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Abstract

We previously reported a mutation in the cholesterol biosynthesis gene, Aydroxysteroid (17-beta)
dehydrogenase 7 (Hsd17b749/Ph) that results in striking embryonic forebrain dysgenesis. Here
we describe abnormal patterns of neuroprogenitor proliferation in the mutant forebrain, namely, a
decrease in mitotic cells within the ventricular zone (VZ) and an increase through the remainder of
the cortex by E11.5. Further evidence suggests mutant cells undergo abnormal interkinetic nuclear
migration (IKNM). Furthermore, intermediate progenitors are increased at the expense of apical
progenitors by E12.5, and post-mitotic neurons are expanded by E14.5. /n vitro primary neuron
culture further supports our model of accelerated cortical differentiation in the mutant. Combined
administration of a statin and dietary cholesterol /n utero achieved partial reversal of multiple
developmental abnormalities in the Hsd7b774d0/Ph embryo, including the forebrain. These results
suggest that abnormally increased levels of specific cholesterol precursors in the Hsd1 75 74d0lph
embryo cause cortical dysgenesis by altering patterns of neurogenesis.
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Introduction

Cholesterol homeostasis is critical for human health and is implicated in a number of
disorders from cardiovascular disease in adults to severe developmental abnormalities in the
embryo (Porter and Herman, 2011). The developing embryo is especially susceptible to
disruptions in cholesterol homeostasis, because the placental and blood-brain barriers can
limit the transport of cholesterol between physiologic compartments. Consistent with a high
requirement for /in situ synthesis of cholesterol in the brain (Jurevics et al., 1997; Orth and
Bellosta, 2012; Tint et al., 2006), a common feature of genetic disorders of cholesterol
biosynthesis are central nervous system (CNS) abnormalities. Because the brain is especially
sensitive to perturbations in cholesterol metabolism, it is important to understand the
mechanism(s) by which genetic or acquired (e.g., drug inhibition) deficiencies in enzymes of
cholesterol biosynthesis affect cholesterol production and utilization during forebrain
development.

Hsd17b7 (hydroxysteroid 17-beta dehydrogenase 7) encodes a 3-keto-steroid reductase that
converts 4-methylzymosterone to 4a-methylzymosterol and zymosterone to zymosterol
during post-squalene cholesterol biosynthesis (Marijanovic et al., 2003). Null mutations in
mouse Hsd17b7 lead to early embryonic death, precluding studies on the role of HsdZ7b67in
brain development (Jokela et al., 2010; Shehu et al., 2008). The Rudolph mutation is a
hypomorphic allele of Hsd17b7 (Hsd17b7“% which, when carried in the homozygous state,
allows survival to mid-organogenesis with widespread CNS anomalies (Stottmann et al.,
2011). The CNS phenotype of the Hsd 76/“d mutation is unique among known mutants in
the cholesterol biosynthetic enzymatic pathway and provides a novel tool for studying the
relationship between cholesterol metabolism and mammalian neural development.

Consistent with reduced activity of Hsd17b7, sterol analysis of the Hsab 7674 mutant
revealed increased levels of cholesterol intermediates upstream of the Hsd17b7 enzyme,
decreased level of downstream intermediates, and an accumulation of unidentified sterols
not detected in control embryos. There is also an approximate 20% decrease in cholesterol in
Hsd17b74% brains (Stottmann et al., 2011). It is not entirely clear if the defects in mouse
models of cholesterol metabolism result from a decreased level of cholesterol or increased
levels of cholesterol precursors and related metabolites. In the case of the DAicr7 mouse, for
example, there is a 67% reduction of brain cholesterol content but no prenatal lethality or
forebrain abnormalities in homozygous null mutants (Fitzky et al., 2001). However, a
common feature among all mouse mutants with CNS defects is the accumulation of
intermediates upstream of each targeted enzyme. In a study by Cunningham et al. (2015), a
neural progenitor-specific (GFAP-Cre) ablation of the cholesterol biosynthesis enzyme
NSDHL, (NAD(P) dependent steroid dehydrogenase-like), a component of the sterol
demethylase complex that also includes HSD17B7, resulted in progressive loss of cortical
and hippocampal neurons, marked cortical neuronal apoptosis, and postnatal death with
increased levels of several sterol intermediates. /n vitro assays provided evidence that
reducing the levels of 4-methylsterols improved neural development (Cunningham et al.,
2015). We therefore hypothesized that cholesterol deficiency is not the primary cause of the
Hsalb17b 79 mutant phenotype and that reducing the high levels of cholesterol
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intermediates upstream of the mutant Hsd17b7 enzyme would improve neural development
in the Hsd1767“? mouse.

In the present study, we determined with /in vivoand in vitro studies that the distinctive
phenotype of the Hsab17b 749 mutant forebrain is caused by precocious differentiation and
migration of neuronal progenitors. We also demonstrate that manipulation of the cholesterol
biosynthesis pathway through combined pharmacological (simvastatin) and dietary
(cholesterol) treatments can ameliorate multiple abnormalities in the Hsd767“Y mutants,
including improving forebrain development.

Apical polarity is disrupted in the Hsd17b7™49 cortex

Our previous study of the Hsd7b7“? mutant cortex found disorganized cortical tissue and
cellular rosettes at embryonic day (E) 15.5 (Stottmann et al., 2011). To address our
hypothesis that the cortical defects were caused by disrupted tissue polarity, we examined
markers of apical polarity in HsdZ 7674 mutants from E10.5 to E14.5. At E10.5 through
E12.5, both phalloidin and p-catenin, markers for apical adherens junctions, were present
along the ventricular zone (VZ) in the appropriate apically-restricted domains in Hsd1 76747
and control embryos at E10.5 through E12.5 (Fig. 1A-F, K-P). However, by E13.5, while
both apical markers appeared continuous along the ventricular surface of control embryos,
there are minor disruptions in phalloidin staining at the ventricular surface of the mutant
(Fig. 1G,H, asterisk) and p-catenin is completely lost along the VZ, failing to form a
continuous line of adherens junctions (Fig. 1G,H,Q,R). By E14.5, large sections of the
mutant ventricular surface are entirely devoid of both markers (Fig. 11,J,S,T). In addition to
phalloidin and p-catenin staining, staining for the marker of apical junctions, ZO-1, was
measured. At E12.5, ZO-1 was restricted to the ventricular surface in both the Hsd17b749
and control forebrain (Fig. 1U,V). However, altered ZO-1 immunoreactivity was evident by
E13.5 and continued through E14.5, while proper alignment of the tight junctions was lost in
the Hsd17b749 cortex (Fig. 1W-Z). Hsd17b7 is not absolutely required to maintain
epithelial polarity, however, as sSiRNA knockdown in an IMCD cell 3-D spheroid assay did
not alter spheroid formation (Fig. S1). Thus, the displaced neurons we observe in mutant
cortical tissue likely arise through another mechanism.

Patterns of proliferation and interkinetic nuclear migration are abnormal in the Hsd17b7ud

cortex

We previously observed decreased proliferation in the Hsd7b7 cortex at E14.5, which
could explain the severe loss of cortical tissue during embryonic brain development
(Stottmann et al., 2011). We therefore performed a detailed analysis of neurogenesis in the
forebrain to further evaluate this phenomenon. We first examined phospho-Histone H3
(pHH3) localization with immunohistochemistry (IHC) to mark mitotic cells and found that,
at E10.5, both the restricted localization of mitotic cells to the VZ and the total number of
pHH3-positive cells appeared to be similar in control and mutant cortices (Fig. 2A-D). At
E11.5, however, there was a significant reduction of pHH3-positive cells at the VVZ in the
Hsd17b74¢ mutants (96% in control vs. 80% in mutant), with a significant number of cells
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dividing distant from the VZ in the mutant cortex (4% in control vs. 20% in mutant; Fig.
2F-1). These patterns continued at E12.5, with an overall reduction in proliferation within
the mutant cortex (Fig. 2K-N). By E13.5 to 14.5, there were significantly fewer mitotic cells
left at the ventricular surface (98% control vs. 86% mutant at E13.5, and 98% control vs.
44% mutant at E14.5; Fig. 2P-S,U-X). In addition to changes in proliferation patterns, there
was also a significant reduction in overall proliferation from E12.5 to E14.5 in the mutant
relative to the control (Fig. 20,T,Y). Thus, abnormal patterns and levels of proliferation are
evident well before changes in polarity are seen.

The ectopic proliferation we see in HsdZ7b7%Y mutants during the neurogenic phase of
development could be due to either increased division of basal progenitors (to produce
neurons) or displacement of dividing apical progenitors (radial glia). During early forebrain
development, apical progenitor nuclei move up and down radial fibers in coordination with
the cell cycle in a process called “interkinetic nuclear migration” (IKNM) (Spear and
Erickson, 2012), in which nuclei move basally during G1-S phases and apically during S-G2
phase (Kosodo et al., 2011). During M-phase, apical progenitors align along the VZ and
either divide “symmetrically” to maintain the progenitor pool or “asymmetrically” to
generate daughter progenitor cells and neurons (Noctor et al., 2004). In contrast, basal
progenitor cells (found in the subventricular zone) are unable to self renew in the mouse and
divide to generate two post-mitotic neurons (Haubensak et al., 2004). Because
phosphorylated Vimentin (pVim) is an intermediate filament protein specific to mitotically
active radial glia (Kamei et al., 1998), we used immunohistochemistry (IHC) for pVim to
determine if the ectopic proliferation in the Hsd767Y mutants is due to displaced apical
progenitors, and we found that, whereas the pVim staining was restricted to cells along the
VZ surface in the control forebrain, as expected, staining for pVim in the Hsa17b74¢
mutants identified the ectopic cells as dividing radial glia (Fig. 2Z,AA). These results
indicate that the apical progenitor cells are undergoing improper IKNM and, as a result,
dividing and differentiating in locations removed from the VZ instead of renewing the stem
cell pool, as would true apical progenitors.

To directly assess IKNM, we tracked the migratory patterns of apical progenitor nuclei in
the E11.5 cortex via pulse-chase analysis using EdU, which labels cells in S-phase at the
height of IKNM (Buck et al., 2008). We tracked the progress of IKNM by labeling cells at
S-phase and analyzing at; 1) 30 minutes, to show the initial locations of the progenitor
population; 2) 4 hours, to track basal to apical progress as cells migrate to the VZ; and 3) 8
hours, when nuclei should be resuming apical to basal movement during the IKNM cycle. At
30-minutes post-injection, we found a distinct band of EdU-positive cells in the mid-cortex
of the control, as expected (Fig. 3A), with the EdU-positive cells in the mutant appearing
only slightly more dispersed (Fig. 3A—C). By 4-hours post injection, most wild-type cells
were near the VZ, reflecting the expected gradient of cells moving apically towards the VZ.
In the mutant cortex most EdU-positive cells were at the extreme edges of the cortex, with a
significant reduction in the number of EdU-positive cells in the mid-cortex (P<0.05, Fig.
3D-F, bin 2,4). At 8 hours, most wild-type cells were at mid-cortex, indicating apical to
basal progression (Fig. 3G-I), whereas, in the mutant cortex, most EdU-positive cells were
located in the lower cortical bins, with significantly fewer cells present in the two outermost
regions (bins 3,4). Similar to the previous finding that cells with improper IKNM showing a
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more rounded shape (Pacary et al., 2013), we found EdU-positive cells in the Hsd1 76749
cortex to be rounded and less densely packed than cells in control cortex. These results
suggest that loss of Hsd17b7 activity induces abnormal neural progenitor IKNM in the
neurogenic forebrain, leading to abnormal patterns of differentiation.

Neurogenesis is accelerated in the Hsd17b7"d cortex

Because patterns of IKNM appeared abnormal in the HsdZ 76749 forebrain, we also
determined the abundance of both apical and intermediate progenitors. IHC for Pax6-
positive apical progenitors revealed a slight reduction in numbers in the mutant cortex at
E11.5 as compared to control (Fig. 4A,B). Furthermore, IHC for Thr2-positive intermediate
progenitors at E12.5 showed a restricted area of Tbr2-positive cells in the SVZ of the
control, whereas these cells were enriched in the Hsd1 7674 mutant (Fig. 4C,D,
arrowheads). With regard to the number and distribution of Tbr2-positive cells at different
developmental stages, while there were significantly more Tbr2 cells in the apical region of
the mutant cortex compared to the control at E11.5 (Fig. 41), by E12.5, there were
significantly more Tbr2 cells present near the VZ in the mutant (Fig. 4J). These patterns of
Pax6- and Thr2-positive progenitors indicate dysfunctional mechanisms of migration and/or
differentiation. We also analyzed neuronal differentiation using a marker, TuJ1, for post-
mitotic neurons and noted an expansion of TuJ1-positive cells in the HsdZ 76749 mutant at
E12.5, in contrast to the more restricted, dorsal location of TuJ1-positive cells in the control.
This expansion continued at E14.5, when we occasionally saw a “double-cortex”
characterized by neurons found at both the outer and inner layers of the mutant cortex (Fig.
4E-H). These results suggest defective migration or differentiation, consistent with our
previous analysis of IKNM, and that this defect leads to reduced numbers and abnormal
placement of progenitor populations. As a result, post-mitotic neurons appear throughout the
cortex rather than being restricted to the extreme basal surface.

To investigate further the possibility of abnormal differentiation, we performed a 1-hour
EdU pulse followed by immunostaining for Thr2 at E11.5. The EdU pulse labels apical
progenitor cell bodies in S-phase that should migrate to the VZ for cell division to create
either intermediate or apical progenitor cells but not immediately express the Thr2 marker
that indicates basal progenitor cell fate (Fig. 4K,0). If migrating progenitor nuclei were
undergoing precocious differentiation, we would expect to see EAU/Thr2 double-positive
cells in the mid-cortical region. Indeed, Thr2 staining showed a less restricted pattern of
intermediate progenitor cells in the HsdZ 767 cortex (Fig. 4L,P). In addition, dual-labeled
Tbr2-postive/EdU-positive cells were detected in the HsaZ 767 cortex but not in the
control cortex (Fig. 4M,N,Q,R). Taken together, these results demonstrate that migrating
nuclei in the Hsd 7579 mutant cortex are precociously transitioning in vivo from apical
progenitor fates to neurons.

Supplementation with cholesterol corrects cellular structural defects but not precocious
differentiation of Hsd17b7™d neurons in vitro

To determine if the precocious HsdZ 75679 neuronal differentiation is a cell-autonomous
phenotype, we studied the differentiation of wild-type and HsdZ7b7“? mutant neurons /in
vitro. For this, we isolated neural progenitor cells from E11.5 wild-type and Hsd1 76747
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cortices and measured their rates of differentiation using immunohistochemical markers
(Shen et al., 2002). Cells were quantified as being either progenitors (solely Pax6 positive)
or differentiated (TuJ1-positive) neurons. Although TuJ1-positive cells could still show
residual Pax6 immunoreactivity through perdurance of the protein, the product of TUBB3
protein, the TuJ1 antigen, definitively identifies a transition away from progenitor cell fate.
As soon as 3-hours /n vitro, there were significantly fewer Pax6-positive cells and increased
numbers of TuJ1-positive cells in mutant compared to wild-type cultures (Fig. 5A-C). This
pattern was again seen at 24-hours /n vitro (Fig. 5D-F).

Neuronal TuJ1 immunoreactivity also allowed us to address neuron maturation in the 24-
hour cultures. Early neuronal maturation involves a sequence of developmental stages
culminating in neurite extension (Dotti et al., 1988). To better understand if mutant neurons
are maturing at a faster rate compared to controls, we classified the neurons using an
established grading system (Dotti et al., 1988; Gertz et al., 2010; Kwiatkowski et al., 2007).
Neurons having no visible lamellipodia/filopodia structures (Fig. 5J) are defined as stage 0,
those with dense lamellipodia/filopodia but no neurites (Fig. 5J) as stage 1, those with
immature neurites but no defined axon as stage 2, and those with a defined, dominant axon
(Fig. 5J) as stage 3. After 24-hours in culture, there were significantly more mutant cells in
stage 0 compared to control (Fig. 5G-1). Interestingly, we found an absence of lamellipodia/
filopodia with significantly fewer mutant cells in stage 1(Fig. 51) and with significantly more
mutant cells in stage 3 (with a primary axon) compared to control cells (Fig. 51). These
results indicate that HsdZ 767 neurons have fewer lamellipodia and show a shift towards
forming axons earlier than do control cells. Although we did not definitively test axonal/
dendritic character /n vitro, the patterns of process extension show clear differences in
control vs. mutant neuron maturation.

Funfschilling et al. (2012) showed that /n7 vitro cholesterol supplementation of neurons
isolated from squalene synthase conditional (SQS/Nex-cre) mice improved neurite
outgrowth and survival. Therefore, we supplemented neurons in culture with cholesterol to
determine if cholesterol supplementation could ameliorate the observed defects in
Hsd17b7% neurons. Although Hsd1 767 cultures continued to have an increased ratio of
TuJ1:Pax6 with cholesterol supplementation (Fig. 5K), structural changes in the Hsd1767v¢
neurons were nonetheless observed. For example, there were significantly more lamellipodia
structures in mutant cells cultured with cholesterol compared to those cultured without (Fig.
5L). In addition, the percentage of mutant cells in stage 0 was closer to wild-type levels after
cholesterol supplementation (Fig. 5L).

Overall, these data argue that the apical progenitor pool is prematurely depleted in the
Hsd17b79 cortex due to precocious differentiation of progenitors into intermediate
progenitors and post-mitotic neurons. In addition, although cholesterol supplementation is
able to improve structural integrity of the Hsd 7674 cells, it does not correct the defects in
cell fate.

Reduced Hsd17b7 activity affects cortical lamination and radial glia fiber integrity in vivo

Structurally, apical progenitors connect to both the apical and basal surfaces of the cortex via
glial endfeet, providing critical migratory tracts and signaling during early neurogenesis.
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Loss of apical endfeet has been implicated in the transition from apical to intermediate
progenitors (Farkas and Huttner, 2008). In addition, Weimer et al. (2009) reported that
disruption of radial glia resulted in abnormal patterns of progenitors with reduced Pax6/Tbr2
levels and that Thr2-positive cells were shifted towards the ventricular surface, similar to
what we observe in the Hsd7b74¢ cortex. Therefore, we investigated if loss of radial glia
structural integrity and/or endfeet could be contributing to the abnormal differentiation
patterns in the HsaZ 7679 mutants. We first studied nestin, an intermediate filament protein
that marks progenitor cells in the CNS, including the radial glia cell fibers (Dahlstrand et al.,
1995), and found that nestin staining revealed disorganization of radial glial fibers occurring
as early as E11.5 in the Hsd17b74? mutants, leading to the appearance of small nodules
along the length of the radial fibers (Fig. 6A,B, arrow). By E13.5, there is complete
disruption of fibers in the Hsd1767“? cortex, with clumping at the apical surface and lack of
glial endfeet at the basal surface (Fig. 6C,D). By staining laminin to assess the integrity of
the basement membrane, we found that their basal surfaces appeared intact at E11.5 in both
the mutant and control cortex (Fig. 6E,F). By E14.5, however, laminin-staining shows a
disrupted basement membrane in the mutant cortex, including some areas devoid of any
staining (Fig. 6G,H). Using double-immunostaining for nestin and laminin to determine
when the connection between the basal endfeet of the radial glia and laminin is lost, we
noted a significant decrease in glial endfeet staining at E12.5 (Fig. 61,J arrow). Although the
basal endfoot connection was lost in the HsdZ7b7“? mutants, (Haubst et al., 2006) showed
that this connection is dispensable for IKNM and for differentiation. However, because loss
of the apical endfoot appears to cause severe disruption in both IKNM and progenitor
differentiation, we used nestin staining to assess apical integrity. At E11.5, the radial fibers
at the apical surface of the mutant appear disrupted, again with the presence of small nodules
(Fig. 6K,L, arrows). By E12.5, radial fibers appear densely packed in the control, whereas
the staining in the mutant appears to surround individual cells, indicating complete
disruption of the radial fiber (Fig. 6M,N). This suggests that the precocious differentiation
and abnormal IKNM seen in the Hsd 767 mutants could be partly due to disrupted radial
glia in the Hsd17b7 cortex.

Transcriptional profiling of Hsd17b7U4 embryos reveals changes in cholesterol
biosynthesis and lipid signaling but not in canonical developmental pathways

To identify the molecular mechanism for these developmental defects, we first analyzed
several candidate canonical signaling pathways, including sonic hedgehog, Wingless-Int,
and Notch, using a combination of reporter assays and transcriptional profiling. We found no
evidence that any of these pathways is involved in causing the Hsa176749 cortical
phenotype (Fig. S2).

As would be predicted by the known roles for Hsd17b7 in cholesterol metabolism, RNA-Seq
analysis revealed changes in a number of pathways involved in cholesterol biosynthesis and
in oxysterol and lipid signaling (Table 1). Gai signaling, LXR/FXR activation, and cCAMP-
mediated signaling were the most significantly affected pathways (P<0.01). However, there
is no evidence that these signaling modules affect cortical development, and genetic
perturbations of genes in these pathways do not phenocopy the Hsa7b74¢ mutants
(Dworkin et al., 2009). It appears that the HsdZ7b7“7 cortical phenotype could result from
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abnormal cholesterol biology and signaling proper, rather than an upstream effect on any of
these canonical developmental pathways.

Alteration of cholesterol biosynthesis via simvastatin and dietary cholesterol
supplementation results in partial restoration of the wild type cortical phenotype

Hsd17b74? mice show defects in cholesterol biosynthesis with a marked increase in
forebrain levels of substrates of the Hsd17b7 enzyme (e.g., zymosterone and 4a-
methylzymosterone), as well as intermediates further upstream from the enzymatic block
(e.g., lanosterol) and several unidentified sterols in forebrain tissue (Stottmann et al., 2011).
We hypothesized the precursor sterols present at increased levels in Hsd 7674 mice
contributed to abnormal forebrain neurogenesis, and that reducing these levels would
improve cortical development. We pursued two modes of rescue: 1) treatment with
simvastatin to reduce flux in the cholesterol biosynthesis pathway by inhibiting its rate
liming step, HMG-CoA reductase, which would in turn cause SREBP2-mediated up-
regulation of most enzymes involved in cholesterol biosynthesis, including residual activity
of Hsd17b7; and 2) dietary supplementation with cholesterol (standard diet + 2% cholesterol
by weight) to cause negative feedback on the pathway by providing its end product (Fig.
7A). We also administered a combined simvastatin + cholesterol treatment to try to enhance
the effects of each individual treatment. We predicted that all treatments would lower the
levels of possibly toxic intermediate compounds and at least partially rescue the wild-type
phenotype, with the most effective treatment being the combination of statin and cholesterol.

Dietary cholesterol supplementation of female Hsd76/“? mice was started prior to mating,
whereas statin administration (simvastatin, 50mg/kg) started at E7.5, prior to development of
the neural tube and forebrain. Embryo sterol levels were quantified at E14.5 by GC-MS
(Table S1). The levels of compounds upstream of the Hsd17b7 enzyme were increased in
mutants receiving control treatments but reduced in all experimental diets (Fig. 7B). In
addition, two compounds (4-methylcholest-7-en-one and 4a-methylzymosterone) usually
found at low levels or totally absent in controls but increased in the mutant were lower in the
mutants treated with simvastatin and/or cholesterol compared to controls (Fig. 7C). For
compounds downstream of Hsd17b7, statin treatment alone was associated with either no
change or a slight increase in their levels (Fig. 7D). In contrast, treatment with cholesterol
caused decreased levels of both 7-dehydrocholesterol and cholest-8(9)-en-3p-ol, metabolites
distal to the Hsd17b7 enzymatic block (Fig. 7D). In the brains of all mutant groups,
cholesterol levels were at least 30% lower than in wild-type brain tissue (Fig. 7D). Although
we had hypothesized that the unidentified apparent ketosterol species detected in
Hsd17b7% brain would be reduced with treatment, their levels remained high in the mutants
of all treatment groups (Fig. 7E,F). Overall, these results suggest that administration of
simvastatin and/or cholesterol did effectively altered cholesterol biosynthesis in the
Hsd17b74.

We next determined if manipulating cholesterol metabolism affected the phenotype. Among
embryos collected at E16.5 from all treatment groups, none of the treatments affected
forebrain development in wild-type embryos (Fig. 8A-D). Simvastatin treatment alone did
not alter to any appreciable degree the phenotype of the Hsd 757 forebrain, which
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remained thin and disorganized (Fig. 80,P), similar to the mutant given only vehicle (Fig.
8J,K). Although high cholesterol treatment alone appeared to have only a minimal effect on
cortical differentiation (Fig. 8U,V), the combined treatment of high cholesterol and
simvastatin led to substantial structural and histological improvement, yielding a more
robust cortex and a partially restored cortical organization (Fig. 8Y,Z). Compared to mice
given other treatments, the combined simvastatin and cholesterol treatment group was the
only one that showed significant staining for Pax6-positive apical progenitors along the
ventricular surface (Fig. 8L,Q,V,AA). We also noted improvement towards normal in
Hsd17b749 extra-cortical abnormalities, including retinal structure and long bone length.
For example, the retinae of control animals had proper retinal lamination (Fig. 8H), whereas
the vehicle-treated HsdZ7b7“9 mutant had severe disorganization of the retinal layers (Fig.
8M). Long bones (humerus, radius, and ulna), which were significantly shorter in the
Hsd17b 79 embryos (Fig. 81,N; Stottmann et al., 2011) were significantly less shortened in
Hsd17b7%? mutants treated with simvastatin in both the normal chow and high cholesterol
groups (Fig. 81,S,CC,DD). Taken together, these results show that administration of
cholesterol, with or without simvastatin, achieves recovery of normal cortical development
and improved bone growth in a mouse mutant of a cholesterol biosynthesis enzyme. The
most likely compounds exerting this teratogenic effect are the 4-methylsterols, which
showed the most significant reduction in their levels with treatment.

Conclusions

We report here adverse effects on progenitor cell fate and function associated with impaired
function of the cholesterol biosynthesis pathway enzyme, Hsd17b7. Specifically, we find
that neuroprogenitors in the HsdZ 767 cortex undergo improper IKNM and divide
inappropriately leading to displacement of the apical progenitor stem cell pool. With the loss
of apical progenitor cells from the VVZ, normal polarity is disrupted by E13.5 in the

Hsd17b 7Y mutant. Further studies /in vivo showed that apical progenitors shift into non-
renewing intermediate progenitor cell and differentiated neural cell fates. /n vitro culture of
mutant neuroprogenitor cells also showed precocious differentiation and altered neurite
development. In addition, we were able to partially recover normal cortical histology in the
Hsd17b7%d mutant by treatment of pregnant dams with simvastatin and dietary cholesterol.
These findings demonstrate that reduced activity of a cholesterol biosynthesis enzyme can
cause abnormal neuroprogenitor fate determination, a phenomenon not previously
documented.

Normal function of Hsd17b7 is required for proper maintenance of neural progenitor cell

populations

Because of the unique ability of apical progenitor cells to self renew, their maintenance is
critical to ensure that the developing brain has a constant source of stem cells. Cappello et al.
(2006) showed that a loss of the Rho-GTPase, Cdc42, increased the production of basal
progenitor cells and neurons at the expense of apical progenitors. The Hsd 75679 progenitor
cell resembles that of Cdc42-deficient cells in their abnormal migration and increased rates
of mitosis distant from the VVZ. However, the HsdZ 7579 mutant shows abnormal
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differentiation prior to the appearance of tissue polarity defects, suggesting that disrupted
polarity is not the primary cause of abnormal neurogenesis in the HsdZ 76749 cortex.

For neural stem cells to self-renew, they must avoid premature cell cycle exit and
differentiation. Our EdU pulse-chase analysis showed that migrating nuclei in the
Hsd17b749 cortex prematurely differentiate. In addition, our analysis of IKNM showed
mutant cells accumulating in the VZ (with a lack of accumulating cells in the outer cortex) 8
hours after labeling, suggesting that the cells were able to migrate both apically and basally,
only at a slower rate. Since IKNM is coordinated with the cell cycle, a lengthened cell cycle
could explain the patterns we observed. Moreover, in view of the finding (Garcia-Garcia et
al., 2012) that lengthening the cell cycle results in increased production of intermediate
progenitor cells, a longer apical progenitor cell cycle in the Hsa17b74? cortex could be
stimulating differentiation into intermediate progenitors and neurons at a faster rate.

We found additional support for the precocious differentiation model /n vitro. We saw
decreased populations of Pax6-positive apical progenitor cells and correspondingly
increased numbers of TuJ1-postive neurons in mutant cultures at both 3 and 24 hours /n
vitro. Evidence supporting the hypothesis that cholesterol pathway metabolites can affect
differentiation /n vitro comes from studies of Smith Lemli Opitz Syndrome models where
redued DHCRY activity leads to accumulation of the metabolite 3p,5a-dihydroxycholest-7-
en-6-one (DHCEO). Treatment with DHCEO /n vitro accelerates differentiation of primary
cortical neurons (Xu et al., 2012). Of interest, cholesterol supplementation did not appear to
rescue this phenotype but did improve the morphological defects. Namely, mutant cells more
closely resembled wild-type cells in their increased number of lamellipodia. Although
lamellipodia are actin-based structures, other work has suggested that lipid rafts, specific
microdomains comprised of sphingolipids and cholesterol, mediate the reorganization of
actin required for lamellipodial extension in growing neurites (Haglund et al., 2004). The
abnormal sterol metabolism in the Hsd767““ mutant could be altering the composition of
lipid rafts thereby affecting signaling necessary for lamellipodia formation. Abnormal
membrane composition of Hsa7b74 cells is further supported by the normalization of the
Hsd17b7? phenotype with cholesterol supplementation.

G-coupled signaling and oxysterol pathways involved in the etiology of the Hsd17b7rud
CNS defects

Although the Shh, Notch, and Whntsignaling pathways have roles in early patterning and
neural development and were logical candidates for analysis, they do not appear to be
affected in the Hsd17b7“? forebrain. None of these pathways appeared significantly
changed at the transcriptional level as determined using RNA-Seq and genetic analyses with
reporter mice. However, transcriptional profiling identified several pathways involved in
cellular and lipid signaling to be significantly altered in the Hsd767%? mutants, consistent
with the known role of Hsd17b7 in cholesterol biosynthesis. Moreover, lipid second
messenger systems have been shown to serve as mechanisms for differentiation for neural
stem cells (Bieberich, 2012). In our studies, RNA-Seq analysis comparing Hsd767%? and
wild-type E12.5 forebrains detected two lipid-activated pathways, Gai and cAMP-mediated
signaling, to be enriched in Hsd1767%9vs. wild-type forebrains (Bieberich, 2012). These
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pathways regulate neurite outgrowth and differentiation in both the CNS and neural stem
cell lines (Ma’ayan et al., 2009). CREB, a response-element protein in cAMP-signaling, has
been shown to stimulate neurite outgrowth and to mediate the neurotrophin response
(Finkbeiner et al., 1997; Schmid and Maness, 2008). These G-protein-coupled pathways also
rely on lipid rafts for signaling. Abnormal lipid rafts have been described in a number of
neurodegenerative conditions, including Alzheimer’s disease, Parkinson’s disease, and
Huntington’s disease (Wang, 2014). It is possible, therefore, that impaired cholesterol
biosynthesis in the HsdZ7b7“9 mutant increases the level of specific cholesterol precursors
that activate differentiation pathways or impair signaling pathways dependent on normal
lipid raft structure.

Our RNA-Seq studies also found enrichment of pathways involving nuclear receptors, such
as LXR (liver X receptor), that can bind cholesterol and its derivatives (Ogundare et al.,
2010). LXR, a sensor of tissue levels of cholesterol, aids in regulating cholesterol
metabolism and controlling the plasma membrane cholesterol transporter, ABCAL. Both
FXR and RXR are hypothesized to have roles in neural stem cell maintenance and
differentiation (Eendebak et al., 2011). For example, mouse embryonic stem cells can be
induced to follow a neural fate through binding of retinoic acid to its nuclear receptor, RXR,
after which retinoic acid response elements activate downstream transcription factors to
induce /n vitro differentiation into neuronal lineages (Guan et al., 2001). The action of these
receptors in determining neural fate support a role for disturbed lipid and cholesterol
homeostasis in determining the HsdZ7b7“? forebrain phenotype.

Manipulating cholesterol biosynthesis can improve forebrain development in Hsd17b77ud

embryos

As we have shown, simultaneous administration of simvastatin and dietary cholesterol to
pregnant dams causes partial amelioration of numerous defects in the HsdZ7b7%? embryos,
including restoration of retinal organization, long bone length, and forebrain cortical
thickness. The greatest improvement in forebrain cortical thickness was noted in the
simvastatin plus high cholesterol treatment group. Of note, although we achieved partial
recovery of normal brain structures, total plasma cholesterol levels were not increased in any
of the mutant treatment groups as compared to vehicle control diet. In animal models of
other defects in cholesterol biosynthesis, there is also evidence that specific cholesterol
precursors and their by-products compromise embryonic development (Gaoua et al., 1999).
For example, Korade et al. (2010) demonstrated in vitro that Dhcr7-deficient Neuro2a cells
produce increased levels of abnormal oxysterols that induce abnormal proliferation and
differentiation. Further work by (McLarren et al., 2010; Xu et al., 2012) reported that
exposure of neurons to a DHCR7-mutant oxysterol mixture resulted in accelerated
differentiation of neurons. In addition, increased levels of 4-methyl- and 4,4’-dimethylsterols
have been reported in granule cell precursors from Nsdh/ mouse mutants (Cunningham et
al., 2015). Our initial GC-MS analysis identified a number of sterols at significantly
increased levels in mutant vs. wild-type, not all of which could be identified (Stottmann et
al., 2011), but we were able to show decreases in methylsterol levels and an overall
reduction in cholesterol biosynthesis coincident with our phenotypic rescue. This was likely
due to a global activation of cholesterol biosynthesis enzymes via sterol response element
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binding protein 2 (SREBP-2), a critical regulator of cholesterol biosynthesis. It has been
shown up-regulation of SREBP-2 leads to increased expression of cholesterol biosynthesis
enzymes throughout the pathway (Sakakura et al., 2001), both in low cellular cholesterol
conditions and during statin exposure (Wong et al., 2006). Therefore, it is likely that our
treatments activated SREBP-2 resulting in augmentation of residual Hsd17b7 activity and
other cholesterol biosynthetic enzymes, thereby alleviating the accumulation of sterol
intermediate compounds.

Increased methyl sterol levels have been reported in both humans and mice with NSDHL
mutations, which can lead to conditions such as CHILD and CK syndromes (McLarren et
al., 2010). In both mouse models and human patients with disorders of cholesterol
biosynthesis, there are a number of neural deficits reported. In the case of the Bare patches
(Bpa) mouse, male embryos undergo lethality by E10.5 with severe cortical thinning due to
abnormal apoptosis and proliferation (McLarren et al., 2010). In surviving male patients
with CK syndrome, there are a variety of CNS abnormalities including intellectual disability,
cortical malformations, and seizures (McLarren et al., 2010). In a recent study by
Cunningham et al. (2015), methylsterols were implicated as the cause of abnormal
development of granule cell precursors in a mouse mutant of Nsdhl, the enzyme of
cholesterol biosynthesis immediately upstream of Hsd17b7. Reducing the levels of
methylsterols, including 4a-methylcholest-7-en-3p-ol and 4a-methylcholest-8(9),24-
dien-3p-ol, led to increased mutant cell viability and morphological improvement
(Cunningham et al., 2015). Interestingly, the levels of the methylsterols, including 4a-
methylcholest-8(9),24-dien-3p-ol and 4a-methy-5a-cholest-7-en-3B-ol, that were increased
in the Asgh/ mutants decreased toward normal in our Hsd767“? mutants under all
treatment conditions (Fig. 6B). Therefore, methylsterols could also be contributing to the
abnormal neural development in the HsdZ 767 mutants similar to what is being reported in
Nsdhl mutants. In addition, a number of the 4,4’-dimethysterol compounds accumulated
upstream of Hsd17b7 have known roles as meiosis activating sterols (MAS). Detected in
both follicular fluid (FF-MAS) and testicular tissue (T-MAS), these sterols have a role in
resumption of meiosis (Byskov et al., 1999). In addition, research has shown that FF-MAS
promotes both nuclear and cytoplasmic maturation of mouse oocytes /n vitro (Marin Bivens
et al., 2004). An increased level of T-MAS in vitro also alters the morphology of cerebellar
granule cell precursors and reduced their viability (Cunningham et al., 2015). Therefore, this
evidence suggests that these sterols with steroid-like actions could be contributing to the
cortical phenotype in the Hsd1 7579 forebrain.

Our studies show that inducing changes in cholesterol metabolism and biosynthesis can
improve but not normalize neural development in the Hsd 7674 mutant. Based on their
studies of maternal-fetal cholesterol economy in mice, Yoshida and Wada (2005) concluded
that very little of the maternal cholesterol transported to the embryo reaches the brain, which
appears to synthesize de novo almost all needed cholesterol. Moreover, others have shown
that, postnatally, dietary cholesterol is unable to cross the blood-brain-barrier (BBB)
(Jurevics et al., 1997; Pardridge and Mietus, 1980). Therefore, our cholesterol treatment
might have been effective prior to formation of the BBB, but was less effective thereafter.
Because simvastatin can cross the BBB, however, simvastatin in combination with
cholesterol could have suppressed the accumulation of cholesterol precursors by up-
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regulation of residual Hsd17b7 activity in mutants long enough after early BBB formation to
allow better neural development in the combined cholesterol + simvastatin group compared
to cholesterol-only treatment. Regardless, our study has shown that /77 vivo manipulation of
cholesterol metabolism can improve neural development in the embryonic forebrain and
retina of the Hsd17b7“9 mutant.

A model for forebrain development in the Hsd17b 7749 mutant

Based on these results, we present the following model of abnormal cortical development in
the Hsd17b74¢ mutant: the telencephalon patterns normally by E10.5, showing proper
polarity and proliferation Kinetics. Between E9.5 and E12.5, neuroepithelial cells begin
transitioning to radial glia (Anthony et al., 2004). As the apical progenitors in the
Hsd17b 7Y mutant undergo IKNM, the radial structures become compromised, and IKNM
patterns are therefore altered. In contrast to the normal renewal of apical progenitors at the
VZ, the Hsd17b7“ apical progenitor cells precociously undergo neurogenesis and thereby
expand the intermediate progenitor cell population. This continual loss of stem cell-
preserving divisions results in progressive loss of the stem cell pool in the Hsd17b749
cortex. In addition, radial glia fibers fail to span the cortex due to a loss of structural
integrity. Apical endfeet are lost, and adherens junctions no longer form, leading to a
reduced anchoring base for the remaining apical cells. As a result, the apical progenitors
organize into neural rosettes. With progressive loss of the progenitor pool, the brain is
unable to grow, resulting in an extremely thinned forebrain. In addition, the precocious
differentiation causes post-mitotic neurons to locate throughout the cortex. The result is a
forebrain with a limited and progressively absent stem cell pool, which prevents proper
expansion and development of the embryonic telencephalon.

Materials and Methods

Animals

All animals were housed under an approved protocol and standard conditions. For embryo
collections, noon of the day of vaginal plug detection was designated as EO.5.

Immunohistochemistry

Immunohistochemistry (IHC) samples were fixed for 2 hours in 4% paraformaldehyde at
4°C and cryo-embedded. Sections were treated with an antigen retrieval solution and
blocked in 5% normal goat serum prior to overnight incubation at 4°C in primary antibody.
Primary antibodies used were: phalloidin (Sigma, 1:100), p-catenin (Abcam, 1:100), ZO-1
(Abcam, 1:100), Ki67 (Abcam, 1:1000), TuJ1 (Abcam, 1:500), anti-pHH3 (Sigma, 1:500),
anti-Nestin (Nakafuku and Nakamura, 1995), Laminin (Sigma, 1:1:250), Pax6 (1:1000,
MBL, International Corp), and anti-Thr2/eomes (Abcam, 1:200). Alexa-Fluor® 488 or 594
goat secondary antibodies (Life Technologies) were used (1 hour at room temperature),
followed by DAPI (1:1000) counter staining. All paired images are at the same
magnification.
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For EdU labeling, pregnant dams were injected with a 20mg/kg EdU solution i.p. at E11.5.
Visualization was performed using the Click-iT® EdU Alexa Fluor® 488 Imaging Kit
(1:500, Life Technologies).

Quantification of Immunohistochemistry

Quantification used either Imaris Imaging (Bitplane) or NIS Elements (Nikon). To quantify
mitotic cells, the VZ (defined at the ventricular surface plus two cell diameters) was
compared to the non-VZ (remainder to the pia) and pHH3-positive cells were measured per
um2. For IKNM, the cortical width was divided into four equal-sized bins and cells in each
were graphed as a percentage of total. All statistical analyses were done a student’s t-test
(P<0.05).

Cortical neuron culture and immunostaining

Cortical neurons were harvested from E11.5 Hsd17b74Iph and wild-type embryos using
standard methods (neuron media of DMEM/F12, 1% Pen-Strep, N2, and B27) and cultured
on Poly-d-lysine coated coverslips. Cells were supplemented with EGF (20ng/uL, R&D
Systems) and bFGF (10ng/uL, R&D Systems). Neurons were double-immunostained for
TuJ1 and Pax6 to and neurite measurements obtained with NeuronJ (Meijering et al., 2004).
Data comparing differentiation at 3 and 24 hours /in vitro between control and mutant were
collected from three independent experiments and multiple embryos (cell number > 467;
Fig. 5C,F). Data on the direct comparison of differentiation at 24H /n vitro between control
and mutant, with and without cholesterol, were collected from two independent experiments
and multiple embryos (cell number = 216; Fig. 5K).

RNA Sequencing

RNA was prepared from three E12.5 dorsal forebrains and RNASeq performed on the
Illumina HiSeg2500. Analysis was with DESeq normalization and Avadis-NGS at a
statistical threshold of P<0.05.

Simvastatin and cholesterol administration

Pregnant dams (n=3 per treatment group) were given either 50 mg/kg of simvastatin
(10mg/mL; Sigma) or vehicle (DMSO/1% carboxymethycellulose) via daily oral gavage
from E7.5-15.5. Cholesterol supplementation was through supplemented chow starting one
week prior to breeding (standard diet + 2% cholesterol, Harland/Teklan Diets, Diet#TD.
01383). /n vitro cholesterol (Sigma) culture media supplementation was at 15ug/ml
(15mg/ml stock in 95% ethanol; (Cunningham et al., 2015).

Sterol analysis via gas chromatography-mass spectrometry (GC-MS)

Embryonic brain and liver samples from each experimental group were collected at E14.5
(n=3 for all treated animals and compared to a single control mutant for which all values
were consistent with previous experiments) and snap frozen for GC-MS analysis as
previously described (Kelley, 1995; Stottmann et al., 2011). Serum was collected from dams
for measuring sterol levels. Sterol concentrations are reported as pg/mg of protein for tissues
and pg/mL for plasma.
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Phenotype analysis for statin/cholesterol experiments

Embryos were collected at E16.5, and prepared for histology (formalin fixation) or snap
frozen for skeletal preparations. Histology and bone/cartilage stains used standard protocols.
All images were taken using a Zeiss V8 Dissection Scope and Axiocam MRc5.
Measurements were taken using Zeiss Axiovision software. All paired images were taken at
the same magnification.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

A recessive mutation in Hsad17b7“? causes precocious neural progenitor
differentiation.

Proliferation, polarity, and IKNM are disrupted in the Hsa 7674 mutant
forebrain.

Hsd17b7“¢ mutant phenotypes are primarily due to altered cholesterol
biosynthesis.

In utero administration of statins and dietary cholesterol results in partial
rescue.
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Figure 1. Apical polarity is lost in the Hsd17b77Ud cortex
Adherens junctions markers phalloidin (A-J), p-catenin (K-T) and ZO-1 (U-Z) are shown

for both control and mutant at E10.5 (A,B,K,L), E11.5 (C,D,M,N), E12.5 (E,F,O,P,U,V),
E13.5 (G,H,Q,R,W,X) and E14.5 (1,J,S,T,Y,Z). Disruptions in marker distribution are first
noted at E13.5 (e.g., asterisk in H). n=3 per embryonic stage for all experiments.
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Figure 2. Abnormal proliferation and interkinetic nuclear migration (IKNM) in the Hsd17b7"ud
cortex

(A-Y) Mitotic activity, as measured by pHH3 (green), is shown from E10.5 through E14.5
(AB,F,G,K,L,PQ,U,V) and quantified for each stage (C-E,H-J,M-O,R-T,W-Y). Separate
quantification is shown at each stage for mitotic activity in the VZ (C,H,M,R,W), outside the
VZ (D,I,N,S,X) and the overall proliferation in each (E,J,O,T,Y). Staining for
phosphorylated vimentin (pVim, red) shows dividing radial glia localized along the VZ in
the E11.5 control (Z) compared to the Hsd1767“ mutant (AA).

Neurobiol Dis. Author manuscript; available in PMC 2017 July 01.

B Control OMutant D E .
100% = 200%
25 . s
gg 80% € 150% 1
52 60% 1 Sl i
§2 40% 1 g
°3 s % 4
S 20% ¢ 50%
0% + —— ® 0% +
non-VZ Control
I 30% . J s 150%
23 £
238 §
o= oy 0, 4
5 o 20% § 100%
9 ®
g2 10% £ 50% 1
S5 . ®
a - 4
ol mm | |
non-vVZ Control
12% O 3 10
23 £
%o -
g S 8% 1 T 8 100%
=9 ®
82 4% 4 2 509
$® ®
Ono + .;e 0"“ .
non-vVZ Control
20 * = 150
2% 27 . S
3 o 2 15% [
5_2100,, _gg 5 Ewo% ]
[-9° - -
23 o0% = 2 10% ®
§2 82 £ 50% 1
s 9 EB® gy = J
3 B gs o A 2
70% 0%+ S— ® gy +—
non-VZ Control
W X * ¥
120% 75% = 150% 1
L= 2738 one 4
83 .., §35%0% 8 1000
5o 80% = ©45% § 100% 1
- o =9
[ 4 c S 0, Bl
82 40% g £30% £ 50%
$e Se15% ®
0% 0% — * 0%
non-VZ Control

1

Mutant

a

Mutant
*

i B

Mutant

*

B

Mutant

n

Mutant



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Driver et al. Page 22

Control Mutant
Q C B Control ™ Mutant
e
= 4 4 —
C 3 3 _
E 5 2 —
- 1 1 B
m -

0% 20% 40%

Fo —
2 j—

4 hour

1 _

T

8 hour

0% 20% 40%

Figure 3. EJU patterns are abnormal in Hsd17b774d cortex
EdU pulse-chase analyses measured IKNM at 30-minutes (A—C), 4 hours (D-F) and 8 hours

(G-1) post-injection. The number of cells in each bin was calculated for each stage (C,F,I).
n=3 for each stage and genotype, data shown are the mean+S.E.M., *P<0.05.
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Figure 4. Neural progenitor and differentiated neuron populations are altered in the Hsd17p7"ud
cortex

Pax6 apical progenitors at E11.5 (A,B), Thr2 intermediated progenitors at E12.5 (C,D), and
post-mitotic (TuJ1-positive) populations (E-H) at both E12.5 (E,F) and E14.5 (G,H) are
shown in control and mutant. (1,J) Distribution and number of Thr2 cells at E11.5 (1) and
E12.5 (J; n=2 for each stage, error bars show mean £S.E.M, *P<0.05). Double-
immunostaining for EdU (K,0) and Tbr2 (L,P) at E11.5 shows increased double-positive
cells in the control (M,N) compared to mutant (Q,R). (N and R are higher magnification or
M and Q respectively).
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Figure 5. Hsd17b7"d primary neurons show differentiation and structural defects in vitro
(A-H) Primary E11.5 neurons labeled for TuJ1 (green) and Pax-6 (red) at 3 hours /in vitro

(A-B), 24-hours (D-E), and 24 hours with cholesterol supplementation (G—H). (J) Neuronal
staging is illustrated. Quantification of both Pax6/TuJl immunocytochemistry (C,F) and
developmental stage (I) show significant differences between control and mutant. The effects
of /n vitro cholesterol supplementation are shown with respect to differentiation (K) and
morphology (L). Graphs indicate mean + S.E.M., *P<0.05, **P<0.01.
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Figure 6. Radial glia and basement membrane defects in the Hsd17b77Ud cortex
(A-D) Nestin staining of radial glial fibers at E11.5 (A,B) and E13.5 (C,D) in control (A,C)

and mutant (B,D). (E-J) Laminin marks the pial basement membrane at E11.5 (E,F) and
E14.5 (G,H). Double-immunostaining for nestin (red) and laminin (green) at E12.5 show
failed connection in the mutant (J, arrow) as compared to control (I). (K-N) Higher
magnification of nestin at the apical surface (L, arrows indicate small nodules in mutants).
Nestin staining at E12.5 surrounds mutant progenitor cells (N). n=3 for each comparison.
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Figure 7. Dietary cholesterol and statin administration alter the cholesterol biosynthesis profile
in Hsd17b7"Ud embryonic brains

(A) A schematic of treatment effects on cholesterol biosynthesis. (B) Levels of compounds
upstream of the HSD17B7 enzyme after each treatment. (C) Substrates and compounds
normally found at very low levels in the control. (D) Compounds downstream of the
HSD17B7 enzyme. (E,F) Ketosterol levels. Color code legend in panel B applies to panels
B-D. All graphs show values +/- S.E.M, n=3 for all treated animals, n=1 for untreated
mutant and values are similar to other mutants we have analyzed.
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Figure 8. Cholesterol and simvastatin treatment partially rescued Hsd17b7"ud phenotypes
(A-D) Control embryos in all treatments are unaffected. (E-CC) Representative whole brain

(E,J,0,T,Y), cortical (FK,P,U,Z), and retinal (H,M,R,W,BB) histology,
immunohistochemistry for apical progenitors using Pax6 (G,L,Q,V,AA), and long bone
skeletal preps (I,N,S,X,CC) are shown for control (E-I), and mutants treated with vehicle (J-
N), simvastatin (O-S), high cholesterol (T-X) and combination of simvastatin and
cholesterol (Y-CC). (DD) Quantification of long bone length.*P<0.05, **P<0.01.
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Table 1

Pathways enriched between Hsd17b74“and control E12.5 forebrain.

# of
Canonical Pathways p value | molecules Molecules
Gai Signaling 0.006 4 GRM3,CHRM4,PRKAR1B,GNG12
LXR/RXR Activation 0.006 IL36G,NCOR2,GC,CYP51A1
cAMP-mediated signaling 0.040 4 CAMK1D,GRM3,CHRM4,PRKAR1B
a-Adrenergic Signaling 0.014 3 PRKAR1B,PYGB,GNG12
Nitric Oxide Signaling in the
Cardiovascular System 0.019 3 CACNALSFLT1,PRKAR1B
Neuropathic Pain Signaling In
Dorsal Horn Neurons 0.021 3 CAMK1D,GRM3,PRKAR1B
FXR/RXR Activation 0.038 3 1L36G,GC,SLCO1B3
Cardiac f3-adrenergic Signaling 0.044 3 CACNA1S,PRKAR1B,GNG12
Prostanoid Biosynthesis 0.001 2 PTGES,PTGS1
Glycogen Degradation 111 0.002 2 PYGB,MGAM
D-myo-inositol (1,4,5)-
trisphosphate Degradation 0.005 2 SEC16A.PMPCA
1D-myo-inositol
Hexakisphosphate Biosynthesis 11 0.006 2 SEC16A,PMPCA
(Mammalian)
D-myo-inositol (1,3,4)-
trisphosphate Biosynthesis 0.006 2 SEC16A.PMPCA
Superpathway of D-myo-inositol
(1,4,5)-trisphosphate Metabolism 0.009 2 SEC16APMPCA
Induction of Apoptosis by HIV1 0.048 2 DIABLO,BID
Branched-chain a-keto acid
Dehydrogenase Complex 0.023 1 DBT
Acetyl-CoA Biosynthesis |
(Pyruvate Dehydrogenase 0.035 1 DBT
Complex)
Zymosterol Biosynthesis 0.035 1 CYP51A1
Glycoaminoglycan-protein 0.041 1 XYLT1

Linkage Region Biosynthesis

*
P-value< 0.05
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