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CURRENT AND FUTURE RESEARCH PLANS

INTRODUCTION:

Calcineurin is well known as the enzyme target of the immunosuppressant drugs cyclosporin A
and FK506. Use of calcineurin inhibitors (Cls) increased one-year survival following organ
transplantation from 5% to over 80% and remain the cornerstone of post-transplant therapies.
Unfortunately, prolonged treatment with Cls frequently causes serious side-effects including skin
disorders, cancer, and renal failure. CIs are known to suppress T cell function by blocking activation of
nuclear factor of activated T cells (NFAT) transcription factors ([1]). However, actions of calcineurin in
other tissues including the kidney have not been fully investigated.

Previously, I became interested in calcineurin as a mediator of growth factor-induced cell
hypertrophy and extracellular matrix induction in glomerular mesangial cells. I found that calcineurin
was required for IGF-I-and TGFB-mediated matrix accumulation [2, 3] and IGF-I-mediated hypertrophy
[2]. These pathways are rapidly activated in the diabetic kidney and regulate matrix expansion and
compensatory hypertrophy. Consistent with in vitro data, inhibition of calcineurin with cyclosporin
reduced glomerular matrix expansion and hypertrophy in diabetic rats [4]. While calcineurin inhibition
reduced matrix expansion in glomeruli, cyclosporin alone was sufficient to induce matrix proteins in the
renal tubulo-interstitium and produced an additive effect with diabetes [4]. This experiment proved to
be an elegant demonstration of cell-specific calcineurin function and identified a signaling system where
calcineurin inhibition in the kidney does not lead to fibrosis. As a result, the broad goal of my research
became understanding mechanisms of calcineurin signaling specificity.

Isoforms may mediate cell-specific actions of calcineurin. One important mechanism for cell
specific action that we investigated was the contribution of different isoforms of the catalytic subunit of
calcineurin. Calcineurin is a multi-subunit enzyme. Full activity requires interaction of catalytic (A)
and regulatory (B) subunits, calmodulin and calcium [5]. Our work has now made clear that isoforms of
the (A) subunit have unique functions that need to be fully explored.

To investigate how isoforms contribute to cell-specific calcineurin action, we obtained mice that
lack either the Aa or the AP isoform. Both models had been previous created [6, 7], but kidney
development and function had never been studied. Data showed that the Aa isoform is more important
to kidney development and function than the AP [8, 9]. Moreover, when the phenotypes of Aa-/- mice
were compared with cyclosporin-treated wildtype mice, many features of nephro-toxicity were present
with loss of the Aa isoform but absent in mice lacking AP [9]. We also found a number of other
phenotypic changes in Aa-/- mice that are present in humans taking calcineurin inhibitors including
hyperlipidemia, anorexia, and lymphoproliferation [8, 10]. Thus, we concluded that loss of Aa was
most likely responsible for many clinical manifestations of CI toxicity. Importantly, previously
published reports showed, and work in our lab confirmed, that loss of the Aa isoform does not
significantly impair T cell function. Mice with Aa-/- immune systems can still be suppressed with
cyclosporin [6] and aged a heterozygous mice with severe nephrotoxicity have normal levels of 1L2
[10], a cytokine closely associated with calcineurin action in T cells.

Study of AB-/- mice shed further light on calcineurin action in the immune system. Bueno et al
reported a severe loss of mature T cells in AB-/- mice that mirrored the effects of cyclosporin on
wildtype mice [7]. Moreover, AB-/- mice were resistant to graft rejection, similiar to cyclosporin-treated
wildtype mice. Taken together, we conclude that the Aa and AP isoforms function in very different
ways - the Aa isoform is required for normal kidney function while the Af regulates T cell activity.
This finding presents an important clinical opportunity to improve CI therapy: targeted inhibition of the
AP isoform to produce immune suppression without nephrotoxicity.

OBJECTIVES:
I. INVESTIGATE THE SPECIFIC ROLES OF CALCINEURIN ISOFORMS. Rationale:
Calcineurin Aa and AP are products of two different genes. While the isoforms are closely related,
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there are small regions of divergence in the sequences [1]. Moreover, mice lacking Aa and AP have
very different phenotypes, suggesting that the two isoforms have specific functions. We have generated
cell lines from kidneys of wildtype, Aa-/-, and AB-/- mice [9] and we find difference in upstream signals
as well as downstream processes with loss of each isoform. Thus, one important area of work in my
laboratory is to investigate upstream signals and downstream processes of each isoform.

A. Calcineurin Aa: an integral part of endoplasmic reticulum function. Previously, we
reported that Ao mice have a urine concentrating defect and that AQP2 does not translocate to the
membrane [11]. Further investigation showed that AQP2 is not localized to intracellular vesicles and
remains trapped inside the endoplasmic reticulum (ER). In a project funded by a Department of
Veterans Affairs MERIT award, I proposed experiments to determine the role of calcineurin in the ER.
We find that calcineurin can dephosphorylate the ER chaperone protein calnexin. In the absence of
calcineurin activity, calnexin-mediated chaperone function is altered, leading to aberrant trafficking of
target proteins. In addition to AQP2, we find that a number of proteins including TGF are
dysregulated in the absence of Aa. While there are numerous reports in the literature that calcineurin
inhibitors can result in upregulation of TGFf, we were the first to identify a mechanism to explain this
observation. We hypothesize that loss of Aa alters ER protein sorting and results in aberrant trafficking
of a wide range of targets including AQP2 and TGF. Current and future work is therefore directed
toward the following experiments: 1) Establish the upstream signals that activate Aa - eg cAMP, IP;
PLCy; 2) Investigate what processes are dependent upon Aa activity including ER-associated
degradation, unfolded protein response; and 3)Determine the consequences of Aa inhibition on normal
protein trafficking, ER stress, and hypertrophy.

B. Calcineurin Ap: regulator of NFATc-mediated transcription. We have found that A
regulates distinct downstream targets from that of Aa. Specifically, fibroblasts lacking the AB isoform
no longer regulate NFATc [9]. As a result, we obtained mice that constitutively express an NFATc-
responsive luciferase promoter and crossed the mice with our Aa and AP lines. Resulting offspring
allow us to measure NFATc transcriptional activity in wildtype, Aa-/- and AB-/- tissues. Consistent
with our in vitro data, we find a dramatic loss of NFATc-luciferase activity in AB-/- but not Aa-/-
kidneys. In 2004, I received an NIH RO1 award to determine why calcineurin inhibition blocks
extracellular matrix accumulation in glomerular mesangial cells but induces it in epithelial cells. Recent
work on this project revealed that NFATc is required for up-regulation of fibronectin [12]. Since other
in vitro experiments and data from NFATc-luciferase mice indicate that NFATc is regulated specifically
by the A isoform, we speculated that matrix proteins would not be upregulat-ed in diabetic Ap-/-
glomeruli. Recent experiments confirm this scenario. We therefore hypothesize that AP specifically
regulates NFATc transcription factors. One downstream target is upregulation of matrix proteins
including fibronectin. Our current and future work is therefore directed at the following: 1) Establish
upstream signals required for activation of AB; 2) Determine what processes are dependent upon A
activity in addition to NFATc including kidney-specific transcription co-factors; and 3) Investigate the
result of AP inhibition on matrix accumulation, growth factor signaling.

Il. GENERATE NOVEL EXPERIMENTAL AND CLINICAL TOOLS TO STUDY
CALCINEURIN ISOFORMS. Rationale: The bulk of my research is directed toward novel areas of
investigation. Therefore, one focus of my laboratory is designing, evaluating, and implementing new
technologies to enhance our research capabilities. We have shown that the isoforms of calcineurin have
unique roles. As such, we are pursuing the generation of inducible, isoform-specific null mice, further
developing our new fluorimetric method to measure isoform-specific calcineurin activity, and
identifying compounds that selectively target Ao and A isoforms.

C. Evaluate inducible, isoform-specific knockout mice to validate our model that the Af
isoform regulates immune activity while the Aa isoform is vital in the kidney. Ao-/- mice have
developmental defects that severely affect renal function [8]. Therefore, one goal in my laboratory is to
create inducible, isoform-specific knockout mice. I am currently funded by an NIH R21 award to create
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inducible Aa and AP knockout mice. Briefly, we have generated constructs with exons from the
catalytic domains of the Aa and AP genes flanked by LoxP sites. Mice will be made with the “floxed”
genes replacing the endogenous sites and then crossed to mice carrying a Cre recombinase protein that is
fused to a modified estrogen receptor. Tamoxifen injection stimulates nuclear localization of the Cre
enzyme and facilitates excision of the targeted exons throughout the mouse. This method will allow us
to create isoform-specific null mice at any age. Once the mice are obtained, we will evaluate a number
of important questions under controlled isoform selectivity.

The initial set of experiments we will evaluate transplant tolerance and nephrotoxicity. In
collaboration with Drs. Ken Kokko and Christian Larsen (Emory SOM), we will perform skin
transplants on adult Aa- and AB-/- mice. We will then follow both rejection and kidney function to
determine if selective loss of either isoform produces a different result. We anticipate that rejection will
be delayed in AB-/- mice and kidney function will be normal. In contrast Aa-/- mice will have no
improved graft tolerance compared to wildtype mice and will develop nephrotoxicity.

D. Expand of our newly developed calcineurin assay to detect specific isoforms. Common
methods to measure calcineurin activity have technical difficulties/obstacles. To facilitate our research
objectives, we created a novel assay to measure calcineurin activity. We validated the assay [13] and
now routinely use this method. Furthermore, with the Emory Office of Technology Transfer, I have
submitted an application to pursue patenting and commercialization of this method. Our assay uses an
amino acid sequence from the RII subunit of protein kinase A as a substrate, which both Aa and AP can
dephosphorylate. In order to modify the assay to detect isoform-specific activity, we must either
identify other peptides with isoform specificity or find a selective inhibitor to “subtract” the activity of
one isoform (discussed further in part E).

E. Pursue mechanisms of isoform-specific modulation/inhibition in vitro and in vivo. The
majority of my research is now focused on the possibility that selectively targeting calcineurin isoforms
will produce new, safer therapeutic options. Our in vitro experiments will identify differences in
upstream and downstream actions of the isoforms and characterize specific effects due to loss of each
isoform. Using inducible, isoform-specific knockout mice we will perform proof-of-principle
experiments that immune suppression and nephrotoxicity can be separated. These experiments will be
aided by our novel assay methods and unique experimental models. Finally, we will pursue means to
selectively inhibit the activity of each isoform.

In collaboration with Dr. Dennis Liotta (Emory University), we propose to screen peptide and
chemical libraries for agents that interact with unique regions in the Aa and A proteins. Using our high
throughput assay, we will then screen candidate compounds for isoform selectivity. While A selective
agents would seem to have the most obvious therapeutic potential, agents that selectively inhibit the Aa
isoform or that preferentially activate either isoform could also have research and clinical significance.

SIGNIFICANCE

I have developed a novel area of research into the specific roles of calcineurin isoforms. My data
suggest that Ao and A are activated by different upstream signals and act on separate downstream
targets. Inhibition of each isoform produces different effects in vitro and in vivo. Objective I is directed
toward understanding basic cellular actions of calcineurin isoforms. Objective II addresses our need for
novel tools and reagents including inducible, isoform-specific knockout mice, techniques to study
isoform-specific activity, and means to selectively modify isoform activity. Future work will be
directed toward applying these new data and techniques to improve clinical calcineurin inhibitor use.
My work and that from other laboratories form a compelling case that pathways associated with the A3
isoform will lead to better immune suppression with fewer side-effects. The experiments described in
this proposal are an overview of my current and future goals toward this objective.
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Racial differences in the inhibition of calcineurin in stimulated
T cells
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The introduction of calcineurin inhibitors (CIs) greatly improved
short-term graft survival but long-term outcomes have not
significantly improved. While multiple factors can effect organ
survival, as a group, African American (AA) transplant recipients
suffer higher rates of rejection than other racial groups. Despite
intense effort, no explanation for this difference has been
identified. The aim of this study was to determine if differences in
sensitivity to CIs contributes to racial disparities. T cells were
isolated from control volunteers and renal transplant recipients and
calcineurin stimulation and response to CIs was determined. T cell
CaN activity was significantly increased in response to CD3/CD28
co-stimulation in control but not transplant subjects. Despite
comparable blood levels of FK506, T cell activation was markedly
higher in AA patients compared to Caucasians (CC). Similarly,
both FK506 and cyclosporin A failed to inhibit calcineurin activity
in T cells of AA control subjects. Finally, increased stimulation of
CaN activity was associated with elevated production of cytokines
including IL-3, IL-4, and TGFa. Consistent with this, AA
transplant patients had significantly higher serum levels of TGFa
compared to CC. These data suggest that reduced efficacy of Cls
at blocking T cell calcineurin activity may contribute to worse
long-term outcomes of AA patients.
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