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GRP78, a 78-kDa protein localized in the endoplasmic reticulum (ER), has been implicated in protein
processing and stress protection. Its promoter contains a 36-bp region which is conserved among GRP genes

across species and has the ability to compete for trans-acting factors mediating GRP gene expression.
Integration of about 800 tandem copies of this sequence into the genome of a Chinese hamster ovary cell line
(DG44) results in transfectants with the following phenotypes: (i) the induction level of GRP78 by the calcium
ionophore A23187 and tunicamycin is reduced 4- and 2-fold, respectively, (ii) the induction levels of two other
ER luminal protein genes, GRP94 and ERp72, are simultaneously down-regulated, (iii) the growth rate of these
cells is half that of transfectants without the amplified sequence, and (iv) cell viability is decreased by 25-fold
after A23187 treatment. These results provide new evidence that ERp72 shares common trans-acting regulatory
factors with the GRP genes and that a reduction of this set of ER proteins correlates with lower viability after
ionophore treatment.

The endoplasmic reticulum (ER) consists of complex
systems of intracellular membranes and is the site for the
synthesis and processing of membrane and secretory pro-
teins. Several resident ER proteins have been identified
which share some interesting properties. GRP78, a 78-kDa
protein also referred to as BiP, is known to associate
transiently with nascent proteins, assisting in their assembly
and transport (3, 16, 17). It can also block the transport of a
variety of underglycosylated, improperly folded protein pre-
cursors by binding stably to them (10, 13, 15, 18, 20). GRP94,
a 94-kDa protein, is a major ER glycoprotein. Both GRP94
and GRP78 have been identified as calcium-binding proteins
(23). As such, the GRPs are implicated in the mobilization
and regulation of sequestered calcium, resulting in the facil-
itation of ER protein transport (34) and cellular adaptation to
sufficient rate of protein synthesis during chronic stress (5).
Recently, a new ER luminal protein, ERp72, has been
identified (30). This 72-kDa protein contains three copies of
the active-site sequence of another ER protein, protein
disulfide isomerase. While the function of ERp72 is not yet
defined, protein disulfide isomerase is a multifunctional
protein involved in the modification of nascent secretory
proteins (14). Specific retention of these proteins may act
through a receptor which recognizes the terminal peptide
KDEL or its related sequence KEEL shared by these ER
proteins. Recently, such a receptor has been isolated from
yeast cells (27) and identified in mammalian cells (39).
The expression of GRP78 and GRP94 is regulated primar-

ily at the transcriptional level (25). Under normal growth
conditions, the GRP genes are transcribed at a basal level.
During stress, the transcription rate of the GRP genes is
greatly enhanced, resulting in a large increase of the GRPs in
the ER (24). The most potent inducers of the GRP genes
include the calcium ionophore A23187 (31) and tunicamycin,
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a nucleoside antibiotic which blocks N-linked glycosylation
by inhibiting the formation of the core oligosaccharide. The
GRPs are induced by A23187 through the depletion of
intracellular, sequestered calcium (12). As a consequence of
calcium leakage from the ER, protein glycosylation is
blocked, and the GRP genes are transcriptionally activated
(6). Interestingly, ERp72 is reported to be inducible by
A23187 and tunicamycin (11).
A powerful approach to examining the physiological roles

served by a gene in vivo is to study the consequences of
deleting the gene. In yeast cells, GRP78 is encoded by the
KAR2 gene. Its deletion results in a recessive lethal muta-
tion, showing that the gene is required for cell viability (33).
In temperature-sensitive mutants, protein precursors accu-
mulate on the cytoplasmic side of the ER membrane, appar-
ently unable to translocate into the ER (40). In mammalian
cells, conditional mutants which block protein glycosylation
have been isolated, and GRP78 and GRP94 are overpro-
duced (24, 26). By transfection of antisense GRP78, Chinese
hamster cell lines have been established with two- to three-
fold reduction in GRP78 levels. These cells secrete higher
levels of a recombinant protein which has been shown to
associate with GRP78 (9).
Another approach is to modulate gene expression through

competitive inhibition of transcription. A polymer of 40
tandem copies of the heat shock element is shown to inhibit
expression of cotransfected heat shock genes (41). Further,
by amplifying thousands of copies of the 5' control region
(spanning -250 to +470) of the hsp70 gene, the heat-induced
expression of the 70-kDa heat shock protein is much re-
duced, leading to the loss of thermal tolerance of these cells
(19). Through 5' deletion of the GRP78 promoter, we have
previously identified a 36-bp region spanning -135 to -170
which is important for both basal-level expression and
inducibility by A23187 (32). This domain is conserved among
GRP genes across species and contains protein binding sites.
In gel mobility shift assays, a synthetic oligomer of this 36-bp
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FIG. 1. Structure of the amplification plasmids. Plasmid GIA contains a dicistronic (adenosine deaminase [0] and DHFR [Z])
transcriptional unit. GIB is a derivative of GIA with GRP78 promoter sequences inserted at the NdeI and EcoR47 sites. Each solid arrow
represents one copy of the GRP core sequence (-135 to -170). The insert at the NdeI site contains one copy of the GRP core within the
GRP78 promoter spanning -88 to -375. The insert at the EcoR47 site is a 1,300-bp fragment containing 15 tandem copies of the GRP core
in the orientation indicated, within a GRP78 promoter fragment spanning -88 to -456. The hatched box represents a 10-bp mutation at -160
to -169. The stippled bar indicates vector sequence from plasmid pSV2CAT. The Sacl restriction sites and sizes (in base pairs) of the Sacl
fragments are indicated.

sequence can compete for binding specific protein-DNA
complexes formed by using GRP78 or GRP94 promoter
fragments (7). In cotransfection studies, this same sequence
has the ability to abolish the trans-acting factors mediating
the transcription of the GRP78 and GRP94 promoters under
both induced and noninduced conditions (7). On the basis of
these observations, we tested whether amplification of this
GRP conserved sequence can modulate expression of
GRP78 and possibly other coordinately regulated ER genes.
We report here that integration of amplified tandem arrays of
this sequence into the genome of a CHO cell line (DG44)
reduced the transcript levels not only of GRP78 but also of
GRP94 and ERp72. Compared with similar transfectants
without the amplified GRP sequence, the cells exhibit a
twofold reduction in growth rate and a severe drop in cell
viability after A23187 treatment.

MATERIALS AND METHODS

Cell lines and culture conditions. DG44 is a double mutant
of a Chinese hamster ovary cell line that contains no copies
of the hamster dihydrofolate reductase (DHFR) gene (38).
These cells, obtained from Lawrence Chasin (Columbia
University), are maintained in minimal essential alpha me-
dium containing L-glutamine, ribonucleotides, and deoxyri-
bonucleosides (GIBCO Inc., Grand Island, N.Y.), supple-
mented with 10% fetal calf serum. The DHFR+
transformants can be selected on the same medium without
the nucleosides and with dialyzed serum (alpha-minus).

Plasmids. The DHFR expression plasmid, GIA, was
kindly provided by Andrew Dorner and Randal Kaufman
(The Genetics Institutes, Cambridge, Mass.). The construc-
tion of this plasmid, referred to as pMT2-ada, has been
previously described (11, 21). The plasmid GIB is con-
structed by inserting a 288-bp StuI-SmaI fragment of the
GRP78 promoter (29) into the NdeI site of GIA and a

1,300-bp StuI-NdeI fragment containing 15 copies of the
GRP78 promoter sequence (- 135 to -170) in a tandem array
(Fig. 1). The tandem array was first generated by ligation and
subcloning the synthetic oligomer (-135 to -170) bearing
terminal XhoI and Sacl sites into the vector pUC13X as
previously described (41). This array was then inserted into
the SmaI site (-375) of a GRP78(-456)-CAT fusion gene
bearing a 10-bp linker-scanning mutation at -160 to -170.
This 10-bp mutation affected only slightly the GRP78 pro-
moter activity (40a). The orientation of the GRP inserts was
determined by DNA sequencing. Digestion of this CAT
fusion gene with StuI and NdeI generated the 1,300-bp
fragment described above.
The cDNA plasmids, p3C5, p4A3, and p3A10 encoding

hamster GRP78, GRP94, and an invariant transcript, respec-
tively, have previously been described (25). The cDNA
plasmid, pGEM72, a pGEM plasmid containing the coding
region of ERp72 (30), was kindly provided by Michael Green
(St. Louis University, St. Louis, Mo.).

Selection and maintenance of stable transformants. For the
selection of DHFR+ transformants, 10 ,ug of GIA or GIB
was transfected into DG44 cells by using the calcium phos-
phate precipitation method (31). The next day, the medium
was changed to alpha-minus medium. After 2 weeks, surviv-
ing colonies were observed. Single colonies were picked and
expanded, and 0.005 ,uM methotrexate (MTX; Sigma, St.
Louis, Mo.) was added. Surviving colonies which appeared
after 2 weeks were picked, expanded, and subjected to 0.01
and then 0.05 ,uM MTX. The subsequent selections at 0.1,
0.5, 1, 2, 5, 10, 50, 200, and 500 ,uM MTX were carried out
with pooled colonies. DHFR+ transfectants were main-
tained in alpha-minus medium with MTX.
Genomic DNA hybridization. The preparation of high-

molecular-weight genomic DNA and the conditions for the
blot hybridizations have been described previously (28).
Here, 3 ,ug of each DNA sample was used. The probe for the
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GRP78 promoter sequence is a 1,000-bp fragment spanning
-88 to -375 and contains 10 copies of the synthetic oligomer
(-135/-170) inserted at -160. The probe for the DHFR
coding sequence is a 767-bp EcoRI-HepI fragment from
pMT21 (11). Both fragments were labeled by the hexamer
method to specific activities of 1 x 108 to 2 x 108 cpm/,Lg.
RNA blot hybridization. Total cellular RNA was isolated

by using the guanidium thiocyanate method as previously
described (8). Conditions for the RNA blot hybridizations
have been described previously (25). The cDNA fragments
used as probes were GRP78, a 2,968-bp Sall-HindIII frag-
ment from p3C5 (37); GRP94, a 1,000-bp EcoRI-BamHI
fragment from p4A3 (25); ERp72, a 700-bp BamHI-EcoRI
fragment from pGEM7 (15a); and p3A10, the entire plasmid
(25). The DNA fragments were labeled by the hexamer
method to the specific activities of 1 x 108 to 2 x 108
cpm/,ug. The band intensities of the autoradiograms were
quantitated by using an LKB ultrascan XL-enhanced laser
densitometer.

Protein immunoblot. The protein was probed with the
anti-GRP78 peptide serum at a 1:200 dilution as previously
described (28).
Growth rate and survival analysis. For measurement of

growth rate in normal culture medium, 2.7 x 105 cells were
seeded on each 100-mm diameter dish in duplicates. Every
24 h, the cells were trypsinized and counted on a hemacy-
tometer for cell number. For survival analysis, 2,000 cells
were seeded on each 100-mm-diameter dish in duplicates.
After 24 h, the cells were treated with A23187 for 16 h. The
cells were then changed to fresh alpha medium and allowed
to grow for 10 to 15 days until colonies were formed. The
colonies were fixed with 100% methanol and stained with
Giemsa stain solution.

RESULTS

Construction of the amplification vector. To test whether
amplification of the conserved GRP78 domain spanning
-135 to -170 (referred to below as the GRP core) would
affect transcription of the endogenous GRP78 gene, we
devised constructs which would offer maximum competition
for the trans-acting factors when introduced into the host
cells. For amplification, we used the well-studied dihydrofo-
late reductase (DHFR) system (21). The structure of the
DHFR expression vector (GIA) is shown in Fig. 1. The
DHFR transcription unit is driven by the adenovirus major
late promoter. Transcription from this vector generates a
dicistronic mRNA with the 5' open reading frame encoding
adenosine deaminase and the 3' open reading frame encod-
ing DHFR (11, 21). Compared with a monocistronic mRNA
with a more efficient translational start site, this vector
requires extra amplification to produce high amounts of
functional DHFR.

Next, the GRP sequence was inserted into this plasmid.
Initially, a GRP promoter fragment spanning -88 to -375
was inserted at the unique NdeI site 5' to the DHFR
transcription unit (Fig. 1). We previously determined that
this region contains most of the basal and regulatory ele-
ments for the GRP78 promoter, including one copy of the
core (22, 29). Transfection of this plasmid into a DHFR-
defective cell line (DG44) (38) followed by methotrexate
(MTX) selection resulted in transfectants with amplified
copies of the GRP78 promoter sequence. In these transfec-
tants, the induced level of GRP78 was only slightly reduced
(data not shown). At the same time, we constructed another
plasmid, GIB (Fig. 1), which contains an extra insertion at
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FIG. 2. Amplification of the transfected genes in DG44 cells. (A
and C) Genomic DNA was isolated from DG44 cells or from GIB
transfectants selected by increasing concentrations (0.01 to 500 ,uM)
of MTX. The DNA samples were digested with SacI, size separated
on agarose gels, and blotted on filters for DNA hybridization. (B and
D) GIB DNA was digested with Sacl and similarly blotted. In panel
B, amounts equivalent to 50, 250, 500, and 5,000 copies of the core
were applied; in panel D, amounts equivalent to 10, 100, and 1,000
copies of the DHFR gene were applied. A radiolabeled GRP78
promoter probe (A and B) and a DHFR cDNA probe (C and D) were
used. Sizes of the bands (in base pairs) are indicated at the right.

the EcoR47 site 3' to the DHFR transcriptional unit. This
extra insertion contains 15 copies of the GRP core in direct
tandem arrays embedded within a GRP promoter fragment
spanning -88 to -456. The rationale for this construct is
threefold. First, tandem arrays of control elements are
known to enhance factor binding, particularly if cooperative
binding is involved. Second, introduction of 15 extra copies
of the core into the plasmid would enhance the amplification
number of the core sequence 15-fold. Third, by insertion at
the 3' end of the DHFR unit instead of the 5' end, the extra
sequence would offer less interference to DHFR transcrip-
tion, which is needed for the selection. This plasmid was
transfected into DG44 cells for further analysis.

Amplification of the GRP core and flanking sequence. To
control for possible complications involving the effect of
MTX on the phenotypes of the transfectants, DG44 cells
were transfected with GIB and GIA, which is the parental
plasmid without the GRP inserts. After selection by stepwise
increases in MTX concentration, resistant colonies were
picked and expanded. DNA was extracted from these cells
and assayed for the copy number of the GRP promoter and
of the DHFR gene (Fig. 2). Starting at 0.1 ,IM MTX, stable
amplification of the GRP sequence as contained within GIB
occurred, as evidenced by the emergence of the two Sacl
bands (5,650 and 1,860 bp) expected from SacI digestion of
GIB (Fig. 1). Identical blot results were obtained with use of
the synthetic core sequence (- 135 to - 170) as a probe (data
not shown). Comparison of the band intensities of the
genomic blots with plasmid GIB (Fig. 2A and B) shows that
the copy numbers of the core for the transfectants selected at
0.1, 0.5, 1.0, 2.0, and 5.0 ,uM MTX are 450, 800, 650, 300,
and 200, respectively. Therefore, the transfectants selected
at 0.5 ,uM MTX harbor the highest copy number of GIB with
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the intact tandem array of the core sequence. With increas-
ing MTX concentration, the surviving transfectants began to
lose selectively the GRP fragment containing 15 copies of
the core (the 1,860-bp SacI band; Fig. 2A), while the DHFR
gene sequence showed a steady increase from 0.05 to 5.0
,uM. Between 5 and 200 ,uM MTX, a plateau level of about
500 copies of the DHFR gene was observed, with a slight
decrease at 500 p,M (Fig. 2C and D). In the 0.5 ,uM
MTX-selected transfectants, the DHFR gene was amplified
about 50 times and the GRP core was amplified about 800
times.

Relative levels of GRP78 in MTX-resistant cell lines. Next,
we examined the GRP78 transcript levels in DG44 cells
selected by MTX. Total RNA was prepared from control
cells and cells treated with A23187. Examples of the RNA
blot hybridizations are shown in Fig. 3A. After quantitation
of the band intensities by laser densitometry and normaliza-
tion against the level of an invariant transcript p3A10 (25),
the relative induced mRNA levels were plotted against the
GRP core copy number (Fig. 3B). An inverse correlation
was observed between the GRP78 core copy number and the
induced GRP78 mRNA level. Comparison between the
parental DG44 cell line and all transfectants examined (Fig.
3A and data not shown) shows that the induced level of the
GRP78 transcript was lowest in transfectants selected at 0.5
p,M MTX, which contained the highest number of core
sequences. Correspondingly, the GRP78 protein level was
decreased in MTX-selected transfectants harboring several
hundred copies of the GRP core sequences (Fig. 3C). We
noted that while the basal level of GRP78 mRNA in the
MTX-selected transfectants did not appear to be much lower
than in the parental cells, the GRP78 protein levels in
nontreated MTX-selected transfectants were lower than in
the parental DG44 cells. This finding could be due to
difficulties in comparing very low basal RNA levels or to the
slight loss of the core sequence, since the cells used for the
RNA extraction had been passaged about 7 to 10 days longer
than the cells used for DNA and protein extraction. Thus,
the competing core sequences reduce the overall noninduced
and induced levels of GRP78.
To determine whether other genes were negatively af-

fected in the DG44 transfectants, we tested the transcript
levels of actin and histone H3.2 (1) in these same cells (Fig.
3B). The expression patterns of these transcripts were
identical in the parental and MTX-selected DG44 transfec-
tants. The level of actin mRNA in these cells remained
relatively constant in both A23187-treated and nontreated
cells. On the other hand, the histone mRNA levels were
similar in all noninduced cells; however, in all A23187-
treated cells, the histone mRNA levels dropped to 25% as
the cells were arrested in G1 (Fig. 3B and data not shown).
These results suggest that the amplification of the GRP core
sequence does not have a general negative effect on the
regulated expression of other genes.
Next we examined the relative levels of GRP78 transcripts

in tunicamycin-treated cells. The DG44 transfectants were
further propagated in culture containing MTX, and total
RNAs were isolated. As in the case of the A23187-treated
cells, the induced level ofGRP78 by tunicamycin was lowest
in the transfectants selected at 0.5 ,uM MTX, decreasing to
about half that ofDG44 and cells transfected with GIA (data
not shown).

Simultaneous reduction in GRP94 and ERp72 transcript
levels. Since the GRP78, GRP94, and ERp72 genes are all
induced by A23187 and tunicamycin in DG44 cells, it is
possible that the three genes are regulated by common
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FIG. 3. (A) Relative mRNA levels of ER protein genes after
A23187 treatment. Total RNA was isolated from DG44 cells, GIB
transfectants were selected at 0.1, 0.5, and 1.0 pFM MTX, and GIA
transfectants were selected at 0.5 puM MTX. The DG44 cells were
grown in alpha medium; the GIB and GIA transfectants were grown
in alpha-minus medium plus MTX. At 16 h prior to RNA extraction,
the cells were changed either to fresh medium (-) or to fresh
medium containing 7 F.M A23187 (+). Autoradiograms for the RNA
blot hybridizations are shown. (B) Correlation between GRP core
copy number and induced mRNA levels. The autoradiograms shown
in Fig. 2A and 3A were quantitated by scanning densitometry. The
induced mRNA levels for GRP78 (0) are indicated by the scale on
the left; those for GRP94 (A), ERp72 (-), p3A10 (x), actin (O), and
histone H3.2 (0) are indicated by the scale on the right. The
numbers 1, 50, 450, 650, and 800 correspond to the GRP core
number in the parental DG44 cells, the 0.5 F.M MTX-selected
revertant, and the 0.1, 1.0, 0.5 p.M MTX-selected transfectants,
respectively. (C) Immunoblot of protein extracts from noninduced
cells (-) and cells treated with 7 F.M A23187 for 16 h (+) with
antibody specific for GRP78 (28). Equal amounts (20 p.g) of protein
extracts were applied to all lanes.

trans-acting factors interacting with the GRP core sequence.
To test this hypothesis, the levels of GRP94 and ERp72
transcripts were examined in the transfectants described
above. The RNA blots, after removal of the GRP78 probe,
were rehybridized with cDNA probes encoding GRP94 and
ERp72. The mRNA profiles for GRP94 and ERp72 resem-
bled that for GRP78, with the lowest induction level by
A23187 and tunicamycin observed in the transfectants se-
lected at 0.5 p.M MTX (Fig. 3A and data not shown).
Therefore, our results suggest that amplification of tandem
arrays of the core and its flanking sequence affects not only
the expression of GRP78 but also the stress-induced expres-
sion of two other ER luminal protein genes.

Correlation between regain of A23187 induciblity and loss
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FIG. 4. Growth properties of DG44 cells and of GIB and GIA transfectants. (A) Growth curves for DG44 cells and for GIB and GIA

transfectants selected at 0.5 ,uM MTX. The DG44 cells were maintained in alpha medium; the GIB and GIA transfectants were maintained
in alpha-minus medium containing 0.5 ,uM MTX. (B) Colony survival analysis. The cells described above were treated with the indicated
concentration of A23187 for 16 h. After 2 weeks, the surviving colonies were stained and counted.

of the amplified core sequence. To further analyze the phe-
notypes of the transfectants, we first attempted to obtain
pure clonal cell lines derived from individual colonies of the
0.5 ,uM MTX-selected transfectants. To our surprise, every
surviving colony that we picked and expanded regained the
wild-type level of A23187 inducibility, even though the
cultures were always maintained in 0.5 ,uM MTX during the
several weeks of culture. To avoid the stress conditions
within a cell colony, we next propagated the transfectants
selected at 0.5 and 1.0 ,uM MTX as pools, with frequent
medium changes to ensure that the cells were not subjected
to glucose and oxygen deprivation. After eight trypsinization
steps (approximately 40 days in culture), the pooled cells had
regained a high level of GRP78 inducibility and retained only
about 50 copies of the core (Fig. 3B and data not shown).

Amplification of the core sequence confers a growth disad-
vantage. To examine whether the selective loss of the cells
harboring amplified copies of the core was caused by a
slower growth rate of these cells under normal growth
conditions, the growth rates for DG44 cells and of early-
passage GIA and GIB transfectants selected at 0.5 ,uM MTX
were measured. The DG44 cells were grown in alpha me-
dium, whereas the GIA and GIB transfectants were grown in
alpha-minus medium with 0.5 ,uM MTX. As shown in Fig.
4A, the growth rates for DG44 cells and for GIA transfec-
tants were similar, with a 24-h doubling time, showing that
0.5 ,uM MTX does not negatively affect the growth rate of
GIA transfectants. For GIB transfectants, there was a long
lag period after seeding, and the doubling time was twice as
long. By day 5, the difference in cell number in comparison
with GIA transfectants was fivefold. We noted that in cells
that had lost the amplified core sequence, the growth rate
reverted to normal (data not shown).
The morphology of these cells under stressed and non-

stressed conditions was examined. The same three cell lines
were treated with A23187 and examined under the light
microscope. The GIB transfectants selected at 0.5 ,uM MTX

were much more elongated after A23187 treatment than were
DG44 cells and GIA transfectants (Fig. SB). The stretched
cell shape resembled that of the parental cells treated with
extremely high doses of A23187 (our unpublished observa-
tion). We tested by colony survival analysis the resistance of
the three cell lines to A23187 treatment (Fig. 4B and SA).
While DG44 cells and GIA transfectants showed similar
levels of tolerance to increasing dosages of A23187, GIB
transfectants were much more sensitive to the drug treat-
ment. At 7 ,uM A23187, the survival rate of GIB transfec-
tants was 8-fold lower; at 10 ,uM, the rate dropped to 25-fold
lower than that of DG44 cells and GIA transfectants. These
results show that the GIB transfectants have lower growth
rates and lower tolerance to A23187 treatment.

DISCUSSION

While evidence has accumulated that GRP78 has the
ability to bind to a variety of proteins processed through the
ER in mammalian cells (10, 15, 16, 18), little is known about
its contributions to cell growth and protection during stress.
Elegant genetic selection systems have been used to dissect
functional genes involved in protein transport and modifica-
tion in yeast cells (2). However, the creation of specific
conditional mutations in diploid mammalian cells affecting
ER function is difficult. Since the gene encoding GRP78 is
present in single copies in both human and rat cells (36), it is
possible to eliminate this gene through homologous recom-
bination, allowing one to examine whether the function
normally served by GRP78 in mammalian cells is essential or
is replaceable. However, given the lethality observed for
yeast GRP78 deletion mutants (33), this approach may also
result in nonviable cells, thus precluding any further analysis
of the phenotypes of the cells.

In this report, we show that amplified, tandem arrays of
this sequence, along with some flanking promoter se-
quences, can reduce the A23187- and tunicamycin-induced
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FIG. 5. Cell survival after A23187 treatment. (A) The seeded cells were grown either in normal culture medium (-) or in medium
containing 7 ,uM A23187 for 16 h (+). The fixed and stained colonies formed after 10 to 15 days are shown. (B) The same cells were
photographed 16 h after A23187 treatment.

level of GRP78. At the same time, the endogeneous tran-
script level of GRP94, another ER protein gene which is
coordinately regulated with GRP78 (7, 35), is similarly
affected. Most interestingly, the endogenous transcript level
of yet another ER protein gene, that encoding ERp72, is
down-regulated in a similar manner. The correlation be-
tween the presence of the amplified copies of the GRP
promoter sequence and the reduction in induced tianscript
levels was observed for all three ER genes. Our results
confirm the recent finding that ERp72 is inducible by A23187
(11) and further suggest that these ER proteins, GRP78,
GRP94, and ERp72, are all regulated by trans-acting factors
that interact with the conserved GRP78 core sequence. The
promoter sequence of ERp72 is unknown. On the basis of
these results, it is tempting to speculate that the ERp72
promoter is similar in sequence to the GRP core and that
common transcription factors exist that can activate or
suppress sets of ER protein genes, responding to the state of
the ER. Since amplification of the GRP promoter sequence
results in reduced induction and loss of the amplified se-
quence restores inducibility, the common protein factors
which are competed for are likely to be activators of pro-
moter activity.
The transfectants harboring amplified copies of the GRP

promoter sequence grew slowly and did not survive well
when the cells were treated with A23187. While it is intrigu-
ing that a severalfold reduction in GRP78 could cause such
effects, one explanation is that the ability to maintain and
induce a certain threshold level of GRP78, and presumably
the other two ER proteins, GRP94 and ERp72, is crucial for
a normal growth rate as well as for conferring protection
against disturbance of the intracellular calcium distributions.
Calcium may also play a regulatory role in the activity of one

or more of the GRPs. If reduced ER calcium leads to
reduced GRP function and the cells cannot respond by
increasing GRP levels, A23187 might well be more toxic to
the transfectants harboring amplified copies of the GRP
core. The lowest reduction in mRNA levels that we ob-
served in several rounds of selection is around four- to
fivefold. It is possible that further reduction in these proteins
will lead to the loss of cell viability, thus precluding their
selection. Consistent with this hypothesis is the finding that
the maximum number of copies of the GRP core sequence is
reached at much lower levels of MTX while copies of the
DHFR gene continue to increase. If this is true, there may be
a limit as to how low one can manipulate the endogenous
levels of GRP78 and other ER gene transcripts.
These transformants treated with A23187 are distinctly

different in the morphology from untreated or control cells,
assuming a much more elongated shape resembling that of
normal cells treated with a high dose of the ionophore. It is
known that mobilization of sequestered intracellular calcium
with calcium ionophores depresses rates of translational
initiation in mammalian cells (4). A correlation is observed
between the nascent synthesis of GRP78 and the regain of
protein synthesis in the cells following A23187 treatment,
and antisense oligodeoxynucleotides directed against GRP78
mRNA suppressed this adaptation, implying that GRP78 is
critical for this accommodation mechanism (5). On the other
hand, GRP94 has been identified as a high-capacity calcium-
binding protein in the ER (23). It is therefore possible that
during A23187 treatment, the drainage of sequestered cal-
cium disrupts translation and protein glycosylation. The
arrest of translation and the accumulation of underglycosy-
lated proteins require the presence of high levels of one or
more of the affected ER proteins for survival. Use of specific
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reagents which will recognize the individual promoter or
coding sequence would allow us to differentiate the physio-
logical roles played by each of these ER proteins.

Alternatively, the slow growth rate and sensitivity to
A23187 stress may be caused by an unknown effect(s) of the
amplified core sequence unrelated to reduced expression of
the three ER genes examined. If this is the case, the
amplified core sequence is not globally shutting down the
normal regulation of cellular genes, as three other gene
transcripts examined behaved normally and identically in the
parental and MTX-selected transfectants. Nonetheless, our
studies do not exclude the interaction of the amplified core
sequences with other limiting DNA-binding proteins re-
quired for normal growth and stress viability. It would be of
interest to identify additional target genes which may be
coordinately regulated by the GRP core sequence.
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