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Phosphodiesterases (PDEs) regulate cyclic nucleotide levels.
Increased cyclic AMP (cAMP) signaling has been associated
with PRKAR1A or GNAS mutations and leads to adrenocortical
tumors and Cushing syndrome1–7. We investigated the genetic
source of Cushing syndrome in individuals with adrenocortical
hyperplasia that was not caused by known defects. We
performed genome-wide SNP genotyping, including the
adrenocortical tumor DNA. The region with the highest
probability to harbor a susceptibility gene by loss of
heterozygosity (LOH) and other analyses was 2q31–2q35. We
identified mutations disrupting the expression of the PDE11A
isoform-4 gene (PDE11A) in three kindreds. Tumor tissues
showed 2q31–2q35 LOH, decreased protein expression and
high cyclic nucleotide levels and cAMP-responsive element
binding protein (CREB) phosphorylation. PDE11A codes for
a dual-specificity PDE that is expressed in adrenal cortex and
is partially inhibited by tadalafil and other PDE inhibitors8,9;
its germline inactivation is associated with adrenocortical
hyperplasia, suggesting another means by which dysregulation
of cAMP signaling causes endocrine tumors.

Aberrant cAMP signaling has been linked to genetic forms of
cortisol excess1,2. Somatic GNAS mutations are associated with
macronodular adrenocortical hyperplasia in McCune-Albright syn-
drome (MAS)2. Micronodular adrenocortical hyperplasia and its
pigmented variant, primary pigmented nodular adrenocortical
disease (PPNAD) may be caused by germline inactivating mutations
of the PRKAR1A gene3–6. Most affected individuals have PPNAD

as a component of Carney complex (CNC), an autosomal
dominant multiple neoplasia syndrome that is also caused mostly by
PRKAR1A mutations5.

Over the last several years, it has become apparent that there is more
than one form of micronodular adrenocortical hyperplasia7. We
identified a total of ten other individuals with Cushing syndrome
and adrenocortical hyperplasia who did not have PRKAR1A muta-
tions. In most of these individuals, the adrenal glands had an overall
normal size and weight and featured multiple small yellow-to-dark
brown nodules surrounded by a cortex with a uniform appearance
(Fig. 1a). Microscopically, there was moderate diffuse cortical hyper-
plasia with mostly nonpigmented nodules, multiple capsular deficits
and massive circumscribed and infiltrating extra-adrenal cortical
excrescences with micronodules (Fig. 1b). Although overall there
was no pigmentation by regular microscopy, electron micro-
scopy did show granules of lipofuscin and features of a cortisol-
producing adrenocortical hyperplasia (Fig. 1c). In other cases,
the features of the disease were consistent with those of PPNAD
caused by PRKAR1A mutations1.

The mode of inheritance of this apparently genetic form of bilateral
adrenocortical hyperplasia was uncertain: only one of the ten kindreds
demonstrated clear inheritance from an affected mother to her
affected daughter. All other individuals studied were the only affected
individuals within their families. Preliminary studies using compara-
tive genomic hybridization and BAC microarray hybridization of the
tumor samples did not show any abnormalities (data not shown). We
hypothesized that areas of the genome that are linked to the disease
could be identified in a genome-wide scan: smaller-scale allelic losses
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Hôpital Cochin, Université Paris 5, Paris, 75679, France. 5Divisions of Endocrinology and Human Cancer Genetics, Ohio State University, Columbus, Ohio 43210,
USA. 6Sapio Sciences, LLC, York, Pennsylvania 17402, USA. 7Division d’ Endocrinologie, Diabetologie et Metabolisme, Centre Hospitalier Universitaire Vaudois-CHUV,
CH-1011 Lausanne, Switzerland. Correspondence should be addressed to C.A.S. (stratakc@mail.nih.gov).

7 94 VOLUME 38 [ NUMBER 7 [ JULY 2006 NATURE GENETICS

LET TERS
©

20
06

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eg
en

et
ic

s



and gains could be identified by comparing tumor SNPs with those of
the proband’s peripheral DNA or that of his unaffected relatives. We
genotyped ten tetrads of samples, each consisting of the two parents
and the dyad of proband and tumor sample, using the Affymetrix 10K
GeneChip. We analyzed LOH and other data by a number of different
modules that were then evaluated by traditional statistics. We focused
on regions coding for PDEs and other cAMP signaling genes. We then
concentrated on region 2q31–2q35 because SNPs in this region were
favored by all types of analyses, including LOH (Supplementary
Methods online): several SNPs from 2q31–2q35 had shown LOH
(Fig. 1d; Supplementary Table 1 online), and, as a contiguous region,
2q31–2q35 was the largest in the LOH dataset.

There are two PDE genes in this chromosomal area: PDE1A on
2q32.1 and PDE11A on 2q31.2 (Fig. 1e). We included a SNP from
within the PDE11A gene (RS959157) in the LOH analysis. One of its
alleles was lost in all informative tumor samples from heterozygote
affected individuals. We used FISH with a BAC probe that contains a
large part of the 3¢-region of the PDE11A gene; this hybridized to the
2q31.2 region (Fig. 1e) and showed losses in tumor cells from the
adrenocortical specimens that were used in the genome-wide scan

(Fig. 1f). PDE11A catalyzes the hydrolysis of
both cAMP and cyclic GMP (cGMP) and is
expressed in several endocrine tissues, includ-
ing the adrenal cortex8–11. PDE1A is calmo-
dulin dependent and hydrolyzes cGMP,
primarily12; its SNP did not show consistent
LOH (data not shown). PDE11A was an
obvious candidate because of its location on
the 2q31–2q35 region, its involvement in
allelic losses and its known function and
expression pattern.

The PDE11A locus, like that of other PDEs,
has a complex genomic organization
(Fig. 2a) that has recently been eluci-
dated13–17. Of the four possible splice var-
iants, only A4 is expressed in the adrenal
cortex (Fig. 2b, left). PDE11A1 seems to be
ubiquitous, whereas the PDE11A2 and
PDE11A3 isoforms are expressed in tes-
tis10,11,15,17; among individuals with
PDE11A-allelic losses, CAR14.03 had
decreased mRNA without compensatory
expression of other PDE11A isoforms
(Fig. 2b, left). We also saw decreased protein
expression in all tumor tissues (Fig. 2b,
right). Immunohistochemistry (IHC) with a
polyclonal antibody for PDE11A4 (ref. 11)
showed homogeneous staining of the normal
adrenal cortex (Fig. 3a,b) and decreased
expression of this protein in the nodules of
individuals with the disease (Fig. 3c,d).

We sequenced the PDE11A gene using
primers amplifying all the known exons17

(Supplementary Table 2 online) in 16
individuals with adrenocortical hyperplasia
and no PRKAR1A mutations: ten from the
original cohort used in the genome-wide
study, and six additional individuals with
Cushing syndrome due to similar forms of
hyperplasia. We identified five germline
sequence variations in the heterozygote

state: two frameshifts, one substitution that led to a premature stop
codon (Fig. 2c) and two missense substitutions (Supplementary
Table 3 online). Two of the protein-truncating mutations were
found in our original cohort of ten kindreds (in individuals
CAR14.03 and CAR36.03); one more was found among the six
additional subjects with adrenocortical hyperplasia and Cushing
syndrome that were screened (in individual F12 (CAR950.03))
(Table 1, Supplementary Table 3).

The mutations disrupting the PDE11A4 protein expression were the
two frameshifts (171delTfs41X and 1655_1657delTCT/insCCfs15X)
and one base pair substitution (919C-T) (R307X) (Fig. 2c). Two
more single–base pair substitutions, 2411G-A and 2599C-G, led to
amino acid replacements (R804H and R867G, respectively) (Supple-
mentary Table 3). We did not find any of the protein-truncating
mutations of the PDE11A gene in a set of controls of mostly European
descent, whereas we found both missense substitutions in them
(Supplementary Table 3). We also found several other, benign
polymorphisms (Supplementary Table 4 online).

In one family (CAR14), the 919C-T (R307X) mutation was
passed on from an affected mother to her affected daughter; both
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Figure 1 Micronodular BAH, identification of the 2q31–2q35 locus by LOH studies and PDE11A gene

mapping and allelic losses. (a) Macroscopic appearance of an adrenal gland with micronodular

adrenocortical hyperplasia. Multiple yellow-to-brown nodules are visible in the background of a normally

shaped but hyperplastic gland. (b) Histological sections of the excised adrenal glands from individual

CAR36.03 stained by hematoxylin and eosin (images obtained with a 1.25� lens). The normal

adrenocortical zonation pattern is mildly disturbed, and intracapsular aggregates of cells and cortical

excresensces in the periadrenal fat are prominent. (c) Electron microscopy showed granules of

lipofuscin, lipid accumulation (Lip), giant mitochondria (M) and dilated smooth endoplasmic

reticulum, all features of a cortisol-producing adrenal hyperplasia. (d) SNP analysis of the chromosome

2 identified a region with significant gene dosage changes in the distal q arm of chromosome 2,

2q31–2q35. (e) FISH with a probe containing the PDE11A gene (the RP11-428I14 BAC) on a

metaphase spread from a normal human cell line mapped the PDE11A gene on the distal 2q (2q31.2)

arm. (f) Upper left: FISH on tumor cells from one of the affected individuals shows the expected two

signals per cell for a control probe from chromosome 6 (6q). Upper right, lower left and lower right:

FISH on tumor cells from individuals with adrenocortical hyperplasia and PDE11A mutations showed

allelic loss (one signal) of the RP11-428I14 BAC probe.
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individuals had adrenocortical hyperplasia leading to Cushing syn-
drome, both underwent bilateral adrenalectomy and both of their
tissues had classic pathological features of PPNAD. In the case of
individual F12 (CAR950.03), we tested her healthy parents and found
that they had the normal PDE11A sequence, indicating that the
1655_1657delTCT/insCCfs15X mutation developed de novo in the
F12 kindred (Supplementary Fig. 1 online). Individual CAR36.03
inherited her mutation, 171delTfs41X, from her father, CAR36.01
(Supplementary Fig. 1). The mother and an unaffected sibling of
CAR36.03 carried the normal PDE11A sequence. Individual CAR36.01
had moderate adrenal enlargement and responded to the gradual
administration of dexamethasone with the so-called ‘paradoxical’ rise
of glucocorticoid secretion5,7 (Supplementary Fig. 1).

The identification of PDE11A mutations and their familial inheri-
tance allowed for the investigation of LOH by SNP or polymorphic
marker studies. Two informative PDE11A SNPs on the mutation-
bearing allele were retained by the tumor in the adrenocortical samples
from CAR14.03 and CAR36.03 (Supplementary Fig. 2 online).
Segregation analysis of the D2S1776 marker in the proximity of the
PDE11A gene showed retention of the allele bearing the mutant gene
by a tumor lysate sample in family CAR36 (Supplementary Fig. 2).
SSCP analysis of another, microdissected specimen from this tumor
showed homozygosity for the 171delT allele (data not shown).

cAMP and cGMP levels in tissue homogenates from affected
individuals with PDE11A mutations were higher than those of control
tissue samples (Fig. 4a,b). We also examined the effect of PDE11A4
defects on the phosphorylation status of CREB in tumors from the
individuals with mutations and compared it with normal adrenal
samples both by protein blotting and IHC. The ratio of phosphory-
lated (P)-CREB to CREB in the samples carrying mutant PDE11Awas
increased, as shown by protein blotting (Fig. 4c); a representative blot
is shown in Figure 4d. The expression of CREB and P-CREB in
normal adrenal tissues (data not shown) was significantly lower than
in specimens with PDE11A mutations, as shown by IHC (Figs. 4e–h).
Nuclear staining for P-CREB (Figs. 4f,h) was also greater than that
for CREB (Figs. 4e,g) in tumors with mutations; staining for

P-CREB was even further increased in nodular tissue compared with
perinodular tissue.

These data are supportive of PDE11A being a gene associated with
bilateral adrenocortical hyperplasia in the affected individuals studied
here. The pathophysiological mechanism of the disease seems to be
linked to increased cAMP levels, as in individuals with MAS18, and the
histopathological changes are similar to those in PPNAD, another
disorder associated with increased cAMP signaling2. The frequency
with which carriers of mutations in one of these genes present with
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Figure 2 The chromosome 2q PDE11A locus, PDE11A4 expression alterations

in patients with adrenocortical hyperplasia, and mutations in the PDE11A gene

in four patients with the disease. (a) The PDE11A gene has 22 exons coding
for the PDE11A1, PDE11A2, PDE11A3 and PDE11A4 isoforms of the

enzyme; the latter is not encoded by exons 1 and 2, which are unique to

PDE11A3, whereas PDE11A4 coding starts from exon 3 (refs. 13–17).

(b) Left: semiquantitative PCR for the PDE11A cDNA isoforms in various tissues

(left four lanes) and adrenocortical tissue from affected individuals (right three

lanes). PDE11A4 is the only isoform of the enzyme expressed in the adrenal

gland, where it is expressed substantially less than in the prostate. PDE11A1 seems to be ubiquitous, whereas the PDE11A2 and PDE11A3 isoforms are

expressed in testis10,11,15,17. At least one of the affected individuals with a PDE11A-inactivating mutation (CAR14.03) has decreased PDE11A mRNA in

adrenal tissue but no compensating expression of any of the other isoforms. Right: protein blot of tissue lysates from normal adrenal cortex and from two of

the affected individuals with PDE11A mutations showed decreased protein expression in all tumor tissues. (c) Mutations of the PDE11A gene in subjects

CAR036.03, CAR014.03 and F12 (CAR590.03) (see also Table 1 and Supplementary Table 3).
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Figure 3 Immunohistochemistry of human adrenal glands using a polyclonal

antibody to PDE11A reported in ref. 11. The larger image in each panel

was taken with a 2.5� lens; insets were obtained with 40� magnification.

(a) Normal adrenal cortex (C), but not medulla (M), expresses PDE11A
homogenously. (b) Negative control staining of a consecutive section.

(c) Decreased staining for PDE11A in a nodule (Nod) from the adrenal

cortex of individual CAR36.03. The cortex (C) is otherwise mildly

hyperplastic. (d) Negative control staining of a consecutive section.
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classic Cushing syndrome seems to be higher in disease associated with
PRKAR1A and PDE11A than in disease associated with GNAS, whereas
the age at which Cushing syndrome presents in these disorders is
exactly the reverse: GNAS mutation carriers present with Cushing
syndrome almost always in infancy, whereas PDE11A or PRKAR1A
mutation carriers present with Cushing syndrome in childhood and
young adulthood. A number of factors (developmental, hormonal and
perhaps gender-related) are likely to affect the expression of these
mutations. The presence of allelic losses of the corresponding normal
allele in adrenal tissues also seems to be a determining factor in the
development of disease associated with PRKAR1A and PDE11A muta-
tions, as both genes were identified using LOH studies3.

PDE11A is the first PDE to be linked to an inherited condition
associated with tumor formation. Defects in two other PDEs
cause human genetic disorders: mutations in PDE6 subunits
cause hereditary eye disease19,20, whereas PDE4B abnormalities were
recently linked to schizophrenia21. Additional PDEs have been
associated with various mouse phenotypes, from infertility22,23 to
heart failure and arrhythmias24. Very little is known about PDE11A4
(refs. 10–12) or other PDEs in adrenal cortex, although adrenocortical
tissue seems to show significant PDE activity in an in vitro model25.
Indeed, our PDE11A expression studies in human adrenal cortex
(Figs. 2b and 3a) show that this enzyme is homogeneously expressed
by the cortisol-producing zona fasciculata cells, along with a number
of other PDEs (Supplementary Fig. 3 online). In addition, PDE11A4
is strongly expressed in human prostate, at a level that is significantly
higher than that in the adrenal gland (Fig. 2b). However, the
single male with a mutation in the gene encoding PDE11A in

this study (CAR36.01) was not known to have any significant
prostatic pathology.

The activity of PDE11A is partially inhibited by tadalafil (Cialis)
and weakly by sildenafil (Viagra)8,9. These medications are widely used
for the treatment of erectile dysfunction, but searching the available
drug toxicity databases, we could not identify any reports of adrenal
malfunction or any other endocrine problems in affected individuals
that have used these medications. A mouse model of Pde11a inactiva-
tion has been reported26, and a role of this enzyme in spermatozoa
physiology was suggested26,27, but little else.

In conclusion, we have found inactivating mutations of PDE11A in
a condition predisposing to the development of adrenocortical hyper-
plasia leading to Cushing syndrome. Genetic defects of the PDE genes
have never before been linked to the development of any tumors. This
discovery may shed light on some of the issues surrounding cAMP
signaling and its involvement in tumorigenesis.

METHODS
Clinical studies and tissue samples. The institutional review boards of the US

National Institute of Child Health and Human Development (NICHD), the US

National Institutes of Health (NIH), the Mayo Clinic and Hospital Cochin

(Paris, France) approved the contact of the families and the participation of their

members in the NICHD protocols 95-CH-0059 and 00-CH-0160; informed

written consent was obtained. Individuals with CNC or other forms of

adrenocortical hyperplasia were classified as ‘affected’, as described pre-

viously1,2,5,7. Individuals who were diagnosed with Cushing syndrome (Table 1;

Supplementary Table 3) by standard clinical testing and criteria underwent

adrenalectomy. Blood and tissue samples were collected from affected indivi-

duals as previously described7,28. When possible, tissue was collected at surgery
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Figure 4 Effects of PDE11A mutations in cyclic nucleotide levels and CREB phosphorylation. (a) cGMP activity and (b) cAMP activity in adrenal tumors

from affected individuals. Tissue lysates from three normal adrenal glands and those from CAR14.03, CAR36.03 and F12 (CAR950.03) were assayed

separately for cAMP and cGMP content. All experiments were repeated at least twice, and each sample was run in triplicate. *, P o 0.05. (c) Tissue lysates

from six normal adrenal glands and those from CAR14.03, CAR36.03 and F-12 (CAR950.03) (‘Mutant’) were tested by protein blotting using commercially

available antibodies for CREB and P-CREB. The ratios were calculated after scanning the individual protein bands and correcting for b-actin optical density.
The y axis measures random optical density units. **, P o 0.001. (d) Representative immunostaining for CREB and P-CREB from a normal adrenal

specimen and one tumor bearing a mutant PDE11A4 allele; these data are included in a. (e–h) Samples from normal adrenal glands (data not shown) and

those from PDE11A4 mutation–bearing tumors were stained using commercially available CREB and P-CREB antibodies. e–h show representative images

from CAR14.03: staining for CREB (e) was less intense than that for P-CREB (f), especially within the nodular areas. A higher magnification of the nodular

tissue is shown for CREB (g) and P-CREB (h) in the lower panels (60�), revealing intense, nuclear-specific staining.

Table 1 Individuals with Cushing syndrome and pathogenic PDE11A mutations

Individual Agea Clinical signs Treatment PDE11A mutation Inheritance studies

CAR14.02 23 CS, ovarian cysts BADX 919C-T (R307X) AD

CAR14.03 (daughter of CAR14.02) 19 CS BADX 919C-T (R307X) AD

CAR36.03 7 CS, pancreatitisb BADX 171delTfs41X AD

F12 (CAR950.03) 37 CS UADX 1655_1657delTCT/insCCfs15X De novo

AD, autosomal dominant; BADX, bilateral adrenalectomy; CS, Cushing syndrome; UADX, unilateral adrenalectomy. aAge at the time of presentation. bThis individual developed necrotizing
pancreatitis shortly after her bilateral adrenalectomy; she succumbed to complications of this disease a month later.
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and processed for routine histopathology and immunohistochemistry (IHC)

after being formalin-fixed and paraffin-embedded; additional fragments were

frozen immediately at –70 1C for later use. DNA was extracted from samples

from all individuals, tissue samples and/or cell lines using standard methods

(Qiagen). All adrenal samples were microdissected from their surrounding nor-

mal tissues from parts of the adrenal that would not normally include medullary

or other tissues; thus, mostly abnormal tissue was used for DNA, mRNA and

protein studies. All affected individuals have previously been screened for

PRKAR1A mutations; tumor samples have been screened for GNAS mutations7.

There were no coding sequence alterations in these genes (data not shown).

For light microscopy and immunocytochemistry, tissue was paraffin

embedded; sections were then stained with hematoxylin and eosin (H&E)

and synaptophysin, a marker for PPNAD and related adrenocortical tumors, as

previously described7. All samples were also stained for PDE11A4, CREB and

P-CREB (see below). For electron microscopy (Fig. 1d), tissue was obtained at

the time of surgery and processed as previously described7.

Genotyping and genome-wide scan for LOH. Complete details of all the

analyses are available online (Supplementary Methods). Briefly, SNP genotyp-

ing was performed using the early-access Affymetrix Mapping 10K array

according to the manufacturer’s recommendations. Genotyping was performed

at Genome Explorations. The raw data from the genotyping were downloaded

to Microsoft Excel and exported to Sapio Sciences Exemplar software for

various analyses. Given the small sample size and low statistical power

(approximately eight cases, with two samples for each case from peripheral

blood and tumors, and 16 parental controls), the objective was to use multiple

methods of analysis to reduce the number of SNPs to be considered from

B11,000 to B100. Contingency tables were then constructed on genotype and

allele counts, providing multiple metrics for each SNP. Fisher’s exact test and

odds ratios were the primary statistics used. When calculating Fisher’s by

genotype, 1,200 SNP-genotype combinations had uncorrected Po 0.05. When

calculating Fisher’s by allele, 208 SNPs had uncorrected P o 0.05, and when

calculating a P value for all SNPs based on a 2 � 3 table and using w2 analysis,

420 SNPs had uncorrected P o 0.05. Overall type I error rates were calculated

retrospectively for each statistic using the Bonferroni method. Further analysis

used Exemplar’s genetic algorithm (GA) module to build models that are

combinations of multiple loci via logical operators. Before feeding the input file

to the GA, we used various feature selection methods, including statistical

feature selection (Fisher’s, cutoff of P o 0.005), as well as minor allele

frequency variations between cases and controls (0.25–0.35 variance cutoff).

After multiple GA runs producing several models with high classification

accuracy (495%), we combined the SNPs identified by the above statistics (top

50 from each metric) and the GA to produce a final list for consideration. We

removed any duplicates and one of any two neighboring SNPs that were in

perfect linkage disequilibrium. We performed LOH analysis to detect possible

deletions in the chromosomes: A P value was calculated for each SNP; over

B200 had P o 0.05 (the chromosome 2 SNPs and their P values are listed in

Supplementary Table 1). From this analysis, we found agreement with several

loci, including, most importantly, the 2q31–2q35 region identified by the other

methods. Figure 1d shows significant LOH for chromosome 2 SNPs and the

location of the PDE11A gene region.

Identification of a BAC containing the PDE11A gene and FISH on tumor

cells. The RP11-428I14 BAC, which contains a large part of the PDE11A gene,

was identified in Ensembl. This 183436 bp-long BAC contains the 3¢-part of the

PDE11A gene that is shared by all isoforms (A1, A2, A3 and A4) and is flanked

by the centromeric D2S2173 and the telomeric D2S2757 markers. This and

other BACs were obtained from the BAC-PAC Resource Center, grown and

screened as we described previously28. The RP11-428I14 BAC was screened

using primers amplifying exon 15 of the PDE11A gene (data not shown). The

probe mapped to chromosomal region 2q31.2 (Fig. 1e). Touch preparations on

sialinized slides were prepared from frozen tumor samples that were carefully

microdissected from normal tissue and kept at –20 1C until hybridization.

FISH was performed using the RP11-428I14 BAC and other BACs contain-

ing control loci (such as one on chromosomes 6q and 2p12–2p16 and the

17q22-24 PRKAR1A locus) and the a-satellite probe for identification of

chromosome 2 (Vysis), as we have described elsewhere28. Probes were then

labeled with digoxigenin-11–labeled dUTP (Roche Molecular Biochemicals) by

nick-translation and hybridized to the touch preparations of the tumor

samples. After hybridization, cells were counterstained with 4¢,6¢-diamidino-

2-phenylindol-dihydrochloride (DAPI). Hybridization signals were analyzed

with the use of a Leica epifluorescence microscope, and fluorescence images

were automatically captured on a Photometrics cooled-CCD camera using IP

Lab Image software (Scanalytics). We scored 200 interphases with strong

hybridization signals. The presence of 425% cells with only one signal was

interpreted as indicative of an allelic deletion (Fig. 1f).

PDE11A gene structure, primers, LOH, sequencing, and other genetic

screening. The genomic sequence of human PDE11A was used to design

intronic primers to amplify all exons and exon/intron junctions, as provided in

ref. 17. Our primer sequences are listed in Supplementary Table 2. PCR was

performed in 50 ml of a solution containing 10 mM Tris-HCl (pH 8.3),

50 mM KCl, 2 mM MgCl2, 0.2 mM dNTP, 0.5 pmol of each primer, 50 ng

genomic DNA and 2.5 units of Taq DNA polymerase. The reaction consisted of

25 cycles of denaturation at 94 1C for 30 s, annealing at the indicated

temperature for 40 s and extension at 72 1C for 30 s. The products were gel

purified and sequenced on an ABI PRISM 3730 automated DNA sequencer

(Applied Biosystems). Sequences were analyzed using Vector NTI Advance

(Invitrogen). Amplicons with sequence changes were subjected to TOPO-TA

cloning (Invitrogen); plasmids were then sequenced by standard methods. The

presence of all sequence alterations was confirmed at least twice by both

forward and reverse sequencing or restriction enzyme digestion (see below).

Control samples from ethnically matched samples were investigated as listed in

Supplementary Table 3. The Coriel Institute collection of control samples of

mostly European descent was also used and sequenced at Polymorphic DNA

Technologies or screened by BspH1 digestion (see below) at GeneDx.

The PDE11A locus was also checked for major deletions and other genomic

rearrangements by DNA blotting in specimens that were negative for PDE11A

mutations (data not shown). Details of the probes and their sequences are

available upon request. There were no major alterations detected in any

samples. Finally, restriction analysis was used for the verification of mutations

that altered restriction enzyme sites. To detect the 2411G-A substitution,

which creates a BspHI restriction site, endonuclease digestion was performed

according to the manufacturer’s instructions (New England Biolabs). In brief,

200 ng purified PCR product (QiaQuick; Qiagen) was digested with 5 units

BspHI for 2 h at 37 1C in a total reaction volume of 20 ml. The restriction

products were analyzed on 2% (wt/vol) agarose gel.

After identifying the allele bearing the mutation by sequencing or phase

analysis, we performed LOH analysis of two SNPs from within the PDE11A

gene that were informative (RSid1435572 and RSid1997207) using data from

the Affymetrix 10K GeneChip. Comparison of the intensities of the peripheral

and tumor DNA signals obtained at Genome Explorations was done as recently

described29 (Supplementary Figs. 2 and 3). We sought confirmation for these

samples in cases where enough tissue was available by studying neighboring

microsatellite markers: for kindred CAR36, marker D2S1776 was informative

(Supplementary Fig. 2). We analyzed this tetranucleotide repeat on a gel by

standard methods and publicly available PCR conditions and primers. Because

this analysis showed some ’contamination’ of the tumor tissue with normal

cells, SSCP analysis and linear PCR amplification using [g-32P]dATP-labeled

primer on minute amounts of DNA from nodular and perinodular tissue

showed homozygosity and heterozygosity, respectively (data not shown).

mRNA, protein studies, immunohistochemistry and cAMP and cGMP

assays. Tissues and cell lines from individuals and their tumors were main-

tained in RPMI-1640 or DMEM supplemented with 10–15% fetal bovine

serum. Total cellular protein extracts from frozen tissues or cultured cells were

prepared using RIPA buffer (20 mM HEPES, 250 mM NaCl, 10% glycerol,

1% NP-40, 0.5% deoxycholate, 2 mM DTT and protease inhibitor) (Figs. 2b

and 4b). We analyzed 20 mg from cell lysates (and 50 mg from tissue lysates)

of total protein by SDS/PAGE using a 4–20% gradient gel. The proteins

were transferred to nitrocellulose membranes, and PDE11A4 was detected

using a rabbit polyclonal antibody specific for PDE11A as directed by the

manufacturer, Abcam (ab14624), at 1:500 (Fig. 2b) and 1:1,000 (Fig. 3)

dilutions, as described previously11. The same antibody was used for
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immunohistochemistry of paraffin-embedded tissue slides (Fig. 3). Similar

methods were used for the CREB and P-CREB immunostaining (protein blot

and IHC); all mutant tissues were used in these experiments (Fig. 4). The

antibodies are commercially available from Upstate.

Normal adrenal, prostate, skeletal muscle and testicular mRNA was obtained

from Ambion and was reverse transcribed into cDNA using the First-Strand

cDNA Synthesis Kit (Invitrogen). PCR primer sequences were designed using

VectorNTI software (Informax) to amplify the 5¢-regions of PDE11A1,

PDE11A2, PDE11A3 and PDE11A4 isoform-specific full-length cDNA using

Accuprime Taq High-Fidelity Polymerase (Invitrogen) (Fig. 2b). Similarly,

primers were designed as published elsewhere30 to check for the expression

of other PDEs in adrenal cortex (Supplementary Fig. 3). All primers, including

those for the other PDE cDNA, are given in Supplementary Table 2.

Quantitative determination of cAMP and cGMP levels in cell lysates from

tissue samples (Fig. 4) was done using commercially available assays; the kits

were obtained from R&D Systems. Both assays are based on competitive

binding, in which endogenous cAMP or cGMP levels compete with a fixed

amount of alkaline phosphatase–labeled cyclic nucleotides; the assays are

colorimetric and absorbance is read at 405 nm.

Accession codes. Ensembl: PDE11A (genomic sequence), ENSG00000128655.

GenBank: PDE11A1 (cDNA), AJ251509.1; PDE11A2 (cDNA), AF281865.1;

PDE11A3 (cDNA), AB038041.1; PDE11A4 (cDNA), NM_016953.2; PDE1A

(cDNA), NM_005019; PDE4A (cDNA), NM_006202; PDE4B (cDNA), NM_

002600; PDE4C (cDNA), NM_000923; PDE4D (cDNA), NM_006203; PDE7A

(cDNA), NM_002603; PDE8A (cDNA), NM_003719; PDE9A (cDNA),

NM_002606;

URLs. Genome Explorations: http://www.genome-explorations.com; Sapio

Sciences: http://www.sapiosciences.com. The RP11-428I14 BAC was identi-

fied at http://www.ensembl.org/Homo_sapiens/contigview?l¼2:178318319-

178798573. Coriell Institute for Medical Research: http://ccr.coriell.org/ccr/;

Polymorphic DNA Technologies: http://www.polymorphicdna.com/. Screening

by BspH1 digestion: http://www.genedx.com. Information on PDE11A, its

structure and mRNA was obtained at http://www.gdb.org. Protocol for SSCP

analysis can be found at http://www.uga.edu/srel/DNA_Lab/SSCP’96V2.rtf.

Note: Supplementary information is available on the Nature Genetics website.
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