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Disruption of Transforming
Growth Factor–� Signaling in ELF

�-Spectrin–Deficient Mice
Yi Tang,1 Varalakshmi Katuri,1 Allan Dillner,1 Bibhuti Mishra,1*

Chu-Xia Deng,2* Lopa Mishra1,3,4*

Disruption of the adaptor protein ELF, a �-spectrin, leads to disruption of
transforming growth factor–� ( TGF-�) signaling by Smad proteins in mice.
Elf �/� mice exhibit a phenotype similar to smad2�/�/smad3�/� mutant mice
of midgestational death due to gastrointestinal, liver, neural, and heart defects.
We show that TGF-� triggers phosphorylation and association of ELF with
Smad3 and Smad4, followed by nuclear translocation. ELF deficiency results in
mislocalization of Smad3 and Smad4 and loss of the TGF-�–dependent tran-
scriptional response, which could be rescued by overexpression of the COOH-
terminal region of ELF. This study reveals an unexpectedmolecular link between
a major dynamic scaffolding protein and a key signaling pathway.

Transforming growth factor–� (TGF-�) sig-
nals are conveyed through serine-threonine
kinase receptors at the cell surface to specific
intracellular mediators, the Smad proteins
(1). Activation of Smad proteins results in
their translocation to the nucleus and subse-
quent activation of gene expression (2). Ver-
tebrates possess at least nine Smad proteins
(3–8), which fall into three functional classes:
(i) receptor-activated Smads (R-Smads)—
Smad1, Smad2, Smad3, Smad5, and Smad8;
(ii) co-mediator Smads—Smad4 and
Smad10; and (iii) inhibitory Smads—Smad6
and Smad7. Activity of R-Smads and Smad4
can be modulated by adaptor proteins in the
cytosol such as filamin and Smad anchor for
receptor activation (SARA). Because such
adaptors can control Smad access to TGF-�
receptors (T�RI and T�RII), which activate
Smad at the cell surface membrane, they play

a critical role in facilitating TGF-� functions
such as growth, differentiation, vascular re-
modeling, and cell fate specification (1–9).

Cytoskeletal proteins belonging to the
�-spectrin family are thought to regulate sig-
nal transduction by functioning as adaptor
molecules (10–12). When expression of the
�-spectrin gene elf (embryonic liver fodrin)
was blocked, liver formation was inhibited
(13), and a phenotype similar to mice with
compound haploinsufficiency at Smad2 and
Smad3 loci was seen (14, 15). To assess a
possible role in TGF-� signaling, we gener-
ated ELF-deficient mice by gene targeting
(fig. S1, Fig. 1) (16). Homozygous mutant
elf �/� mice were not detected, indicating that
the elf mutation is a recessive embryonic
lethal. Abnormal or degenerating embryos
were recovered between embryonic day 8.5
(E8.5) and E16.5. At E9.5, elf �/� embryos
were readily distinguished from their wild-
type littermates by their smaller body and
head size and lack of a branching network of
vessels in the yolk sac (Fig. 1B). Elf �/�

embryos were severely distorted at E11.5,
with growth retardation and multiple defects
(Fig. 1, C to G). Cardiovascular defects in-
cluded an absence of the normal trabeculated
pattern of myocardial tissue with altered,
thickened myocardial fibers. The myoblasts
in the elf �/� mutants were markedly hyper-
plastic with an absence of linear arrangement

of nuclei, resulting in a small ventricular
lumen, and occlusion at the atrioventricular
region (Fig. 1, E and F). Phenotypic similar-
ities between smad2�/�/smad3�/� and
elf �/� embryos included abnormal anatomy
of primary brain vesicles (Fig. 1D), craniofa-
cial abnormalities, aberrant gut formation,
severe hypoplasia of the liver, and distorted
liver architecture. In the elf �/� liver, hepato-
cytes were not always arranged in cords, and
there were few early intrahepatic bile ducts
(Fig. 1, E and I). Reduced expression of
�-fetoprotein, a liver marker, in elf �/� and
smad2�/�/smad3�/� mutants indicates that,
although hepatic lineage is established, fur-
ther differentiation and growth may be arrest-
ed (Fig. 1I).

The phenotypic similarity between
smad2�/�/smad3�/� and elf �/� mutants
suggested cross talk between ELF and the
Smad gene family. Yolk sac blood vessel
dilatation observed in some of the elf �/�

mutants is reminiscent of the T�RI, T�RII,
activin receptor-like kinase-1 (ALK1), and
Smad5 mutants, suggesting a role for ELF in
TGF-� signaling (3, 17). Analysis of mouse
embryonic fibroblasts (MEFs) derived from
wild-type and elf �/� mutants showed that the
elf �/� MEFs did not respond to TGF-�1
stimulation, but they did respond to platelet-
derived growth factor (PDGF) (Fig. 1H) (18,
19). This was confirmed by transient trans-
fection experiments in which reporter con-
structs containing Smad binding sequences
upstream of a luciferase gene were expressed
in wild-type and elf �/� MEFs (19, 20).

To determine whether ELF associates
with Smad2, Smad3, and Smad4, we immu-
noprecipitated endogenous ELF from cell
extracts prepared from wild-type MEFs and
HepG2 (a human liver cell line) cells that
had been treated with TGF-�1 (16, 21).
TGF-�1 treatment stimulated ELF and
Smad3 phosphorylation (Fig. 2; fig. S2, A
and B). In all cells, specific antisera to ELF
immunoprecipitated Smad3 and Smad4
proteins only in the presence of TGF-�1
(Fig. 2; fig. S2C). No association occurred
with Smad2 (Fig. 2; fig. S2C). In contrast,
ELF associated with two known spectrin
binding structural proteins, ankyrin B and
tropomyosin, only in the absence of TGF-
�1 (Fig. 2). This suggests that, upon stim-
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ulation with TGF-�1, phosphorylation of
ELF could induce a conformational change
that reduces its affinity for ankyrin and
tropomyosin and facilitates an association
with Smad3 and Smad4 instead (10).

Confocal microscopy revealed that treat-
ment of HepG2 cells and wild-type MEFs
with TGF-�1 resulted in colocalization of
Smad3 with ELF at the cell surface mem-
brane (Fig. 3A) (20) and translocation of
Smad4 and ELF to the nucleus (Fig. 3C)
(16). However, Smad2 did not colocalize
with ELF (Fig. 3B). Interestingly, Smad3 and
Smad4 were mislocalized in the elf �/� mu-
tants (Fig. 3D) (20). In wild-type embryonic
liver (E11.5), Smad3 was expressed along the
cell surface membrane (Fig. 3D). However,
in the elf �/� mutants, Smad3 was localized
in the cytoplasm and in an irregular pattern
along the entire cell surface membrane (Fig.
3D). Similarly, Smad4 was aberrantly local-
ized in the nucleus and the cytoplasm (20).
These data indicate that, in the absence of
ELF, Smad3 and Smad4 are mislocalized,
disrupting TGF-� signaling.

Expression of the COOH-terminal domain
of ELF (elf-C) that includes the ankyrin bind-
ing region, active phosphorylation sites at
serine residues, and a hinge region regulating
oligomer formation (13, 16) rescued TGF-�
signaling in the elf �/� mutant fibroblasts,
and Smad3 localization to the cell surface
membrane resembled wild-type localization
(Fig. 3D, arrow). Smad3 mislocalization in
elf �/� fibroblasts was not rescued by expres-
sion of Smad3 or of the NH2-terminal domain
of ELF (elf-N) (Fig. 3D). To confirm that
TGF-�–induced transactivation of target
genes requires ELF, we examined expression
of c-fos after TGF-�1 stimulation in wild-
type and elf �/� fibroblasts. As expected, c-
fos mRNA expression in response to TGF-�
was eliminated in the elf �/� fibroblasts (Fig.
3, E and F). Only transfection of elf �/�

fibroblasts with elf-C and not elf-N or Smad3
resulted in TGF-�–induced transactivation of
c-fos (Fig. 3, E and F). These data suggest
that a functional ELF spectrin represents a
key regulatory element for TGF-� signaling
by Smad modulation.

Both �-spectrin and microtubule-associat-
ed protein-2 (MAP-2) are important for mi-
crotubule (MT) bundling (10). As MTs have
been shown to modulate Smad signaling (9),
we examined their distribution and function
and found them to be unaltered in elf �/�

embryos, suggesting that microtubule modu-
lation of Smad proteins may be less relevant
and secondary to ELF spectrins (20).

Filamin and SARA function as adaptors in
TGF-� receptor signaling (22–24). Filamins,
actin polymerization proteins, form scaffolds
for multiple signaling proteins including SAP
kinases such as MKK-4, Rho, Ras small
guanosine triphosphatases, Smad2, and Smad5.

Fig. 1. (A) Loss of ELF
in elf�/� mouse em-
bryos by immunoblot
analysis of E9.5 or
E11.5 embryo lysates
with peptide-specific
polyclonal antibodies
( VA1, VA2, ELFABD).
(B to G) Phenotypic
analysis of elf�/� em-
bryos. (B) E9.5 Elf�/�

embryos exhibit yolk
sac defects. (Left) Wild
type (arrows, blood
vessels). (Right) elf�/�.
(C) E11.5 embryos.
Note the smaller liver
and heart of elf�/�

embryos (right). (D)
Hematoxylin and eosin
(H&E)–stained sections
of E11.5 embryos with
forebrain defects. (E)
H&E sections of E11.5
embryos reveal liver (L)
and heart (H) defects in
elf�/� (right). (F) High-
power view of H&E
sections of heart in
E11.5 embryos exhibits
abnormal myocardial
tissue (right). (G) High-
power view of H&E
sections of gut (G) with
flattened cells in
elf�/� (right) (arrows).
(H) Thymidine incorpo-
ration studies. Elf�/�

MEFs do not respond to
TGF-�, in contrast to
PDGF. Dark blue bar,
control without treatment; yellow bar, treatment with TGF-�1; green bar, treatment with PDGF. Data
were analyzed by paired t -test (N � 10). Significant differences are indicated: *, P � 0.001, compared
with control. (I) Reduced expression of liver marker in elf�/� embryos. Paraffin sections of embryos
(E11.5) from wild type (left) and elf�/� (right) were immunostained with antibody to �-fetoprotein
(brown), labeling hepatocytes, in cords in wild-type liver (left) (arrows) and small clusters in elf�/�

(right) (arrows). He, hepatocytes.

Fig. 2. Interaction of endogenous
ELF and Smads in mammalian
cells. Lysates from HepG2 cells
were cultured with or without
TGF-�1 for 2 min (ELF phospho-
rylation) or 1 hour (the rest). They
were then subjected to immuno-
precipitation (IP) with preimmune
sera and antibody to ELF and then
immunoblotted (IB) with mono-
clonal or polyclonal antibody to
Smad2, -3, -4, ankyrin B, and tro-
pomyosin or subjected to immu-
noprecipitation with the mono-
clonal and polyclonal antibodies
and then immunoblottedwith an-
tibody to ELF. Coprecipitation of
Smad3ELF, Smad3-Smad3, or
Smad3-Smad4 is demonstrated
(lane 8). TGF-� treatment induces
phosphorylation of ELF (lane 10),
Smad3 (58 kD) (lane 8), and
Smad2 (58 kD) (lane 7), but not Smad4 (lane 9). In the presence of TGF-�1, ELF interacts with
Smad4 (60 kD) (lane 9). Coimmunoprecipitation of ELF with Smad3 and Smad4 is shown in the
presence of TGF-�1 (lane 10).
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SARA, a major FYVE domain protein (named
after the first letters of the four proteins con-
taining it: Fab1p, YOTB, Vac1p, and EEA1),
regulates the subcellular localization of unacti-
vated R-Smads, potentially scaffolding the
TGF-� receptor kinase to the Smad2 substrate
(1, 2, 23). Analysis of SARA and filamin ex-
pression in liver revealed similar localization in
the wild-type and elf �/� embryos (20). Fur-
thermore, SARA and filamin did not coimmu-
noprecipitate with ELF (fig. S2, D and E). We
also examined whether ELF also associates
with Smad1 and Smad5. Smad1 and Smad5
expression and localization were similar in
wild-type and elf �/� embryos (20) (fig. S3).
ELF did not coimmunoprecipitate with either
Smad1 or Smad5 from HepG2 cell extracts (fig.
S2, D and E). As SARA, filamin, Smad1, and
Smad5 do not appear to interact with ELF and
are expressed equally in wild-type and elf �/�

tissues, the R-Smads such as Smad3 and Smad4
may thus function through a different mecha-
nism with ELF interactions, and this is support-
ed by other studies pointing to different models
of oligomerization (23, 24).

Taken together, these results point to ELF as
an essential adaptor protein required for key
events in the propagation of TGF-� signaling.
We present evidence that, after stimulation with
TGF-�, phosphorylated ELF may normally as-
sociate with endogenous receptor–associated
Smad3, potentially facilitating its specific sub-
cellular localization and activation by T�RI.
Initially, ELF appears to associate with Smad3
and the TGF-� receptor complex. This interac-
tion is followed by its interaction with Smad4,
leading to their translocation to the nucleus.
ELF, as a mediator of TGF-� signaling, appears
to be independent of microtubule, SARA, or
filamin modulation of Smad function, suggest-

ing a specificity for the regulatory role of ELF
in TGF-� signaling. We speculate that the pos-
itive regulatory element by ELF could control
the rate of Smad3 association and phosphoryl-
ation by activated T�RI as well as the translo-
cation of phosphorylated Smads to the nucleus.
These results provide new and unexpected in-
sights into both TGF-� signaling and an essen-
tial role for the adaptor proteins of the �-spec-
trin family in this signaling process.
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Dynamics of the Hippocampus
During Encoding and Retrieval of

Face-Name Pairs
Michael M. Zeineh,1,2 Stephen A. Engel,3 Paul M. Thompson,4

Susan Y. Bookheimer1,5*

The medial temporal lobe (MTL) is critical in forming new memories, but how
subregions within theMTL carry out encoding and retrieval processes in humans
is unknown. Using new high-resolution functional magnetic resonance imaging
(fMRI) acquisition and analysis methods, we identified mnemonic properties of
different subregions within the hippocampal circuitry as human subjects
learned to associate names with faces. The cornu ammonis (CA) fields 2 and
3 and the dentate gyrus were active relative to baseline only during encoding,
and this activity decreased as associations were learned. Activity in the sub-
iculum showed the same temporal decline, but primarily during retrieval. Our
results demonstrate that subdivisions within the hippocampus make distinct
contributions to new memory formation.

Structures within the MTL play a crucial role in
forming new associations or episodic memo-
ries. Memory formation is a dynamic process:
As new information becomes better learned, the
hippocampus appears to be less critical (1, 2).
The complex architecture of the hippocampus
would seem to orchestrate this transition (3).
Several studies have demonstrated some degree
of subregion specificity within the hippocam-
pus and related structures. In particular, recog-
nition memory may require the perirhinal cor-
tex (4), spatial memory may depend on the
parahippocampal cortex (5, 6), and encoding
and retrieval may involve the anterior and pos-
terior hippocampus, respectively (7, 8). How-
ever, no studies to date have directly examined

how activity patterns within different substruc-
tures of the MTL change during learning. Here,
we use functional magnetic resonance imaging
(fMRI) in human volunteers to identify changes
in the blood oxygen level–dependent (BOLD)
response, reflecting neural activity, within dif-
ferent substructures of the MTL, as subjects
progressively learn new associations.

Imaging the medial temporal subregions
is technically challenging: Not only are the
individual structures quite small, but the hip-
pocampus itself is rolled into a compact spi-
ral, making it difficult to isolate activity with-
in any one region on the planar sections
acquired in MRI scans. In order to parcel out
neural activity in the subregions, we devel-
oped techniques to acquire high-resolution
structural (0.4 by 0.4 mm) and functional (1.6
by 1.6 mm) MRI data and to localize func-
tional activity precisely within the substruc-
tures of the hippocampus by “unfolding” the
hippocampal cortex, revealing the entirety of
each hippocampal subregion [CA fields 1, 2,
and 3; dentate gyrus (DG); and subiculum)
and adjacent neocortical regions (parahip-
pocampal, entorhinal, perirhinal, and fusi-
form) in a single plane, or “flat map” (9–11)
(Fig. 1). Briefly, this procedure begins by

first demarcating the boundaries between the
architectonic subregions on the high-resolu-
tion structural MR images (Fig. 1A) and then
segmenting and separating out the white mat-
ter and CSF throughout the MTL, retaining
only the gray matter sheath (Fig. 1B). We
then computationally extract and flatten the
gray matter volume (similar to flattening the
globe into a flat map of the world) and project
the demarcated boundaries to produce un-
folded flattened maps of the hippocampus
(Fig. 1C). Because subjects vary in the anat-
omy of their MTLs, we constructed a tem-
plate representing the typical anatomy of our
subject population by averaging together the
individual demarcation boundaries across
subjects (12). Computational warping tech-
niques transform an individual subject’s hip-
pocampal maps to the flat hippocampal tem-
plate space (13). The same transformation
parameters are then applied to the coregis-
tered functional MRI scans, which delivers
high-resolution fMRI data in a standardized
flat space. This procedure enabled us to
measure activity over time in each subre-
gion (e.g., the combined CA 2, 3, and DG
termed “CA2,3DG,” CA 1, subiculum,
fusiform, etc.) and to perform powerful
group statistics across subjects.

Using this method, we scanned ten sub-
jects while they performed a face-name asso-
ciation task in which a series of unfamiliar
faces were paired with names (11). Learning
the names of new faces is an essential aspect
of everyday human memory that is known to
engage the hippocampus (14, 15). We sepa-
rated encoding blocks, where subjects saw
the faces with the names and tried to commit
them to memory, from recall blocks, where
subjects saw the faces only and had to gen-
erate the correct name (Fig. 2). A distraction
task prevented rote rehearsal between en-
coding and recall blocks. Subjects viewed
the same face-name combinations four
times so that the information was well
learned by the last trial.

The subjects exhibited a positive learning
curve over time as displayed in Fig. 3B. To
determine the amount of new information
successfully encoded on a given trial, we
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