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Smith-Lemli—Opitz syndrome (SLOS) is a malformation syndrome with neurocognitive deficits due to
mutations of DHCR?7 that impair the reduction of 7-dehydrocholesterol to cholesterol. To investigate the
pathological processes underlying the neurocognitive deficits, we compared protein expression in
Dhcr7+’* and Dher74%%/4%5 prain tissue. One of the proteins identified was cofilin-1, an actin depolymerizing
factor which regulates neuronal dendrite and axon formation. Differential expression of cofilin-1 was due to
increased phosphorylation. Phosphorylation of cofilin-1 is regulated by Rho GTPases through Rho-Rock-
Limk-Cofilin-1 and Rac/Cdc42-Pak-Limk-Cofilin-1 pathways. Pull-down assays were used to demonstrate
increased activation of RhoA, Rac1 and Cdc42 in Dhcr7*3%435 prains. Consistent with increased activation
of these Rho GTPases, we observed increased phosphorylation of both Limk and Pak in mutant brain tissue.
Altered Rho/Rac signaling impairs normal dendritic and axonal formation, and mutations in genes encoding
regulators and effectors of the Rho GTPases underlie other human mental retardation syndromes. Thus, we
hypothesized that aberrant activation of Rho/Rac could have functional consequences for dendrite and
axonal growth. In vitro analysis of Dhcr735/435 hippocampal neurons demonstrated both axonal and dendri-
tic abnormalities. Developmental abnormalities of neuronal process formation may contribute to the neuro-
cognitive deficits found in SLOS and may represent a potential target for therapeutic intervention.

INTRODUCTION
reductase gene (DHCR7) (2—4). DHCR7 maps to human

Smith—Lemli—Opitz syndrome (SLOS, OMIM #270400) is
the prototypical example of a human malformation syndrome
due to an inborn error of cholesterol synthesis. Frequent find-
ings in SLOS include a typical facial appearance (microce-
phaly, ptosis, a small upturned nose, micrognathia and cleft
palate), limb anomalies (post-axial polydactyly and 2—3 toe
syndactyly), genital anomalies (hypospadius and ambiguous
genitalia), growth retardation, mental retardation, behavioral
problems and autistic features (1). SLOS is an autosomal
recessive disorder due to mutation of the 7-dehydrocholesterol

chromosome 11q12—13 (3), and over 130 different mutations
have been described (5,6). DHCR7 is an integral membrane
protein that reduces the A7 bond in 7-dehydrocholesterol
(7DHC) to yield cholesterol in the final step of the cholesterol
synthetic pathway (Fig. 1A). Impaired DHCR7 activity results
in the accumulation of precursor sterols, 7DHC, its isomer 8-
dehydrocholesterol (8DHC), and a deficiency of cholesterol
during embryonic development.

The pathological mechanisms underlying the malformations
and clinical problems found in SLOS are diverse. This is due
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Figure 1. Increased phosphorylation of cofilin-1 in Dhcr743%'23 brain tissue.
(A) SLOS and lathosterolosis are, respectively, due to deficiency of
3B-hydroxysterol-A7-reductase (DHCR7) and lathosterol 5-desaturase
(SC5D) activity. These enzymes function sequentially with SC5D converting
lathosterol to 7DHC and DHCR7 reducing 7DHC to yield cholesterol. In
mouse models corresponding to these two human malformation syndromes,
there is a similar deficiency of cholesterol; however, 7DHC accumulates in
SLOS and lathosterol accumulates in lathosterolosis. (B) Representative sec-
tions of silver-stained 2-DE gels comparing Dher7++ and Dher743-5/433
mouse brain protein expression. The differentially expressed protein spot indi-
cated by the arrow was found to contain cofilin-1. (C) Differential expression
of cofilin-1 was validated by western blot. Comparing pooled Dhcr7'*
(+/+) and Dhcr723%/435 (A/A) samples, we found that although total
cofilin-1 expression was similar, P-cofilin-1 was markedly increased in
E18.5 Dher7*¥ 5235 brain tissue. Twenty micrograms of protein were
loaded per lane and actin was used as a loading control. (D) Differential
expression of P-cofilin-1 was quantified by comparison of five control (filled
bars) and mutant (open bars) samples (mean + SD, *P < 0.05). (E)
Cofilin-1 and P-cofilin-1 expression were evaluated through embryonic devel-
opment. Values are relative to control levels at E12.5.

to the fact that cholesterol has multiple biological functions, and
7DHC is known to enter these various biological processes.
Cholesterol is a major lipid component of cellular membranes
and the altered sterol composition in SLOS affects the physio-
chemical properties and functions of cellular membranes.

Synthetic membranes containing 7DHC have an atypical mem-
brane organization (7), and 7DHC decreases membrane bending
rigidity (8). Cholesterol is also a major component of lipid rafts.
Lipid rafts are ordered lipid domains that function in signal
transduction. Substitution of 7DHC for cholesterol alters both
lipid raft stability (9) and protein composition (10). These phys-
ical perturbations of membrane structure likely underlie func-
tional defects in IgE receptor mediated mast cell
degranulation and cytokine production (11), NMDA receptor
function (12) and serotonin;, receptor ligand binding (13).
Cholesterol also plays a major role in embryonic development;
it is necessary for the proper processing and function of the
hedgehog family of morphogens (14). It is likely that both the
cholesterol deficiency and accumulation of toxic levels of
dehydrocholesterol or metabolites of dehydrocholesterol con-
tribute to various pathological processes in SLOS.

We (12,15) and others (16) have previously reported the devel-
opment of mouse models with SLOS. Mice homozygous for a
null mutation of Dhcr7 (Dher7°3>233) have a low frequency
of cleft palate, demonstrate neurological problems and die soon
after birth due to failure to feed (12). The lack of multiple
major malformations is likely due to transfer of maternal choles-
terol to the develog)ing embryo (17,18). Biochemically, tissues
from Dhcr7°3¥23-° embryos have significantly decreased
cholesterol levels and markedly increased dehydrocholesterol
levels. By embryonic day 18.5, 1 day prior to birth, 7DHC and
7-dehydrodemsosterol (a second sterol that accumulates in
embryonic brain tissue) account for 70—75% of total sterols.
Thus, these mice provide a model system in which it is possible
to identify proteins whose expression are altered in SLOS brain
tissue. We postulated that the identification of specific proteins
with altered expression would give insight into biological pro-
cesses that are perturbed in SLOS and contribute to its pathology.
One of the proteins that we identified by quantitative proteomic
analysis was cofilin-1. Specifically, we found increased phos-
phorylation of cofilin-1, which is an actin depolymerizing
factor that regulates neuronal dendrite and axon formation
(19). The activity of cofilin-1 is regulated by phosphorylation.
Further analysis showed alterations in the Rho GTPase/Lim
kinase regulatory cascade that regulates cofilin activity consist-
ent with increased phospho-cofilin-1 (P-cofilin-1). Also consist-
ent with our proteomic findings, functional characterization
demonstrated altered levels of actin filament in DAcr7 mutant
brain tissue and aberrant dendrite actin filament formation and
abnormal dendrite/axon growth in Dhcr7 mutant hippocampal
neurons. Combined with previous work showing that mutations
of genes involved in the Rho GTPase/Lim kinase regulatory
cascade cause mental retardation (20,21), our current work
suggests that altered Rho GTPase/Lim kinase/cofilin-1 function
underlies some of the cognitive deficits found in SLOS.

RESULTS

Increased cofilin-1 phosphorylation in Dhcr
brain tissue

7A3-5/A3-5

In order to identify biological pathways that are altered in
SLOS, we used proteomic techniques to identify differentially
P A3-5/A3-5 . . .
expressed proteins in Dhcr7 brain tissue. Total protein
extracts were obtained from seven E18.5 Dher783-5/435



mutant embryos and seven Dhcr7 '™ control embryos. Two-
dimensional gel electrophoresis (2-DE) was used to separate
proteins. Three replicate silver stained, two-dimensional gels
were produced for both Dhcr7'* and Dher7235233 total
brain protein extracts. For comparison of total protein extracts
from Dher7t'™ and Dher7”3 233 brains, 1107 individual
protein spots were quantified using PDQuest 8.0 software.
Fifty-six (5.1%) of these protein spots were differentially
expressed (R <0.83 or R>1.20, P <0.05 unpublished
data). Differentially expressed protein spots were excised
from Coumassie blue stained preparative gels, and subjected
to ‘in-gel’ digestion with trypsin. The resulting tryptic pep-
tides were extracted and analyzed by a combination of high
resolution MALDI tandem mass spectrometry and liquid
chromatography/tandem mass spectrometry. MS/MS spectra
from both instruments were analyzed and matched to protein
sequences present in the Swiss-Prot database using the
Mascot search program (22).

Figure 1B shows a portion of representative silver stained
gels comparing proteins from Dhcr7t' ™ and Dher743-5/43
brains. Densitometric quantification of the indicated protein
spot in three independent gels showed a 3.8-fold increase
(P=0.005) in mutant brain tissue compared with control
brain tissue. Mass spectrometric analysis of this protein spot
identified three peptides corresponding to cofilin-1 (Sup-
plementary Material, Fig. S1). Western blot analysis was
used to validate altered expression of cofilin-1 in Dhcr7
mutant brains. Whereas total cofilin-1 levels did not appear
to differ between Dher7t'™ and Dher723 5237 brains, levels
of P-cofilin-1 were significantly increased in EI18.5
Dher7233835 brain tissue compared with control brain
tissue (Fig. 1C). Analysis of brain tissue from five individual
mutant and control embryos (Fig. 1D) showed a 5.8-fold
increase in P-cofilin-1 levels (P = 0.02), and confirmed no sig-
nificant differences in total cofilin (phosphorylated and
non-phosphorylated, P = 0.30). Cofilin-1 levels are relatively
constant from E12.5 through EI18.5, but P-cofilin-1 levels
vary during development. However, P-cofilin-1 levels are
clevated in Dher723 523 brain tissue compared with
control levels at all ages examined (Fig. 1E).

Activation of the Rho/Rac/Cdc42 GTPases and Lim
kinase in Dhcr723 5435 prain tissue

Two homologous proteins, Lim kinase-1 and Lim kinase-2
(Limk), regulate cofilin activity by phosphorylation of serine
3. Limk-2 is ubiquitously expressed; however, Limk-1
expression is restricted to neuronal tissue. Both Limk-1 and
Limk-2 are activated by threonine phosphorylation at amino
acid position 505 and 508, respectively. Protein levels of
Limk-1 and Limk-2 are similar in Dhcr7 7'+ or Dher743-5/43
embryonic brain tissue (Fig. 2A). However, consistent with
increased phosphorylation of cofilin, we found increased
levels of })hosphorylated Limk in EI8.5 brains from
Dher7°3%25 embryos compared with tissue from Dhcr7 '™
embryos (Fig. 2A). Quantification of results showed no
significant differences in total Limk-1 (P = 0.66) or Limk-2
(P = 0.74) protein levels; however, P-Limk-1/2 levels were sig-
nificantly (P < 0.005) increased in SLOS brain tissue (Fig. 2B).
The antibody used to detect phosphorylation of Limk does not
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Figure 2. Limk and Pak activation. Western blot analysis (A) and quantifi-
cation of band intensity (B) demonstrated similar amounts of immunoreactive
Limk-1 and Limk-2 in Dher7t'+ (filled bars) and Dher74323> (open bars)
E18.5 embryonic brain protein samples; however, phospho(Thr508)/
Thr505)-Limk-1/2 levels were significantly increased (mean + SD, n =15,
*P < 0.01) in mutant brain tissue. The P-Limk antibody does not discriminate
between Limk-1 and Limk-2. Western blot analysis (C) and quantification of
band intensity (D) demonstrated similar amounts of immunoreactive Pak 1/2/3
in Dher7t'" and Dher7°3%235 E18.5 embryonic brain protein samples;
however, P-Pak1/2 levels were significantly increased (mean + SD, n =5,
**P < 0.05) in mutant brain tissue. The anti-Pak antibody recognizes Pakl,
Pak2 and Pak3 and the anti-phosphoPak antibody recognizes both P-Pakl
and P-Pak2. Staining intensities for both Limk and Pak were normalized to
actin staining intensity.

differentiate between Limk-1 and Limk-2. The ratio of
P-Limk 1/2 relative to either Limk-1 (P < 0.01) or Limk-2
(P < 0.05) was significantly elevated in mutant brain tissue.
Activation of Limk is mediated by Rho GTPases and their
effector kinases (20). To understand further the etiology of
increased P-cofilin-1 and P-Limk-1/2, we analyzed the activity
state of the Rho-GTPase/Rho kinase, Rac-GTPase/p21 associ-
ated kinase and Cdc42/p21-activated kinase signaling cas-
cades. Limk can be phosphorylated by p21 associated
kinases (Pak), and Pak family members are activated when
phosphorylated. Pak protein levels did not significantly
differ (P=0.45) in brain tissue from Dher7™™ or
Dher7A35/83-3 embryos. However, we found a significant
(P < 0.05) increase in the level of phosphorylated Pak in
brain tissue from Dhcr7435/433 embryos (Fig. 2C and D).
Phosphorylation of Pak is mediated by Racl and Cdc42,
which are small GTPases that cycle between an inactive
state binding GDP and an active state binding GTP. Neither
total levels of Racl (Fig. 3A and B) nor total levels of
Cdc42 (Fig. 3C and D) immunoreactive material differed sig-
nificantly (P =0.30 and P = 0.69, respectively) between
E18.5 brain tissue from Dhcr7 " or Dher733R33
embryos. However, using Rac-GTP and Cdc42-GTP pull-
down assays, we found that both activated Rac and Cdc42
levels were significantly increased (P < 0.001 and P < 0.01,
respectively) in brain tissue from Dher7A33/43-3 embryos
compared with control tissue (Fig. 3A-D). We were not
able to directly demonstrate the activation of Rock;
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Figure 3. Rho GTPase activation. Although total protein levels were not
altered, the levels of GTP activated Racl (A and B), Cdc42 (C and D) and
RhoA (E and F) were significantly increased (mean + SD; n=735; *P <
0.001, **P < 0.01, ***P < 0.05) in Dhcr7 mutant tissue (open bars) compared
with control samples (filled bars). Band intensity was normalized to actin.

RhoA

however, we were able to use Rho-GTP pull-down assays to
demonstrate significantly (P < 0.05) increased activation of
RhoA (Fig. 3E and F). Similar to what was observed for
Racl and Cdc42, no significant difference (P = 0.64) in
immunoreactive RhoA was observed (Fig. 3E and F). The acti-
vation of RhoA, Racl and Cdc42 appears to be specific and
not due to non-specific activation of small GTPases. A
Ras-GTP pull-down assay was used to evaluate the activation
status of Ras in Dhcr7 mutant and control embryonic brain
tissue. In contrast to what we observed with RhoA, Racl
and Cdc42, we did not observe increased activation of Ras
(Supplementary Material, Fig. S2). Supporting the idea that
the activation of the Rho GTPase/LIM kinase regulatory
cascade is not due to a non-specific mechanism, we did not
observe increased phosphorylation of protein kinase A Ca, a
protein that is regulated by G protein-coupled receptors (Sup-
plementary Material, Fig. S3).

In addition to cofilin-1, the Rho/Rac/Cdc42 signaling cas-
cades regulate other cytoskeletal proteins (23). Rock phos-
phorylates myosin light chain 2 (Mlc2) and regulates
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Figure 4. Increased phosphorylation of Mlc2 and OP18. Western blot analysis
(A and C) and quantification of band intensity (B and D) demonstrated similar
amounts of immunoreactive Mlc2 or Opl8 in Dhcr7™'* (filled bars) and
Dher7833235 (open bars) mouse brain protein samples. In contrast,
phospho(Ser19)-Mlc2 and phospho(Ser16)-Opl8 levels were significantly

increased in Dher7*%¥233 brain tissue (mean + SD; n=5; *P < 0.0l and

**P < 0.05). Band intensity was normalized to actin (data not shown).

myosin/actin interactions. Mlc2 functions in both early and
late stages of neuronal morphogenesis (24,25). Consistent
with the increased activation of RhoA, analysis of Mic2
expression showed similar Mlc2 protein levels in Dhcr7 T
and Dhcr723 %235 E18.5 brain tissue, but significantly
increased (3.4-fold, P < 0.005) levels of phosphorylated
Mlc2 in Dher723535 tissue (Fig. 4A and B). Pak phosphor-
ylates and inactivates Op18 (Stathmin), and Opl8 regulates
microtubule assembly (26). Although Opl8 protein levels
did not differ between control and Dhcr7 mutant embryos,
consistent with increased Pak activity, we observed increased
phosphorylation (1.8-fold, P < 0.015) of Op18 in brain tissue
from E18.5 Dhcr7°3 %233 embryos (Fig. 4C and D).

Altered cofilin phosphorylation is due to cholesterol
deficiency

In Dher7235/235 brain tissue, there is both a deficiency of
cholesterol and accumulation of 7DHC (12). Thus, observed
abnormalities could result from sterol deficiency or a toxic
effect of 7DHC. To separate these two potential mechanisms,
we analyzed protein expression in brain tissue from Sc5d4™ "
control and Sc5d~’/~ mutant embryos. Sc5d, or lathosterol
S-desaturase, catalyzes the enzymatic step immediately
upstream of Dher7 and converts lathosterol to 7DHC
(Fig. 1A). In Sc5d '~ embryos, there is a cholesterol
deficiency similar to that observed in Dher7%39235 prains,
but lathosterol, rather than 7DHC, is the accumulating sterol
(27). Altered cofilin-1 expression was identified in a 2-DE pro-
teomic comparison of brain tissue from E18.5 Sc5d™* and
Sc5d~'~ embryos (Fig. 5A and B). Analogous to what was
observed in the SLOS mouse model, cofilin-1 protein levels
were constant, but cofilin-1 phosphorylation was increased
in embryonic brain tissue from the lathosterolosis mouse
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Figure 5. Increased phosphorylation of Cofilin in Se5d~'~ mouse brains. (A)
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P-cofilin-1 in Sc5d mutant brain tissue was validated by western blot. (C)
Quantification of cofilin-1 and P-cofilin-1 protein levels confirmed a signifi-
cant increase in P-cofilin 1 expression (mean + SD; n = 5; *P < 0.01) Band
intensity was normalized to that of actin.

model (Fig. 5B and C). In addition, consistent with our find-
ings in the Dhcr7 mutant brain tissue, Limk-1/2, Pak, Opl8
and Mlc2 phosphorylation were all significantly increased in
Sc5d  mutant brain tissue (Supplementary Material,
Fig. S4). The similar proteomic phenotype in Se5d™'~ and
Dher7235/335 embryonic brain tissue strongly argues that
this specific defect is due to a deficiency of cholesterol
rather than a toxic effect of the accumulating intermediate.

In vivo disruption of actin filaments in embryonic
Dhcr735435 brain tissue

Cofilin-1 regulates actin filament formation by severing
F-actin filaments and increasing barbed ends that can function
as de novo filament nucleation sites. Thus increased phos-
phorylation of cofilin-1, as shown above, would be predicted
to alter actin filament formation in vivo. To evaluate in vivo
actin filament formation, we stained embryonic brain sections
with rhodamine labeled phalloidin. Phalloidin is a toxin that
binds to filamentous actin (F-actin). Thus, increased
rhodamine-phalloidin staining is consistent with decreased
cofilin-1 activity. Rhodamine-phalloidin stained midsagital
brain sections from E18.5 Dhcr7t* and Dher72352%3
embryos are shown in Figure 6A and B. Quantification of flu-
orescence intensity in nine anatomical domains determined
from analysis of nine midsagital sections from three control
and three Dhcr7 mutant embryos showed that total phalloidin
staining was increased an average of 1.26-fold (P = 0.005) in
brains from Dhcr7235/43-533 embryos compared with con-
trols. We noted regional difference in phalloidin staining,
thus we analyzed staining intensity separately for each of
the nine anatomical domains (Fig. 6C). After correction for
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multiple comparisons, we found significantly increased phal-
loidin staining in the caudate-putamen (1.44-fold, P < 0.05),
optic area (1.73-fold, P < 0.001) and the fimbria (1.91-fold,
P < 0.01). Although not significant after accounting for mul-
tiple comparisons, we noted trends toward increased staining
in hippocampus and geniculate area and decreased staining
in the cortical plate.

In vitro analysis of dendrite and axonal growth

Rho and Rac/Cdc42 differentially regulate dendritic and axonal
growth in the developing central nervous system. Thus, we
hypothesized that a perturbation of Rho/Rac/Cdc42 activity
would functionally be reflected in dendritic number, dendritic
length or axonal length. To test this, we pregared hippocampal
neurons from E18.5 Dhcr7 ™ and Dher7°3¥23 and main-
tained neurons in cholesterol deficient medium. Biochemically,
these neurons have markedly reduced cholesterol and increased
7DHC levels (Supplementary Material, Table S1). At 7 days
in vitro (DIV7), neurons were transfected with a construct
expressing green fluorescent protein. Three days after transfec-
tion, neurons were fixed and confocal images were obtained.
Although no significant difference in the number of dendrites
was present, we observed an increase in the total length
of both dendrites and axons in neurons derived from
Dher7233%35 embryos compared with neurons derived
from Dhcr7'" embryos (dendrite: increased by 1.47-fold,
P = 0.02; axon: increased by 1.53-fold, P = 0.004; Figure 6D
and E).

DISCUSSION

SLOS is an inborn error of cholesterol synthesis with a pleio-
tropic phenotype. In addition to variable congenital anomalies,
patients with SLOS have variable degrees of mental retar-
dation and a distinct behavioral phenotype (28). One of the
more intriguing aspects of the behavior phenotype is that the
majority of patients have autistic traits and more than half of
the patients meet the diagnostic criteria for autism (28,29).
Although the biochemical defect in SLOS is well described,
the pathophysiological consequences of decreased cholesterol
or increased 7DHC that underlie the learning and behavioral
problems found in SLOS are not well defined. Defining
these pathological processes and determining to what extent
they are due to fixed developmental problems or due to func-
tional defects secondary to the altered sterol composition in
the brain is critical to determining if therapeutic interventions
could impact the neurological deficits.

In order to try to address these questions, mouse models of
SLOS have been produced (12,15,16). Dher7A35/833 pups
replicate the biochemical defect found in severely affected
SLOS infants, have significant neurological problems, and die
soon after birth secondary to abnormal suckling and failure to
feed (12). We thus hypothesized that a proteomic comparison
of tissue isolated from Dhcr7t'* and Dher7235/433 embryos
would provide an unbiased technique to identify novel biologi-
cal pathways whose normal function could be impaired in
SLOS. One of the proteins that we identified in this analysis
was cofilin-1. Recognition of altered cofilin-1 phosphorylation
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Figure 6. In vivo disruption of actin polymerization and, in vitro analysis of dendrite and axonal growth. Sagittal sections of E18.5 Dhcr7 control (A) and mutant
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from Dher7235/433 embryos (P = 0.005). (C) Fluorescent intensity was also measured in nine anatomical subdivisions (CP: cortical plate; CC: corpus callosum;
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500 wm. (D) Hippocampal neurons from E18.5 Dhcr7 control and mutant embryos were transfected with a green fluorescent })rotein expression vector to visu-
alize axons and dendrites, and grown for 10 days in cholesterol-free medium. Representative images of Dhcr7 '™ and Dher73 323 neurons. Both axonal and
dendritic length were increased in Dher7235/435 peurons. Scale bar indicates 100 pm. (E) Axon and dendrite length were measured for 21 Dhcr7 control (filled

bar) and 14 Dhcr7 mutant (open bar) neurons. Relative axonal and dendritic length are shown (mean + SEM; *P < 0.05 and **P < 0.01).

in Dher7 mutant embryonic brain tissue subsequently provided
novel insight into a disturbance of axonal and dendrite growth
that may underlie some of the learning and behavioral problems
found in SLOS patients.

Cofilin-1 is an actin depolymerization factor that plays a
central role in the regulation of the neuronal actin cytoskeleton
(19). Active cofilin-1 functions to sever actin filaments and
increase actin turnover. As such, cofilin-1 plays a major role
in axonal and dendritic growth. The activity of cofilin-1 is
regulated by phosphorylation. Phosphorylation of cofilin-1

on serine-3 by Lim kinase inactivates cofilin-1 and promotes
actin filament formation (20,30). Lim kinase is activated by
phosphorylation which is mediated by both Rho-kinase
(Rock) and p2l-activated kinase (Pak). Rock and Pak are
serine/threonine protein kinases that are regulated by the
Rho family of GTPases (31,32). The Rho family of GTPases
functions as molecular switches that are activated by the
binding of GTP. Active Racl and active Cdc42, in general,
promote axonal and dendritic elongation; whereas active
RhoA in general antagonizes axonal and dendritic growth.



However, both Rock and Pak regulate Lim kinase in a similar
manner, thus a balance of activity between the two pathways is
critical for the dynamic regulation of axon and dendrite
growth (31). Our proteomic screen identified cofilin-1 in one
of the protein spots showing differential expression in brain
tissue from Dhcr7 mutant embryos. Validation of this result
showed that although cofilin-1 protein levels were similar in
control and mutant tissue, levels of P-cofilin-1 were signifi-
cantly increased in brain tissue from Dhcr73543 embryos.
We then characterized the activation state of multiple steps
in this regulatory cascade. Consistent with increased
cofilin-1 phosphorylation, we found increased phosphorylation
of both Limk and Pak, and increased activation of RhoA,
Cdc42 and Racl.

As noted above, RhoA, Racl and Cdc42 act to regulate
axon and dendritic growth by modulating actin cytoskeleton.
We thus postulated that altered RhoA, Racl and Cdc42
activity in Dhcr7 mutant embryonic brain tissue would have
functional consequences. Rhodamine-phalloidin staining of
embryonic brain tissue demonstrated increased levels of fila-
mentous actin in Dher7°3¥23 brain tissue compared with
Dher7'* tissue. The neonatal death of Dhcr7°3/233 mice
precludes a direct in vivo demonstration of altered axon and
dendrite length in SLOS brain tissue. Thus, we studied axon
and dendrite growth in vitro. Again, consistent with altered
function of the Rho/Rac/Cdc42 regulatory cascade in Dhcr7
mutant brain tissue, we found that both axon and dendrite
length were significantly increased in hippocampal neurons
derived from Dhcr7 mutant embryos.

Increased phosphorylation of cofilin-1, Limk-1/2, Pak,
Opl8 and Mlc2 was observed in brain tissue from both
Dher7237535 and Se5d ™'~ embryos. As SLOS and lathoster-
olosis mouse models have similar cholesterol deficiencies but
different accumulating precursor sterols, we postulate that the
cholesterol deficiency in SLOS, rather than the accumulation
of 7DHC, underlies altered activation of Rho GTPases that
regulate axonal and dendritic growth. This aberrant activation
unbalances the dynamic regulation that RhoA and Rac/Cdc42
exert on axon and dendritic growth.

Various hypotheses could explain increased activation of
Rho GTPases in SLOS. Posttranslational prenylation of Rho
GTPases results in the adduction of a geranylgeranyl
moiety, and prenylation of Rho GTPases is required for mem-
brane association and function. Rho GTPases become mem-
brane associated and activated when post-translationally
modified by prenylation. Thus, it is plausible that increased
prenylation due to increased production of geranylgeranyl
in mutant tissue could lead to increased activation of Rho
GTPases. A number of observations are consistent with this
hypothesis. First, this proteomic analysis of Dher7h35/833
and Sc5d~'~ embryos also identified increased expression
of hydroxymethylglutaryl-CoA synthase and isopentenyl-
diphosphate delta-isomerase 1 (unpublished data). These
two cholesterol synthetic enzymes are also involved in the
synthesis of geranylgeranyl. Second, Pappu ef al. (33) have
shown increased synthesis of other nonsterol isoprenoid-
derived compounds in SLOS. It is plausible that the inhibition
of Rho GTPase prenylation in SLOS could be a novel thera-
peutic intervention. Inhibition of protein prenylation has
been developed as anticancer therapies (34) and protein
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prenylation inhibitors may be useful in the treatment of
Hutchinson-Gilford Progeria (35,36). An alterative hypothesis
is that altered sterol composition in the plasma membrane
alters the function of membrane proteins which regulate
Rho GTPase function. Rho GTPases integrate extracellular
signals via the combined action of multiple GTPase-
activating proteins (GAPs) and guanine nucleotide exchange
factors (GEFs) that respond to various extracellular signals.
Semiphorins and ephrins are membrane associated signaling
proteins that regulate axon growth and guidance via effects
on Rho GTPase activity, and alteration of cholesterol-rich
lipid microdomains may affect the function of semiphorins
(37) and ephrins (38). Biophysical properties and functions
of cholesterol-rich microdomains are altered in SLOS
(8—10). NMDA receptor function has also been shown to
regulate Rho GTPase function (39), and our previous charac-
terization of the Dhcr7 mutant mouse demonstrated impaired
NMDA glutamate receptor activity (12). Independent of the
specific mechanism that results in altered Rho GTPase func-
tion in SLOS, it is plausible that this abnormality underlies
some of the cognitive defects found in SLOS. Altered Rho
GTPase function has been implicated in a number of syndro-
mic and non-syndromic genetic disorders with cognitive
impairment (21,31). X-linked mental retardation has been
associated with mutations of (i) OPHNI, a GAP for Rho
GTPases (40,41); (i) aPIX/ARHGEF6, a Rac GEF (42);
(i) FGDI, an activator of CDC42 (43,44); and (iv) PAK3
(45). Williams syndrome is a chromosome 7q11.2 contiguous
gene deletion syndrome that includes LIMKI (46). Although
deletion of other genes may contribute to the cognitive phe-
notype observed in Williams syndrome, Limk-1 deficient
mice have abnormal dendritic spine morphology and altered
spatial learning (47). Although appropriately fixed human
SLOS brain tissue is not currently available to directly
confirm the presence of axonal and dendritic abnormalities,
based on the association of defects in Rho GTPase signaling
with mental retardation syndromes (23) and the data pre-
sented in this paper, it is likely that altered axon and dendrite
formation underlies some of the central nervous system dys-
function found in SLOS. Future efforts will focus on deter-
mining if inhibition of protein prenylation or if modulation
of specific signal transduction pathways related to axon and
dendrite growth is of potential therapeutic benefit in SLOS.

MATERIALS AND METHODS
Mouse models

Animal work was performed under an NICHD approved
animal study protocol. Dhcr7 and Sc5d mutant mouse
models and genotyping have previously been described
(12,27). For timed matings, the identification of a copulatory
plug was considered to be E0.5 and embryonic age was con-

firmed by inspection.

Protein sample preparation

Mouse brain tissue samples were rapidly dissected from E18.5
embryos and immediately washed with ice-cold 1 x phosphate
buffered saline (PBS). Tissue samples were then homogenized
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in 500 pl of lysis buffer [7 M urea, 2 M Thiourea, 4% CHAPS,
65 mm DTT, 40 mm Tris, protease inhibitor mix and phospho-
protease inhibitor (0.2 mm NazVO,, 1 mm NaF)]. After hom-
ogenization, the sample was sonicated at 100 W for 30 s and
centrifuged at 25 000g for 1 h. Protein samples from 7 or 8 indi-
vidual embryos corresponding to each genotype (Dhcr7™' ™,
Dher783¥833  Se5d+ " and Sc5d~' ) were pooled. Pooled
samples were used for 2-DE analysis and initial validation.
For the temporal expression experiment, 3protein samples from
4 or 5 individual control or Dhcr7°%92%5 embryos at E12.5,
E14.5 and E16.5 were pooled. Protein concentration was deter-
mined using a Bradford assay. Samples were stored at —80°C
until analysis.

Two-dimensional protein gel electrophoresis and
identification of differentially expressed protein spots

Immobilized pH Gradient Isoelectric focusing (IPG-IEF) was
performed using an Ettan IPGphor 3 IEF System (GE Health-
care). Each genotype was analyzed in triplicate. Eighty micro-
grams of protein were mixed with DeStreak™ Rehydration
Solution (GE Healthcare) containing 1% IPG-IEF buffer, pH
3—10 non-linear, 0.2% DTT and a trace of bromophenol
blue to give a total volume of 250 wl. This solution was
then loaded onto precast IPG dry strips (pH 3-10;
130 mm x 3 mm x 0.5 mm; GE Healthcare) and rehydrated
at 30 V for 12 h. IEF was performed at 20°C using stepped
voltage changes of 500V for 1h, 1000V for 1h and
8000 V for 8 h for a total of 50—60 kV h.

Following IEF separation, the gel strips were equilibrated
twice (15 min each) in an equilibration buffer composed of
50 mm Tris—HCI pH 8.8, 6 M urea, 30% glycerol, 2% SDS
and a trace of bromophenol blue. One percent DTT was
added to the first equilibration buffer, and 4.5% iodoacetamide
was added to the second equilibration buffer. The equilibrated
gel strips were then placed onto 1 mm 12% polyacrylamide
vertical slab gels, and sealed with 0.5% agarose. SDS—
PAGE was performed using a Hoeffer SE600 Ruby Electro-
phoresis Unit (GE Healthcare) for 15 min at constant current
of 10 mA per gel, and then switched to 20 mA per gel until
the Bromophenol blue reached the bottom of the gels.

After two-dimensional gel electrophoretic separation, gels
were stained with ammoniacal silver nitrate (48). Stained
gels were scanned at an optical resolution of 42.3 x
42.3 pm using a GS-800 Calibrated Densitometer (Bio-Rad)
in transmissive mode. Spot detection, matching, quantization,
normalization and statistical analysis for the triplicate silver-
stained analysis gels for mouse brain samples of different gen-
otype were performed using PDQuest 8.0 software (Bio-Rad)
as previously described (48). The PDQuest software models
protein spots mathematically as a 3D Gaussian distribution
and determines maximum absorption after raw image correc-
tion and background subtraction. Spot intensities were then
obtained by the integration of the Gaussian function with
unit of intensity calculated as ‘Intensity*Area as parts per
million’ (INT*Area PPM). The intensity of each protein spot
was normalized to the total intensity of the entire gel. Quanti-
tative analysis was performed using the Student’s #-test
between control and Dhcr7°3 %> or Sc5d~'~ mutant
mouse brain gels. The confidence level was 95% (P < 0.05).

After identification of candidate protein spots, preparative
2-DE was performed with 2 mg of protein loaded on each
gel. Protein spots were identified using Coomassie Brilliant
Blue R-250 Staining Solutions (Bio-Rad) per manufacturer’s
protocol. Protein spots were excised from paired control and
mutant preparative gels for protein identification.

Mass spectrometric protein identification

Excised protein spots were ‘in-gel’ digested with trypsin, and
resulting peptides were extracted. Peptides were analyzed both
by MALDI TOF/TOF using an ABI 4800 Proteomics
Analyzer (Applied Biosystems) and by combined liquid
chromatography/tandem mass spectrometry (LC/ESI/MS/
MS) using an LCQ DECA ion trap mass spectrometer
(Thermo Fischer).

For MALDI TOF/TOF analysis, tryptic peptides were
applied as unseparated mixtures to sample plate wells. Typi-
cally 0.5 ul of extracted peptide, 5% of total sample in 1:1
acetonitrile: 0.1% TFA was applied with an equal volume of
HCCA matrix (5 mg/ml in the same solvent as the sample);
two internal standards were added to the matrix and along
with tryptic autolysis peptides were used for mass scale cali-
bration. Our typical procedure was to acquired a 400 laser
shot spectrum of the full peptide mixture in reflector mode
and then to fragment 4—6 peptides that are both intense and
well separated from others within the limits of the timed ion
selector operated at a resolution of 300; fragmentation
spectra were acquired as unimolecular decompositions (col-
lision gas off) using 1000 laser shots. There is no evidence
of sample depletion from this approach.

For the LC/ESI/MS/MS measurements, tryptic peptides
were separated by reversed phase chromatography and electro-
sprayed directly into the sampling orifice of the mass spec-
trometer. MS/MS spectra were collected in a data-dependent
manner, with up to three of the most intense ions in each
full MS scan being subjected to isolation and fragmentation.
MS/MS spectra were extracted as dta files using default par-
ameters with BioWorks v2.0 (Thermo Fisher). For each LC/
MS/MS, run the dta files were merged into one database file
prior to analysis.

MS/MS spectra from both the MALDI and LC/ESI
measurements were analyzed to identify specific proteins.
The Mascot v 2.2 (Matrix Science) search program was used
to match both b and y ion series to protein sequences
present in the Mus musculus subset of UniProt KB/
Swiss-Prot/TrTEMBL  database (database version 56.0;
392 667 sequence entries, 22 July 2008). Mascot search par-
ameters were as follows: enzyme, trypsin; one missed tryptic
cleavage site permitted; fixed modification, carbamidomethy-
lation of cysteine; variable modification, methionine oxi-
dation; mass tolerance for precursor ions was =+ 1.2Da
(DECA) and +0.15 Da (4800); mass tolerance for fragment
ions, + 0.6 Da (DECA) and + 0.06 Da (4800). Only peptides
with individual ions Mowse scores >32 indicating significant
identity or extensive homology (P < 0.05) were used for
protein identification. Peptide and protein identifications
were validated using Scaffold v2.2 (Proteome Software,
Portland, OR, USA). In Scaffold, the peptide identifi-
cations from Mascot were verified using the X! Tandem



(www.thegpm.org v 2007.01.0.2) database search program
(49). Probabilistic validations of the peptide identifications
were performed using Peptide Prophet (50) and corresponding
protein probabilities by Protein Prophet (51). The cutoff for
peptide identification was set at greater than 95.0% probability
and protein identification at greater than 99% probability with
two or more identified peptides.

Western blot analysis

Twenty micrograms of protein were separated on 4—12%
Nupage Tris-acetate gels (Invitrogen) and transferred to a nitro-
cellulose membrane using iBlot (Invitrogen) according to the
manufacture’s protocol. Chemiluminescent western blotting
was performed using the Western Breeze kit from Invitrogen
per manufacture’s protocol. The following primary antibodies
were used for western blot analysis: mouse monoclonal anti-
actin (1:5000; Sigma), anti-cofilin-1 (1:2000; Cell Signaling
Technology), anti-phospho-Cofilin (Ser3) (1:200; Cell Signal-
ing Technology), rabbit polyclonal anti-Limk-1 (1:1000; Cell
Signaling Technology), rabbit polyclonal anti-Limk-2
(1:1000; Cell Signaling Technology), rabbit polyclonal
anti-phospho-Limk1 (Thr508)/Limk-2 (Thr505) (1:200; Cell
Signaling Technology), rabbit polyclonal anti-Pak1/2/3
(1:1000; Cell Signaling Technology), rabbit polyclonal
anti-phospho-Pak1 (Thr423)/Pak2 (Thr402) (1:200; Cell Sig-
naling Technology), rabbit polyclonal anti-Mlc2 (1:1000; Cell
Signaling Technology), rabbit polyclonal anti-phospho-Mlc2
(Ser19) (1:200; Cell Signaling Technology), mouse monoclonal
anti-OP18 (1:2000; Santa Cruz Biotechnology), rabbit polyclo-
nal anti-phospho-Op18 (Ser 16) (1:400; Santa Cruz Biotechnol-
ogy). Band intensity on western blots was quantified and
normalized to intensity obtained for actin. For quantitative
analysis, five individual samples were analyzed. Data are
expressed as the mean and standard deviation.

GTPase activation assay

RhoA, Racl, Cdc42 and Ras activation assays were performed
by using small GTPase activation assay kits (Cytoskeleton,
Denver, CO, USA) per manufacture’s protocol. Briefly,
brains were isolated from five E18.5 embryos for each geno-
type and were lysed using the provided buffer. Total RhoA,
Racl and Cdc42 levels were determined by western blot
analysis of 20 mcg of total protein. For the determination of
activation status, 300 mcg of the protein lysate was incubated
with either RBD or PBD glutathione beads for 1 h at 4°C.
After washing, the bound proteins were analyzed by western
blotting with monoclonal antibody against RhoA, Racl,
Cdc42 or Ras to detect GTP-RhoA, GTP-Racl and
GTP-Cdc42, respectively.

Histological analysis

For phalloidin staining heads from E18.5 Dhcr7 control and
mutant embryos were fixed overnight at 4°C in PBS (pH
7.4) with 4% paraformaldehyde. After washing in PBS, the
tissues were equilibrated in 30% sucrose/PBS (pH 7.4). Sagit-
tal sections were cut at a thickness of 20 wm on a Leica Cryo-
stat, model CM-3050S. Cryostat sections were washed for
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30 min with 50 mm glycine-PBS containing 0.5% coldwater
fish gelatin to block non-specific binding, and then incubated
for 2 h in a PBS solution containing 1.5 U rhodamine phalloi-
din (Invitrogen), 0.5% cold water fish gelatin and 50 mm
glycine. For a negative control, the rhodamine phalloidin
was omitted. After washing in PBS, the stained sections
were mounted using MOWIOL media. Fluorescent
microscopy was performed on a Zeiss LSM 510 inverted
microscope using 5x (NA 0.15) objective lens. With the
same laser intensity, the fluorescent images for Dhcr7+
and Dher7~'~ mouse brains were obtained. The fluorescent
intensity was analyzed with MetaMorph software (Universal
Imaging). Nine sections were analyzed from each brain and
three brains were analyzed for each genotype. Whole brain
section fluorescent intensity was compared using a two-tailed
Student r-test. To account for multiple comparisons, fluor-
escent staining for specific anatomical regions was analyzed
using one-way analysis of variance (ANOVA) with Bonferroni
correction for multiple comparisons.

Hippocampal dendrite and axonal length analysis

Hippocampal neuron cultures were prepared and immunos-
tained as previously described (52). Briefly, the higg)ocampus
was dissected from Dhcr7™ and Dher78%5/23° E18.5
embryos, digested with 0.125% trypsin, seeded onto
poly-p-lysine (Sigma)-coated coverslips at a density of 2 x
10° cells/cm?, and cultured in Neurobasal medium (Invitro-
gen) supplemented with B27 (Invitrogen). Cells were grown
at 37°C in a humidified atmosphere of 5% CO,. The B27/Neu-
robasal medium has no detectable cholesterol by gas chroma-
tographic/mass spectrometric analysis (data not shown).
Neurons were transfected at DIV7 with a plasmid expressing
Venus with Lipofectamine 2000 (Invitrogen) per manufac-
ture’s instructions. Three days after transfection, neurons
were fixed in PBS containing 4% paraformaldehyde for
15 min at room temperature. Fixed neurons were stained
with a rabbit anti-GFP antibody (MLB) and an Alexa
488-conjugated secondary antibody (Invitrogen). Images
were acquired using an inverted Zeiss LSM510 confocal
microscope with a 10x (NA 0.25) objective. Dendrites and
axons from collapsed confocal images were manually traced
and measured with MetaMorph software (Universal Imaging).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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