)
Immunoblot analysis of HIMP1in mitochondrial outer and
inner membrane fractions treated with or without Tc. Outer
M, outer membrane fraction; mitoplast, inner membrane and
matrix. (F) Membrane orientation sketch of HIMP1 deter-
mined in mitochondria from �TC1.6 cells. N, N-terminal; C,
C-terminal; M, membrane.
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membranes were contaminated with mitochondria was ruled out
because HIMP1 in a crude mitochondrial fraction of �TC1.6 cells
could not be digested by Tc treatment as shown by immunoblots
using the same procedure described for Fig. 3B (data not shown);
this may be due to a protective effect of the intact mitochondrial
outer membrane. The reason for the insertion into microsomal
membranes of in vitro synthesized HIMP1-a is currently unclear.
Full-length HIMP1-a, synthesized in vitro with or without micro-
somes (Fig. 3B, lanes 1 and 2), is not cleaved by endogenous
proteinases whether or not it inserts into microsomal membranes,
whereas the signal peptide of the control protein, Escherichia coli
�-lactamase, was removed when synthesized with microsomes in
this system (data not shown). To confirm the finding of Noutside
orientation, aliquots of the same translation mixtures described in
Fig. 3B were subjected to digestion with or without Tc treatment,
immunoprecipitated with anti-HIMP1 serum, separated by SDS�
PAGE, and examined by autoradiography (Fig. 3C). The results
showed that intact HIMP1-a was immunoprecipitated from the
products without Tc treatment in the presence or absence of
microsomes (lanes 1 and 2); but was absent after Tc treatment
(lanes 3 and 4). This result clearly indicates that HIMP1-a inserted
into microsomal membranes in vitro in Noutside orientation.

Using a similar procedure, outer and inner membrane fractions
of mitochondria from �TC1.6 cells were subjected to digestion with
or without Tc, then examined by immunoblotting with the N-
terminally directed anti-HIMP1 serum. As shown in Fig. 3E,
HIMP1 proteins were detected only in the inner membrane fraction
without Tc digestion, but were not detectable after Tc digestion.
VDAC protein, an outer membrane marker, which was recognized
by an antibody against one of its cytosolic loops, also disappeared
with Tc treatment (Fig. 3E). The size of HIMP1 was identical to that
detected in postnuclear or crude mitochondrial fractions (data not
shown), and no HIMP1 cleavage products corresponding to the
reverse orientation, with Ninside–Cinside and loopoutside, were ob-
served. All of these data indicate that HIMP1 proteins are normally
oriented with Noutside–Coutside and loopinside within the mitochon-
drial inner membrane (Fig. 3F). In addition, no evidence of
cleavage during trafficking and localization of HIMP1 proteins in
the mitochondrial inner membrane have been observed.

Ectopic Expression of HIMP1-a in � Cells Protects Cells from Apoptosis
and Extends Cell Survival Under Conditions of Hypoxia or Low Glucose
Levels. One of the mitochondrial roles is the linkage to cellular
apoptosis. Because HIMP1 is a mitochondrial protein that is
up-regulated by low glucose or low O2, we were interested in its
possible effects in � cells. To examine this question, we have
analyzed the effects of ectopic expression of HIMP1-a in two widely
used � cell models, MIN6 and �TC3 cells, under these conditions.
From several stable MIN6HIMP1-a clones, clone 10 cells were
selected for experiments because they have a similar expression

level (Fig. 4A) and mitochondrial localization (Fig. 4B) of HIMP1-a
protein compared to �TC1.6 cells. As shown in Fig. 4C, under
hypoxic (5%) conditions for 24 h, the clone 10 cells exhibited a
significantly reduced percentage of apoptotic cells compared to
vector control MIN6 cells (0.95 � 0.14% vs. 2.13 � 0.13%, P �
0.02). In �TC3 cells transiently transfected with either vector or
HIMP1-a cDNA, triple staining of TUNEL, HIMP1-a, and DAPI
was performed (Fig. 4D). The results, summarized in Fig. 4E, show
that the percent apoptosis of the HIMP1-a transfected �TC3 cells
(2.53 � 0.13%, P � 0.028), or of the HIMP1-positive �TC3 cells
only (0.17 � 0.12%, P � 0.0003), is significantly lower compared to
the nontransfected control cells (4.06 � 0.36%).

To reveal whether this action of HIMP1-a is sustained with
another stress, we examined the effects of high (25 mM) or low (2.5
mM) glucose levels using a similar protocol. As shown in Fig. 5A,
clone 10 and control cells were subjected to double staining with
TUNEL�DAPI and morphological observation using differential
interface contrast (DIC) microscopy at various time points after
seeding equal numbers of cells for a 48-h preculture under normal
conditions. The percents of viability and apoptosis observed at the
3-day time point are shown in Fig. 5 B and C, respectively. At low
glucose, the percent viability of clone 10 cells is significantly higher
than the vector control (44 � 3.8% vs.15 � 2.1%, P � 0.001) and
the corresponding percent apoptosis is significantly lower. At high
glucose, the number of apoptotic clone 10 cells is also significantly
lower than in control cultures (2.3 � 1.2% vs.5.5 � 1.9%, P �
0.0002), but no significant difference in percent viability between
them was observed. To further validate these findings, similar
experiments were performed in �TC3 cells transiently transfected
with either vector or HIMP1-a cDNA (Fig. 5 D–G). Ectopic
HIMP1-a expression in �TC3 cells was confirmed by immunoblot-
ting (Fig. 5D). Triple staining of DAPI, TUNEL, and HIMP1 in
�TC3 cells transfected with HIMP1-a (Fig. 5E) or vector cDNA was
carried out by using the same procedure described for Fig. 4D.
Analyses of the stained cells (Fig. 5F) show that, at low glucose, the
viability of �TC3 cells transfected with HIMP1-a is significantly
higher than that of the control (37.2 � 1.6% vs.29.3 � 1.2%, P �
0.02), whereas the corresponding percentage of apoptotic cells is
reversed. At high glucose (Fig. 5G), the percent apoptosis (5.9 �
0.6%) for all �TC3 cells transfected with HIMP1-a was lower than
the control (8.8 � 0.5%, P � 0.064), whereas for the HIMP1-
positive staining �TC3 cells, it was significantly lower (1.8 � 0.3%)
than the control (8.8 � 0.5%, P � 0.0078). However, no significant
difference in viability was evident at this glucose level. These data
show that HIMP1 proteins can increase � cell survival under the
stress of either hypoxic or hypoglycemic conditions.

Because the mitochondria are the main source of cellular energy
and link to insulin secretion (20), it was of interest to assess whether
ATP production and insulin secretion are affected by the ectopic
expression of HIMP1-a in � cells. No significant changes in these

Fig. 4. Ectopic expression of
HIMP1-a in MIN6 and �TC3 � cells
protects cells from apoptosis and
extends cell survival under hypoxia
(5% O2) for 24 h. (A-C) Analysis in
stable MIN6HIMP1-a clonal cells. (A)
Immunoblot, 50 �g of protein per
lane. (B) Confocal immunofluores-
cent staining in MIN6HIMP1-a clone
10 cells. (Scale bar, 50 �m.) (C) Pro-
tective effects of HIMP1-a on MIN6
cell survival at hypoxia for 24 h. (D
and E) Transient transfection assay
in �TC3 cell. (D) Images of triple
staining of TUNEL (red), HIMP1-a
(green), and DAPI (blue) in �TC3
cells transfected with either vector (a and b) or HIMP1-a (c and d) under hypoxic conditions for 24 h. (Scale bar, 50 �m.) (E) Protective effects of HIMP1-a
on �TC3 cell survival at hypoxia for 24 h.
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parameters were observed in MIN6HIMP1-a clone10 cells under
normal growth conditions (data not shown). Thus, the protective
effects of HIMP1 on � cell survival appear unlikely to be mediated
by direct affects on ATP production.

Discussion
In the course of studies to identify differentially expressed proteins
in � vs. � cells (25), we have identified a small protein that is present
in � cells, heart, and several other tissues, but is absent or very low
in � cells. In the meantime, this protein has been found to be
expressed in other cell types and its homologues have been dem-
onstrated to exist in other species by several groups (26–31). It is
well conserved among eukaryotes, including lower vertebrates and
Drosophila, suggesting an important function. In mice, a single gene
encodes this protein, which we have called HIMP1, giving rise
through alternative splicing to two isoforms differing only at their
C termini. The predicted structure of this protein suggests that it is
an integral membrane protein consisting of two hydrophobic heli-
ces, 21–23 residues in length that might tend to form a hairpin-like
loop across the bilayer. Indeed, when expressed in a cell-free
system, the protein was found to be inserted into microsomes with
an orientation of both N and C termini located externally and with
a central small loop on the luminal side (Fig. 3 B–D). However,
fractionation of �TC1.6 cell homogenates on sucrose gradients did
not support an ER�Golgi localization, but rather pointed toward
the mitochondria as a major subcellular site. The mitochondrial
inner membrane location of HIMP1 is well demonstrated. Its
possible location in secretory granules or ER in addition to mito-
chondria was investigated because some HMIP1 immunoreactivity
was seen in the glucagon granule fraction (Fig. 2B). Observations
in �TC1.6 cells with immunoelectron microscopy and double
staining with antibodies against HIMP1 and ER or granule markers
did not support these possible localizations (data not shown).
Comparison of HIMP1 with the N-terminal signal sequence of the
P4501A1 protein, which exhibits dual targeting to ER and mito-
chondria (32), did not indicate much primary sequence similarity
other than some shared positively charged residues suggested to be
critical for mitochondrial targeting (33). The reason for the in vitro
insertion of HIMP1-a into microsomal membranes is an issue to be
investigated. Further immunocytochemical analysis confirmed the
mitochondrial localization and indicated a localization mainly in the
cristae. Subsequent fractionation experiments confirmed the inner
mitochondrial membrane to be the major site of this protein in �
cell, heart, and sperm tail mitochondria (Fig. 3). The topology here

again appears to be with N and C termini outside and central loop
inside (Fig. 3). Moreover, the high degree of species conservation
includes especially the transmembrane domains, possibly indicating
that these interact either with themselves to form an oligomeric
structure such as a channel or with some other component(s) of the
mitochondrial inner membrane. Thus, HIMP1 proteins have a
membrane topology similar to that of some potassium channel
proteins, and also have a key structural requirement (Tyr–Gly) of
a K� channel pore (34), but not the conserved signature sequence
(Gly–Tyr–Gly) (35). Because heart and sperm mitochondria are
known to be highly active metabolically, a possible regulatory role
for this protein seems likely.

Further studies (Fig. 1 A and C) revealed that HIMP1 is
up-regulated in �TC1.6 cells when incubated at low glucose
levels. Also, like homologues reported (26, 27) HIMP1 levels
were also elevated by exposure of �TC1.6 cells to hypoxia,
consistent with its induction by hypoxia found in several other
cell types (28, 29). These findings suggest a role in metabolic or
oxidative stress. To pursue this possibility, we tried expressing
HIMP1 stably in MIN6 cells. Several positive clones were
obtained, and one having levels of expression similar to that in
�TC1.6 cells was exposed to high or low glucose conditions for
several days. We were surprised to find that the presence of
HIMP1 significantly increased the viability of the cells at low
glucose, but not appreciably at high glucose. This effect on
survival was accompanied by a highly significant reduction in
rates of apoptotic cell death at both glucose concentrations.
Intrigued by these findings, we compared the expression of
cellular proteins known to be associated with apoptosis and�or
oxidative stress in � vs. � cells. Surprisingly there were only
minor differences in all instances (data not shown).

As an important cellular organelle, mitochondria exist in most
eukaryotic cells in varying numbers (36). A great deal of evidence
has implicated the mitochondria as important regulators of apo-
ptosis. Thus, in addition to their role as cellular components
equipped with various oxidative and biosynthetic pathways and
serving as a power plant for cellular ATP supply, they are the site
of integration of cellular metabolism and apoptosis (19). Although
the importance of mitochondria in � cells for insulin secretion has
been long recognized (20, 37) their link with apoptotic proneness
of � cells is less clear.

The data presented here support the conclusion that mitochon-
dria in � cells lack both HIMP1 and a known homologue, albeit
other molecules having potential complementary functions may

Fig. 5. Ectopic expression of
HIMP1-a in MIN6 and �TC3 � cells
protects cells from apoptosis and ex-
tends � cell survival at high (25 mM)
or low (2.5 mM) glucose levels after
exposure for 3 days. (A–C) Analysis
in stable MIN6HIMP1-a clonal cells. (A)
Images of DIC and double staining
of TUNEL (red) and DAPI (blue) in
MIN6HIMP1-a clone 10 and control
cells at low and high glucose. (Scale
bar, 50 �m.) (B) Protective effects of
HIMP1-a on MIN6 cell survival at low
glucose. (C) Protective effects of
HIMP1-a on MIN6 cell survival at
high glucose. (D–G) Transient trans-
fection assay in �TC3 cells. (D) Immu-
noblot analysis of HIMP1-a expres-
sion in �TC3 cells. (E) An image
sample of triple staining of TUNEL
(red image of B), HIMP1-a (green
image of B), and DAPI (blue image of
A) in �TC3 cells transfected with HIMP1-a for 3 days at high glucose. (Scale bar, 50 �m.) (F) Protective effects of HIMP1-a on �TC3 cell survival at low glucose.
(G) Protective effects of HIMP1-a on MIN6 cell survival at high glucose.
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exist. Probing the role(s) of HIMP1 in the mitochondria should thus
provide insights into mechanisms linked to mitochondrial apoptotic
susceptibility in � cells. The high level of expression of HIMP1 in
cardiomyocytes suggests an important role, perhaps in adapting
these cells to their vigorous work role and�or their highly efficient
utilization of metabolic fuels. The conservation of this gene in many
eukaryotic organisms, including both vertebrates and invertebrates,
is also consistent with an evolutionarily conserved essential func-
tion. Further insight into the interactions of HIMP1 may provide
strategies for treating diabetes and�or preventing other diseases
resulting from mitochondrial dysfunction such as heart failure
(36, 38).

Materials and Methods
For further detail, please see Supporting Text, which is published as
supporting information on the PNAS web site.

Construction of a �TC1.6 cDNA Library and Molecular Cloning of HIMP1
cDNAs. Characterized cDNA sequences for the HIMP1 have been
deposited in GenBank (accession numbers AY028386 and
AY028387).

Cell Culture, Islet Isolation, RNA Preparation, RT-PCR, Northern Blot,
and in Vitro Synthesis. The procedures have been described (25, 39).
The HIMP1-a cDNA was cloned into the pcDNA3.1(�) vector for
in vitro synthesis and transfection.

Antibodies, Immunoblot, Immunoprecipitation, and Histology. Anti-
serum against the N-terminal 1–17 residues of HIMP1 was raised
in rabbits. Antibodies against mtHsp70, VDAC, COX subunit I,
GM130, glucagon, C-peptide, and tubulin were purchased
commercially.

Immunoblot, immunoprecipitation, and immunofluorescent
staining were performed similarly as described (25, 39). TUNEL
staining was carried out by using DeadEnd system (Promega) with
modifications. For immunoelectron microscopy, sectioned samples
were mounted on grids and examined after staining with gold-
labeled anti-HIMP1 serum.

Subcellular Fractionation and Topology Studies. Separation of cellu-
lar membrane and cytosol fractions or sucrose gradient fraction-
ation was performed as described (22, 40). Separated fractions were
analyzed by immunoblotting and�or assayed for glucagon by RIA.
The outer and inner membrane fractions of mitochondria were
separated with digitonin treatment (23). The topology studies were
performed with the method of Blobel and Dobberstein (24) using
in vitro synthesized HIMP1-a protein and various membrane sub-
fractions of mitochondria with or without Tc treatment.

Expression of HIMP1-a Stably in MIN6 Cells, and Transiently in �TC3
Cells. The HIMP1-a or vector plasmid DNA was transfected into
MIN6 or �TC3 � cells. Clones of MIN6 cell expressing HIMP1-a
permanently, termed MIN6HIMP1-a, were selected with G418-
resistant and immunoblots with anti-HIMP1 serum. �TC3 cells
were used for transient transfection studies.

Apoptosis and Viability Examination of � Cells with Ectopic Expression
of HIMP1-a Under Different O2 or Glucose Conditions. Equal numbers
of clone 10 MIN6HIMP1-a and vector control cells were subjected to
hypoxia (5% O2) and normal culture condition (95% air�5% CO2)
for 24 h, or subjected to either low (2.5 mM) or high (25 mM)
glucose DMEM culture in 95% air�5% CO2 incubator for 3 days.
In �TC3 cells, at 48 h after transfection, cells were subjected to the
same treatments as for the MIN6HIMP1-a cells. The determination,
count, and calculation methods for the numbers and percent of
total, apoptotic, and viable cells are provided in supporting infor-
mation.

Data are presented as the means � SEM. Statistical significance
was assessed by the Student t test. �, P � 0.05; ��, P � 0.01; ���,
P � 0.0005.
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