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Introduction
This thesis describes the regulation of the Inositol 1,4,5-trisphosphate receptor
(InsP3R). The mechanisms of InsP3R regulation were investigated after cloning
of the promoters of the human and rat InsP3R-1 gene and visualization of
subcellular distribution of InsP3R-3 by immunoelectron microscopy (chapters
3-5). Studies employing prolonged stimulation with agonists showed that
InsP3R levels are both under transcriptional and proteolytic control. In addition,
it was found that the clustering of InsP3R-3 is abolished by such treatment.
Finally, down-regulation of InsP3Rs was demonstrated to affect calcium
homeostasis.
Further, we investigated the regulation of InsP3Rs in pathological conditions:
diabetes mellitus and nephrotic syndrome in rats, and atrial fibrillation in
humans (chapters 6-8). In all studies we observed marked down-regulation of
InsP3Rs mRNA. In addition, levels of the different InsP3R isoforms were
affected equally.
Thus, these studies showed extensive regulation of InsP3R expression under
pathologic conditions and identified several mechanisms that are likely to be
involved.
The second section of this chapter will describe the results from the chapters 3-
8 in detail. The final section will address the following questions:
• Which regulatory elements of the promoter are used to accomplish InsP3R

regulation?
• Are InsP3R isoforms regulated by the same transcription factor(s)?
• Down-regulation of InsP3R was associated with a reduced Ca2+ release. Is

the opposite true (up-regulation→ increased Ca2+ release)?
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Summary
Chapter 3) The promoter of the human InsP3R-1 gene was isolated and
characterized. Functional analysis in A7r5 cells demonstrated that basal
promoter activity of the human InsP3R-1 gene was contained in the region from
-86 to +145 relative to the putative tsp. A comparison of the sequences of the
human and mouse InsP3R-1 promoter revealed that the promoters share a high
degree of homology, especially in the area of the putative tsp. The
responsiveness to regulatory signals of the isolated and endogenous human
InsP3R-1 promoter was demonstrated.
Chapter 4) Prolonged treatment of smooth muscle cells with agonists of PLC-
coupled plasma membrane receptors led to down-regulation of InsP3R-1 and
InsP3R-3. Down-regulation of InsP3Rs was observed in A7r5 aorta smooth
muscle cells after exposure to vasopressin and in DDT1 MF-2 vas deferens
smooth muscle cells after treatment with histamine and bradykinin. Down-
regulation of InsP3Rs in A7r5 cells resulted in an impaired calcium release. The
mechanism causing the reduced expression of InsP3Rs seemed to be cell-
specific as well as agonist-specific and involves both proteasomal degradation
and reduction of InsP3R promoter activity.
Chapter 5) We demonstrated down-regulation of InsP3R-1 and InsP3R-3 in
A7r5 smooth muscle cells in response to long-term exposure to vasopressin,
whereas exposure to verapamil resulted in down-regulation of only InsP3R-1.
Vasopressin treatment resulted in impaired Ca2+ release from InsP3 sensitive
stores whereas verapamil treatment did not affect Ca2+ release. Further, we
show that InsP3R-3 labeling is strongly clustered on structures that appear to be
regions of specialized endoplasmic reticulum. Treatment with vasopressin and
verapamil resulted in a dramatic reduction of InsP3R-3 clusters, implicating that
redistribution of InsP3R-3 is independent on InsP3R-3 down-regulation.
Chapter 6) We investigated whether TGF-β mediated down-regulation of
InsP3R is involved in diabetes mellitus induced changes in contractile
properties of isolated rat aorta. We found a reduced maximal contraction in
response to angiotensin II with no change in EC50 in diabetic animals. InsP3R-
1 and InsP3R-3 mRNA levels were decreased whereas mRNA levels of the
angiotensin II receptor type 1 (AT1R) were increased in diabetic animals.
Treatment with neutralizing TGF-β antibodies (anti-T) restored angiotensin II
mediated contractions and InsP3R-1 mRNA levels to control levels. Anti-T
treatment further increased AT1R mRNA levels. We suggest that
hyperglycemia in diabetes attenuates the AII response through TGF-β mediated
down-regulation of InsP3R-1.
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Chapter 7) We investigated the involvement of InsP3Rs in chronic atrial
fibrillation (CAF). Down-regulation of mRNA of all InsP3R isoforms was
observed in CAF. This finding was opposite to the down-regulation of InsP3R-
1 reported in heart failure. The down-regulation of InsP3Rs may serve as a
mechanism to prevent rate-induced calcium overload.
Chapter 8) The involvement of InsP3Rs in adriamycin-induced nephrosis was
investigated in rats. We found that both InsP3R-1 and angiotensin II type 2
receptor (AT2R) expression are down-regulated. Further, ACE expression is
up-regulated and, AT1R expression is unchanged in adriamycin-induced
nephrosis. The changes in ACE and AT2R expression were most likely
mediated by the systemic effects of nephrosis.
Down-regulation of InsP3R-1 expression and down-regulation of AT2R
expression were associated with the severity of the systemic effects of
adriamycin-induced nephrosis.
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Discussion
Which elements of the promoter are used to accomplish InsP3R regulation?

In previous studies it was shown that TGF-β reduces the expression of IP3R-1
(Sharma et al., 1997) and InsP3R-3 (Sharma et al., unpublished results) in
mouse mesangial cells. In addition, we demonstrated that TGF-β down-
regulates InsP3R-1 and InsP3R-3 in aortic smooth muscle cells (chapter 6).
However, the mechanism of TGF-β induced InsP3R down-regulation is not
completely elucidated. Further, it has been demonstrated that TGF-β enhances
phosphorylation of the IP3R-1 through protein kinase A (PKA) (Wang et al.,
1998). Therefore, impaired transcription of the InsP3R-1 gene may be
modulated by PKA. Indeed, preliminary results indicate that the rat and human
InsP3R promoters transfected into A7r5 cells are modulated by stimulators and
inhibitors of PKA (Fig. 1)(Deelman, 1999).
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PKA modulates the transcriptionfactors CREB (Gonzalez et al., 1989) and
C/EBP (Roesler et al., 1998; Vallejo et al., 1995). As the human and rat InsP3R
promoters do not contain CREB elements, experiments focussed on the
conserved C/EBP site (see chapter 3). Fig. 2 shows an gel-shift experiment
indicating that exposure of A7r5 cells to the PKA stimulator 8-bromo-cAMP
results in enhanced levels of C/EBP. Although these experiments are not
conclusive, they illustrate that attenuation of InsP3R transcription in mesangial
cells may be mediated through a TGF-β/ PKA/ C/EBP pathway.
Is the down-regulation of InsP3Rs by vasopressin and bradykinin in A7r5 and
DDT1 MF-2 cells, respectively, also mediated by activation of PKA? It has
been demonstrated that exposure of A7r5 cells to vasopressin does not result in
increased cAMP levels (Pon et al., 1993). Further, exposure of DDT1 MF-2
cells to bradykinin led to decreased cAMP levels (Sipma et al., 1995). Both
findings indicate that down-regulation of InsP3Rs in A7r5 cells and DDT1 MF-

Fig. 1 The activity of the rat InsP3R-
1 promoter is modulated by protein
kinase A (PKA). InsP3R-1 promoter
activity is decreased by the PKA
stimulator 8-bromo-cAMP (8-bromo),
whereas the PKA inhibitor pki
stimulates InsP3R-1 promoter activity
in A7r5 rat aorta smooth muscle cells
(promoter activity is normalized to an
internal pRL-CMV control). Means ±
S.E. for four experiments are shown.
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2 cells by PLC-activating agonists is unlikely to be mediated by activation of
the cAMP-dependent PKA.
From this, we conclude that the transcriptional regulation of InsP3Rs involves
multiple regulatory elements in the promoter. Additional electrophoretic
mobility shift assays and/ or DNAse footprinting assays are needed to identify
transcription factors involved in the regulation of expression following
prolonged agonist stimulation.

Are InsP3R isoforms regulated by the same transcription factor(s)?

Similar down-regulation of both InsP3R-1 and InsP3R-3 has been described by
several studies, both on the protein and mRNA level. At the protein level, it has
been demonstrated that InsP3R-1 and InsP3R-3 are both similarly down-
regulated by specific PLC activating agonists in A7r5 and DDT1 MF-2 cells
(chapter 4). Previously, a similar down-regulation of both InsP3R-1 and

Fig. 2 Stimulation of protein kinase A increases the
transcriptionfactor C/EBP in A7r5 cells. An
electrophoretic mobilty shift assay (EMSA) was
performed using nuclear protein from untreated and 8-
bromo-cAMP treated A7r5 cells. Lane 1: Without the
addition of nuclear protein no shift of the C/EBP oligo is
observed. Lane 2: the addition of nuclear protein from
untreated A7r5 cells resulted in the formation of a
C/EBP complex (indicated by arrow A). Lane 3: The
intensity of the C/EBP complex is increased by addition
of nuclear protein from 8-bromo-cAMP treated A7r5
cells. Lane 4+5: C/EBP antibody was added to the
reactions shown in lane 3 and 4 to check the specificity
of the reaction. A faint supershift of the C/EBP complex
is visible in lane 4 (arrow B), whereas a strong supershift
can be observed in lane 5.
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InsP3R-3 was observed in WB rat liver epithelial cells in reponse to chronic
stimulation with angiotensin II (Bokkala and Joseph, 1997).
At the mRNA level, similar down-regulation of mRNAs of both InsP3R-1 and
InsP3R-3 in diabetic aortic tissue is described in chapter 6. In addition, similar
down-regulation of the mRNAs of all three InsP3R isoforms was demonstrated
in patients suffering from chronic atrial fibrillation (chapter 7). Therefore, the
regulation of InsP3R isoforms appear to be similarly regulated both at the
protein and transcriptional level.
Similar regulation of InsP3R-1 and InsP3R-3 at the protein level is likely as the
aminoacid sequences of InsP3R-1 and InsP3R-3 share a high degree of
homology (~63%). Since proteolytic degradation by the ubiquitin/ proteosome
pathway (see chapter 2.4.4) only requires a limited number of aminoacid
residues for ubiquitination, both InsP3R isoforms may be similarly regulated
through conserved ubiquitin signals.
Analyses on similar transcriptional regulation of InsP3R isoforms is strongly
hampered by the fact that the promoter of InsP3R-3 gene is not cloned yet.
Comparison of the nucleotide sequences of the promoters of the mouse InsP3R-
1 (Furutama et al., 1996) and InsP3R-2 (Morikawa et al., 1997) genes, revealed
a putative C/EBP site in both promoters although overall homology is low.
Comparison of the 5’ untranslated regions of the three InsP3R isoforms also did
not reveal significant homology. From this, it seems unlikely that the promoters
of InsP3R-1 and InsP3R-3 share considerable homology. However, the presence
of C/EBP sites in the promoters of InsP3R-1 and InsP3R-2 and the identical
transcriptional regulation of the three InsP3R isoforms, suggest that the
promoter of the InsP3R-3 gene may also contain a C/EBP site in addition to
other conserved transcriptionfactor binding sites.

Down-regulation of InsP3R was associated with a reduced Ca2+ release. Is the

opposite true (up-regulation→ increased Ca2+ release)?

Down-regulation of InsP3Rs is described in chapters 3 to 8, whereas up-
regulation of InsP3Rs was never observed in any of our experiments. As down-
regulation resulted in impaired Ca2+ release, we and others have wondered
whether the opposite was also true. Therefore overexpression of the InsP3R-1
was attempted through various strategies and in various cell-lines. So far, these
attempts have all been rather unsuccessful. Both transient and stable
transfection of InsP3R-1 constructs in A7r5 cells resulted in a modest (about 3-
fold) increase of InsP3R mRNA levels (Deelman, 1999). However, substantial
increases in InsP3R protein levels could never be detected. This discrepancy
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between InsP3R mRNA and InsP3R protein levels indicate that increased
InsP3Rs protein levels can be prevented by post-transcriptional regulatory
mechanisms.
In chapter 2 an overview is given on the many mechanisms employed in
receptor regulation. Some of those may be responsible for regulating InsP3R
protein levels. Translation, protein polymerization and proteolytic receptor
degradation are some of the post-transcriptional mechanisms that may prevent
InsP3R over-expression.
As discussed in chapter 2.2.10, translation is amongst others controlled by
signals in the 5’ and 3’ untranslated region (UTR) of the mRNA molecule.
Therefore, InsP3R-1 overexpression may be prevented by regulatory signals in
the UTRs of the InsP3R-1 mRNA molecule. However, the replacement of these
UTRs with the UTRs of the luciferase gene did not result in increased InsP3R-1
protein levels (Deelman, 1999). It seems therefore unlikely that overexpression
of InsP3R-1 is prevented by translational mechanisms.
Protein polymerization may underlie the inability to overexpress InsP3R-1 in
A7r5 cells. As discussed in chapter 1, the InsP3R exists as a tetrameric complex
to form a functional InsP3-gated calcium channel (Maeda et al., 1991). The
assembly of InsP3R subunits may result in a complex of identical subunits
(homotetramers) (Maeda et al., 1991) or in a complex of different subunits
(heterotetramers) (Nucifora et al., 1996; Joseph et al., 1995; Monkawa et al.,
1995). Formation of a heterotetramere not only depends on the synthesis of
InsP3R-1 subunits, but is also dependent on the synthesis of InsP3R-2 and/ or
InsP3R-3 subunits. Although not confirmed in A7r5 cells, the inability to
overexpress InsP3R-1 in A7r5 cells may therefore reflect a heterotetrameric
organization of InsP3R subunits in A7r5 cells.
Finally, proteolytic degradation pathways may underlie the inability to
overexpress InsP3R-1 in A7r5 cells. In chapter 4 it is demonstrated that down-
regulation of InsP3R-1 and InsP3R-3 is in part mediated by proteolytic
degradation. InsP3R degradation may involve enhanced ubiquitination of the
protein and degradation by the proteasome pathway (Bokkala and Joseph,
1997). In addition, InsP3Rs may be regulated by calpains (Wojcikiewicz and
Oberdorf, 1996). As discussed in chapter 2.4.5, calpains are activated by
increases in cytoplasmic calcium. As overexpression of InsP3Rs likely results
in increased cytoplasmic calcium concentrations, overexpression of InsP3Rs
may be prevented by enhanced InsP3R degradation by calpains.
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In conclusion, the prevention of InsP3R overexpression is most likely mediated
by protein polymerization mechanisms and/ or proteolytic degradation
pathways.

Conclusions:

This thesis demonstrates that the InsP3R is under transcriptional control and
subject to proteolytic degradation. Regulation of the InsP3R may underlie
cardiovascular and kidney disease. Further, it is demonstrated that InsP3R
clustering and redistribution are exciting new mechanisms for the regulation of
InsP3R function.
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