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Abstract

A rare neurodevelopmental disorder in the Old Order Mennonite population called PMSE
(polyhydramnios, megalencephaly, and symptomatic epilepsy syndrome; also called Pretzel
syndrome) is characterized by infantile-onset epilepsy, neurocognitive delay, craniofacial
dysmorphism, and histopathological evidence of heterotopic neurons in subcortical white matter
and subependymal regions. PMSE is caused by a homozygous deletion of exons 9 to 13 of the
L YK5/STRADA gene, which encodes the pseudokinase STRADA, an upstream inhibitor of
mammalian target of rapamycin complex 1 (mMTORC1). We show that disrupted pathfinding in
migrating mouse neural progenitor cells in vitro caused by STRADA depletion is prevented by
mTORC1 inhibition with rapamycin or inhibition of its downstream effector p70 S6 kinase
(p70S6K) with the drug PF-4708671 (p70S6Ki). We demonstrate that rapamycin can rescue
aberrant cortical lamination and heterotopia associated with STRADA depletion in the mouse
cerebral cortex. Constitutive mTORC1 signaling and a migration defect observed in fibroblasts
from patients with PMSE were also prevented by mTORCL inhibition. On the basis of these
preclinical findings, we treated five PMSE patients with sirolimus (rapamycin) without
complication and observed a reduction in seizure frequency and an improvement in receptive
language. Our findings demonstrate a mechanistic link between STRADA loss and mTORC1
hyperactivity in PMSE, and suggest that mTORC1 inhibition may be a potential treatment for
PMSE as well as other mTOR-associated neurodevelopmental disorders.
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INTRODUCTION

Loss-of-function mutation of the L YK5/STRADA gene is associated with PMSE
(polyhydramnios, megalencephaly, and symptomatic epilepsy syndrome) (Online Mendelian
Inheritance in Man #611087), a recessive neurodevelopmental disorder characterized by
intractable epilepsy and severe cognitive impairment (1). Numerous heterotopic neurons in
the subcortical white matter as well as subcortical and subependymal dysplasias are
observed in the brains of PMSE patients, suggesting a neural migratory defect and
prompting consideration of the protein encoded by the L YK5/STRADA locus called
STRADA (STE20-related kinase adaptor a.) as a pivotal regulator of neuronal pathfinding
and migration (2). All PMSE patients share a common homozygous 7.3-kb truncating
deletion of exons 9 to 13 of the L YK5/STRADA gene, which removes the protein
interacting domains that mediate complex formation with serine-threonine kinase 11
(STK11, also LKB1), a known regulator of mammalian target of rapamycin (mTOR) (3). It
is estimated that about 4% of Old Order Mennonite individuals in Ohio, Pennsylvania, and
New York are hemizygous for the L YK5/STRADA deletion.

The STRADA/LKB1 heteromer inhibits mTOR complex 1 (mTORC1) signaling via
phospho-activation of adenosine 5’-monophosphate (AMP)-activated kinase (AMPK) and
tuberous sclerosis complex 2 (TSC2) in gut, skin, and brain (2, 4-6). Previous work in our
laboratory has shown that STRADA knockdown in vitro leads to enhanced mTORC1
signaling in mouse neural progenitor cells (MNPCs) and, in vivo, results in clusters of
heterotopic neurons within the murine postnatal subventricular zone (SVZ) similar to
heterotopia in PMSE (2). However, a direct assessment of a role for STRADA in neuronal
migration and pathfinding, or of the cell signaling mechanisms responsible for linking
STRADA to progenitor cell migration, has not been reported. Furthermore, the dependence
of the PMSE neurological phenotype on aberrant mTORCL signaling has not yet been
established.

Loss-of-function mutations in mTOR-inhibitory genes such as 7SCZ or 7SCZ, or gain-of-
function mutations in mTOR activators such as P/I3K or AKT3, result in aberrant brain
development and intractable seizures (7-9). Because epilepsy in these patients is so often
refractory to treatment with antiepileptic drugs, directly inhibiting the mTOR pathway might
prove effective (10, 11). The mTORCL1 inhibitor rapamycin (referred to as sirolimus in
clinical therapy) may have the potential to reduce seizure frequency in patients with TSC,
who have medically intractable epilepsy (12, 13). Recently, the sirolimus analog everolimus
was associated with a reduction in subependymal giant cell astrocytoma (SEGA) volume
and seizure frequency in TSC (14).

All PMSE patients develop intractable seizures and severe cognitive disability, and no
effective treatment strategies have yet been reported. We propose that PMSE could serve as
an effective model of mTOR-associated brain disease because all PMSE patients share the
same deletion in STRADA and thus represent a homogeneous study group. Here, we use
mNPCs and fibroblasts from PMSE patients to show that STRADA is a pivotal regulatory
protein that governs pathfinding of migrating neural progenitor cells via an mTORC1-
dependent mechanism. On the basis of these preclinical data, we then demonstrate that
mTORC1 inhibition with sirolimus can reduce seizure frequency in PMSE patients.

RESULTS

STRADA knockdown in mNPCs causes an mTORC1-dependent migration defect in vitro

Stably transfected mNPC lines were established with puromycin-resistant STRADA short
hairpin RNA (shRNA) (STRADA shRNA-puroR, STRADA knockdown) for STRADA
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knockdown and control puromycin-resistant scrambled shRNA (scrambled shRNA-puroR,
scrambled). STRADA depletion (more than 90%) was confirmed by Western blot analysis
(Fig. 1A). STRADA knockdown mNPCs exhibit activated mTORC1 signaling as evidenced
by enhanced phosphorylation of downstream targets 4EBP1 (eukaryotic translation initiation
factor 4E—binding protein 1) and ribosomal S6 protein, a substrate of the mTORC1 effector
p70 S6 kinase (p70S6K) (Fig. 1A). Insulin receptor substrate 1 (IRS1) is a recognized
downstream target of mMTORC1 and p70S6K that signals to the actin cytoskeleton machinery
via cofilin, and may play an important role in cell migration (fig. S1) (15, 16).
Phosphorylation of IRS1 was up-regulated and phosphorylation of cofilin was diminished
after STRADA knockdown (Fig. 1B). Aberrant IRS1 and cofilin phosphorylation was
prevented by inhibition of p70S6K with a selective p70S6K kinase inhibitor, PF-4708671
(10 uM, Pfizer; p70S6Ki) (17).

Next, we used a modified wound-healing assay, previously described in fibroblasts (18), to
demonstrate that STRADA loss impairs cell migration and to test the hypothesis that failure
of neural progenitor cell migration due to loss of STRADA in vitro can be rescued with
inhibition of MTORCL1 or p70S6K. A 200-p| micropipette tip was used to create a scratch
gap in a layer of confluent mNPCs. The gap established opposing migratory leading edges
so that measurements of cell migration across the gap could be determined from the time of
the scratch (0 hours) to 15 hours later. Because of the inherent heterogeneity of experimental
scratches created, measurements were standardized within each image region, such that
effective distance migrated was recorded as half of the difference in the distance measured
between cell edges at the same location between 0 and 15 hours. Knockdown of STRADA
reduced the gap closure at 15 hours, compared with cells treated with scrambled ShRNA,
demonstrating that STRADA knockdown impairs mNPC migration in vitro (Fig. 1C).

The defect in gap closure at 15 hours caused by STRADA knockdown was prevented with
rapamycin (50 nM) applied 1 hour before the initiation of the assay (-1 hour) and
maintained until 15 hours (Fig. 1, C and D, and table S1). Correlatively, mNPCs treated with
p70S6Ki (10 wM), applied from -1 to 15 hours throughout the course of the assay, exhibited
a full rescue of the STRADA knockdown-associated migration defect, resulting in a
significantly greater distance migrated by STRADA knockdown cells at 15 hours (Fig. 1, C
and E, and table S1). Thus, altered migration of STRADA-depleted mMNPCs in which
STRADA had been knocked down is mediated through an mTORC1-and p70S6K-
dependent mechanism. To rule out the possibility that STRADA knockdown or rapamycin
treatment produced differences in gap closure by altering cell mitotic rate, we applied the
mitotic inhibitor arabinosylcytosine (Ara-C, 20 tM) 24 hours before and during the course
of migration. After Ara-C treatment, STRADA-depleted mMNPCs continued to exhibit a
significant migration deficit, which was rescued by rapamycin, suggesting that STRADA’s
role in MNPC migration is mTORC1-dependent and not altered by changes in cell mitosis
(fig. S2 and table S1).

Impaired mNPC pathfinding after STRADA knockdown is rescued by rapamycin

We next analyzed the total distance migrated and directionality of individual STRADA-
depleted mNPCs in real time using video time-lapse microscopy. We hypothesized that
STRADA knockdown would reduce the effective distance migrated, representing the
integration of total distance and directionality, of leading-edge mNPCs. Movement of
multiple individual STRADA-depleted mNPCs and mNPCs treated with scrambled ShRNA
was captured every 30 min for 20 hours. A blinded observer evaluated five representative
leading-edge cells per video and measured for each cell the distance traveled and direction
angle relative to a unit circle over each 30-min epoch. To evaluate motility and pathfinding,
we calculated the total distance traveled for each cell as the sum of all distances measured
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over 20 hours and calculated directionality as the variance of the set of angles over that time
period.

Whereas most control scrambled shRNA cells moved forward in a linear fashion, STRADA-
depleted cells moved in divergent, nonlinear directions, often oriented away from the
opposing cell front (Fig. 2A and movies S1 and S2). We observed that STRADA-depleted
mNPCs translocated a greater total distance than cells treated with scrambled shRNA (Fig.
2B and table S1). However, compared to cells treated with scrambled shRNA, STRADA
knockdown resulted in a profound impairment in directionality, with STRADA-depleted
mNPCs exhibiting significantly greater directional variance than controls (Fig. 2D and table
S1). STRADA-depleted mMNPCs migrated, on average, a 1.5-fold greater total distance and
exhibited a nearly 3-fold increase in directional variance compared to cells treated with
scrambled shRNA. Thus, in the absence of functional STRADA, individual mNPCs lose the
ability to follow a linear migratory pathway. Rapamycin treatment reduced total distance
migrated by STRADA-depleted cells, as well as diminished directional variance compared
with untreated STRADA-depleted mNPCs (Fig. 2, A, C, and E, and table S1). Overall,
rapamycin enhanced linear directionality and enabled more uniform migration of STRADA-
depleted mMNPCs (movie S3). These results demonstrate that STRADA plays a pivotal role
in establishing linear directionality and pathfinding of migrating mNPCs through an
mTORC1-dependent mechanism, and suggest the important therapeutic relevance of
targeting this pathway.

STRADA regulates mNPC polarization through mTORC1/p70S6K signaling

Because pathfinding depends in large measure on appropriate establishment of cell polarity,
we chose to assay mNPC polarization in the setting of STRADA depletion. Measuring the
size of the Golgi apparatus provided us with a quantitative means of evaluating cell polarity
because it is well established that the Golgi is compacted and localized forward of the
nucleus in the direction of migration, that is, the cell’s leading edge, during active motility
of fibroblasts and neurons (19), and that cell polarity depends on the intact structure,
function, and localization of the Golgi apparatus (20-22). Therefore, we used Golgi
compaction as a bioassay to measure polarization of mNPCs (fig. S3).

Ten hours after initiation of migration, cells were fixed and immunostained for the Golgi
marker GM130, and colabeled with Hoechst nuclear stain and phalloidin for actin
cytoskeleton visualization. A blinded observer measured Golgi area and the crescentic angle
subtended by the Golgi around each cell’s nucleus. We hypothesized that if STRADA
knockdown disrupted neural progenitor cell polarization, STRADA-depleted mNPCs would
exhibit Golgi dispersion (greater area and crescentic angle). STRADA knockdown increased
Golgi area and the crescentic angle of the Golgi around the nucleus compared with cells
treated with scrambled shRNA (Fig. 2, F, G, J, and K, and table S1). In a separate
experiment, STRADA-depleted or scrambled sShRNA-treated mNPCs were treated with
rapamycin (50 nM) or p70S6Ki (10 wM). Enhanced Golgi area and widened crescentic
angle in STRADA-depleted mNPCs were reduced with rapamycin or p70S6Ki treatment
(Fig. 2, Hto K, and table S1). Treatment with p70S6Ki trended to a more robust pheno-typic
rescue than rapamycin, but this was not statistically significant. Thus, reduced Golgi
compaction associated with STRADA depletion suggests that STRADA may play a role in
polarizing migrating mNPCs in an mTORCL1- and p70S6K-dependent manner. This supports
the rescue potential of MTORCL inhibition indicated in our video migration assays.

Sci Transl Med. Author manuscript; available in PMC 2013 October 24.
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Rapamycin prevents heterotopic neurons associated with STRADA knockdown in
developing mouse cortex

Our in vitro assays provide functional confirmation that STRADA loss causes an mTORC1-
dependent impairment of migration, pathfinding, and polarity. We next hypothesized that
mTORCL1 inhibition could rescue aberrant cortical lamination in a mouse model of PMSE
(2). STRADA knockdown with green fluorescent protein (GFP)-tagged shRNA plasmids
targeting STRADA by in utero electroporation (IUE) on embryonic day 14 (E14) in the
mouse cortex resulted in heterotopic neurons in the ventricular zone/subventricular zone
(VZ/SVZ) that fail to migrate to their appropriate destination in the cortical plate by E19.
Transfected pregnant dams were treated with daily intraperitoneal injections of rapamycin (5
mg/kg; 1= 6) or vehicle control solution [5% polyethylene glycol 400 (PEG-400), 5%
Tween 80, 0.9% saline in sterile water; n= 5] from E15 until sacrifice at E19. Whereas
vehicle-treated pups exhibited a cortical malformation with most of the STRADA-depleted
neurons failing to migrate into the cortical plate by E19 (Fig. 3, A and B), rapamycin
treatment rescued the cortical migratory defect and enabled STRADA-depleted neurons to
reach the cortical plate (Fig. 3, C to E, and table S1). These findings support a mechanistic
link between enhanced mTORC1 signaling and aberrant neuronal migration in PMSE. These
results provide in vivo preclinical data suggesting the possible efficacy of rapamycin in
PMSE.

Fibroblasts from patients with PMSE exhibit aberrant mTORC1 signaling

To confirm the effects of STRADA depletion on cell migration and mTORCL1 signaling, and
to test the efficacy of mMTORC1 and p70S6K inhibition for rescue in a human model, we
obtained fibroblasts from skin punch biopsy samples from normal controls (STRADA**; n
= 1), heterozygous parents (STRADA"'~; n= 2), and PMSE patients (STRADA™~; n=3)
(Fig. 4A). STRADA depletion correlated with enhanced mTORC1 activity, evaluated
through P-S6 expression, in a dose-dependent manner (Fig. 4B). Compared to control cells,
PMSE fibroblasts exhibit enhanced S6 and IRS1 phosphorylation and diminished cofilin
phosphorylation, directly corroborating the mTORC1 signaling mechanism defined in
STRADA-depleted mMNPCs (fig. S4). Treatment of PMSE fibroblasts with p70S6Ki reduced
S6 and IRS1 phosphorylation (Fig. 4C).

To confirm our findings in human brain, we investigated the level of IRS1 phosphorylation
in the cortex of PMSE patients and found that P-IRS1 was enhanced in PMSE cortex
compared with control cortex (Fig. 4D). This suggested that enhanced mTORC1 signaling is
a systemic effect seen in lymphoblasts, fibroblasts, and brain of PMSE patients (2).

PMSE patient fibroblasts exhibit a migration defect rescued by mTORC1/p70S6K inhibition

As a strategy to further corroborate the functional effects of STRADA depletion in mNPCs
with different cell types from PMSE patients, we next performed a wound-healing migration
assay with human PMSE and control fibroblasts. Subsets of PMSE and control fibroblasts
were treated with rapamycin (100 nM) or p70S6Ki (10 wM) throughout the duration of the
assay (applied at —1 hour and ending at 15 hours). The effective distance migrated by
untreated PMSE fibroblasts was reduced relative to control fibroblasts, and this effect was
reversed with rapamycin or p70S6Ki treatment, suggesting a dependence on mTORC1/
p70S6K signaling in the human cell model (Fig. 4, E and F, and table S1). Thus, both the
signaling and functional effects of STRADA loss identified in mNPCs are replicated in
human PMSE cells. The parallels between signaling patterns and migration deficits in
STRADA-depleted mMNPCs and PMSE fibroblasts demonstrate that our in vitro and in vivo
murine data provide translational insights into PMSE patho-genesis and the role of
STRADA in human brain development.

Sci Transl Med. Author manuscript; available in PMC 2013 October 24.
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Sirolimus (rapamycin) reduces seizure frequency in PMSE patients

PMSE is a rare disorder (http://www.rarediseases.org/) with assured and devastating
outcomes including intractable epilepsy, severely limited cognitive development, and
profound impairments of language function. Our current data provide functional and
translational confirmation that loss of STRADA in mNPCs, mouse brain, and PMSE patient
lymphoblasts (2), fibroblasts, and brain causes constitutively enhanced mTORC1 cascade
signaling linked to impaired migration, pathfinding, and polarity, and demonstrate that
inhibition of MTORCL (or its downstream substrate p70S6K) can reverse or prevent the
effects of STRADA loss. These biological effects are reminiscent of the more common
neurological disorder TSC, associated with seizures, altered brain structure, and enhanced
mTOR activation, which has recently been shown to respond to therapy with sirolimus (14,
23). Thus, we hypothesized that because there are no known treatments for PMSE and the
neurological outcome is uniformly poor, treatment of PMSE patients with sirolimus might
alter seizure frequency. Although sirolimus has no clear effect on neuronal firing patterns in
vitro (24), reduction of mTOR activation has been linked to reduced seizures in animal
models of TSC as well as in TSC patients. This translational approach has been previously
suggested for rare and devastating diseases for which large-scale clinical trials are not
feasible (25).

Five Mennonite children (current mean age, 3.0 £ 1.7 years; range, 0.7 to 4.7 years; three
female; Table 1) homozygous for the L YK5/STRADA 7.3-kb deletion were treated
prospectively with sirolimus from infancy and followed longitudinally at the Clinic for
Special Children (Strasburg, PA). The treatment protocol was approved by the Institutional
Review Board of Lancaster General Hospital, and parents of PMSE patients consented in
writing to their children’s participation. Once-daily sirolimus therapy was started at a mean
age of 4.8 + 2.2 months (range, 3 to 8 months) and adjusted to achieve a trough blood
concentration between 5 and 15 ng/ml (23). Sirolimus treatment was stopped temporarily
during infectious illnesses and then restarted.

We tracked the number of complex partial and secondarily generalized seizures and reported
the per annum rate during the patient’s worst year for seizures, the total frequency of
seizures in the 12 months preceding this report (that is, “current” seizure frequency), the
lifetime number of secondarily generalized tonic-clonic seizures (in some cases, evolving to
status epilepticus), and concurrent antiepileptic medication use. Psychomotor development
was determined by serial assessments with the Denver Developmental Screening Test 11 and
reported as developmental quotients, defined as the developmental age in each domain
divided by chronological age, where a value of 1.0 represents neurological development
commensurate with age. There are two relevant caveats to developmental assessments in
PMSE children: (i) Gross motor development is hindered by congenital absence of the
anterior cruciate ligaments, which leads to recurrent knee dislocations and in most cases
precludes standing and walking, and (ii) all PMSE patients are mute, and therefore,
receptive and expressive language skills are considered as separate domains.

The clinical characteristics of five Mennonite children treated with sirolimus are
summarized in Table 1. There were no deaths among the five sirolimus-treated patients (six
of the historical PMSE controls died by age 6), and sirolimus was well tolerated without
serious adverse events causing cessation of therapy. These five treated children were
compared to a group of historical PMSE patients [/7= 16, ages 7 months to 28 years; see
table S2; adapted from (1)], in whom 100% currently experience ongoing and intractable
seizures. Although exact seizure counts were not available for each control patient, all of
these patients experienced at least monthly and, in many cases, daily seizures, despite
multiple (at least three) antiepileptic drugs. Seizure semiology in the control patients was
mixed, with both complex partial and generalized tonic-clonic seizures. Several control

Sci Transl Med. Author manuscript; available in PMC 2013 October 24.
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patients experienced seizure clusters (several seizures in a day), as well as focal and
generalized tonic-clonic status epilepticus requiring hospitalization.

During sirolimus titration, patient 2 had complex partial seizures only, whereas patients 3 to
5 had complex partial and generalized tonic-clonic seizures. Only one child (patient 5) in our
cohort has had a seizure in the last 12 months, and seizures (any semiology) have stopped in
four sirolimus-treated patients (Fisher’s exact test, < 0.001; Table 1). All five patients are
maintained on fewer antiepileptic drugs (one or two) than historical controls. None of the
sirolimus-treated children developed infantile spasms (about 16% of historical control
PMSE patients develop spasms). Of particular importance, patients 1 and 4 started sirolimus
the earliest, at 3 months of age, and recurrent seizures were prevented. Indeed, patient 1 has
not yet had a seizure at 8 months of age. One patient (patient 3) was an outlier with regard to
epilepsy severity, having suffered about 180 seizures during his worst year (before and then
while titrating sirolimus) and a total of 22 generalized tonic-clonic seizures, in some cases
requiring hospitalization for status epilepticus. However, he has had no seizures of any
semiology over the past 12 months while maintained on sirolimus.

When compared with historical Mennonite PMSE patients who were not treated with
sirolimus, provisional developmental differences were noted in receptive language and
social domains. All children were mute, and sirolimus had no clear effect on expressive
language, gross motor function, or adaptive learning. However, when compared with
parental assessments and developmental screening of historical control PMSE patients,
parents described sirolimus-treated patients as being more interactive, socially engaged, and
emotionally attached than their untreated historical counterparts. Although the oldest child
in the treated cohort is only 4.7 years, receptive language is progressing without regression
in all sirolimus-treated children compared to historical control patients according to parental
and physician assessments. For example, during office encounters, children in the treatment
cohort consistently make sustained eye contact, are emotionally engaged with parents and
the examiner, and (among the three oldest children) can point to objects of interest, wave
appropriately, and use hand maotions to indicate basic needs. Similar behaviors were not
commonly observed among untreated historical control PMSE patients (1). However, the
present cohort of sirolimus-treated patients (mean age, 3.0 + 1.7 years; range, 0.7 to 4.7
years) are younger than the 16 untreated historical control patients (age range, 0.6 to 28
years) used for developmental comparisons. Therefore, definitive judgments about sustained
cognitive or behavioral benefits of sirolimus will require a longer period of clinical follow-

up.

DISCUSSION

We demonstrate that loss of STRADA causes mTORC1-dependent deficits in migration,
pathfinding, and polarity in vitro and altered cortical lamination in vivo that are prevented
with mTORC1 pathway inhibitors. On the basis of the current data and previous findings
from our laboratory (1, 2), we have clear evidence that loss of STRADA causes mTORC1
activation, seen as enhanced phosphorylation of p70S6K, ribosomal S6, and IRS1 proteins,
confirming a robust effect of MTORC1 cascade activation in PMSE lymphoblasts,
fibroblasts, and brain, and defining new mechanistic roles for STRADA in cortical
development. As a strategy to initiate therapeutic discovery for the rare disorder PMSE, we
used these preclinical signaling and functional assay data as a translational rationale to treat
five PMSE patients with the mTOR inhibitor sirolimus. PMSE patients receiving sirolimus
exhibited reduced seizure frequency and improved receptive language.

Our results demonstrate that STRADA functions as a pivotal regulator of polarity and
pathfinding in migrating neurons by signaling through mTORC1/p70S6K to IRS1 and

Sci Transl Med. Author manuscript; available in PMC 2013 October 24.
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cofilin. Loss of STRADA after sShRNA knockdown in mNPCs, or in PMSE patient cerebral
cortex, leads to mTORCL1 activation and enhanced phospho-inhibition of IRS1 via p70S6K.
Because activation of the mTORC1 cascade by loss of STRADA leads to altered cell
migration in vitro in the wound-healing assay, we propose that this signaling mechanism
occurs in PMSE during brain development, resulting in failed neuronal migration and
consequent heterotopic neurons in the subcortical and subependymal regions. In support of
this hypothesis, we demonstrate that rapamycin prevents the formation of neuronal
heterotopia after STRADA knockdown in vivo, further confirming the dependence of the
PMSE phenotype on mTORC1-p70S6K signaling. These signaling and functional data
provided a rational platform to initiate clinical therapy with an mTOR inhibitor in PMSE
patients.

PMSE is a rare disorder, and the direct therapeutic implications of our results apply to a
small number of patients. However, there is a clear clinical mandate for the development of
targeted therapies to treat rare and devastating neurological diseases. Like many
neurodevelopmental disorders, the functional neurological outcome of PMSE is uniformly
poor, and most patients are wheelchair-bound and mute, requiring fulltime care. In a
previous PMSE cohort, the fatality rate from status epilepticus or hypovolemic shock was
38% between the ages of 7 months and 6 years (1). None of the five sirolimus-treated
patients died in our study, and thus, survival may be an important outcome. Sirolimus was
clinically well tolerated, and four of five treated patients have been seizure-free for the past
year; previously, no PMSE patient in the Mennonite community had achieved freedom from
seizures, despite treatment with multiple antiepileptic drugs (1). We anticipate continued
sirolimus treatment for these five patients and consideration of sirolimus for new PMSE
patients. Treatment was initiated in two children by 3 months of age, and in one, only a
single seizure has occurred, whereas in the other, epilepsy has not yet developed. These
observations are supported by preclinical data in knockout mouse models of other mTOR-
associated neurodevelopmental disorders ( 7s¢Z and Pren knockouts) (26—28), suggesting
that initiation of mTOR inhibitors before seizure onset abrogates the seizure phenotype.
Sirolimus given at an early age may have similar preventative effects in human patients and
serve as a true disease-modifying therapy. The mechanism of action of sirolimus in epilepsy
remains to be fully defined, and sirolimus may work by interrupting epileptogenesis rather
than preventing seizure propagation. Our attempt at a new therapeutic intervention
predicated on preclinical data is a tractable strategy for many rare and serious disorders.
Thus, although our direct results are designed to aid PMSE patients, they provide precedent
for a safe trial of mMTOR inhibitors in other neurodevelopmental disorders associated with
aberrant brain structure, altered cognitive abilities, and epilepsy linked to mTOR activation
(mTORopathies) including TSC, focal cortical dysplasia, ganglioglioma,
hemimegalencephaly, and fragile X syndrome (29).

We readily acknowledge important caveats to our results. Our preclinical data in mNPCs,
whole mouse brain, and human PMSE fibroblasts support a pivotal role for mMTORCL1 in
PMSE. Of course, in human PMSE brain, other signaling cascades may also contribute to
developmental abnormalities in the cerebral cortex. Second, we do not demonstrate changes
in the neuroradiological features of PMSE. In the PMSE children, we were unable to
evaluate effects of sirolimus on cortical malformations, and limitations of our study
precluded experiments that would directly parallel those done in mice (for example,
sirolimus treatment of pregnant females). Furthermore, our data do not provide a
mechanistic explanation of how mTOR inhibition might alter seizure frequency in PMSE.
Additionally, our clinical cohort in no way is meant to represent a comprehensive clinical
trial, and a more extensive clinical data set may be helpful, including
electroencephalography and neuroimaging, to stratify and classify potential patient
subgroups. We acknowledge that more expansive cognitive assessment will be necessary to
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prove any benefit to speech or learning in PMSE patients treated with sirolimus, and that
largely subjective assessments of receptive language in treated children in an open-label
approach may be biased. Although sirolimus may improve cognitive function in PMSE
patients, these children are also maintained on fewer antiepileptic drugs, a variable that may
also contribute to improved neurobehavioral function. However, observational
improvements in receptive language and social interaction were uniform in all five patients
and were in fact bolstered by objective bedside testing. Clearly, further analysis is warranted
to define neurocognitive outcomes after sirolimus treatment in PMSE and other mTOR-
associated developmental disorders.

MATERIALS AND METHODS

All animal experiments were approved by the Institutional Animal Care and Use Committee
of the University of Pennsylvania and adhered to the NIH Guide for the Care and Use of
Laboratory Animals. All human studies, for example, brain tissue, fibroblasts, and sirolimus
treatment, were approved by the Institutional Review Board of Lancaster General Hospital
(Lancaster, PA). Parents provided informed consent before their own and their children’s
participation.

mNPC culture and transfection

Stable transfection of puromycin-resistant sShRNA plasmids in mNPCs (provided by J.
Wolfe, Children’s Hospital of Philadelphia, Philadelphia, PA) (30) was established with
either puro-shRNA STRADA to create a stable STRADA knockdown line or puro-shRNA
scrambled to create a control line (KM41633P; SABiosciences), as previously described (2).
Cells were cultured on poly-D-lysine—coated plates (10 pg/ml; Sigma-Aldrich) in complete
medium consisting of Dulbecco’s modified Eagle’s medium (DMEM)/F12 (Invitrogen)
supplemented with 1% N2 (Invitrogen), 1% fetal bovine serum (FBS) (Sigma-Aldrich), 1%
penicillin/streptomycin (Invitrogen), basic fibroblast growth factor (20 ng/ml) (Promega),
and heparin (5 pg/ml) (Sigma-Aldrich). To maintain stable transfection, we applied
selective pressure using puromycin (6 pg/ml) (Invitrogen).

Human fibroblast extraction and culture

Fibroblasts from PMSE patients (three), parents (two), and normal control (one) were
obtained from skin punch biopsies at the Clinic for Special Children in Strasburg,
Pennsylvania, after informed consent. None of these individuals had been treated with
sirolimus. Fibroblasts were extracted from tissue samples by incubation in 0.25% trypsin/
EDTA (Gibco) overnight at 4°C. The next day, epidermis was removed, and dermis was
digested with collagenase P (Roche) buffered in 130 mM sodium chloride (Sigma-Aldrich),
10 mM calcium acetate (Sigma-Aldrich), and 20 mM Hepes buffer (Gibco) for 30 min at
37°C. Then, 0.5% trypsin/EDTA (Gibco) was added, and the mixture was incubated at 37°C
for an additional 10 min before neutralization with fibroblast culture medium composed of
DMEM (Gibco) supplemented with 10% FBS (Sigma-Aldrich), 10 mM Hepes buffer
(Gibco), 1% penicillin/streptomycin [penicillin (10,000 U/ml), streptomycin (10 mg/ml);
Gibco], and 1% fungizone (250 pg/ml; Gibco). Fibroblasts were pelleted through
centrifugation for 5 min at 1500 rpm, and the pellet was resuspended in fibroblast culture
medium to obtain the desired cells. For protein quantification assays, fibroblast medium was
supplemented with the CAMKK inhibitor STO-609 (5 wM; Tocris) and the AMPK activator
AICAR (2 mM; Cell Signaling) at 6 and 4 hours, respectively, before cell lysis to enable
isolation of STRADA-dependent inhibition of mMTORCL1 signaling. Rapamycin (100 nM;
Cell Signaling) or p70S6Ki (PF-4708671, 10 wM; Pfizer Pharmaceuticals) was applied for 2
hours before cell lysis. Concentration ranges for rapamycin (25 to 200 nM) and p70S6Ki (1
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to 20 M) were established as the minimal effective doses producing mTOR inhibition
(defined as reduction of S6 phosphorylation) in this cell line.

Western blotting

Cells lysates were electrophoresed according to a previously established protocol (2). The
following primary antibodies were used: rabbit polyclonal to STRADA (1:500; Abcam),
rabbit monoclonal to phospho-S6 ribosomal protein (Ser23%/236 1:1000; Cell Signaling),
rabbit monoclonal to phospho-4EBP1 (Thr37/46, 1:1000; Cell Signaling), rabbit polyclonal
to phospho-IRS1 (Ser636/639, 1:500; Abcam), rabbit monoclonal to phospho-cofilin (Ser3,
1:1000; Cell Signaling), and rabbit monoclonal to GAPDH (1:1000; Cell Signaling).

Migration assay

mNPCs or human fibroblasts were plated on six-well plates, chamber slides, or laminin-
coated coverslips; coated with poly-D-lysine (mNPCs; Sigma-Aldrich) or poly-L-lysine
(fibroblasts; Sigma-Aldrich); and cultured in complete mNPC or human fibroblast medium
(specified above). Before the migration assay, cells were cultured for 24 hours in serum-
deplete medium (1 ml of complete medium/4 ml of basal medium; DMEM/F12 for mNPCs
or DMEM for fibroblasts; Gibco) to attenuate basal mMTORC1 activity. Serum-deplete
medium was maintained for the duration of the migration assay. Rapamycin (50 nM for
mNPCs, 100 nM for fibroblasts) or p70S6Ki (10 M) was applied for 1 hour before and
throughout the duration of the experiment (optimal doses to reduce S6 phosphorylation
determined for each cell type). A 200-pl micropipette tip was used to create a linear scratch
across a confluent monolayer of cells (18). In video migration experiments, actively dividing
cells were excluded from the subset measured. Additionally, cell size was not measured in
the video migration assays because cell size fluctuated on the basis of cell cycle phase and
division during the 20 hours of observation period.

Treatment with Ara-C

The mitotic inhibitor Ara-C (Sigma) was used to inhibit mitosis of migrating cells and
demonstrate that the migration deficit seen with STRADA knockdown and rapamycin
rescue were independent of any effects on cell proliferation. Wild-type mNPCs were plated
in serum-deplete medium in six-well plates and pretreated with Ara-C for 24 hours, after
which a fresh dose of Ara-C was applied for 0, 15, or 20 hours to replicate the time course of
the migration assay. Cells were enzymatically de-adhered with 0.25% trypsin/EDTA
(Gibco) at each indicated treatment time, and trypan blue (Sigma) was used to visualize and
count cells under light microscopy. The optimal effective antiproliferative, non-apoptotic
Ara-C dose (20 M) was applied to scrambled and STRADA knockdown mNPCs for 24
hours before and throughout the duration of the migration assay with rapamycin treatment
(fig. S2).

Video capture in migration assay

Migration of STRADA knockdown and scrambled mNPCs was determined in chamber
slides within a microincubator (model CSMI; at 37°C; Harvard Apparatus) on an inverted
microscope (Nikon TE300) equipped with a digital video camera (Evolution QEi; Media
Cybernetics) (31). Images were taken every 5 min in the phase-contrast channel for 20
hours. For each condition, three or four videos were taken across the scratch.

Immunocytochemistry

Scrambled and STRADA knockdown mNPCs plated on coverslips and subjected to the
described migration assay were fixed in 4% paraformaldehyde (PFA) at room temperature
for 20 min, permeabilized with 0.3% Triton X-100 (Sigma) in phosphate-buffered saline
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(Gibco), and blocked for 2 hours in 5% normal goat serum (Vector Laboratories). Cells were
incubated with mouse anti-GM130 monoclonal antibody (1:100; BD Transduction
Laboratories) overnight at 4°C. Alexa Fluor 488 goat anti-mouse secondary antibody
(Invitrogen) was applied for 1 hour at room temperature. Cells were then blocked with 1%
bovine serum albumin (Sigma-Aldrich) for 30 min. Phalloidin (1:40; Invitrogen) was
applied for 20 min, followed by Hoechst nuclear stain (0.0001 pg/p.l; Invitrogen). Cells
were visualized and images were captured with a Leica DMI6000 B fluorescence
microscope with a Leica DFC360 FX camera. Golgi-specific labeling was confirmed by
costaining a subset of coverslips with rabbit anti-giantin polyclonal antibody (1:500;
Abcam) and Alexa Fluor 594 goat anti-rabbit secondary antibody (Invitrogen) (fig. S5).

Human brain immunohistochemistry

A single postmortem PMSE brain of a 7-month-old female who died after status epilepticus
was procured with consent from the Clinic for Special Children. Cortical dysplasia—focal
epilepsy syndrome cortex served as a non-PMSE epileptic control specimen (32). The
specimens were fixed in 4% PFA, embedded in paraffin, and cut into 7-pm sections.
Sections were probed with rabbit polyclonal antibody to phospho-IRS1 (Ser36/639, 1:100;
Abcam) and processed for immunohistochemistry as reported previously (2).

In utero electroporation

IUE was used to transfect VZ/SVZ cells in E14.0 C57BL/6J mouse embryos with GFP-
tagged STRADA shRNA plasmid (8 jeg/pl), as described previously (33). A subset of
pregnant dams was injected intraperitoneally with rapamycin (5 mg/kg, in vehicle solution
composed of 5% PEG-400, 5% Tween 80, 0.9% NaCl in sterile water; LC Laboratories)
daily from E15 to E18. Animals were sacrificed with CO, overdose on E19, at which time
brains were extracted from the embryos, fixed in 4% PFA, cryoprotected in a sucrose
gradient, and frozen in optimal cutting temperature solution (Tissue-Tek). Coronal sections
(20 m) were cut on a cryostat (Leica CM 1950), stained with Hoechst 33342 nuclear stain
(0.0001 pg/ul; Invitrogen), and coverslipped in mounting medium (Fluoromount-G;
SouthernBiotech). Images were taken with a Leica DMI6000 B fluorescence microscope
with a Leica DFC360 FX camera.

Data analysis

For the still-image migration assays, three independent scratches were made per treatment
condition per shRNA or disease condition, and three images were taken across each scratch
at each time point. A blinded observer recorded 10 measurements per image, yielding 90
measures per time point per condition (using Photoshop CS2; Adobe or Image-Pro Plus 7.0;
Media Cybernetics). Migration distances were determined by subtracting the distance
between edges of the scratch at 15 hours from the distance at 0 hours and halving this value.
Each set of experiments was repeated.

For video migration assays, a blinded observer evaluated five representative leading-edge
cells per video and measured the distance translocated and directional angle at each 30-min
time point for the same cell using Image-Pro Plus 7.0 software. Total migration distance for
each cell over the 20 hours recorded was measured as the sum of all 30-min measures.
Directional variance for each cell was calculated as the variance in the set of directional
angles. Greater directional variance was determined to indicate reduced linear directionality.

For IUE analysis, three independent observers quantified the percentage of GFP* cells
reaching the cortical plate using the Image-Pro Plus 7.0 (Media Cybernetics) automatic
count function for bright objects within an outlined region of interest, and this was verified
by hand count. Localization of the cortical plate was determined by relative nuclear density.
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Data are presented in table S1 as means + SEM. Excel (Microsoft) and Prism 5 (GraphPad)
software programs were used for statistical analysis. In all comparisons, a £ value of less
than 0.05 was considered significant. Unpaired two-tailed Student’s #tests were performed
to determine significance for all individual measures, and served as the sole method of
analysis for experiments set up as binary comparisons, including IUE and video migration
measures. For all still migration measures and measures of Golgi area and crescentic angle,
significance was determined by one-way ANOVA with Bonferroni correction for multiple
comparisons in the migration assays or by Dunnett post hoc analysis to determine the extent
of rapamycin or p70S6Ki rescue in the Golgi measures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The migration deficit in mNPCs due to STRADA knockdown isrescued by mTORCL1 or
p70S6K inhibition

(A) STRADA depletion and enhanced mTORCL1 signaling in stably transfected STRADA
knockdown (STRADA KD) mNPCs used for migration assays. STRADA knockdown
results in reduced expression of STRADA and enhanced phospho-S6 (P-S6) and
phospho-4EBP1 (P-4EBP1), indicating mTORC1 activity relative to scrambled ShRNA
control. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) serves as an internal loading
control. (B) p70S6K inhibition rescues aberrant signaling in STRADA knockdown mNPCs.
Untreated STRADA knockdown mNPCs exhibit enhanced phospho-S6 and phospho-IRS1
(P-IRS1), with diminished inhibitory phosphorylation of cofilin, indicating aberrant
signaling through mTORC1/p70S6K, which is rescued with p70S6Ki. GAPDH serves as an
internal loading control. (C) Representative images depict gap closure in each transfection
(scrambled shRNA or STRADA knockdown) and treatment (untreated, rapamycin, and
p70S6Ki) condition from the time the scratch is made (0 hours) to the endpoint of
measurement (15 hours). Scale bar, 250 um. (D) Untreated STRADA knockdown mNPCs
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exhibit reduced effective distance migrated relative to scrambled control. 7= 3 wells, 90
measures per condition per time point. ***P < 0.001, one-way analysis of variance
(ANOVA) with Bonferroni correction. (E) Treatment with either rapamycin (D) or p70S6Ki
(E) significantly increased the effective distance migrated by STRADA knockdown cells,
confirming that STRADA regulates mNPC migration through mTORC1/p70S6K signaling.
n= 3 wells, 90 measures per condition per time point. ***£ < 0.001, one-way ANOVA with
Bonferroni correction. All Western blot assays were run at the same time, single blot per
protein. White line in (A) depicts empty lane between bands for each protein.
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Fig. 2. STRADA-depleted mNPCs exhibit impaired pathfinding rescued by mTORC1 inhibition
(A) Live-cell video microscopy (see also movies S1 to S3). Individual colors represent
migratory paths of individual cells. White arrows indicate composite migration vectors.
(Left) mNPCs treated with scrambled shRNA migrate with uniform linearity. (Middle)
STRADA knockdown (STRADA KD) mNPCs migrate haphazardly without consistent
linearity. (Right) Rapamycin restores linearity. Scale bar, 100 um. (B to E) STRADA
knockdown mNPCs exhibit significantly greater (B) total distance migrated and (D)
directional variance; (C and E) defect was rescued with rapamycin. /7= 15, untreated
STRADA knockdown cells, 7= 20, rapamycin or p70S6Ki treated cells. ***£ < 0.001,
unpaired two-tailed Student’s #test. (F to 1) Migrating mNPCs were stained with GM130,
Hoechst, and phalloidin. (F and G) Golgi compacts forward of the nucleus toward the
leading edge, indicating cell polarization, in mNPCs treated with scrambled shRNA, and
disperses around the nucleus in STRADA knockdown mNPCs. Scale bar, 50 um. (H and I)
Rapamycin (H) or p70S6Ki (1) restores Golgi compaction. White arrowheads indicate
representative Golgi. (J and K) Golgi area (J) and crescentic angle (K) around the nucleus
indicating Golgi compaction reveal significantly greater dispersion in STRADA knockdown
mNPCs compared with scrambled sShRNA-treated mNPCs; these defects are attenuated with
rapamycin or p70S6Ki. n= 640 scrambled shRNA-treated cells, 600 untreated STRADA
knockdown cells, 300 rapamycin-treated STRADA knockdown cells, and 360 p70S6Ki-
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treated STRADA knockdown cells. *£< 0.05, **£P< 0.01, ***£< 0.001, one-way ANOVA
with Dunnett post hoc analysis.
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Fig. 3. Inhibition of mMTORC1 with rapamycin rescues the cortical lamination defect dueto
STRADA depletion in developing mouse brain

(A and B) Vehicle control injection does not alter the cortical lamination defect at E19
induced by IUE and transfection with GFP-shRNA STRADA at E14. Most of the
transfected cells remain in the VZ/SVZ and fail to reach the cortical plate (CP) through
translocation of the intermediate zone (1Z). Scale bar, 100 um. (C and D) Rapamycin
treatment of GFP-shRNA STRADA-transfected animals from E15 to E18 prevents the
laminar defect, and most of the GFP* cells reach the cortical plate by E19. White
arrowheads indicate regions of GFP* cells in each panel. (E) Percentage of GFP-shRNA
STRADA-transfected cells reaching the cortical pate at E19 after rapamycin versus control
(vehicle) treatment. ***P< 0.001, unpaired two-tailed Student’s ¢test.
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Fig. 4. PM SE fibroblasts exhibit enhanced mTORC1/p70S6K activity and impaired migration
The impaired migration and enhanced mTORC1/p70S6K activity exhibited by PMSE
fibroblasts were rescued by mTORCL1 or p70S6K inhibition. (A) Extraction of fibroblasts
from control, heterozygous parents, and PMSE patients through skin punch biopsy. (B)
Enhanced mTORC1 activity in PMSE fibroblasts. Western blot analysis performed on
control (CTL; STRADA*), heterozygous STRADA (HET; STRADA*"), and PMSE
patient (PMSE; STRADA™") fibroblasts reveals enhanced phospho-S6 associated with loss
of STRADA. Each band represents a fibroblast line derived from a separate donor. GAPDH
serves as an internal loading control. (C) Untreated PMSE fibroblasts (U) exhibit greater
phospho-S6 and phospho-IRS1 than control cells, and these effects are attenuated with
p70S6K inhibition (P). GAPDH serves as an internal loading control. (D) PMSE patient
cortex exhibits enhanced expression of phospho-IRS1 relative to control cortex. Scale bars,
50 wm (top) and 10 wm (bottom). (E) In a wound-healing migration assay, untreated PMSE
fibroblasts demonstrate impaired effective migration at 15 hours, compared with controls,
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corroborating the deficit associated with STRADA knockdown in mNPCs. This deficit is
rescued by rapamycin or p70S6Ki treatment. Scale bar, 250 wm. (F) Quantification of
PMSE fibroblast migration rescue with rapamycin or p70S6Ki. 7= 3 wells, 90 measures per
condition at each time point. **£ < 0.01, ***P < 0.001, one-way ANOVA with Bonferroni
correction.
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