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Perturbation of the normal functioning of the endo-
plasmic reticulum (ER) increases the expression of lu-
menal proteins, such as grp78, and calreticulin. These
proteins are retained within the compartment by a sal-
vage mechanism involving the recognition of a C-ter-
minal tetra-peptide sequence by the KDEL receptor.
We have investigated whether disrupting normal ER
function concomitantly increases the expression of the
MRNAs encoding the two mammalian isoforms of the
receptor, erd2.1 and erd2.2. Inhibition of N-linked gly-
cosylation of proteins by tunicamycin had no effect
upon the levels of the single mRNA species recognised
by the erd2.1 probe, or the multiple transcripts de-
tected with the erd2.2 cDNA probe. ER Ca®" store
depletion by thapsigargin did not increase erd2.1
mMRNA, but actually caused a decrease in erd2.2 mRNA.
Both thapsigargin, and tunicamycin, increased calreti-
culin secretion from the cells, although this might be
due to more than simply saturation of KDEL receptor
binding.

© 1997 Academic Press

The endoplasmic reticulum (ER) is the major calcium
store in non-muscle cells and, also, the site where
proteins destined for secretion, or insertion in the
plasma membrane, are initially folded and assembled.
Amongst the proteins that facilitate these processes
are a group of calcium-binding proteins located within
the lumen of the ER called the reticuloplasmins, includ-
ing BiP/grp78, endoplasmin/grp94, protein disulphide
isomerase (PDI), and calreticulin [1].

These proteins are targeted to the ER by virtue of an
N-terminal hydrophobic signal sequence that is cleaved
following translocation into the ER lumen. Once in the
lumen, their presence is maintained by a retention and
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retrieval mechanism dependent upon receptor recogni-
tion of a tetra-peptide sorting signal at the C-terminus
[2]. In yeast, this tetra-peptide sequence found in the
equivalent proteins is HDEL (His-Asp-Glu-Leu) [3],
but in higher eukaryotes, it is usually KDEL (Lys-Asp-
Glu-Leu) [4], although variants such as HNEL also ex-
ist [5]. In Saccharomyces cerevisiae, the HDEL receptor
is encoded by the erd2 gene, which is essential for
growth [6]. Its product, erd2p is an integral membrane
protein predicted to have seven trans-membrane span-
ning domains [7]. The mammalian KDEL receptor ap-
pears to be a similar type of protein with isoforms en-
coded by two mRNAs, erd2.1, and erd2.2 [8-10].

In response to perturbation of normal ER function,
such as chronic depletion of the ER Ca?" store by cal-
cium ionophores or thapsigargin, or inhibition of glyco-
sylation by tunicamycin, expression of the genes encod-
ing KDEL-containing proteins is induced in a wide
variety of cells [11-14]. There have been conflicting re-
ports about whether such reticuloplasmin overex-
pression leads to the secretion of these proteins from
cells. In 3T3 and some other murine cells exposed to the
calcium ionophore A23187 for 4-8 hours, their secretion
was reported [15], whilst other studies have shown that
similar treatment of 3T3 cells, as well as HepG2 cells,
does not lead to their loss [16]. This might indicate the
existence of a preventative mechanism. One possibility
is that there is a concomitant increase in KDEL recep-
tor expression in response to ER stress. Indirect evi-
dence for such a proposal comes from a number of ob-
servations.

Overexpression of the erd2p protein in yeast resulted
in more efficient retrieval of HDEL proteins, whilst,
conversely, reduced expression of erd2p led to their
secretion [17]. In human glioblastoma U87 cells, over-
expression of either erd2.1 or erd2.2 proteins increased
the retention of KDEL- and HNEL-containing proteins,
and overexpression of human growth hormone, to
which either KDEL or HNEL had been appended at
the C-terminus, caused the secretion of endogenous re-
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ceptor-associated protein (RAP), a KDEL-containing
ER resident protein, as a result of receptor saturation
[18]. Furthermore, in Arabidopsis, tunicamycin in-
duced expression of aerd2 mRNA that encodes the
plant cell homologue of the KDEL receptor [19].

Therefore, in this study, we investigated the effect
of perturbation of ER function upon expression of the
two human KDEL receptors, and the secretion of cal-
reticulin, in HelLa cells.

MATERIALS AND METHODS

Thapsigargin and tunicamycin were obtained from Calbiochem
(Nottingham, England). All other chemicals were the highest grade
available and obtained either from Sigma (Poole, England), or Fisons
(Loughborough, England).

Ultraspec reagent was obtained from AMS (Witney, England). Re-
striction and modifying enzymes were bought from Gibco-Life Tech-
nologies (Paisley, Scotland), or Promega (Southampton, England).
Rapid-Hyb hybridisation buffer, RediPrime labelling kit and *P «-
dCTP (Redivue AA0005) came from Amersham International (Amer-
sham, Bucks, England). Oligonucleotides were synthesised by the
UWCM molecular biology services facility.

Cells and culture conditions. Tissue-culture media and supple-
ments were obtained from Sigma, or Gibco-Life technologies Adher-
ent HeLa OHIO cells were maintained in Dulbecco’'s modified Eagle
medium (DMEM) + 10% fetal calf serum (FCS). For treatment with
thapsigargin, or tunicamycin, cells were grown to 75-80% conflu-
ence, and agents added in DMEM + 10% FCS supplemented to which
1 mM EGTA (pH 7.6) had been added.

Generation of cDNA probes. The probes for calreticulin, grp78,
and GAPDH, were obtained as previously described [14]. cDNA frag-
ments for the human KDEL1 (erd2.1) and KDEL2 (erd2.2) receptors
were generated by reverse-transcription (RT)-PCR using total RNA
isolated from HelLa cells. Primers were derived from the published
sequences [8-10].

erd2.1 forwardprimer, 5 GGTCCCTCTTCCGTCCCCCCA 3’,

reverse primer, 5" CCACTGTCCCCCTGAAACCCG 3.

erd2.2 forward primer, 5" CTACCTTGCCTGCTCCTATG 3’

reverse primer, 5" GAAAGGACAGATGCTGGTGA 3’

Amplification products, erd2.1 - 475bp, erd2.2 - 903bp, were verified
as the correct products by sequencing and comparison with the
known sequences. They were used as probes in RNA blot hybrid-
isations either directly following clean-up (Qiagen PCR preps), or
cloned into the pGEM-T vector (Promega) from which appropriate
fragments were excised.

Northern blot hybridisation. 5ug of total RNA, isolated using Ul-
traspec, were electrophoresed through 1% agarose gels containing
0.66 M formaldehyde, transferred by capillary action onto Zeta Probe
charged nylon membranes (Bio-Rad) and cross-linked with UV light
using an Amersham cross-linker. Hybridisations were performed in
Rapid-Hyb buffer for 1 hour at 65°C with **P randomly-labelled
probes. Following hybridisation, membranes were extensively
washed with 0.1 X SSC, 0.1% SDS at 65°C and exposed to X-ray film
or analysed using a BioRad GS Phosphorimager. Where film was
used, the relative mRNA levels were quantified by densitometry (Bio-
Rad GS-670 densitometer). Blots were stripped and re-probed with
a cDNA encoding glyceraldehyde 3’ phosphate dehydrogenase
(GAPDH) (Ambion, Texas, USA) to ensure equivalent loading of the
RNA samples, and values for calreticulin, grp78 and KDEL receptor
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mRNAs were normalised to those for GAPDH. Equivalent loading
was also assessed by visualisation of ethidium bromide stained 28S
and 18S rRNA bands.

Metabolic labelling of proteins and immunoprecipitation of calreti-
culin. Cells were seeded in 60mm dishes and grown to 75% conflu-
ence. They were washed twice with PBS and then incubated in se-
rum-free medium minus methionine for 1 hour at 37°C. The culture
medium was replaced with fresh DMEM + 10% FCS containing **S
L-methionine (70%)/*°S L-cysteine (30%) (Amersham Promix Cat.
No. SJQ 007), and the cells incubated for 5 hours at 37°C after which
they were placed in normal medium containing either thapsigargin
(300nM), tunicamycin (10ug/ml), or no agent at all. The incubation
continued for a further 21 hours before calreticulin was immuno-
precipitated from the concentrated medium using an anti-calreti-
culin antibody raised against the whole human protein [20].

RESULTS

HelLa cells were exposed to thapsigargin (300nM), or
tunicamycin (10ug/ml), for up to 21 hours in order to
induce the overexpression of resident ER proteins. Con-
firmation that these agents elicited an ER-stress re-
sponse was carried out by Northern analysis using cal-
reticulin and grp78 cDNA probes. As shown in figure
1A, upon exposure to thapsigargin, the calreticulin
mMRNA levels had increased by 3-fold by 8 hours, and
5.1-fold after 21 hours. With tunicamycin, the respec-
tive increases were 4.2-fold and 6.5 fold (figure 1B).
Even greater induction was seen for grp78 mRNA in
response to both agents (data not shown), in con-
currence with our previous reports [14]. No changes
were observed in the levels of MRNA encoding the
housekeeping enzyme, glyceraldehyde 3’ phosphate
dehydrogenase (GAPDH) with either thapsigargin or
tunicamycin (figures 1A and B). We also investigated
whether there had been an increase in calreticulin pro-
tein. Using an anti-calreticulin antibody, immuno-blot-
ting of cell lysates showed that 21 hours continuous
treatment with thapsigargin increased the amount of
calreticulin protein 1.9-fold, whilst prolonged exposure
to tunicamycin over the same time period induced a
2.2-fold increase in its levels (figure 2).

To see whether there had been a concomitant in-
crease in erd2.1 and erd2.2 mRNAs, the Northern
blots were stripped and probed sequentially with the
appropriate cDNA fragments. Hybridisation with the
erd2.1 probe detected a single mRNA species of ap-
proximately 2.5kb whose levels remained unchanged
throughout the 21 hour exposure of the cells to either
thapsigargin or tunicamycin (figure 1). The erd2.2
cDNA probe detected five bands in all the experiments
performed despite the fact that the hybridisations
and subsequent washes were performed at very high
stringencies. The major transcript was at approxi-
mately 3.2kb, with a less intense band at 2.3kb, a
very faint band at 1.7kb, and 2 bands at about 1.3-
1.4kb (figure 1). No alterations were observed in the
levels of any of these transcripts in response to tuni-
camycin (figure 1B). However, a drop in the levels of
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Effect of ER stress upon calreticulin, erd2.1, erd2.2, and GAPDH mRNAs. Cells were exposed to either thapsigargin (300nM)

(PANEL A), or, tunicamycin (10ug/ml) (PANEL B), for 2, 8, and 21 hours as indicated below the lanes. Northern analysis was performed
on extracted total RNA (5ug) using *P randomly labelled cDNA probes, and the results analysed using a BioRad GS Phosphorimager and
Phosphor Analyst software. The results shown are typical of those seen in four independent experiments. KEY: 1:- calreticulin mRNA
(1.95kb). 2:- erd2.1 mRNA (2.5kb). 3:- erd2.2 mRNA (Bands at 3.2kb, 2.3kb, 1.7kb, and 1.3-1.4kb). 4:- GAPDH mRNA (1.4kb).

all these mMRNAs was observed in response to expo-
sure to thapsigargin. In the case of the 3.2kb major
band, its levels had decreased by 22% and 48% at 6
and 21 hours respectively (figure 1A).
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FIG. 2. Effect of thapsigargin and tunicamycin treatment upon
levels of calreticulin protein. Cells were exposed to either thapsigar-
gin (300nM) or, tunicamycin (10ug/ml), for 21 hours. Immuno-blot-
ting of cell lysates was performed using an anti-calreticulin antibody
which detected a single band migrating at a mobility of approx. 60kD.
Results shown are the mean inductions of four independent experi-
ments = SEM.
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These results led us to investigate whether the ER
stress had triggered an increase in the secretion of cal-
reticulin from the cells. This was done by monitoring
the effects of prolonged treatment with thapsigargin,
or tunicamycin, upon cells that had been previously
incubated in normal medium containing **S methio-
nine/cysteine for 5 hours to produce a pool of labelled
correctly-folded proteins. In control cells, not exposed
to either agent, very little calreticulin was secreted into
the medium. The amount of calreticulin protein in the
chase medium increased, relative to that observed with
control cells, by 2.7 fold with tunicamycin, and 2 fold
with thapsigargin (Table 1).

DISCUSSION

These data demonstrate conclusively that, despite
increasing expression of proteins normally retained
in the ER by their interaction with the KDEL recep-
tor, perturbation of ER function does not concomi-
tantly induce the mRNAs encoding isoforms of that
receptor. These results contrast with the induction
of aerd2 mRNA in ARabidopsis by tunicamycin [19].
Levels of the single 2.5kb band recognised by the
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TABLE 1
Stress-Induced Calreticulin Secretion

Relative calreticulin

Cell treatment secretion
Control 1.00

+ thapsigargin 1.99 = 0.14
+ tunicamycin 2.68 + 0.32

Densitometric analysis of **S labelled calreticulin immunoprecipi-
tated from culture medium following stress induction by either thap-
sigargin (300nM), or, tunicamycin (10ug/ml) for 18 hours. The data
are the means of 3 reproducible experiments performed in duplicate
+ SEM.

erd2.1 probe were unaffected by treatment with ei-
ther tunicamycin, or thapsigargin. Somewhat unex-
pected were the findings that, despite the use of high
stringency hybridisations and washes, the erd2.2
probe detected multiple mRNA species whose levels
remained constant upon exposure of the cells to tuni-
camycin, but dropped as a consequence of thapsigar-
gin treatment. This probe was derived from the 3’
untranslated region of the published erd2.2 mRNA
sequence. Whilst it is possible that there are related
mMRNASs, in addition to erd2.1, perhaps a more plau-
sible explanation is alternative splicing of the erd2.2
pre-mRNA producing several mRNAs with the same
3’ termini. To our knowledge, neither of the two
KDEL-receptor genes has yet been fully character-
ised, and so this proposal remains speculative at this
time. The lack of induction seen with the KDEL-
receptor genes suggests that it is unlikely, how-
ever, that their 5’ regulatory regions are similar to
those of calreticulin and the other reticuloplasmins
[14, 21].

The simplest interpretation of our data showing
enhanced calreticulin secretion is that it occurs as a
result of saturation of KDEL receptor binding, due
to the inability of HelLa cells to induce receptor ex-
pression in response to ER stress. Corroborating evi-
dence for this proposition comes from the saturation
of KDEL-receptor by overexpression of KDEL- and
HNEL-tagged growth hormone in U87 cells leading
to the secretion of endogenous RAP [18]. Moreover,
the secretion of grp94/endoplasmin, grp78/BiP, and
PDI in a range of murine cell lines as a result of
disruption of ER lumenal Ca®" has been reported pre-
viously [15]. However, in that study, unlike our data,
tunicamycin failed to enhance the secretion of KDEL-
containing proteins. The reasons for the difference
between the data are not clear, but the implication
is that the failure to retain these proteins within the
ER may not be entirely a consequence of receptor
saturation. Further evidence for such a conclusion
comes from the observation that exogenous overex-
pression of calreticulin had no effect upon its distri-
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bution within cells, or its secretion [20, 22]. Con-
versely, the removal of its KDEL sequence did not
cause a huge increase in its secretion [22]. Clearly,
the mechanisms for retention of ER proteins in mam-
malian cells are complex and entail more than simple
salvage by the KDEL receptor, e.g. maintenance of
the intralumenal Ca?" is essential for the correct pro-
cessing of proteins within the ER and is likely to be
involved in the retention mechanism [16, 23]. In
yeast, there is a second retention system involving
the ER-nuclear trans-membrane kinase Irelp, a key
protein involved in ER-nuclear signalling [24]. No
homologue of this kinase has been reported in mam-
malian cells, where the signalling pathways respon-
sible for transducing information from the lumen of
the ER to the nucleus remain, as yet, poorly under-
stood. Further studies on these pathways should elu-
cidate the processes by which the expression of ER
lumenal proteins is regulated in mammalian cells,
and may also shed further light on the mechanisms
of their ER retention.
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