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Abstract

Patients with Down syndrome have characteristic heart valve lesions resulting from endocardial
cushion defects. The Down syndrome critical region 1 (DSCRL1) gene, identified at the conserved
trisomic 21 region in those patients, encodes a calcineurin inhibitor that inactivates nuclear factor of
activated T cells (NFATCc) activity. Here, we identify a regulatory sequence in the promoter region
of human DSCRL that dictates specific expression of a reporter gene in the endocardium, defined by
the temporal and spatial expression of Nfatcl during heart valve development. Activation of this
evolutionally conserved DSCR1 regulatory sequence requires calcineurin and NFATc1 signaling in
the endocardium. NFATc1 proteins bind to the regulatory sequence and trigger its enhancer activity.
NFATc1 is sufficient to induce the expression of Dscrl in cells that normally have undetectable or
minimal NFATc1 or DSCR1. Pharmacologic inhibition of calcineurin or genetic Nfatc1 null mutation
in mice abolishes the endocardial activity of this DSCR1 enhancer. Furthermore, in mice lacking
endocardial NFATCcL, the endogenous Dscrl expression is specifically inhibited in the endocardium
but not in the myocardium. Thus, our studies indicate that the DSCR1 gene is a direct transcriptional
target of NFATc1 proteins within the endocardium during a critical window of heart valve formation.

Down syndrome (DS),5 produced by trisomy of all or part of chromosome 21, occurs at a
frequency of 1 in 43 spontaneous abortions and 1 in 750 live births (1). Most DS fetuses (up
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to 50—75%) die in utero (2,3). Approximately 40-50% of the surviving DS patients have
characteristic congenital heart disease (4). Indeed, DS is a major cause of congenital heart
defects in humans (5). Endocardial cushion defect is the predominant cardiac abnormality in
DS, leading to characteristic atrioventricular septal or heart valve lesions (4,6). Previous work
from our laboratory and others demonstrates that the calcineurin/ nuclear factor of activated T
cells (NFATC) signaling pathway is essential for the development of endocardial cushions and
heart valves (7-9), and that perturbations of the pathway lead to many features of Down
syndrome (7,10,11).

Calcineurin is a Ca?*/calmodulin-dependent phosphatase (12). Activated calcineurin
dephosphorylates NFATc proteins, triggering NFATCc translocation from the cytoplasm into
the nucleus, where NFATCc proteins form transcription complexes with cofactors to regulate
target gene expression (13,14). Two genes, DYRK1a and DSCR1, localized within the Down
syndrome critical region (DSCR) of human chromosome 21, were shown to synergistically
reduce the nuclear occupancy of the NFATc proteins (10,15). DYRK1a is a kinase that
promotes NFATCc nuclear export (10,15), and DSCR1 (RCAN1, calcipressinl, or MCIP1)
encodes an inhibitor of calcineurin (16-19). Apparently a 1.5-fold overexpression of these two
proteins leads to the dysregulation of calcineurin/NFAT signaling, resulting in a constellation
of DS features that are almost perfectly reproduced in Nfatc mutant mice (10).

Although recent work has shown that the expression of DSCRL1 in neurons and the heart is
induced by the NFAT pathway (20,21), it is not clear how DSCR1 interacts with NFATc1
within the endocardium during heart valve development. The role of calcineurin in regulating
DSCR1 expression in the heart remains undefined. Nor is there unambiguous evidence that
DSCR1 is a direct transcriptional target of NFATcL in the heart. Here, we identify an enhancer
of the human DSCRL1 gene that contains all the elements required to direct endocardial DSCR1
expression that is entirely defined by calcineurin/NFATc1 activity in the heart. We present
both in vitro and in vivo evidence that the DSCR1 gene is a direct downstream target of the
NFATc1 transcription factor in the endocardium of a developing heart.

EXPERIMENTAL PROCEDURES

Mouse Husbandry

All mouse strains were maintained in outbred backgrounds at the Stanford University Research
Animal Facility under the National Institutes of Health guidelines. The date of observation of
avaginal plug was set as day 0.5, which was confirmed by ultrasonography prior to sacrificing
pregnant mice (22) and examination of embryo morphology and somite number. Nfatc1- c4
mutant mouse lines were described previously (7).

Generation of DSCR1-lacZ Mice

The plasmid used in transgenic mouse production was constructed by linking the NFAT-
dependent human DSCR1 enhancer upstream of the basal hsp68 promoter and lacZ reporter
gene (23). The DSCR1 enhancer contained 904 base pairs derived from sequences flanking
exon4 (—874 to +30) with the first nucleotide of exon 4 designated as 1. After removal of the
prokaryotic sequences, transgene fragments were introduced by pronuclei microinjection of
fertilized oocytes of C57B6/C3H mice.

Gel Mobility Shift Assay

Binding of nuclear proteins to DNA oligonucleotide probes was done as described previously
(24,25). Nuclear proteins were extracted from embryonic hearts at embryonic day (E) 11.5 and
E12.5. Anti-NFATc1 (clone 7A6, Santa Cruz Biotechnology) was used for antibody supershift
experiments. Oligonucleotides used were: wild-type (wt)-NFAT-responsive element (NRE)-1,
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TCAGCTGTTTITTCCATTCTCCCCAAGC; mutant-NRE1,
TCAGCTGTTTGCTAGATTCTCCCCAAGC; wt-NRE2,
AGCATAGGGAAAATGACTAAGG; mutant NRE2, AGCATAGCTAGCATGACTAAGG;
wt-NRE3, ACGTCACCTCTTTCCAGTAGAAACTTACAC; mutant NRE3,
ACGTCACCTCGCTAGAGTAGAAACTTACAC (sequences underlined represent the intact
or mutant NFAT core binding sites).

Plasmids, Cell Culture, and Transfection

Full-length mouse NFATc1 was cloned into pMES vector. The constitutively active calcineurin
and DSCR1 luciferase reporter were described previously (26,27). Nine copies of wt or mutant
NRE3 were cloned into pGL3-promoter (Promega). Mouse embryonic fibroblasts (MEFs)
were cultured in Dulbecco's modified Eagle's medium supplemented with 15% fetal bovine
serum and nonessential amino acids. Cells were transfected with Lipofectamine 2000
(Invitrogen).

lacZ Staining, RNA in Situ Hybridization, and Immunostaining

Whole-mount lacZ staining was performed as described previously (7). The mouse Dscrl 3'-
untranslated region corresponding to exons 5, 6, and 7 was generated by reverse transcription
(RT)-PCR and subcloned into pCRII vector. This probe was common to all DSCR1 isoforms.
In situ hybridization was performed using a standard protocol. For platelet endothelial cell
adhesion molecule (PECAM)-1 staining, paraffin-embedded tissue sections were trypsin-
digested and incubated with rat anti-PECAM-1 antibody (Pharmingen). NFATc1 antibody
(Santa Cruz Biotechnology) was applied to paraformaldehyde-fixed REN cells. Alexa
fluorophor-conjugated secondary antibodies (Molecular Probes) were used to visualize
antibody staining.

Adenoviral Infection, cDNA Microarray Analysis, and RT-PCR

RESULTS

The REN cell was infected with an adenoviral expression cassette consisting of a
cytomegalovirus promoter, a constitutively activated NFATc1, and downstream green
fluorescent protein (GFP) linked by internal ribosomal entry site (IRES). Cells were harvested
for RNA isolation 2 days after infection. Human 10K cDNA chip was used for cDNA
microarray analyses that were performed at Genomics/Microarray Facility, The Wistar
Institute. The arrayed DNA (expressed sequence tag AA629707) was located at the 3’ end of
DSCR1 for all four human transcript isoforms. For RT-PCR, total RNAs were isolated from
independently infected REN cells. RT-PCR was performed using a standard protocol with the
DSCR1 specific primers.

The DSCR1 Regulatory Promoter Region Is Evolutionally Conserved and
Under Calcineurin/NFATc1 Regulation

A promoter element located upstream of exon 4 of the human DSCR1 gene was identified
previously (27). The promoter showed an over 75% homology among rat, mouse, and human
sequences, and the NREs within were perfectly conserved (Fig. 1A). By gel mobility shift
analysis, we found that endogenous NFATCc proteins present in the nuclear extracts of mouse
embryonic hearts bound strongly to oligonucleotides containing the NRE1, —2, or —3 present
in the promoter (Fig. 1B, lanes 1, 3, and 5). The presence of NFATc1 proteins in the binding
complex was confirmed by disruption of the protein-DNA complexes with anti-NFATc1
antibody (Fig. 1B, lanes 2, 4, and 6). Furthermore, mutations of the canonical NFAT binding
sites of NREs from GGAA(A/T)TTCC to CTAG(C/G)CTAG abolished the binding of
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endogenous NFATc1 proteins to NRE2 and —3 but not NREL1 (Fig. 1C, lanes 2, 4, and 6),
suggesting that NFATc1 binds to canonical sites of NRE2 and —3, and a noncanonical site of
NRE1, perhaps through GGAGA/TCTCC that is similar to the canonical site. Overall, these
findings indicate that endogenous NFATc1 proteins bind to the NREs of the DSCR1 enhancer.

To study whether NFATc1 could transactivate the DSCR1 promoter, we performed a luciferase
reporter assay. The regulatory sequence of DSCR1 gene was cloned upstream of the luciferase
reporter gene (27). In the MEFs, we found that overexpression of NFATc1 and constitutively
active calcineurin (CnA¥*) (7) significantly enhanced the luciferase reporter activity (Fig.
1D). Overexpression of NFATc1 alone, however, had minimal activation of the reporter gene
in MEFs because of the fact that NFATc proteins, whether overexpressed or endogenous, were
located predominantly in the cytoplasm of MEFs in the absence of CnA* (data not shown).
CnA* triggered the nuclear localization of endogenous or overexpressed NFATc proteins,
leading to reporter activation (data not shown and Fig. 1D). Thus, the ability of NFATc1
proteins to bind to the enhancer and trigger the enhancer activity depends on their nuclear
localization controlled by calcineurin. This indicates that NFATCc proteins regulate the
expression of DSCR1 at the transcriptional level. To examine whether NFATc1 could exert
its transcriptional activity through the NREs of DSCR1 enhancer, we cloned the NRE3 element
upstream of the lucif-erase reporter gene. We found that CnA* and NFATc1 strongly activated
the luciferase expression of this reporter (Fig. 1E). Mutations of the NFAT binding site on
NRES3 significantly reduced the transcriptional activity of NFATc1 on the reporter gene (Fig.
1E). Taken together, these studies indicate that NFATc1 proteins transcriptionally activate the
DSCR1 enhancer through the NREs.

NFATc1 Induces Endogenous DSCR1 Expression in Cells That Normally Have Undetectable
or Minimal Expression of NFATcl or DSCR1

To test whether NFATCc proteins were sufficient to trigger endogenous DSCR1 expression, we
chose the human mesothelioma cell line (REN cell) that had no detectable expression of
NFATc1 and had only minimal expression of DSCR1. These cells were infected with either
adenovirus expressing constitutively nuclear NFATc1-IRES-GFP (7) or with GFP and
examined for the expression of DSCR1. The subcellular localization of the constitutively
nuclear NFATc1 proteins was confirmed by immunostaining (Fig. 2A). Western blot analysis
showed the expression of constitutive activated NFATc1 proteins in REN cells after infection
with adenovirus (Fig. 2B). REN cells infected with control GFP-only virus did not express
detectable endogenous NFATc1. Cells expressing NFATc1-IRES-GFP were sorted, cultured,
and then subjected to transcript microarray analysis. Transcript analysis revealed that NFATcl
enhanced the expression of DSCR1 mRNA in REN cells by approximately 10-fold (Fig. 2C).
The induction of DSCR1 mRNA expression was confirmed by semi-quantitative RT-PCR in
independently infected cells (Fig. 2D). These results indicate that NFATc1 is sufficient to
activate endogenous DSCR1 expression.

The DSCR1 Enhancer Activity in the Endocardium Requires Both Calcineurin and NFATc1

Both the in vitro binding and cellular transactivation assays suggested that NFATc
transcriptionally regulated the expression of DSCR1. To investigate whether the enhancer
activity of DSCR1 gene depends on NFATCc proteins in vivo, we generated a transgenic mouse
reporter line (DSCR1-lacZ), where a B-galactosidase reporter gene was driven by the human
DSCR1 enhancer. By whole-mount lacZ staining, we found that the DSCR1-lacZ activity was
expressed in the heart and neural tube during a specific time window of development from
E9.5to E12.5 (Fig. 3A). This expression pattern partially recapitulated the endogenous DSCR1
expression in the heart (28) and corresponded to the time window of NFATc1 expression in
the endocardium (7-9). Detailed histological analysis of the heart revealed a specific
expression of this transgene in endocardial cells (Fig. 3B). At E9.5, the transgene was expressed
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throughout the endocardium. By E11.5, the expression became limited to the cushion
endocardium of the cardiac outflow tract and atrioventricular canal. This unique expression
pattern was identical to that of NFATCc1 as the latter was expressed in all endocardial cells at
E9.5, and its expression became restricted to the cushion endocardial cells by E11.5 (7-9).

Because the expression of DSCR1-lacZ colocalized with NFATc1 expression both temporally
and spatially during heart development, we investigated whether the DSCR1 promoter activity
was indeed regulated by NFATcL in vivo. In Nfatc1 null embryos harboring the DSCR-lacZ
reporter gene, we found that the expression of lacZ in the endocardium was abrogated (Fig.
3C), indicating that NFATc1 was required in vivo for DSCR1-lacZ expression. However, the
expression of DSCR1-lacZ in the neural tube was not affected in the absence of NFATc1,
consistent with the observation that NFATc1 was expressed in the endocardium (7-9,29) but
not in the neural tube at that developmental stage. Furthermore, we found that the dependence
of DSCR1 expression on NFATc1 required calcineurin activity in the endocardium. Using
cyclosporin A to inhibit calcineurin activity in utero (7), we showed that cyclosporin-treated
embryos failed to express DSCR1 enhancer activity in the heart (Fig. 3D). NFATc1 proteins
were localized to the cytoplasm in cyclosporin-treated embryos (Fig. 3E) and in embryos
lacking endocardial calcineurin (data not shown), indicating that nuclear localization of
NFATc1 controlled by calcineurin is crucial for DSCR1 activation in the endocardium. To
investigate whether NFATc2, -c3, and -c4 were required for endocardial DSCR1 expression,
we examined the expression of DSCR1-lacZ activity in Nfatc2/3/4 triple null embryos (7) and
found that the DSCR1 enhancer activity was expressed normally in the heart in the absence of
Nfatc2/3/4 (Fig. 3F). Of note, the DSCR1 enhancer activity in the neural tube required
NFATc2/3/4 but not NFATc1 (Fig. 3, C and F). These results demonstrated a specific and
unique in vivo requirement of calcineurin/NFATc1 for the DSCR1-lacZ expression in the
endocardium.

Endogenous DSCR1 Gene Expression in the Endocardium Requires NFATc1

To address whether endogenous DSCR1 expression required NFATcL in the endocardium, we
performed a RNA insitu hybridization in Nfatc1 null embryos with a probe specific for DSCR1.
This probe was generated from the 3'-untranslated region corresponding to exons 5, 6, and 7
of mouse Dscrl and detected all the common isoforms of Dscrl. We found that DSCR1 was
expressed in both the endocardium and myocardium of wild-type mice at E12.5 (Fig. 4A). In
mice lacking NFATc1, the expression of DSCR1 in the cushion endocardium was significantly
reduced or abolished (Fig. 4, B and D). In contrast, its expression was preserved in the
myocardium that did not normally express NFATc1 (Fig. 4B). To rule out a global change of
gene expression in the endocardium of Nfatc1~ mice, we examined the expression of
endocardial PECAM-1 in the mutant mice. By immunostaining, we found no significant
changes of endocardial PECAM-1 expression in Nfatc1 ™/~ embryos (Fig. 4F). These
observations indicate that NFATc1 proteins specifically regulate the expression of endogenous
DSCR1 in the endocardium and that the expression of DSCR1 in the myocardium is NFATc1-
independent. Overall, our studies unequivocally demonstrate that the regulation of endocar-
dial DSCR1 expression depends on calcineurin/NFATc1 signaling and that DSCR1 is a direct
downstream target of NFATc1 proteins within the endocardium.

DISCUSSION

We have presented multiple lines of evidence indicating that the calcineurin inhibitor DSCR1
isadirecttranscriptional target of NFATc1 during critical windows of heart valve development.
Because the activity of endocardial NFATc1 itself depends on calcineurin (Fig. 3E) (7), the
regulation of DSCR1 by NFATc1 may provide a negative feedback control mechanism to
maintain endocardial NFATc1 homeostasis during heart development (Fig. 4G). This working
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model suggests that reduced NFATCc1 activity attenuates DSCR1 expression, boosting
calcineurin activity and promoting further NFATc1 nuclear entry to restore NFATc1 level.
Excessive NFATc1 activity, in contrast, may enhance the expression of DSCR1, which inhibits
calcineurin and blocks the entry of additional NFATc1 molecules into the nuclei, and thus
normalizes NFATc1 activity. This working model is further supported by previous
observations that enhanced DSCR1 expression inhibits NFATc1 nuclear localization and
transcriptional activity in the heart (10,30). The negative feedback loop may serve to maintain
endocardial NFATc1 protein function at a stable level during heart valve morphogenesis.
However, mice lacking DSCR1 and/or DSCR1-like 1 survive to adulthood with no apparent
severe defects in cardiac morphogenesis (31). These findings may suggest the presence of
redundant pathways that compensate for the loss of function of DSCR1.

A mouse Dscrl enhancer (~700 bp) was used previously to drive lacZ transgene expression
in an embryonic heart. Weak transgene expression was detected in the endocardial cushion of
the outflow tract at E9.5-E12.5 and in a small subset of NFATc1-expressing cells of the
atrioventricular canal (21), suggesting that the enhancer did not contain all elements required
to recapitulate endogenous DSCR1 expression in the endocardium defined by NFATc1
activity. In this study, the lacZ transgene is controlled by the homologous human enhancer
(~900 bp). We have observed broader panendocardial expression of the transgene at E9.5. By
E11.5, the expression is restricted to the cushion endocardium of the cardiac outflow tract and
atrioventricular canal (Fig. 3). This unique spatial-temporal expression profile is identical to
that of NFATc1 (7-9) and demonstrates a functional conservation of the DSCR1 enhancer
between the human and mouse species. Indeed, the transgene expression is abolished in
Nfatc1 null embryos (Fig. 3), indicating that endocardial DSCR1 expression is both spatially
and temporally defined by NFATc1. Thus, the longer human enhancer used in our study
contains a complete set of elements required to direct endocardialDSCR1 expression in a
NFATc1-dependent manner. Additionally, we show that endogenous NFATCc1 proteins
physically bind to the enhancer through the NREs and that NFATc1 is both necessary and
sufficient for the activation of DSCR1 expression (Figs. 1 and 2). Among NFATc signaling,
NFATc1, but not NFATc2/3/4, is uniquely required for activating endocardial DSCR1
expression (Fig. 3). We further show that the DSCR1 expression requires calcineurin to trigger
NFATc1 nuclear localization and activation (Figs. 1 and 3).

These observations provide direct evidence that the endogenous DSCR1 expression in the
developing endocardium is controlled by calcineurin/ NFATc1 signaling. NFATc1
transcriptionally activates DSCR1 expression through a conserved enhancer region. The
regulation of DSCR1 and NFATc1 may provide a feedback mechanism to ensure proper
maintenance of NFAT signaling strength during heart development.

Acknowledgments

We thank Dr. B. Rothermel for advice on transgenic mice and Lisa Pang for technical assistance.

REFERENCES

1. Roper RJ, Reeves RH. PLoS Genet 2006;2:e50. [PubMed: 16596169]

2. Morris JK, Wald NJ, Watt HC. Prenat. Diagn 1999;19:142-145. [PubMed: 10215072]

3. Spencer K. Prenat. Diagn 2001;21:788-789. [PubMed: 11559916]

4. Ferencz C, Neill CA, Boughman JA, Rubin JD, Brenner JI, Perry LW. J. Pediatr 1989;114:79-86.
[PubMed: 2521249]

5. Epstein CJ. Am. J. Med. Genet. Suppl 1990;7:31-37. [PubMed: 2149968]

6. Geggel RL, O'Brien JE, Feingold M. J. Pediatr 1993;122:821-823. [PubMed: 8496770]

7. Chang CP, Neilson JR, Bayle JH, Gestwicki JE, Kuo A, Stankunas K, Graef IA, Crabtree GR. Cell
2004;118:649-663. [PubMed: 15339668]

J Biol Chem. Author manuscript; available in PMC 2008 May 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wu et al.

Page 7

8. de la Pompa JL, Timmerman LA, Takimoto H, Yoshida H, Elia AJ, Samper E, Potter J, Wakeham A,
Marengere L, Langille BL, Crabtree GR, Mak TW. Nature 1998;392:182-186. [PubMed: 9515963]

9. Ranger AM, Grusby MJ, Hodge MR, Gravallese EM, de la Brousse FC, Hoey T, Mickanin C, Baldwin
HS, Glimcher LH. Nature 1998;392:186-190. [PubMed: 9515964]

10. Arron JR, Winslow MM, Polleri A, Chang CP, Wu H, Gao X, Neilson JR, Chen L, Heit JJ, Kim SK,
Yamasaki N, Miyakawa T, Francke U, Graef IA, Crabtree GR. Nature 2006;441:595-600. [PubMed:
16554754]

11. Graef IA, Chen F, Chen L, Kuo A, Crabtree GR. Cell 2001;105:863-875. [PubMed: 11439183]
12. Aramburu J, Heitman J, Crabtree GR. EMBO Rep 2004;5:343-348. [PubMed: 15060569]

13. Crabtree GR, Olson EN. Cell 2002;109(suppl):S67-S79. [PubMed: 11983154]

14. Hogan PG, Chen L, Nardone J, Rao A. Genes Dev 2003;17:2205-2232. [PubMed: 12975316]

15. Gwack Y, Sharma S, Nardone J, Tanasa B, luga A, Srikanth S, Okamura H, Bolton D, Feske S, Hogan
PG, Rao A. Nature 2006;441:646-650. [PubMed: 16511445]

16. Gorlach J, Fox DS, Cutler NS, Cox GM, Perfect JR, Heitman J. EMBO J 2000;19:3618-3629.
[PubMed: 10899116]

17. Kingsbury TJ, Cunningham KW. Genes Dev 2000;14:1595-1604. [PubMed: 10887154]

18. Rothermel BA, McKinsey TA, Vega RB, Nicol RL, Mammen P, Yang J, Antos CL, Shelton JM,
Bassel-Duby R, Olson EN, Williams RS. Proc. Natl. Acad. Sci. U. S. A 2001;98:3328-3333.
[PubMed: 11248078]

19. Vega RB, Yang J, Rothermel BA, Bassel-Duby R, Williams RS. J. Biol. Chem 2002;277:30401-
30407. [PubMed: 12063245]

20. Cano E, Canellada A, Minami T, Iglesias T, Redondo JM. J. Biol. Chem 2005;280:29435-29443.
[PubMed: 15975916]

21. Lange AW, Molkentin JD, Yutzey KE. Dev. Biol 2004;266:346-360. [PubMed: 14738882]
22. Chang CP, Chen L, Crabtree GR. Genesis 2003;36:7-11. [PubMed: 12748962]

23. Kothary R, Clapoff S, Darling S, Perry MD, Moran LA, Rossant J. Development (Camb.)
1989;105:707-714.

24. Chang CP, Jacobs Y, Nakamura T, Jenkins NA, Copeland NG, Cleary ML. Mol. Cell. Biol
1997;17:5679-5687. [PubMed: 9315626]

25. Wu H, Naya FJ, McKinsey TA, Mercer B, Shelton JM, Chin ER, Simard AR, Michel RN, Bassel-
Duby R, Olson EN, Williams RS. EMBO J 2000;19:1963-1973. [PubMed: 10790363]

26. Chang CP, McDill BW, Neilson JR, Joist HE, Epstein JA, Crabtree GR, Chen F. J. Clin. Investig
2004;113:1051-1058. [PubMed: 15057312]

27.Yang J, Rothermel B, Vega RB, Frey N, McKinsey TA, Olson EN, Bassel-Duby R, Williams RS.
Circ. Res 2000;87:E61-E68. [PubMed: 11110780]

28. Vega RB, Rothermel BA, Weinheimer CJ, Kovacs A, Naseem RH, Bassel-Duby R, Williams RS,
Olson EN. Proc. Natl. Acad. Sci. U. S. A 2003;100:669-674. [PubMed: 12515860]

29. Zhou B, Wu B, Tompkins KL, Boyer KL, Grindley JC, Baldwin HS. Development (Camb.)
2005;132:1137-1146.

30. Lange AW, Rothermel BA, Yutzey KE. Dev. Dyn 2005;233:954-963. [PubMed: 15906378]

31. Sanna B, Brandt EB, Kaiser RA, Pfluger P, Witt SA, Kimball TR, van Rooij E, De Windt LJ,
Rothenberg ME, Tschop MH, Benoit SC, Molkentin JD. Proc. Natl. Acad. Sci. U. S. A
2006;103:7327-7332. [PubMed: 16648267]

J Biol Chem. Author manuscript; available in PMC 2008 May 5.



Page 8

Wu et al.

(SR

Y
< <a

oo ovaEs
FEE UQOU
qUuL P
UUY
FFE agQo
= £
vuy vuu
e vy
qd WUU
vLe ruU
g OO0V
iy v
gL =y
UUGd O
Uy vuou
vuowe ovcwoov
Fagd wOoL
Uy a S
g SO
FFFE oo
FFEE <<
R g9«
CBY ke
R
Uy uwu
(CHUEL I o o
= <= gL
FEFE o wUuu
QLT U
XL ==k
e i
YUV R
FOY
v g«
E & & SEEUEVET)
uoe <<
V0 ad<d
(o R
wUuw ouvo
U
YUY
o =
FEE 00

OO wog
My
LRt [
<4BE =0

e BEE
OO OO
R UUU

NIH-PA Author Manuscript

<o

[CRCRL]
qa<

L
[FRERN]
LY
ad<d
ad<
uuu
[CRCA]
agda
Vg
-
a U
[CRCRC]
[
vaa
[SERT]
[FRVRY]
ey
<k
v

< < <
< <L <
< < <
([CHCRE]
o I O

ad<
Uik
-

-
HGGE
wisE=
ZEuUE

[ )

[SRVIY)
<<«
UL
<<
-
e
vr-u
<<a
<<a
<<a
(CRCRL]
<<«
-
[CRCRT
<<a
Uy
(FRENY]
e
e
e
(SRR &}
-
vuu
vuw
<
Doy
-
(CRCRL]
U
<<«

vou
e
e
vuuw
[

NRE1

v O O

< < O
< <<
- - -
(SR ERY)
<<
Ll
-
< <

<<

C-164

¢ -140 human
C -586 mouse
rat

(CRCRLS

>0 2 2
mE] t_w
a 2 - < X o =5 C
5 = 0 e o ©ZH £s3
mrs © ez cX <© o< = - c
w Z <= (o] = mS[EShO
Z| . m = + o m”m DO D= o
= 1o o S o B 8Es5aec<
33 x t g85E2gr
. 22 E 3 S2Ee5%"
-2 = S B88cscoxsyg
NT S e Z2 93z 2=2guUW
w -— s L < — = X o0
[ * O (<5} o 0O L (,, QO
Z| & < = kel S rBcZ
- m c X = c = S o g =
V= 8 o085 gL S
=] - S O o ©
—+ c T o X O S &
-5 ~ & Fco 3483
R - ©t ®cEzoskE
g 5 ¢ S8gfges
=z 8T =S [=) ©
|M.I L L n.mpuwua
S 1w © un o S ©QFLES2°cE%"
$ 2 W 5 2 goxgdos
o S5 © LW 'S ==
U L UONeANE pjo4 5 58uS 55
© E @ T 2 Q9 «<
cB5 Qo S o
[<] u.|0t\|lcn
-+ © k= c &= T = = .=
m S aegbo.le
w 2= — md.murrt
g X2 8 ST =g
ZL . w» T § EJEE&EcS
W) c bexac
= < mnyredT
T+ - SO0 ML=
. =2 EFZs2gf
anpt Y < = e B o £S5
L c S 85w g=2Z
o @] 2 X T 0.2«
zZ ° < G.m =2 c T O
=i S c k= ST oo
= S gL s
p—
= w © - c 99 23
= = eOV,.MRU.W.H
-+ ™ = L SoT TS PSS
— = wn Aeb
w S w 9 n> < .
o s ©cCac=ZTQy
=4 = e 05
-y = (& O = N
c 3 L e >
o = D.S.m or L =]
y— L 1 1 1 1 1 < felemo
] N O ® OV T N O L °29c3<£ 322
= Z, =2 occedE
U < = = T DO Y= D c
o Y T 1m€0Md.WN&
g Z uolneAlde pjo4 wdE ES S EO o
& T ro5FS2 S8
o .= _
mn < 0 05 STAaS5KC<
Op T8 gEELL
Lo s s<ac22

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NFAT binding sites (GGAAA) were substituted with CTAGC in the mutant NREs. For the
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formation of NFAT, DNA complexes (arrow) were disrupted for mutant NRE2 and —3. D,
transactivation of the DSCR1 enhancer by calcineurin and NFATcl. CnA* and NFATc1
activated the enhancer in MEFs. E, NRE3 functions as an NFAT-dependent enhancer. Nine
copies of intact or mutant NRE3 were cloned upstream of luciferase reporter. Transactivation
of the mutant NRE3 (pGL3-Mut(NRE3)g) by calcineurin and NFATCcL is greatly reduced
compared with intact NRE3 (pGL3-wt(NRE3)g).
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FIGURE 2. The cDNA microarray analysis shows that NFATc1 activates endogenous DSCR1
expression

A, immunofluorescent staining shows nuclear localization NFATc1 proteins (red) in cells
transfected with the constitutively nuclear NFATc1. B, Western blot analysis shows the
expression of constitutively activated NFATc1 in REN cells after infection with adeno-
NFATCc1-IRES-GFP virus. REN cells infected with control GFP-only virus do not express
detectable endogenous NFATc1 even with 10-fold protein loading. C, a graph showing that
the ectopic expression of NFATc1 in REN cells markedly up-regulates DSCR1 mRNA
expression (up to 11-fold, n =4, p < 0.05). D, semiquantitative RT-PCR showing up-regulation
of DSCR1 mRNA level in virally infected REN cells. Approximately 4-fold induction of
DSCR1 mRNA by NFATc1 was observed.
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FIGURE 3. The expression of DSCR1-lacZ transgene in the endocardium requires calcineurin and
NFATcl

A, transgenic embryos harboring the lacZ reporter driven by the DSCR1 enhancer. Images of
whole-mount 5-bromo-4-chloro-3-indolyl-B-»-galactopyranoside (X-gal) staining of embryos
at different developmental stages (E9.5 to E12.5) are shown. lacZ is expressed in both the heart
(arrows) and neural tube (arrowheads). B, sections of DSCR1-lacZ embryonic hearts at E9.5,
E10.5, and E11.5 are counterstained with nuclear fast red. Note that the lacZ is specifically
expressed in endocardium of the cushion (arrows) and ventricle (arrowheads) at E9.5 and
E10.5. Its expression is limited to the cushion endocardium at E11.5. A, atrium; C, cushion;
V, ventricle. C, images of whole-mount X-gal staining of embryos at E10.5. Breeding of lacZ
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transgene into Nfatc1 null mutant background removes lacZ expression in the heart (arrows)
but not in the neural tube (arrowheads). Nfatcl heterozygous mutant retains lacZ expression.
D, images of whole-mount X-gal staining of embryos at E9.5. Staged pregnant transgenic mice
(E8) were subcutaneously injected with cyclosporin A (CsA) at 50 mg/kg body weight.
Embryos were harvested and analyzed 36 h later. CsA treatment prevents the transgene
expression in the heart (arrows) and neural tube (arrowheads). E, CsA-treated embryos showed
cytoplasmic translocation of NFATc1 proteins in the cushion endocardium. Fluorescent
immunostaining of NFATc1 proteins by anti-NFATc1 antibody (green) and nuclei by 7-amino-
actinomycin D (red)is shown. F, NFATc2, 3, or ¢4 is not required to maintain DSCR1-lacZ
expression in the endocardium (arrows). Breeding of lacZ transgene into Nfatc2/c3/c4 triple
null mutant background removes lacZ expression in the neural tube (arrowheads) but not in
the heart (arrows).
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FIGURE 4. NFATc1 activates the expression of endogenous DSCR1 in the endocardium

A, the expression pattern of DSCR1 mRNA by in situ hybridization at E12.5. Dscrl mRNA is
expressed in both the myocardium (arrowheads) and cushion endocardium (arrows). Black
dots, Dscrl mRNA,; blue, hematoxylin counterstain; *, valve leaflet. B, the expression of
DSCR1 in the cushion endocardium (arrow) is abolished in the absence of NFATcl. DSCR1
expression in the myocardium (arrowhead) is preserved. *, valve leaflet. C, higher
magnification of panel A showing abundant Dscrl mRNA (black dots) expression in the
cushion endocardium (arrows). D, higher magnification of panel B, showing minimal Dscrl
mRNA expression in the cushion endocardium of Nfatc1™~ embryos (arrows). E and F,
PECAM-1 immunostaining of cushion endocardium of wild-type (E) and Nfatc1 ™~ embryos
(F) at E12.5. Green, PECAM-1 proteins; blue,4',6-diamidino-2-phenylindole nuclear stain.
G, a working model illustrating a negative feedback loop that controls NFATc1 activity and
DSCR1 expression within the endocardium. DSCR1 inhibits calcineurin and NFATcl
signaling required for its own expression. NFATc1 proteins activate the expression of DSCR1,
a calcineurin inhibitor, to regulate its nuclear localization and activity.
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