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FKBP12, a cis—trans prolyl isomerase that binds the immunosup-
pressants FK506 and rapamycin, is ubiquitously expressed and
interacts with proteins in several intracellular signal transduction
systems'. Although FKBP12 interacts with the cytoplasmic
domains of type I receptors of the transforming growth factor-f§
(TGF-B) superfamily in vitro, the function of FKBP12 in TGF-f3
superfamily signalling is controversial>*. FKBP12 also physically
interacts stoichiometrically with multiple intracellular calcium
release channels including the tetrameric skeletal muscle ryano-
dine receptor (RyR1)”%. In contrast, the cardiac ryanodine recep-
tor, RyR2, appears to bind selectively the FKBP12 homologue,
FKBP12.6 (refs 9, 10). To define the functions of FKBP12 in vivo,
we generated mutant mice deficient in FKBP12 using embryonic
stem (ES) cell technology. FKBP12-deficient mice have normal
skeletal muscle but have severe dilated cardiomyopathy and
ventricular septal defects that mimic a human congenital heart
disorder, noncompaction of left ventricular myocardium'"'.
About 9% of the mutants exhibit exencephaly secondary to a
defect in neural tube closure. Physiological studies demonstrate
that FKBP12 is dispensable for TGF-f3-mediated signalling, but
modulates the calcium release activity of both skeletal and cardiac
ryanodine receptors.

FKBP12 exons 3 and 4 encode functional domains involved in
FK506 and rapamycin binding", cis—trans prolyl isomerase
activity", and TGF-@ family type 1 receptor binding>’. To generate
a null mutation, a targeted deletion ( ﬂcbplZml) of these key exons
was generated using ES cell technology (Fig. la). Heterozygous
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( fkbp12™/+) mice were viable and fertile and were intercrossed to
obtain FKBP12-deficient ( fkbp12™/fkbp12™) mice (Fig. 1b). Gen-
otype analysis of 376 F, C57BL/6J/129SvEv hybrid and 181 F,
129SvEv inbred offspring at weaning demonstrated only 8 viable
FKBP12-deficient mice. The distribution of genotypes at embryonic
day 14.5 (E14.5) (88 wild-type (25%), 177 heterozygotes (51%), and
84 homozygotes (24%)) and at E18.5 (220 wild-type (30%), 390
heterozygote (53%), and 125 homozygotes (17%)) suggested that
the majority of the mutant mice died between E14.5 and birth.

To determine the causes of this embryonic and neonatal lethality,
embryos derived by caesarean section were examined morphologi-
cally and histologically. The majority of FKBP12-deficient mutants
died between E14.5 and birth because of severe dilated cardiomyo-
pathy and ventricular septal defects (VSD). At E18.5, the majority of
the FKBP12-deficient mice gasped for breath, but continued to
exhibit pallor despite normal haematocrit, and demonstrated a
rapid demise suggesting a failure of perfusion. Some of these
E18.5 FKBP12-deficient mice were oedematous, and the majority
had dramatically enlarged hearts because of four-chamber dilation
(Fig. 2a, b). The FKBP12-deficient heart weight (13.4 * 0.44 mg)
was greatly increased compared to controls (8.14 = 0.38 mg)
(P <0.0005). Detailed histological analysis revealed multiple
abnormal anatomical structures in FKBP12-deficient hearts (Fig.
2¢, d). which resembled the human congenital heart disorder,
noncompaction of left ventricular myocardium, which is often
accompanied by ventricular septal defects'"'>. In E14.5 control
hearts (Fig. 2¢), the ventricular walls were of roughly equal thickness
and trabeculated. However, the FKBP12-deficient hearts at E14.5
and F18.5 exhibited prominent ventricular septal defects,
increased cavity diameters, thinner left ventricular walls, hyper-
trophic trabeculae, and deep intertrabecular recesses (Fig. 2d and
data not shown), indicating that the condensation of myocardium is
disrupted in the FKBP12-deficient hearts. This myocardial non-
compaction appears to be independent of the ventricular septal
defect because other mouse mutants with ventricular septal defects
do not have myocardial noncompaction'*'®. Consistent with these
defects, in situ hybridization revealed that FKBP12 is expressed at
high levels throughout the embryonic heart including endocar-
dium, myocardium, and septum (Fig. 2e). Lastly, consistent with
this cardiac dysfunction, severe haemorrhage and necrosis were
observed in the livers of many FKBP12-deficient mutants (Fig. 2f,
g), mimicking the liver centrolobular necrosis seen in passive
congestive heart failure patients.

In addition to the cardiac defects, 9% (8/84) of the E14.5 and 4%
(5/125) of the E18.5 FKBP12-deficient embryos had exencephaly
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Figure 1 Generation of FKBP12-deficient mice. Targeting vector to mutate the
mouse FKBP12 gene in ES cells (a) and Southern blot analysis of DNA derived
from a single litter of E18.5 embryos from matings of fkbp 12™'/+ mice (b). Genomic
DNA (~5 pg) was digested with BamH1 and hybridized with a 56" probe.
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Figure 2 Cardiac and liver analysis of wild-type and FKBP12-deficient mutants.
a, The E18.56 FKBP12 mutant heart (right) is enlarged compared to the wild-type
heart (left). Atria (right atrium, open arrows), ventricles (left ventricle, solid white
arrows) and outflow track (small black arrow) are roughly doubled in size in the
mutant. b, About 50% of E14.5 mutant embryos are oedematous (right, arrows)
consistent with an early heart defect'*®. ¢, d, Histological analysis of E14.5
FKBP12-deficient (d) and littermate control hearts (¢). The two ventricular walls
(large arrow, left ventricle) of the control heart (e) are of roughly equal thickness
and slightly trabeculated (small arrow). The ventricular septum (S) is prominent.
In the FKBP12-deficient heart (d), there is a thinned left ventricular wall (large
arrow), a prominent ventricular septal defect (D) and hypertrophic trabeculae
(small arrow) associated with deep intertrabecular recesses. e, In situ analysis of
FKBP12 mRNA expression in the mouse E13.5 heart. f, g, Wild-type control (f) and
FKBP12-deficient (g) E14.5 livers. Haemorrhage (H) and necrosis are present in
the mutant liver.
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Figure 4 Cardiac performance of adult mice. Transthoracic M mode echocardio-
graphictracings'®in a control (left) and an FKBP12-deficient (right) mouse. Vertical
arrows indicate left ventricular (LV) chamber at end-diastolic diameter (EDD) and
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(Fig. 3a, b). Cranial neural tube closure is complete by E9.0 in wild-
type embryos, but in 9% (6/65) of the FKBP12-deficient E9.5
embryos, neural tube closure defects were present (Fig. 3¢, d).
Histologically, these mutants demonstrated normal elevation and
apposition of the neural folds as well as normal mesenchyme
underlying the folds, which is distinct from twist- and cart-1-
deficient mice in which disrupted mesenchyme leads to neural
tube defects'®"”.

As mentioned above, eight FKBP12-deficient mice survived to
weaning, and seven of these died within a few weeks because of an
apparent cardiac-related wasting syndrome (the eighth lived to 14
months; see below). Both male and female FKBP-12-deficient mice
had normal sexual differentiation indicating intact Miillerian-
inhibiting substance (MIS) and activin signalling pathways'®.
These mutants did not have anaemia or pancytopenia or any
lymphocyte defects based on complete blood cell analysis and

Figure 3 Analysis of wild-type and FKBP12 exencephaly mutants. a, 4% of E18.5
FKBP12 mutants have exencephaly (right) in contrast to control littermates (left).
b, Lateral view of E14.56 wild-type (left) and FKBP 12-deficient (right) embryos. Note
the ‘cauliflower-like’ protrusion of the mutant brain (arrow). ¢, d, Scanning
electron microscopy of wild-type (¢) and FKBP12-deficient (d) E9.5 embryos. The
cranial neural tube is completely closed in the wild-type (€) but remains open in
the mutant (d, arrow).

FKBP12-deficient

end-systolic diameter (ESD). Heart rate is indicated at the bottom of each panel.
IVS, Intraventricular septum; LVPW, left ventricular posterior wall.
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fluorescent-activated cell sorting (FACS) analysis, and the only
abnormality was the presence of melanin-containing cells in the
spleens of six out of eight mutant mice. Echocardiographic
analysis” of a 14-month-old FKBP12-deficient male mouse
revealed a ventricular septal defect (data not shown) and a dilated
left ventricular chamber (that is, end-diastolic diameter (EDD) was
greater in the FKBP12-deficient mouse (5.93 = 0.10 mm) versus the
age-matched control (4.93 = 0.08 mm) mouse (n = 5 heart beats;
Fig. 4)). The mutant heart showed diminished fractional shortening
(%FS = 19.9%) and ejection fraction (%EF = 35.8%) compared to
the control heart (%FS = 41.6%; %EF = 65.1%) indicating a
depression of contractile activity in the ventricular wall of the
mutant heart, similar to MLP-deficient mice. Thus, the cardiac
phenotype of this FKBP12-deficient mouse mimics the clinical
features of cardiomyopathy and heart failure in humans.

FKBP12 was postulated to inhibit activin and TGF-{ signalling by
binding to type I TGF-B/activin receptors™’ suggesting that TGF-
B-mediated signalling should be enhanced in FKBP12-deficient
cells. However, transfection assays with a TGF-3-inducible p3TP-
Lux plasmid showed that the induction of luciferase by TGF-f3 is not
significantly different between FKBP12-deficient and control cells
(Fig. 5). Thus, the above-mentioned normal sexual differentiation
in FKBP12-deficient male and female mice, and these in vitro
transfection studies demonstrate that the in vitro interaction
between FKBP12 and activin/TGF-8/MIS type I receptors is not
physiologically important. In addition, FKBP12-deficient mice do
not phenocopy any of the reported TGF-f superfamily ligand or
receptor knockout or overexpressor mouse models'.

FKBP12 binds and modulates skeletal muscle RyR1”* and was
believed to play a role in skeletal muscle excitation—contraction
coupling”’. However, in contrast to the excitation—contraction
uncoupling and muscular degeneration phenotype of RyR1-defi-
cient mice”, FKBP12-deficient mutants failed to demonstrate any
gross, histological, or electron microscopic abnormalities in their
skeletal muscle (data not shown). To analyse the functional proper-
ties of RyR1 function in the absence of FKBP12, skeletal muscle
membranes from wild-type and FKBP12-deficient mice were pre-
pared and reconstituted into planar lipid bilayers. RyR1 from
FKBP12-deficient mice demonstrated an increased probability of
opening compared to RyR1 from wild-type mice, and the channel
exists mostly in subconductance states (not fully open) (Fig. 6a, b).
RyR1 from wild-type mice remained in a closed state 84 * 2%
(n = 3) of the time whereas RyR1 from FKBP12-deficient mice
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Figure 5 FKBP12 is not essential for TGF-g-mediated signalling. E14.5 fibroblasts
isolated from FKBP12-deficient (-/-), heterozygous (+/-) and wild-type (Wt)
embryos were transfected with p3TP-Lux and induced by TGF-8 at concentra-
tions indicated in the panel as described previously®. The relative luciferase
activity in the absence of TGF-8 was set to one for the wild-type fibroblasts.
There was no significant differences in the induction of luciferase (mean = s.e.,
n = 6) in the absence of FKBP12.
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remained closed only 16 = 4% (n = 5) of the time. In addition, the
probability of the channel existing at a subconductance state
increased over five-fold in the mutants compared to the wild-type
mice (79 = 2% versus 13.8 = 4%, respectively).

The FKBP12 orthologue, FKBP12.6, was believed to bind cardiac
RyR2 selectively”'®. However, northern blot analysis of RNA from
E18.5 skeletal and cardiac muscle demonstrated low levels of
FKBP12.6 messenger RNA which were not upregulated in the
mutants (data not shown). To determine whether the cardiac
phenotype in FKBP12-deficient mice could be due to defects in
cardiac RyR2 function, the single-channel behaviour of RyR2 was
examined (Fig. 6¢, d). Similar to the RyR1 findings, RyR2 from
wild-type mice was closed 80 = 7% (n = 3) of the time whereas
RyR2 from FKBP12-deficient mice was closed 13 = 10% (n = 4) of
the time. Similarly, the amount of time RyR2 was found at a
subconductance state increased over five-fold in the FKBP12-
deficient mice (80 = 10%) versus control mice (14.4 £ 7%).

Most observations of FKBP12 functions have been based on
experiments using an excess of immunosuppressive drugs (such
as FK506 and rapamycin) and some of these conclusions have been
contradictory. Our lipid bilayer experiments demonstrate that
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Figure 6 Single channel tracings of skeletal RyR1 (a, b) or cardiac RyR2 (¢, d)
reconstituted into planar lipid bilayers. The letter ‘C’ by each tracing refers to the
closed state and ‘O’ refers to the completely open state of the channel. 1, 2, or 3
refer to substates in which the channel is open 1/4,1/2 or 3/4, respectively. For
both the skeletal RyR1 (b) and cardiac RyR2 (d) from FKBP12-deficient mice, the
predominant substate is first substate (1/4 amplitude of the completely open
channel) with conductance of 120 pS.
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absence of FKBP12 alters the single-channel properties of both
cardiac RyR2 and skeletal RyR1, that FKBP12.6 cannot functionally
replace FKBP12, and that these defects may contribute to the cardiac
phenotype in FKBP12-deficient mice. Increased frequency of sub-
state channel openings suggests a model whereby FKBP12 is actively
involved in the cooperative interactions between subunits of the
ryanodine receptor tetramer as presented by Marks and colleagues®.
Interestingly, the cardiac phenotype of FKBP12-deficient mutants
correlates with the cardiac phenotype of humans and chickens
treated with the immunosuppressant FK506. It has been reported”
that five paediatric organ transplant patients, who received high
doses of FK506, developed hypertrophic cardiomyopathy associated
with clinically severe heart failure that was reversed by switching
immunosuppressant therapy from FK506 to cyclosporin. Likewise,
it has been reported* that FK506, but not cyclosporin A, induced
cardiac enlargement in chick embryos which subsequently caused
embryonic lethality. One enigma from our studies was that the
absence of FKBP12 results in abnormal gating properties of both
RyR1 and RyR2, yet only cardiac dysfunction is noted. This may
reflect differences in excitation—contraction coupling mechanisms
between cardiac and skeletal muscle. Cardiac calcium release
channels are activated by calcium influx, whereas the skeletal
channels are regulated in part by the transverse tubule voltage
sensor”. This extra level of control in skeletal muscle might act to
prevent opening of the channel in the absence of excitation, thereby
decreasing calcium leak from the sarcoplasmic reticulum. Changes
in resting cytosolic calcium in cardiac tissue would contribute to the
systolic and diastolic dysfunction of FKBP12-deficient embryonic
and adult hearts, and subsequently lead to dilated cardiomyopathy
and noncompaction of left ventricular myocardium. These
FKBP12-deficient mice are an important model for the testing of
pharmacological agents and other therapies that may retard or
reverse human heart failure. U
Methods

Targeted deletion. FKBP12 genomic clones and four FKBP12 pseudogenes
were isolated from a mouse 129SvEv genomic library (Stratagene) using a
human FKBP12 complementary DNA. To determine the chromosomal
localization of the single-copy mouse FKBP12 gene, we used the Jackson
Laboratory backcross DNA panel map service®. The mouse FKBP12 gene was
localized to chromosome 2, about 84 cM from the centromere, and cosegre-
gated with a group of 11 loci including D2M;it22 and Sntal, the syntenic region
of human chromosome 20 where the human FKBP12 gene maps?. Linearized
targeting vector (25 pg) was electroporated into the hprt-negative AB2.1 ES
cell line, cell clones were selected in HAT (hypoxanthine, aminopterine
and thymidine) and FIAU (1-(2'-deoxy-2'-fluoro-B-p-arabinofuranosyl)-5'-
iodouracil), DNA from the clones was analysed by Southern blot, and targeted
ES cell clone FK35-A12 was expanded and injected into blastocysts as
described?®. Male chimaeras were bred to C57BL/6] or 129SvEv females to
generate F, offspring. To confirm that the fkbp12™' mutation was null, northern
and western blot analyses were performed. No FKBP12 mRNA or protein were
observed in homozygous mutants ( fkbp12™/fkbp12™) when compared to
wild-type controls (data not shown).

Histological, morphological and in situ hybridization analysis. Embryos
and tissues were fixed in 10% neutral buffered formalin, paraffin embedded
and sectioned (5 wm), and stained with haematoxylin and eosin. For scanning
electron microscopy, E9.5 embryos were fixed in Karnovsky’s fixative (pH 7.5),
rinsed in 0.1 M phosphate buffer (pH 7.3), post-fixed in 1% phosphate buffered
osmium tetroxide, dehydrated, and dried to critical point with carbon dioxide.
The embryos were then coated with gold-palladium, and examined with a Jeol
6100 scanning electron microscope. In situ hybridization was performed as
described in ref. 29. Mouse FKBP12 (coding sequence) antisense and sense
probes were labelled with [a-*>S]UTP using a Promega Riboprobe System. The
sense probe did not demonstrate any significant background signal.

Bilayer analysis for single channel activity. Sarcoplasmic reticulum
membrane preparations were generated from E18.5 or adult mouse skeletal
or cardiac muscle. Experiments were performed as previously described® and
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repeated at least 3 times. Steady-state open probabilities (Pp) were determined
by measuring the amount of time that the channel remained open during
three minutes of recording. Using [*H] ryanodine, the binding site densities
for wild-type skeletal, FKBP12-deficient skeletal, wild-type cardiac, and
FKBP12-deficient cardiac tissue were 0.09 * 0.04 (n = 3), 0.10 %+ 0.02
(n=3),0.15 £ 0.05 (n = 3) and 0.20 = 0.04 (n = 3) pmol mgfl, respectively.
Isolation of mouse embryonic fibroblasts and transfection assays.
Primary fibroblasts were isolated from E14.5 mouse embryos, maintained in
DMEM containing 10% FCS, plated at 1 X 10° cells per well in 12-well plates,
cultured overnight, transfected with p3TP-Lux and CMV-S-galactosidase
reporter plasmids, treated with porcine TGF-81 (R&D Systems), and analysed
for luciferase and (-galactosidase activity 24h after TGF-31 treatment as
described®. Western blot analysis of the wild-type fibroblasts demonstrated
significant levels of FKBP12 protein (data not shown).
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