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Abstract
Throughout cerebral cortical development, cell-intrinsic genetic programs and cellextrinsic signals work together to regulate neural progenitor cell survival, proliferation and
differentiation. From the earliest stages of forebrain development, one of the major sources of
extrinsic signals is the cerebrospinal fluid (CSF), which directly contacts the progenitors along
the brain’s ventricular surface. CSF first develops during neurulation, when amniotic fluid (AF)
captured inside the neural tube becomes the nascent CSF. However, very little is known about
the composition of these fluids and how they interact with the neural progenitors around the time
of neurulation. Similarly, not much is known about the intrinsic changes in the neural progenitors
at this early developmental stage.
In this study, we developed techniques to isolate these early fluids for functional testing.
Using mass spectrometry, we revealed how AF and CSF proteomes diverge into distinct fluid
compartments from a common origin, and demonstrated that many ribosome constituents are
dynamically available in early AF/CSF. We showed that age-matched fluid is needed to support
the identity of Sox2-positive neural progenitors, and identified LIF as a signaling factor in early
CSF that could regulate progenitors cell fate. Transcriptome analysis of the developing
neuroepithelium uncovered a global down-regulation of the ribosomal and translational
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machinery after neurulation, resulting in decrease in ribosome biogenesis and protein synthesis.
We identified MYC as one potential upstream regulator of these processes. MYC expression is
high in progenitors before neurulation but down-regulated thereafter. Loss of function
experiments confirm previous studies that MYC is important for multiple aspects of
development, including neurulation. On the other hand, forced MYC expression in neural
progenitors after neurulation leads to increased expression of ribosome constituents,
macrocephaly and tumorigenesis.
This study deciphers the proteomes and demonstrates the functional, instructive roles of
the early fluids in brain development. Paired with the transcriptome and changes in protein
synthesis in neighboring neural progenitors, this work opens up avenues for future studies on this
important but understudied stage of development, with direct implications on pathologies such as
neural tube defects and brain tumor.
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Chapter 1

Introduction

Overview of neurulation and corticogenesis
The brain, being the most complex organ in our body, has a humble beginning as a
simple layer of neuroepithelial cells (NECs) called the neural plate. During neurulation, which
starts around embryonic day (E) 8.5 in mouse embryo, this flat layer of cells bends and
transforms into a cylindrical structure called the neural tube (Copp et al., 2003; Massarwa and
Niswander, 2013; Wilde et al., 2014). Before neurulation, the NECs are bathed in amniotic fluid
(AF). As the neural tube closes, AF trapped inside the tube becomes the nascent cerebrospinal
fluid (CSF), and the nervous system subsequently develops around this fluid filled ventricle (Ek
et al., 2005; Zappaterra and Lehtinen, 2012). Neurulation is an important morphological event
during early embryogenesis, and failure of the neural tube to close leads to neural tube defects,
which occurs in ~1 per 2000 live births in the United States (Wallingford et al., 2013). Therefore,
neurulation is a tightly regulated process that involves more than 300 genes (Wilde et al., 2014;
https://ntdwiki.wikispaces.com/).
After formation of the neural tube, the telencephalon undergoes dorsal-ventral patterning
and divides into distinct progenitor domains. Neural progenitors in the dorsal region, which
express the marker PAX6, give rise to the excitatory projection neurons in the cortex
(Molyneaux et al., 2007; Rallu et al., 2002). These progenitors start out as NECs and undergo
symmetric division to expand the stem cell pool. Just before the onset of neurogenesis (~E9 –
E10 in mouse), they transition into radial glial cells (RGCs), and start to express astroglial
markers such as BLBP and GLAST. Unlike NECs, RGCs mostly divide asymmetrically to
generate another RGC and a more differentiated cell type. NECs and later RGCs constitute the
ventricular zone (VZ) of the dorsal telencephalon. Their nuclei undergo interkinetic migration,
undergoing mitosis on the apical surface and DNA replication in a more basal position. Both cell
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types have bipolar morphology, with apical processes that contact CSF in the ventricles and
basal end-feet that extends to the pial surface (Bjornsson et al., 2015; Franco and Muller, 2013;
Gotz and Huttner, 2005). These processes allow the progenitors to receive regulatory signals
from the CSF and the meninges (Bjornsson et al., 2015; Lehtinen et al., 2011; Radakovits et al,
2009; Siegenthaler et al., 2009).
Most of the time when RGCs undergo asymmetric division, they do not generate neurons
directly. Instead, they give rise to another progenitor cell type called the intermediate progenitor
cells (IPCs), which express the marker TBR2 (Englund et al., 2005; Franco and Muller, 2013;
Gotz and Huttner, 2005). In contrast to RGCs, IPCs have a multipolar morphology and do not
contact the ventricles or pial surface. They are located on the basal side of RGCs and constitute
the subventricular zone (SVZ). IPCs can undergo one to three round of symmetric division,
expanding the progenitors pool, and eventually terminal differentiation into a pair of neurons
(Franco and Muller, 2013; Gotz and Huttner, 2005; Noctor et al., 2004).
There is another type of progenitors in the VZ called the short neural precursors (SNPs),
which coexist with RGCs. Similar to RGCs, they also have an apical process that contacts the
ventricular surface. But unlike RGCs, they have a short basal process that does not extend all the
way to the pial surface, and they undergo symmetric division to generate neurons directly
(Franco and Muller, 2013; Gal et al., 2006). Yet another type of progenitors is the basal RGCs in
the SVZ, which have a long basal process like RGCs but do not have apical process. They
undergo asymmetric division to self-renew and generate IPCs/neurons. They are much more
abundant in primate brains and are thought to be important for the expansion of the neocortex
(Fietz et al, 2010; Franco and Muller, 2013; Hansen et al, 2010; Lui et al, 2011; Wang et al,
2011).
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The developed mammalian cortex is divided into six layers, each layer contains distinct
neuronal subtypes that send and receive signals to/from different cortical areas and subcortical
structures (Lodato and Arlotta, 2015; Molyneaux et al., 2007). During neurogenesis, the newly
differentiated neurons used the basal processes of the RGCs as scaffold to migrate radially to
their final destination in the cortex. Neurons in the six cortical layers are generated in an “insideout” manner. That is, lower-layer neurons are generated first, and upper-layer neurons that are
generated later migrate through the lower layers to reach their destination (Franco and Muller,
2013; Lui et al, 2011; Noctor et al, 2001). Finally, upon the conclusion of neurogenesis (~E18 in
mice), the RGCs switch to generate astrocytes and oligodendrocytes (Miller and Gauthier, 2007).
Excitatory projection neurons constitute 70 - 80% of all neurons in the cortex. The
remaining 20 – 30% are inhibitory interneurons, which are generated from progenitors in ventral
regions of the telencephalon, mainly the medial ganglionic eminence, caudal ganglionic
eminence and preoptic area. After generation, these interneurons migrate tangentially form the
ventral telencephalon to reach and populate the cortex (Lodato and Arlotta, 2015; Wonders and
Anderson, 2006).

Regulation of neural progenitors and cortical development
Since neural progenitors give rise to almost all the cells in the cortex, they must be tightly
regulated to ensure proper cortical development. Indeed, defects in the self-renewal and
differentiation of neural progenitors lead to neurodevelopmental disorders such as microcephaly
or megalencephaly (Homem et al., 2015; Manzini and Walsh, 2011). The size of the neural
progenitor cell pool, their fate choices (self-renewal vs differentiation) and timing of their
differentiation determine the size of our cortex and the number of neurons in each cortical layer.
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Both cell extrinsic and intrinsic factors play a role in regulating the behaviors of the neural
progenitors.
Extrinsic factors
Signals from multiple sources can regulate the behavior of cortical neural progenitors,
including the meninges, vasculature and CSF. Retinoic acid signaling from the meninges
regulates the differentiation of cortical neurons, an effect that is mediated by the basal end-feet of
RGCs (Chatzi et al., 2013; Siegenthaler et al., 2009). Attachment of the basal end-feet to the
basement membrane of the meninges is also needed for the survival of RGCs (Halfter et al.,
2002; Radakovits et al., 2009). The neurotransmitters GABA and glutamate, possibly coming
from Cajal-Retzius cells and subplate neurons, regulate proliferation of VZ and SVZ progenitors
(Haydar et al., 2000; LoTurco et al., 1995). Soluble signals from the vasculature have been
shown to support the self-renewal of neural progenitors (Shen et al., 2004; Tavazoie et al., 2008).
Another study showed that blood vessels density and thus oxygen availability is lower in the VZ
compared to the more basal SVZ, creating a hypoxic condition in the VZ that inhibits IPCs
differentiation (Mituzani et al., 2016). In the ventral telencephalon, association of progenitors
with the vasculature is also important for the generation of interneurons (Tan et al., 2016).
Reciprocally, neural progenitors can regulate angiogenesis in the embryonic brain via the WNT
signaling pathway (Andreone et al., 2015).
Neural progenitors extend primary cilium into the CSF during development, which
allows them to detect signaling factors in the fluid, such as IGF2, that are important for
maintaining their proliferation (Lehtinen et al., 2011). When Arl13b, a small GTPase enriched in
cilia, is genetically deleted from neural progenitors in mice, there is drastic cortical
malformation. This demonstrates the importance of the primary cilium in cortical development.
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At least part of this effect can be attributed to IGF2 signaling from the CSF, as localization of its
receptor, IGFR1, is disrupted in Arl13b knockout mice (Higginbotham et al., 2013). Another
study in chicks showed that FGF2 in CSF could support proliferation of midbrain progenitors
(Martin et al., 2006). Other signaling factors in the CSF include BMPs, WNTs, SHH and RA.
Many of these factors are derived from the choroid plexuses (ChPs), tissues that secrete CSF into
the brain ventricles (Bjornsson et al., 2015; Johansson et al., 2013; Lehtinen et al., 2011;
Lehtinen and Walsh, 2011; Segklia et al., 2012).
The ChP is made up of an outer layer of epithelial cells surrounding a core of fenestrated
capillaries and connective tissues. It is the primary source of CSF capable of secreting up to 500
ml of CSF per day in the adult human brain. The epithelial cells are joined by tight junctions,
which serve as the blood-CSF barrier. Each brain ventricle contains one ChP. The hindbrain ChP
in the fourth ventricle is the first to develop, beginning at ~E9.5, followed by the pair of
telencephalic ChPs in the lateral ventricles and diencephalic ChP in the third ventricle (Lun et
al., 2015). The hindbrain ChP epithelium is derived from neuroepithelial progenitors in the
rhombic lip (Lun et al., 2015). After formation of the initial hindbrain ChP, it secretes SHH that
stimulates proliferation of adjacent progenitors, which progressively integrate into the
developing ChP (Huang et al., 2009). The telencephalic ChPs are derived bilaterally from
neuroepithelial progenitors located in the medial wall between the lateral ventricles. Its
formation requires BMP signaling from the dorsal midline and WNT signaling form the adjacent
cortical hem (Lun et al., 2015). These extrinsic factors signal downstream to intrinsic
transcription programs that specify the ChP cell fate. For example, high level of BMP signaling
represses LHX2, a transcription factor that suppresses ChP epithelial cell fate and promotes
cortical cell fate (Monuki et al., 2001). Mouse genetic studies have shown that another
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transcription factor, OTX2, is important for development and maintenance of the ChP, and thus
indirectly regulates early CSF composition (Johansson et al., 2013).
Most of the previous studies on CSF are focused on later stages of embryonic
development, after formation of the ChPs. Very little is known about the composition of AF
before neural tube closure and initial CSF just after closure, and how these fluids interact with
the neighboring neuroepithelium in early stages of development.
Intrinsic factors
As mentioned previously, apical neural progenitors (NECs and RGCs) can either undergo
symmetric or asymmetric division, which in turn determines the cell fate of their daughter cells.
It was suggested that the mode of division is determined by the cleavage plane of the cell during
mitosis (Kosodo et al., 2004). When the cleavage plain is vertical and equally bisects the mother
cell, both daughter cells will inherit apical (e.g. PAR3, PAR6) and basal cell fate (e.g. Cyclin
D2) determinants equally and remain as progenitors. On the other hand, if the cleavage plane is
horizontal (or oblique), there will be unequal inheritance of these fate determinants, and only one
daughter cell will remain as apical progenitor whereas the other differentiates (Kosodo et al.,
2004; Costa et al., 2008; Fietz and Hutnner, 2011; Lehtinen and Walsh, 2011; Tsunekawa et al.,
2012).
The cleavage plane of the progenitors, and thus the fate of their daughter cells, is
determined by the orientation of the mitotic spindle. If the mitotic spindle is roughly aligned
along the ventricular surface, then the progenitors undergo vertical cleavage and symmetric
division. On the other hand, if the mitotic spindle is aligned along the apical-basal axis, then the
progenitors undergo horizontal cleavage and asymmetric division (Haydar et al., 2003; Zhong
and Chia, 2008). Multiple factors have been implicated in the regulation of mitotic spindle
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orientation. A study using genetic mouse model showed that the guanine nucleotide exchange
factor (GEF) LFC, promotes apical-basal orientation of mitotic spindle and neurogenesis,
whereas its negative regular TCTEX-1, has the opposite effect (Gauthier-Fisher et al., 2009).
Proteins associated with microtubules (e.g. LIS1, DCX) and centrosome (e.g. ASPM,
CDK5RAP2) also regulate mitotic spindle orientation and cell fate of apical progenitors.
Mutations in these factors have been associated with cortical malformations such as
microcephaly and lissencephaly, thus demonstrating their importance in cortical development
(Fietz and Hutnner, 2011, Manzini and Walsh, 2011).
The inheritance of centrioles can also determine cell fate. In asymmetric division, the
newer centriole is inherited by the differentiating daughter cell whereas the older centriole is
retained by the RGC. Inhibiting the inheritance of the older centriole by RGC would lead to
premature depletion of progenitors (Wang et al., 2009). Interestingly, the primary cilium, which
detects signals in the CSF, is associated with the older centriole and is inherited by the RGC
(Paridaen et al., 2013).
As cortical development proceeds and progenitors switch from symmetric to asymmetric
mode of division, their cell cycle becomes longer due to lengthening of the G1 phase. The
lengthening of G1 phase has been suggested to promote neurogenic cell fate. One hypothesis is
that it allows enough time for neurogenic cell fate determinant to exert its effect, especially in
asymmetric division when one daughter cell receives a smaller amount of the cell fate
determinant (Gotz and Huttner, 2005). Consequently, a number of cell cycle regulators, such as
Cyclin D2 (Glickstein et al., 2009) and P57 (Mairet-Coello et al., 2011), have been shown to
regulate progenitor proliferation, neurogenesis and brain size.
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Epigenetics represents another level of regulation in cortical development. Genetic
deletion of Dnmt1, the DNA methylation maintenance factor, in neural progenitors leads to
hypomethylation and derepression of genes in the JAK-STAT pathway, and premature astroglial
differentiation (Fan et al., 2005). ANKRD11, a chromatin regulator that has been implicated in
autism spectrum disorder, interacts with HDAC3 to regulate histone acetylation and gene
expression in neural progenitors. Deletion of Ankrd11 results in decreased proliferation, reduced
neurogenesis, and abnormal neuronal positioning (Gallagher et al., 2015).
Another well-studied regulator of neural progenitor cell fate is the Notch pathway.
Differentiating IPCs express Notch ligands such as DLL, which activates Notch receptors in the
neighboring RGCs, leading to transcription of Hes family genes and inhibition of proneural
genes such as Ngn2 in the RGCs (Homem et al., 2015). Transcription factors are also important
in regulating cell fate. For instance, EMX promotes symmetric, proliferative cell division
whereas PAX6 promotes asymmetric, neurogenic cell division (Gotz and Huttner, 2005).

MYC family in brain development
Members of the MYC family (c-MYC, N-MYC and L-MYC) are bHLH transcription
factors that play important roles in various aspects of embryonic development, including brain
development. To activate gene transcription, MYC forms a heterodimer with MAX, then binds to
E-box sequences in gene promoters. This leads to the recruitment of histone acetyltransferases,
such as TIP60 and GCN5, acetylation of histones, and subsequent gene transcription. On the
other hand, the MYC-MAX dimer can also repress transcription through its association with
MIZ1 (van Riggelen et al., 2010).
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MYC is important for maintaining progenitor cells in a proliferative phase and thus
important for expanding the progenitor cell pool during development. Therefore, MYC loss of
function often leads to organ malformation with hypoplasia. For instance, N-Myc-deficient mice
are embryonic lethal around E11.5, with hypoplasia in multiple organs including the central
nervous system (Hurlin, 2013). Similarly, c-Myc-deficient mice are smaller in size and lethal
around E10.5, with abnormalities such as delayed development and neural tube defects (Davis et
al., 1993). On the other hand, MYC gain of function would lead to abnormal cell growth and
proliferation. Indeed, c-Myc is one of the most notorious oncogenes, and is frequently
translocated or amplified in multiple types of cancers (Dang, 2012). N-Myc is also amplified in
about 25% of neuroblastoma, and correlates with poor prognosis (Huang and Weiss, 2013).
N-MYC is better studied in the context of neural development, probably because of its
link to neuroblastoma and its more specific expression in the developing nervous system,
whereas c-MYC has a more generalized pattern of expression (Huang and Weiss, 2013).
Conditional N-Myc knockout in neural progenitors using Nestin-Cre severely compromised cell
proliferation, resulting in a twofold decrease in brain mass and disorganized cortex. The
cerebellum even showed a sixfold reduction in mass (Knoepfler et al., 2002). On the other hand,
Nestin-Cre driven c-Myc knockouts have a much less severe phenotype, with 18% reduction in
overall brain mass and no cerebellum defects (Hatton et al., 2006). However, Nestin-Cre mice do
not show strong CRE activity before E10.5 (Knoepfler et al., 2002). It is possible that c-MYC
may play a more important role in earlier stages of neural development that is not detected in
these mouse models. Indeed, c-MYC is expressed in the primitive neuroectoderm at E7.5 and
E8.5 before neural tube closure (Downs et al., 1989).
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What makes c-MYC interesting but also challenging to study is that it binds to and thus
has the potential to regulate transcription of at least 15% of the genome (van Riggelen et al.,
2010). Two back to back papers published in 2012 even suggested a new model in which c-MYC
acts as a transcription amplifier of all active genes (Lin et al., 2012; Nie et al., 2012). Therefore,
c-MYC is capable of regulating a broad spectrum of genes, including genes involved in cell
cycle, metabolism, and protein biosynthesis (Eilers and Eisenman, 2008).

Regulation of ribosome biogenesis and protein synthesis by c-MYC
The ribosome is the core machinery needed for protein synthesis, and is composed of 79
ribosomal proteins (RPs) and four ribosomal RNAs (rRNAs). The 47S rRNA precursor is
transcribed by RNA polymerase I (pol I) in the nucleolus, and then cleaved into 18S, 5.8S and
28S rRNAs, whereas the 5S rRNA is transcribed by RNA pol III in the nucleoplasm. Like other
protein encoding genes, RP genes are transcribed by RNA pol II in the nucleoplasm, the RP
mRNAs are then exported to the cytoplasm for translation. Synthesized RPs are then imported
back into the nucleus, where together with the rRNAs, assembled into the 60S large and 40S
small ribosomal subunits. Finally, the ribosomal subunits are exported to the cytoplasm, where
they form the translation machinery with mRNA, tRNAs and translation initiation and elongation
factors (Lafontaine 2015; van Riggelen et al., 2010; Xue and Barna, 2012). c-MYC regulates the
transcription of many genes that are involved in ribosome biogenesis and protein synthesis,
including genes encoding RPs, rRNAs, tRNAs, translation factors and genes needed for rRNA
processing (e.g. Ncl, Npm1, van Riggelen et. al., 2010). Therefore, c-MYC is considered as a
master regulator of the protein synthesis pathway.
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Even though every cell needs ribosomes to synthesize proteins, the expression of
individual RPs and the rate of protein synthesis can be highly variable among different cell types
(Shi and Barna, 2015). Kondrashov et al. (2011) showed that different RPs are differential
expressed in different tissues during embryogenesis, with particularly high expression in
embryonic stem cells. In the drosophila ovary, the rate of ribosome biogenesis and protein
synthesis also changes with germline stem cells differentiation (Sanchez et al., 2016). Another
study showed that adult haematopoietic stem cells have lower rate of protein synthesis compared
to more restricted hematopoietic progenitors (Signer et al., 2014). Therefore, it is apparent that
protein synthesis is not constant across different cell types, but depends on the specific
requirement of each cell. For instance, rapidly proliferating cells tend to synthesize more proteins
than terminally differentiated cells (Buszczak et al., 2014). In the most extreme case of
uncontrolled cell proliferation – cancer, more ribosomes and higher rate of protein synthesis are
needed to support the proliferation. Indeed, enlargement of the nucleoli, where rRNA is being
transcribed and processed, is a well established hallmark of cancer and was first observed more
than 100 years ago (Silvera et al., 2010). Increased expression of individual RPs has been
associated with certain tumor types. Mutations in some RP genes cause genetic disorders that are
associated with increased risk of tumorigenesis, such as Diamond-Blackfan anemia (van
Riggelen et al., 2010).
It has been shown that c-MYC regulates protein synthesis during embryogenesis and
tumorigenesis. For instance, inhibition of c-MYC in blastocyst stage embryos induced them to
enter a diapause-like dormant state with reduced protein synthesis (Scognamiglio et al., 2016). In
a c-Myc overexpressed mouse model with elevated protein synthesis, haploinsufficiency of
Rpl24 or Rpl38 can restore protein synthesis to normal level and delay/inhibit tumor
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development (Barna et al., 2008). This shows that c-MYC induced protein synthesis can causally
drive tumorigenesis. Of course there are other pathways, such as the mTORC1 pathway, that
regulates protein synthesis, and there are cross-talks between c-MYC and these pathways. For
example, c-MYC can enhance protein synthesis in cancers not only by transcription control, but
also by activating mTOR dependent phosphorylation of 4EBP1 (Pourdehnad et al., 2013).

Conclusions
The development of a simple layer of neuroepithelial progenitors in the primitive neural
plate into a vast variety of interconnected cells in the mature brain is a highly regulated process.
For instance, a balance between self-renewal and differentiation in the neural progenitors is
essential to normal corticogenesis. Neural progenitors are regulated by both extrinsic signaling
factors from the CSF, vasculature, meninges, etc., and also intrinsic factors such as cell fate
determinants, cytoskeleton, cell cycle genes, epigenetic and transcription factors. However, most
of the previous studies have been focusing on later stages of cortical development. Very little is
known about the composition of the AF/CSF, how it interacts with the neuroepithelium, and the
corresponding changes in neural progenitors at the time of neurulation. Also, even though it is
known that c-MYC is expressed in the neural progenitors prior to E10.5, it is unclear what role it
is playing. Is it important for regulating cell proliferation and protein synthesis, just like in other
systems? What would happen if its expression is disrupted? I sought to answer the above
questions in my Ph.D. research.
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SUMMARY
After neural tube closure, amniotic fluid (AF) captured inside the neural tube forms the nascent
cerebrospinal fluid (CSF). Neuroepithelial stem cells contact CSF-filled ventricles, proliferate
and differentiate to form the mammalian brain, while neurogenic placodes, which generate
cranial sensory neurons, remain in contact with the AF. Using in vivo ultrasound imaging, we
quantified the expansion of the embryonic ventricular-CSF space from its inception. We
developed tools to obtain pure AF and nascent CSF, before and after neural tube closure, and
define how the AF and CSF proteomes diverge during mouse development. Using embryonic
neural explants, we demonstrate that age-matched fluids promote Sox2-positive neurogenic
identity in developing forebrain and olfactory epithelia. Nascent CSF also stimulates Sox2positive self-renewal of forebrain progenitor cells, some of which is attributable to LIFR
signaling. Our resource should facilitate the investigation of fluid-tissue interactions during this
highly vulnerable stage of early brain development.
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INTRODUCTION
Morphogenesis of the cerebrospinal fluid (CSF)-filled ventricular system requires a series
of highly stereotyped, conserved events (Bjornsson et al., 2015; Lowery and Sive, 2009;
Massarwa and Niswander, 2013; Wilde et al., 2014). Tremendous changes in ambient fluid
composition and brain morphology occur at embryonic day (E) 8.5-E10.5 in the mouse embryo,
yet the relationship between these changes is poorly understood. At E8.5, the neuroectoderm
destined to become the mammalian brain is exposed to amniotic fluid (AF). As the anterior
neural tube closes, the AF captured inside the neural tube becomes the nascent CSF, and the
entire mammalian brain subsequently develops around CSF-filled ventricular spaces (Ek et al.,
2005; Zappaterra and Lehtinen, 2012). Subsequently, the neurogenic placodes that give rise to
cranial sensory neurons (Moody and LaMantia, 2015) remain exposed to AF, while the
developing brain is exposed to CSF. As brain development progresses, the forebrain
neuroectoderm consists of neuroepithelial cells that rapidly divide to expand the neural
progenitor cell pool (Bjornsson et al., 2015). Over subsequent days, the neuroepithelium
becomes patterned, with well-defined gene expression domains along the anterior-posterior and
dorsal-ventral axes, ultimately giving rise to the wealth of cells in distinct regions of the
mammalian brain (Grove and Monuki, 2013; Rallu et al., 2002a). The progressive lineage
restriction of neural progenitors and transition to radial glial progenitors of the cerebral cortex
occurs during this period. While pressurization of the ventricles is essential for normal brain
development to proceed (Desmond and Jacobson, 1977; Lehtinen and Walsh, 2011), little is
known about the signals delivered by the AF versus nascent CSF and whether they instruct the
development of adjacent epithelia during these early stages of brain development.
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Cell intrinsic genetic programs regulate progenitor cell lineage restriction (Shen et al.,
2006). However, extrinsic signals play important roles in specifying progenitor identity as well
(Hunter and Hatten, 1995; LaMantia et al., 1993; McConnell and Kaznowski, 1991). The
interplay between genetic programs (Manzini and Walsh, 2011; Shen et al., 2006), CSF
(Lehtinen et al., 2011; Lun et al., 2015b), meningeal (Chatzi et al., 2013; Siegenthaler et al.,
2009), and vascular (Kokovay et al., 2010; Shen et al., 2004; Tavazoie et al., 2008) signals help
coordinate and synchronize brain development at later ages. At these later stages, secreted
signals in the embryonic CSF (Lehtinen et al., 2011), many of which originate from the choroid
plexus (Huang et al., 2009b; Lun et al., 2015a; Yamamoto et al., 1996), instruct the proliferation
and survival of polarized radial glial progenitor cells as well as adult neural stem cells, in part via
signal transduction at the cilium (Higginbotham et al., 2013; Tong et al., 2014; Yeh et al., 2013).
Proteomic approaches have begun to characterize the composition of the CSF during later stages
of development in different species (e.g. Chang et al., 2015; Dziegielewska et al., 1981; Lehtinen
et al., 2011; Lun et al., 2015a; Parada et al., 2005; Zappaterra et al., 2007), as well as in adult
(e.g. Dislich et al., 2015). However, around the time of neural tube closure (E8.5-E10.5), the
choroid plexus does not exist (Lun et al., 2015b), and the meninges as well as the brain’s
vasculature are only beginning to form (Bjornsson et al., 2015). The only source of soluble
extrinsic cues for neural stem cells at this time is the AF and nascent CSF, which contact the
apical surface of all neural stem cells. Nevertheless, it is not known whether distinct AF and
nascent CSF instruct early neuroepithelial cells and very few clues exist regarding the identity of
such instructive signals. Indeed, even the basic proteomic composition of early embryonic AF
and nascent CSF remains undefined.
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To provide a resource to formulate and answer critical questions of how early neural stem
cells in the central as well as peripheral nervous system are regulated by the adjacent fluid
proteomes, we developed techniques to collect AF and nascent CSF from developing embryonic
mouse before and after neural tube closure. We demonstrate the dynamic capacity of these fluids
to signal via cardinal morphogenetic signaling pathways including Sonic hedgehog (Shh), Bone
morphogenetic proteins (Bmps), and retinoic acid (RA). Using quantitative mass spectrometry
(MS) of these fluids, we define their progressive proteomic differentiation from their common
AF origin at E8.5, through E10.5 and E14.5 when distinct AF and CSF compartments exist. We
developed a neural explant culture system to establish that age-matched fluid-tissue interactions
promote Sox2-positive neurogenic identity in developing forebrain neuroepithelium as well as
peripheral olfactory epithelium. Nascent CSF promotes Sox2-positive self-renewal of forebrain
neural stem cells, and we demonstrate a role for signaling via the LIFR in this process. Thus, our
comprehensive resource defines divergence between the AF and CSF proteomes and validates
the functional significance of these differences using in vitro and ex vivo approaches, facilitating
the investigation of fluid-tissue interactions during the initial formation of the nervous system.
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RESULTS
Rapid morphological changes in brain-ventricular system during early development
In the vertebrate embryo, the transition from an open anterior neural plate contacted by
AF to a closed forebrain adjacent to CSF-filled ventricles is a key morphogenetic event in brain
development. At E8.5 in mouse, the neuroectoderm, which is home to Sox2-positive
neuroepithelial cells, directly contacts the AF (Figure 2.1A). As the anterior neural tube closes,
the AF captured inside the neural tube becomes the nascent CSF (Ek et al., 2005; Zappaterra and
Lehtinen, 2012). By E9.5, Sox2-positive neuroepithelial progenitor cells in the developing
forebrain directly contact the CSF (Figure 2.1A), and the forebrain continues to expand around
this CSF-filled ventricle (Figure 2.1A). To evaluate the influence of these morphogenetic
changes for defining the CSF as a distinct entity, we performed in utero ultrasound imaging of
live embryos (Figure 2.1B) and quantified regional differences in the establishment and
expansion of the ventricular system during this early phase of brain development (Figures 2.1C
and 2.1 D). Following neural tube closure at E9, the lateral ventricles continuously expanded
until E12.5 (E9.5: 0.092 ± 0.015 µl; E12.5: 1.392 ± 0.193 µl; t-test, p < 0.005, n=3; Figures 2.1C
and 2.1D), while third and fourth ventricle expansion was most prominent between E9.5-E10.5
(Figures 2.1C and 2.1D). Ventricular volume in live embryos was quite distinct from that
measured in fixed tissue in a separate set of samples. Paraformaldehyde fixation caused
shrinkage of the ventricles by approximately 60% (data not shown). Taken together, following
its definition with the closure of the anterior neural tube, the mouse ventricular system undergoes
dynamic morphological changes in a ventricle-specific manner.
Age-matched AF and CSF support neurogenic cell fate
Given the striking change in fluid environment that neural tube closure imposes on the
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Figure 2.1 Expansion of the mouse ventricular system following neural tube closure. (A)
Sox2-positive neuroepithelial cells (green) contact the AF before neural tube closure at E8.5 (left
panel), and the nascent CSF following neural tube closure at E9.5 (middle panel) and E10.5
(right panel). Nuclei counterstained with Hoechst. Scale bars: 50µm (left panel); 200µm (middle,
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Figure 2.1 (Continued)
right panels). (B) Representative ultrasound images of developing mouse (E8.5-E12.5). Dashed
white line (left panel) outlines embryo. Scale bar: 2mm. (C) 3D reconstruction of ventricular
system from ultrasound images sequences captured in (B) from E9.5-E12.5 with the following
color representation: turquoise: lateral ventricles; yellow: third ventricle and aqueduct; dark blue:
fourth ventricle. (D) Quantification of ventricle size based on 3D reconstructions of ultrasound
image sequences (B, C, data not shown; ventricular volume (µl) represented as mean ± SEM:
Lateral ventricles: E9.5 = 0.09 ± 0.02; E10.5 = 0.77 ± 0.12; E11.5 = 0.83 ± 0.07; E12.5 = 1.39 ±
0.19; E13.5 = 1.08 ± 0.05; Third ventricle and aqueduct: E9.5 = 0.31 ± 0.03; E10.5 = 1.48 ±
0.37; E11.5 = 1.33 ± 0.15; E12.5 = 1.40 ± 0.11; E13.5 = 1.16 ± 0.03; Fourth ventricle: E9.5 =
0.54 ± 0.04; E10.5 = 1.63 ± 0.22; E11.5 = 1.36 ± 0.06; E12.5 = 1.27 ± 0.27; E13.5 = 0.50 ± 0.14;
Total ventricular volume: E9.5 = 0.94 ± 0.04; E10.5 = 3.92 ± 0.70; E11.5 = 3.51 ± 0.16; E12.5 =
4.06 ± 0.06; E13.5 = 2.74 ± 0.09; n = 3; ANOVA statistical analyses of total ventricular volume
represented as (*) p < 0.05 and (***) p < 0.0001; n=3).
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developing neuroectoderm, we tested if E8.5 AF and E10.5 CSF have the capacity to
differentially instruct neuroepithelial cell fate before and after neural tube closure. We first
developed methods to collect pure samples of AF and CSF at these early ages. To collect E8.5
AF, the decidua and parietal yolk sac were removed to expose the visceral yolk sac, and AF was
withdrawn from the amniotic cavity (Figure 2.2A). The E8.5 embryo did not appear to incur
damage due to AF collection (Figures S4A and S4B). AF was similarly collected from the
amniotic cavity at E10.5 (Figure 2.2B). To collect E10.5 CSF, the extra-embryonic membranes
were removed and CSF was withdrawn from the telencephalic vesicles, aqueduct, and fourth
ventricle (Figure 2.2C). Following fluid collection, samples were verified for purity (based upon
absence of red blood cells or other particulate matter) and processed (Zappaterra et al., 2013).
Standard litters (10-12 embryos) yielded the following volumes: E8.5 AF = 10-15µl; E10.5 AF =
180-225µl; E10.5 CSF = 30-40µl. CSF yield was comparable to the ventricular size calculated by
ultrasound (e.g. E10.5 ventricular volume = 3.9 ± 0.7µl/embryo; Figures 2.1D).
We then developed a protocol for forebrain neuroectodermal explants at E8.5 and E10.5
and tested for the instructive capacity of AF and nascent CSF. Once the neuroepithelium was
separated from mesenchyme and surface ectoderm (both are sources of local signals that might
confound assessment of AF or CSF signaling capacity: LaMantia et al., 2000; Tucker et al.,
2008), explants were exposed to AF or CSF from different ages (Figure 2.2D). Heterochronic
forebrain neuroectodermal explants using Sox2:EGFP knock-in mice (Ellis et al., 2004)
suggested that progenitor cell identity is differentially regulated by secreted signals received
from E8.5 AF vs. E10.5 CSF. Survival as well as the neurogenic phenotype of immature
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Figure 2.2 Heterochronic explants show tissue-fluid age matching promotes Sox2-positive
progenitors. Schematics of (A) E8.5 AF collection; (B) E10.5 AF collection; (C) E10.5 CSF
collection; (D) Heterochronic forebrain neuroectodermal explant dissections: isolated
neuroepithelium (dashed line) placed on membrane with ventricular surface down contacting AF
or CSF. (E) E8.5 explants grown on E8.5 AF or E10.5 CSF. Sox2:EGFP suggests age-matched
fluid best supports neural stem cell identity (E8.5 explant with E8.5 AF [n=8] or with E10.5 CSF
[n=8]). (F) qPCR of explants cultured as in (E) suggest that E8.5 AF more favorably supports
E8.5 explants compared to E10.5 explants. (E8.5 AF = 1.63 ± 0.49; E10.5 CSF = 1.00; n=3 of 4
pooled explants each, p = n.s., Mann-Whitney). Two experiments (n=2) of 4 pooled explants
each were excluded from statistical analyses. While E8.5 AF supported these E8.5 explants, the
experiments had undetectable Sox2 expression in the E10.5 CSF condition, suggesting a role for
age-matched AF and CSF in cell survival and demonstrating experimental variability at this age
(see also Discussion). (G) E10.5 explants grown on E8.5 AF [n=9] or with E10.5 CSF [n=11].
Note increased GFP expression for age-matched CSF vs. non-age-matched CSF experiments.
(H) qPCR of explants cultured as in (G) show that E10.5 CSF more favorably promotes Sox2
expression in E10.5 explants compared to E8.5 AF (E8.5 AF = 1.00; E10.5 CSF = 1.80 ± 0.29;
n=3 of 4 pooled explants each, p < 0.05, Mann-Whitney). See also Figure S4.
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Figure 2.2 (Continued)
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neuroectodermal cells at E8.5, as assessed by Sox2:EGFP in explants, appeared optimally
supported by age-matched E8.5 AF (Figures. 2.2E and 2.2F). Conversely, E10.5 CSF optimally
supported E10.5 neuroectodermal cells (Figures 2.2G and 2.2H). These data demonstrate that
compartment/fluid/tissue age-matching—either via changes in osmolality or through distinct
signaling capacities—contributes to the maintenance of neurogenic progenitor cell fate.

Dynamism of AF and CSF, and age-dependent instructive capacities of AF
There is very little insight into the quantitative changes in soluble factors that occur
during the time that the CSF becomes a distinct fluid compartment from the AF. Measurement of
the total protein concentration in AF and nascent CSF suggested that the proteomes of these
fluids are tightly regulated. The total AF and CSF protein concentrations started to decrease from
E8.5-E10.5 (Figure 2.3A), and the total AF protein concentration continued to decrease to E14.5
(Figure 2.3A). In contrast, the total CSF protein concentration sharply increased from E10.5E14.5 (Figure 2.3A), consistent with previous studies (Ek et al., 2005; Lun et al., 2015a).
Unexpectedly the E14.5 CSF proteome appeared less complex in comparison with E8.5 AF and
E10.5 CSF when analyzed by silver staining (Figure 2.3B). The increase in E14.5 CSF protein
concentration was apparently due to robust increases in certain proteins, such as albumin, which
appeared saturated by silver staining (Figure 2.3B) and which we verified by quantitative MS to
increase approximately two-fold between E10.5 CSF to E14.5 CSF (albumin mean spectral
counts ± SEM: E10.5 CSF = 97.1 ± 16.6; E14.5 CSF = 201.6 ± 23.6; Mann-Whitney, p<0.05,
n=3; see also Table S1).
As the ventricular system expands during the course of early development, the CSF
draws fluid from the AF, a process suggested to be driven in part by an osmolarity gradient
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Figure 2.3 Early AF and CSF undergo dynamic changes, and age-matched AF supports
olfactory placode development. (A) Total protein concentration of AF decreases from E8.5 –
E14.5; total CSF protein concentration increases from E10.5-E14.5 (mean protein concentration
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Figure 2.3 (Continued)
[mg/ml] ± SEM: E8.5 AF = 1.99 ± 0.06; E10.5 AF = 1.73 ± 0.13; E10.5 CSF = 1.70 ± 0.14;
E14.5 AF = 1.51 ± 0.05; E14.5 CSF = 2.73 ± 0.26; n = 4 for all except E10.5 CSF, n=5;
ANOVA; (*) p < 0.05 (***) p < 0.0001). (B) Silver stain of 1 µl AF or CSF suggests highest
protein complexity in E8.5 AF. Asterisks denote representative proteins enriched in E8.5 AF
(red) or E14.5 CSF (green). (C) Osmolality of CSF decreases from E8.5-E10.5, and then
increases. Osmolality of AF decreases from E8.5-E14.5 (mean osmolality [mOsm/Kg] ± SEM:
E8.5 AF = 303.0 ± 3.0 (n=3); E10.5 AF = 296.8 ± 2.2 (n=5); E10.5 CSF = 293.4 ± 4.4 (n=5);
E12.5 AF = 292.5 ± 2.5 (n=4); E12.5 CSF = 297.0 ± 5.3 (n=3); E14.5 AF = 293.7 ± 1.2; E14.5
CSF = 298.0 ± 1.5; n=3; ANOVA, p < 0.05). Osmolality of E14.5 CSF is higher compared to
E14.5 AF (t-test, (*) p < 0.05). (D) Schematic of E10.5 olfactory epithelium dissections: pairs of
bilateral olfactory epithelial explants (denoted by dashed lines) placed on porous membrane
contacting the AF. (E) E10.5 olfactory epithelial explants grown on E8.5 or E10.5 AF.
Sox2:EGFP shows age-matched fluid most favorably supports neural stem cell identity (n=4).
(F) qPCR of E10.5 OE explants cultured as in (E) show E10.5 AF more favorably promotes Sox2
expression in E10.5 OE explants compared to E8.5 AF (E8.5 AF=1.00; E10.5 AF = 1.78 ± 0.32;
n=3 of 4 pooled explants each, p < 0.05, Mann-Whitney).
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(Alonso et al., 1998; Gato and Desmond, 2009). Despite the changes observed in total protein
concentration between the fluids (Figure 2.3A), we did not detect differences in global
osmolality between AF and CSF during this time frame (Figure 2.3C). These data agree with the
model in which high colloid osmotic pressure, which typically constitutes a small fraction of the
total osmotic pressure and is generated locally by individual or groups of proteins, drives
ventricular expansion (Ek et al., 2005).
We next tested if the AF, like the CSF, harbors instructive signaling activities for
adjacent tissues. We asked whether a cranial neurogenic placodal epithelium, where neural stem
cells for peripheral neurons are established and maintained (Moody and LaMantia, 2015),
depends selectively on the signaling capacity of the AF, which contacts these structures. We
developed an E10.5 olfactory placode explant culture system (Figure 2.3D), which gives rise to
the olfactory sensory neurons and which under normal conditions directly contacts the E10.5 AF.
The neurogenic phenotype of developing E10.5 olfactory epithelial cells was optimally
supported by E10.5 AF vs. E8.5 AF, as assessed by Sox2:EGFP (Figures 2.3E and 2.3F), and
the lateral to medial patterning of Sox2 (Rawson et al., 2010; Tucker et al., 2010) was also
optimally maintained in the presence of E10.5 AF. These data demonstrate that the AF can
regulate cranial placode neuroepithelial cells in an age- and tissue-specific manner.

Quantitative proteomic analyses reveal dynamic transition from AF to CSF
To characterize the differentiating CSF proteome as it emerges from E8.5 AF, we
performed quantitative MS using label-free spectral counts on E8.5 AF, E10.5 CSF, and E14.5
CSF. Consistent with the silver staining results (Figure 2.3B), E8.5 AF had the most complex
proteome (764 proteins identified), followed by E10.5 CSF (504 proteins), while E14.5 CSF had
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the least complex proteome (410 proteins) (Figures 2.4A and 2.4B, Table S1). All three fluid
compartments shared 225 proteins (e.g. Apoa4, Fstl1) (Figures 2.4A and 2.4B, Table S1).
Beyond these shared constituents, we found 383 proteins exclusive to E8.5 AF (e.g. Eef1g,
Rpl6), whereas 126 and 32 were exclusive to E10.5 CSF (e.g. Actg1, Efnb2) and E14.5 CSF (e.g.
Blbp/Fabp7, Cdh13), respectively (Figures 2.4A and 2.4B, Table S1).
Unsupervised clustering using GProX (Rigbolt et al., 2011) partitioned the proteomes
into six individual clusters with distinct temporal expression patterns as the fluids diverged from
E8.5 AF (Figure 2.4C, Table S1). Cluster 1 consisted of 452 proteins that were more abundant
at E8.5 AF than at later stages. Enrichment analysis using DAVID webtool (Huang et al., 2008;
Huang et al., 2009a) showed that ribosomal proteins and other proteins involved in translation
constituted the most enriched class of proteins in cluster 1 (Figure 2.4D, Table S1). The early
neuroepithelium releases membrane particles (Marzesco et al., 2005). Consistent with these
findings, immunostaining analyses of some ribosomal protein subunits suggested to be enriched
in E8.5 AF based on our MS analyses (e.g. Rps12 and Rpl11) were expressed in the E8.5
neuroepithelium at higher levels than in the E10.5 neuroepithelium (Figures S4C and S4D),
strongly suggesting that ribosomal protein content in E8.5 AF arises from normal membrane
shedding that occurs during this age. Cluster 2 (181 members) represented proteins that were
more abundant in E10.5 CSF than in E8.5 AF and E14.5 CSF. The most enriched class within
cluster 2 was glycoproteins (Figure 2.4D, Table S1), many of which were membrane proteins
(e.g. cadherins, prominin1) and extracellular matrix (ECM) proteins (e.g. collagens, laminins,
reelin), likely reflecting the active proliferation and membrane shedding of the neuroepithelium
at E10.5. Supporting these data, KEGG pathway analysis of cluster 2 showed that ECM-receptor
interaction (p-value = 5.89 x 10-9) and focal adhesion (p-value = 6.84 x 10-6) were the two most
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Figure 2.4 Mass spectrometry reveals dynamic changes in CSF proteome as it differentiates
from E8.5 AF to E14.5 CSF. (A) Heatmap of normalized spectral counts reveals differential
protein availability between E8.5 AF, E10.5 CSF and E14.5 CSF. Unsupervised hierarchical
clustering grouped the three biological replicates of each fluid together. Each replicate contains
30µg total CSF protein pooled from multiple embryos. Spectral counts were scaled such that for
each protein, the sample with the highest spectral count is set as one. Grey indicates undetected
protein (i.e. 0 spectral counts). Proteins with peptides detected in at least two samples were
included in the heatmap. (B) Total of 961 proteins were identified across all samples. Venn
diagram depicts numbers of proteins exclusive to or shared between distinct fluid compartments.
(C) Unsupervised clustering using GProX partitioned proteins into 6 clusters, revealing different
temporal expression patterns for each cluster. Number of proteins in each cluster (n) is indicated
above each graph. 33 proteins showed less than two-fold difference in availability between the
fluids, and were not included in clustering. Membership indicates how well proteins fit into the
general profile of cluster. (D) Functional annotation clustering of proteins in GProX clusters 1, 2
and 3 using DAVID. The top five enriched functional clusters are shown. (E) Proteins in GProX
cluster 2 that are members of the axon guidance pathway were subjected to network analysis
using GeneMania (Warde-Farley et al., 2010). Green nodes represent proteins members of
cluster 2, whereas grey nodes represent related proteins. Lines connecting the nodes denote the
relationship between the proteins. See also Table S1 and Figure S4.
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Figure 2.4 (Continued)
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enriched pathways within this cluster (Table S1). The third most enriched pathway was axon
guidance (p-value = 4.03 x 10-5, Table S1), with members such as semaphorins, ephrin
receptors, ephrin-B2, and Dcc (netrin-1 receptor) (Figure 2.4E, Table S1), reflecting the active
cellular movement in the embryo at this age. Whether these activities have active roles in
instructing migration, as has been suggested for CSF-Slit in adult (Sawamoto et al., 2006),
remains to be determined. A number of proteins involved in canonical signaling pathways,
including Bmp1, Mstn, Dkk3, and Tgfbr3, were also found in cluster 2 (Table S1),
demonstrating that these activities are already present in E10.5 CSF, before the development of
the choroid plexus. The availability of these proteins was downregulated by E14.5, suggestive of
roles in early brain development. Cluster 3 (87 members) represented proteins enriched in E14.5
CSF, and the most enriched class within this cluster was proteins with immunoglobulin domains.
Taken together, these data demonstrate that the AF-to-CSF transition during neural tube closure
is accompanied by dynamic changes in protein availability and putative functions.

Canonical signaling activities in AF and CSF
A number of canonical signals (e.g. Shh, Bmps, and RA) act on neural stem cells in the
developing brain during the time when the CSF becomes a distinct fluid compartment (Wilde et
al., 2014), and we found that these activities are tightly regulated in the nascent CSF during this
time frame. First, from our MS analysis, the non-canonical Shh receptors, Boc and Gas1, were
detected in E10.5 CSF (Table S1). Consistent with these data, CSF-Shh, quantified by ELISA,
peaked in E10.5 CSF (Figure 2.5A). The fourth ventricle choroid plexus secretes Shh into the
CSF at later ages (Huang et al., 2010; Lun et al., 2015a); however, the choroid plexi have not yet
developed at E10.5. Shh enrichment in the nascent CSF supports a model in which secretion of
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Figure 2.5
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Figure 2.5 Canonical signaling activities present in AF and nascent CSF. (A) Shh levels
measured in E8.5 AF, E10.5 CSF, and E14.5 CSF by ELISA peaked in E10.5 CSF (mean Shh
concentration [pg/ml] ± SEM: E8.5 AF = 31.13 ± 4.34; E10.5 CSF = 197.58 ± 12.71; E14.5 CSF
= 70.68 ± 14.25). (B) P-SMAD 1/5/8/-positive staining progenitor cells along ventricular surface
of E8.5 (left panel) and E10.5 (right panel) forebrain (arrows). Inset: high magnification image.
VZ

Nuclei counterstained with Hoechst. (C) Bmp activity measured CSF
in E8.5 AF, E10.5 CSF, and
E14.5 CSF as luciferase signal in clonally derived Bmp-sensitive cell line. Responses were
compared to linear responses generated by pure Bmp4 (ng/ml) in the same cell line (data not
shown). Overall Bmp activity decreases in nascent CSF (mean Bmp activity + SEM: E8.5 AF =
0.05 + 0.02; E10.5 CSF = 0.001 + 0.002; E14.5 CSF = 9.9x10-5 + 3.4x10-5; E8.5 AF vs. E10.5
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Figure 2.5 (Continued)
CSF, t-test, p < 0.05; E10.5 CSF vs. E14.5 CSF, t-test, p < 0.01; data represent duplicate runs of
biological replicates, n=3, from E8.5 AF and E14.5 CSF and n=2 for E14.5 CSF). (D) Retinoic
acid (RA) activity measured in E8.5 AF, E10.5 CSF, and E14.5 CSF as luciferase signal in
clonally derived RA-sensitive cell line. Responses were compared to linear responses generated
by pure RA in the same cell line (data not shown). Overall RA activity increases in E14.5 CSF
(mean RA activity + SEM: E8.5 AF = 12.3 + 2.0; E10.5 CSF = 15.3 + 3.4; E14.5 CSF = 33.4 +
7.4; t-test, p < 0.01; n=3; data represent duplicate runs of biological replicates, n=3, at each age.
(E) RA indicator mice at E8.5 (left panel) with open neural tube and E10.5 (right panel) with
closed neural tube. Arrows: presumptive, developing forebrain. RA signaling is not detected in
the forebrain neuroectoderm of the open neural tube at E8.5. Signaling in the somites and spinal
cord reflects local RA production by the somites (Stavridis et al., 2010; Vermot et al., 2005). At
E10.5, RA signaling activity in the forebrain and head is modest, confined to the ventro-lateral
forebrain, eye and nose, all reflecting local neural crest mesenchyme sources of RA (Haskell and
LaMantia, 2005; LaMantia et al., 1993).
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signals from cells adjacent to the ventricles, and/or diffusion of signals from surrounding tissues
(e.g. floor plate), contribute to the CSF proteome, akin to secretion of Sema3B into the CSF in
the spinal cord (Arbeille et al., 2014).
Previous studies have demonstrated activation of Bmp signaling in apical progenitor cells
along the length of the dorsal telencephalic ventricular surface (Doan et al., 2012; Lehtinen et al.,
2011), and we found Bmp signaling activity to change dynamically in the nascent CSF. Bmp4
availability measured by ELISA showed a trend to increase from E8.5 AF to E14.5 CSF, but was
not significant (mean Bmp4 [nmol/ml] ± SEM: E8.5 AF = 745.1 ± 111.7; E10.5 CSF = 941.6 ±
201.4; E14.5 CSF = 1018.3 ± 231.4; n=3, not significant). We observed progressively increased
phospho-SMAD1/5/8-positive staining cells along the ventricular surface during neurulation
(mean forebrain phospho-SMAD1/5/8 frequency/mm ± SEM: E8.5 = 28.0 ± 1.6 [n=8]; E9.5 =
75.3 ± 3.2 [n=5]; E10.5 = 83.0 ± 2.9 [n=6]; E8.5 vs. E9.5, t-test, p < 0.0001; E9.5 vs. E10.5, ttest, p < 0.05 and Figure 2.5B), suggesting that these cells have the ability to transduce Bmp
signals from the AF and CSF. In contrast, overall Bmp activity progressively decreased from
E8.5 AF to E14.5 CSF, as revealed by a luciferase-based assay in a Bmp-sensitive cell line
(Figure 2.5C). Finally, retinoic acid (RA) activity was similarly low between E8.5 AF and E10.5
CSF, and increased by E14.5 (Figure 2.5D), after choroid plexus formation, consistent with a
requirement during initial neural tube formation to “protect” the anterior neural plate from the
posteriorizing influence of RA (Durston et al., 1989), followed by increased RA signaling in
more mature forebrain neural stem cells (Figure 2.5E) (Haskell and LaMantia, 2005; LaMantia
et al., 1993; Lehtinen et al., 2011; Siegenthaler et al., 2009). Together, these data show that
signaling activities with established roles in brain development are dynamically available in the
AF and nascent CSF and parallel changes in signaling in the neural progenitors.
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Nascent CSF supports progenitor self-renewal
We next asked if these distinct, dynamic AF and CSF proteomes could be mined as a
resource for signaling activities that might influence neural stem and progenitor progression.
Proteomic analyses revealed the dynamic availability of many receptors from E8.5 AF-E14.5
CSF (e.g. TGFβ, EGFR, LIFR, representative of 41 proteins annotated as receptors by DAVID;
Figures S5A - S5C, Table S1). For example, availability of the Leukemia inhibitory factor (LIF)
receptor (LIFR) declined during the course of AF to CSF fluid maturation (LIFR mean spectral
counts ± SEM: E8.5 AF = 14.8 ± 1.2; E10.5 CSF = 7.8 ± 2.8; E14.5 CSF = not detected, n=3;
Figure S5C, Table S1). While LIFR was not detected by MS in E14.5 CSF, immunoblotting
revealed bands consistent with some LIFR availability in E14.5 CSF (Figure S5D). Soluble
LIFR binds LIF and can inhibit its biological activity (Layton et al., 1992; Tomida, 2000). These
observations suggest that neural tube closure could decrease access of an inhibitory factor into
the CSF.
The LIF signaling pathway represents one compelling example of signaling activity in
AF and nascent CSF. LIF regulates Sox2 expression in stem cells (Foshay and Gallicano, 2008;
Niwa et al., 2009; Onishi and Zandstra, 2015; Pitman et al., 2004; Shimazaki et al., 2001). LIF
also stimulates neural progenitor proliferation (Hatta et al., 2002) and influences cell fate at later
developmental stages (Onishi and Zandstra, 2015). Thus, we tested if CSF-LIF mediated
signaling regulates neural stem cells following neural tube closure. We observed membraneassociated LIFR and phospho-STAT3 in P-Vimentin-positive apical progenitor cells at E10.5
(Figures 2.6A and 2.6B). In agreement with a previous report showing LIF availability in the
CSF at E11 (Hatta et al., 2006), we detected LIF-reactive bands in E10.5 CSF treated with the
deglycosylating enzyme PNGase F (Figure 2.6C). Direct injection of recombinant LIF into
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Figure 2.6 Nascent CSF promotes signaling and self-renewal in progenitor cells. (A) E10.5
forebrain shows P-STAT3 (red) activity in P-Vimentin-positive (green) progenitor cells along
ventricular surface. Nuclei counterstained with Hoechst. (B) Higher magnification images of
E10.5 forebrain show LIFR (red) expression in P-Vimentin-positive (green) progenitor cells
along ventricular surface. Nuclei counterstained with Hoechst. Scale bar, 20 µm. (C) Removal of
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Figure 2.6 (Continued)
N-linked glycans from E10.5 CSF with PNGase F reveals robust bands immunoreactive for LIF.
(D) Intraventricular LIF injection (15 minutes; 200ng/ml) at E10.5 stimulates P-STAT3 (red)
signaling in P-Vimentin-positive (green) progenitor cells along ventricular surface. Nuclei
counterstained with Hoechst. (E) Schematic depicting potential combinations of daughter cells in
pair cell assay (P – progenitor; N – neuron; Tr – transient/intermediate cell type co-expressing
Sox2 and Tuj1). (F) LIF stimulates Sox2-positive self-renewal (P-P) of progenitor cells at
expense of differentiating cells (P-N; Tr-Tr; identities of pairs of cells represented as mean ±
SEM; P-P division: control = 23.3 ± 0.8; LIF = 35.9 ± 1.6; P-N division: control = 18.8 ± 0.9;
LIF = 11.6 ± 0.9; Tr-Tr division: control = 38.0 ± 1.9; LIF = 28.8 ± 2.0; N-N division: control =
20.1 ± 2.5; LIF = 23.7 ± 0.6; n=3; p < 0.0001; ANOVA). (G) E10.5 CSF (20%) stimulates Sox2positive self-renewal (P-P) of progenitor cells at expense of differentiating cells (data presented
as above in (F)). P-P division: control = 33.3 ± 2.5; CSF = 40.2 ± 2.2; P-N division: control =
18.2 ± 0.9; CSF = 23.4 ± 3.4; Tr-Tr division: control = 36.8 ± 2.1; CSF = 26.0 ± 0.4; N-N
division: control = 12.8 ± 0.8; CSF = 12.2 ± 1.3; n=3; p < 0.05; ANOVA). (H) Interference with
LIF signaling in E10.5 CSF (20%) decreases the proportion of P-P division. Data presented as
fold change relative to Control IgG (anti-GATA6) (Control IgG = 1.0; LIF neutralization (NAb)
= 0.62 ± 0.19; LIFR block = 0.56 ± 0.13; Control vs. LIF NAb, p = n.s.; Control vs. LIFR block,
p<0.05; n=3 with approximately 100 pairs counted per condition; Mann-Whitney). (I) Silver
staining shows distinct protein patterns in E10.5 CSF collected from lateral vs. fourth ventricles.
Arrowheads denote protein bands differentially detected in lateral ventricle CSF (red) vs. fourth
ventricle CSF (blue). See also Figure S5.
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E10.5 telencephalic ventricles ex vivo stimulated P-STAT3 activity in neuroepithelial progenitor
cells (Figure 2.6D). We then used a pair-cell assay to test for the functional effects of LIF on
E10.5 neural progenitor self-renewal (Figure 2.6E). Using Sox2 to identify neural progenitors
and Tuj1 to identify neurons, we found that LIF stimulated self-renewal (progenitor-progenitor
division; P-P) of Sox2-positive neural progenitors at the expense of differentiation (progenitorneuron division; P-N) or transient cells that co-express Sox2 and Tuj1 (Transient-Transient
division; Tr-Tr; Hutton and Pevny, 2011; Figure 2.6F). Pair-cell assays using 20% E10.5 CSF
revealed a similar ability to promote progenitor self-renewal (Figure 2.6G). The frequency of
Sox2-positive P-P divisions declined in cells cultured with CSF containing LIFR blocking or LIF
neutralization (NAb) antibodies (Figure 2.6H), showing that CSF-based signaling via the LIFR
can promote neuroepithelial cell self-renewal, though other CSF-borne signals likely work in
concert in vivo to regulate this process.
Lifr-deficient mice are microcephalic by E12.5, a time when LIF is beginning to be
produced by the choroid plexus (Gregg and Weiss, 2005). Because the choroid plexus is not yet
developed at E10.5, our findings suggest that CSF-LIF must originate from another source to
contribute to progenitor proliferation at this earlier developmental stage. While we cannot rule
out a contribution by the neuroepithelium (Figure S5E), LIF is abundantly expressed by the
amniotic sac and yolk sac (Figure S5E). Consistent with CSF drawing fluid from the AF at this
stage (Alonso et al., 1998), 10 kDa fluorescein-conjugated dextrans injected into the intraamniotic space of E10.5 mouse embryos were detected in the CSF 30 minutes following
injection (average relative fluorescent units: 10 kDa dextran = 445 and 153.3; Vehicle = 21.3;
33.7; and 50.1). These data suggest that factors available in the AF —possibly including LIF—
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can reach the CSF by classic diffusion through the neuroepithelium at this age. The zebrafish
neuroepithelium is permeable to fluorescent dyes up to 70kDa (Chang and Sive, 2011).
Our proteomic and functional analyses were performed using pooled samples of AF and
CSF. However, silver staining analyses of lateral and fourth ventricle CSF revealed that the CSF
proteome was regionalized, with distinct protein bands detected in each sample already at E10.5
(Figure 2.6I), prior to choroid plexus-driven regionalization that occurs at later ages (Lun et al.,
2015a). These data suggest differential diffusion or secretion of proteins into each CSF-filled
ventricular sub-compartment, and potentially, differential effects on local progenitor progression.

Quantitative proteomic analysis of maturing AF
We have limited knowledge regarding the mouse AF proteome and how it develops over
time. Based upon the observation that E10.5 AF supports the developing olfactory placode
(Figure 2.3E), we performed quantitative MS to reveal changes in the AF proteome as it
develops from E8.5 to E10.5 and E14.5. The composition of E10.5 AF and E14.5 AF were less
complex than E8.5 AF (Figure 2.7A, Table S2). Only 80 proteins found in the older AF samples
were not detected at E8.5 (Figure 2.7B, Table S2). Conversely, 476 proteins were exclusive to
E8.5 AF (Figure 2.7B, Table S2). Unsupervised clustering of expressed proteins followed by
enrichment analysis revealed that many proteins enriched in E8.5 AF were ribosomal proteins
and translation factors (Figures 2.7C and 2.7D, Table S2; cluster 1,515 members). E14.5 AF
was enriched in proteins that were secreted (e.g. collagens) or important for cell adhesion (e.g.
Ncam1, Vcam1) (Figures 2.7C and D, Table S2; cluster 2, 88 members). Cluster 3 (88
members) hosted proteins that were more abundant at later ages than at E8.5 (Figure 2.7C,
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Figure 2.7 Mass spectrometry reveals decreasing complexity of AF as embryo develops
from E8.5 to E14.5. (A) Heatmap of normalized spectral counts reveals differential protein
availability in AF between E8.5, E10.5 and E14.5. Unsupervised hierarchical clustering grouped
biological replicates of each fluid together (E8.5: n=3; E10.5: n=2; E14.5: n=2). Each replicate
contains 30µg total AF protein pooled from multiple embryos. Spectral counts were scaled and
analyzed as in Fig. 4A. (B) Total of 844 proteins identified across all AF samples are represented
as in Fig. 4B. (C) Unsupervised clustering was performed and data are presented as in Fig. 4C.
38 proteins showed less than two-fold difference in availability between the ages, and were not
included in the clustering. (D) Functional annotation clustering of proteins in GProX clusters 1, 2
and 3 was performed and is presented as in Fig. 4D. (E) At E10.5, 264 and 14 proteins are
exclusive to CSF and AF respectively, and 240 proteins are common to both fluid compartments.
(F) By E14.5, 131 and 110 proteins are exclusive to CSF and AF respectively, and 207 proteins
are shared between the two fluid compartments. (G) Principal component analysis of protein
spectral counts revealed greater degree of variance between fluid compartments than between
biological replicates within each compartment. E8.5 AF and E14.5 CSF were the most distinct
fluid compartments, whereas E10.5 CSF, E10.5 AF and E14.5 AF were more similar to each
other. PC1 and PC2 explained 48.9% and 24.5% of the total variance respectively. Ellipses and
lines indicate the 95% confidence interval. See also Table S2.
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Figure 2.7 (Continued)
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Table S2). Many of these proteins were secreted (e.g. Dkk3, Igf2) or ECM proteins (e.g.
collagens, fibronectin; Figure 2.7D, Table S2).Only 37 proteins were enriched in E10.5 AF
(Figure 2.7C, Table S2; cluster 5), and some of these (e.g. Gas1, Mstn, Tgfbr3) were members
of canonical signaling pathways.
Despite the expansion of the brain’s ventricles between E8.5-E10.5 (Figure 2.1), direct
comparison of the AF and CSF proteomes revealed that only 14 proteins found in E10.5 AF were
not detected in E10.5 CSF (Figure 2.7E). These data are consistent with the model that the CSF
draws fluid and proteins from the AF (see above; Alonso et al., 1998; Chang & Sive, 2011).
Conversely, many proteins were enriched in the E10.5 CSF vs. E10.5 AF, including Shh (mean
Shh concentration [pg/ml] represented as mean ± SEM at E10.5: AF = 50.6 ± 11.9; CSF = 197.6
± 12.7; n = 3; p < 0.01, t-test; see also Figure 2.5A). Importantly, 264 proteins in E10.5 CSF
were not detected in E10.5 AF, indicating other sources including the adjacent neuroepithelium
(e.g. Marzesco et al., 2005) as major contributors to the nascent CSF proteome (Figure 2.7E).
By E14.5, the CSF and AF were even more distinct from each other, with 131 proteins
exclusively detected in E14.5 CSF and 110 proteins exclusively detected in E14.5 CSF (Figure
2.7F), reflecting progressive, age-dependent divergence of the AF and CSF. Principal component
analysis showed that E8.5 AF and E14.5 CSF were the most distinct fluid compartments,
whereas E10.5 CSF, E10.5 AF and E14.5 AF were more similar to each other (Figure 2.7G).
Thus, the developing AF and CSF undergo a progressive differentiation with instructive
capacities matched to adjacent neurogenic tissues.
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DISCUSSION
We present a resource in which we have: 1) developed tools to collect AF and CSF before
and after neural tube closure, 2) quantified ventricular expansion in live mouse embryos before
and after neural tube closure, 3) systematically documented the dynamic signaling capacity, and
protein content of the AF and CSF proteomes as they differentiate over the course of embryonic
development, 4) developed robust, heterochronic ex vivo explant systems to assess functional,
instructive activities for AF and nascent CSF in promoting neural progenitor cell fate in the
developing neural plate, neural tube, and brain as well as the neurogenic cranial placodes, and 5)
demonstrated that CSF-based signaling via the LIFR stimulates neuroepithelial cell self-renewal.
Paired with the dynamic morphological features of the early developing head and brain, our
findings should accelerate future studies investigating the regulation of fluid/tissue interactions
and their consequences for signaling during these early, understudied stages of brain
development. Since many tissues of the developing embryo, particularly the precursors of the
central and peripheral nervous system, are in contact with AF/CSF, our proteomic dataset serves
as an important resource for investigators across multiple developmental fields that are interested
in studying fluid-tissue interactions and related mechanisms during mid-gestation when embryos
are particularly vulnerable to the consequences of disrupted signaling.

Analyzing fluid proteomes and their activities in early embryos
We addressed several challenges in developing this resource for understanding AF and CSF
function in mammalian embryos. A number of studies have used proteomics tools to analyze the
AF or CSF at older ages or in other species (e.g., Chang et al., 2015; Dislich et al., 2015;
Dziegelewska et al., 1981; Lehtinen et al., 2011; Lun et al., 2015a; Parada et al., 2005;
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Zappaterra et al., 2007). However, to our knowledge, analysis of the murine AF proteome over
the course of early development has not been undertaken, likely due to challenges of reliably
collecting small amounts of AF and CSF from early mammalian embryos. We minimized
variability in AF collection and preparation, with careful dissection, pooling samples across
litters, and assessment of contamination by embryonic or maternal tissues. We similarly
standardized CSF collection from embryos after neural tube closure and emergence of distinct
brain vesicles. While the CSF between ventricles is regionalized by E10.5 (Figure 2.6I), analysis
of total CSF samples from individual embryos using silver stained gels indicated basic
uniformity within and across litters (data not shown). MS analyses showed quantitative
differences between pooled AF and CSF samples, which may indicate biological variability
independent of technical issues, or subtle differences in embryo stages when fluids are collected.
Some variability suggested by MS may not reach a threshold for impacting signaling capacity.
Quantitative MS may also be limited in its ability to detect low abundance proteins, proteins that
have been processed into small peptides, and proteins with other physicochemical properties
(e.g. hydrophobicity). However, our analyses of cardinal signaling activity (e.g. Bmps, RA, Shh)
support the model that overall AF and CSF signaling activity is stable among pooled samples.
We also detected some variation in AF and CSF activity on neural progenitors in our explant
assays; however, these differences may reflect details of the reporter allele (Arnold et al., 2011;
Ellis et al., 2004) rather than distinctions of AF or CSF activity on the neuroepithelium. Pair-cell
analyses of LIF, a likely AF/CSF signal, indicate stage-specific consistency. Future studies
analyzing the influence of AF/CSF on neural stem cell identities in functional assays will further
elucidate the biological significance of variability in AF and CSF proteomes.
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The Signaling Capacity of the AF and CSF
The AF and nascent CSF have dynamic morphogenetic signaling capacity via Bmps, RA,
and Shh. The effective activity of these signals varies in register with patterning in the embryo,
including the brain and the neurogenic cranial placodes. The decrease in total Bmp activity
during the transition from E8.5 AF to E10.5 CSF may indicate changes in inhibition. For
example, Fstl1, a Bmp4 antagonist (Geng et al., 2011), was more abundant in E10.5 CSF than in
E8.5 AF, while Bmp4 was identified in each fluid compartment. The timed delivery of fluidbased signals is also demonstrated by the delayed availability of RA in the E14.5 CSF,
presumably protecting the developing brain from posteriorizing cues, while permitting local
signaling via cranial mesenchymal sources once the neural tube closes (Moody and LaMantia,
2015). Finally, our findings of elevated Shh in E10.5 CSF suggest that the developing dorsal
forebrain, as well as the ventral forebrain that is thought to receive Shh signals from local tissue
sources (Chiang et al., 1996; Rallu et al., 2002b), is exposed to Shh quite early in embryogenesis.
In all cases, the action of CSF-borne signals on target cells relies on appropriate receptor
expression and ability to transduce signals delivered by the CSF.
Since no individual tissue is solely responsible for the production of AF and nascent CSF
at the early ages examined (e.g. E8.5 and E10.5; the choroid plexus contributes to CSF
production in our E14.5 samples), there is no transcriptome from which to derive the early AF
and CSF proteomes. Therefore, our MS approach provides a singular directory of hundreds of
differentially available proteins in the maturing AF and CSF over time. The diversity of proteins
identified in early AF and CSF includes growth factors and their receptors (e.g. Boc and Gas1 for
Shh), axon guidance molecules (e.g. semaphorins, DCC, ephrins), and extracellular matrix
components (e.g. reelin, laminin subunits). The presence of prominin-1-containing membrane
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particles (Dubreuil et al., 2007; Marzesco et al., 2005) in the E10.5 and E14.5 CSF, but not E8.5
AF (Table S1) suggest that the developing neuroepithelium contributes to the CSF proteome.
Whether these particles have an active role in CSF-based signaling (Cossetti et al., 2014;
Feliciano et al., 2014), or are cellular waste products cleared from the developing neural tissue,
remains to be determined. Nevertheless, signaling components of many of the pathways
represented in the AF and CSF proteomes have roles in neural tube closure (Wilde et al., 2014),
inviting hypotheses for fluid-based regulation of this developmental stage.

AF and CSF proteomes and hypotheses for early mammalian brain development
The resources of AF/CSF proteomes, activities, and embryo-based assays to evaluate
signaling capacities also provide an essential foundation for generating and testing hypotheses of
mammalian neural development and how it is compromised by genetic and environmental
disruption. We found that AF and CSF vary in several dimensions within 48 hours during early
to mid-stage mouse embryogenesis. Changes in osmolality and fluid volumes may have
substantial consequences for morphogenetic movements that maintain the neural plate, and then
support neural tube closure. Importantly, distinctions in AF/CSF protein constituents—especially
metabolic and receptor proteins in the fluids at different stages—suggest key changes in cells of
embryonic surface tissues that directly contact AF or CSF during the transition from neural plate
to forebrain vesicle epithelium. Such changes may be driven by the AF versus CSF proteomes,
and may be metabolic indicators of molecular and cellular distinctions in embryonic tissues that
influence stem cell progression and early neurogenesis. Despite tremendous focus on neural stem
cell progression at later stages of brain development in the spinal cord, hindbrain, and forebrain
(e.g. Dias et al., 2014), there has been far less attention paid to the key transition between early
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neuroectodermal stem cell and neural stem cell identity as the neural tube closes. Mining of our
proteomic resource, combined with use of our assays to evaluate stem cell progression will
provide important insights into mechanisms that mediate this key period of mammalian brain
development.
The early AF and CSF proteomes reflect, in varying degrees, the balance between
maternally derived protein constituents and other small molecules, and those derived from the
embryo. These proteomes are likely altered dramatically in response to maternal illness, changes
in nutrition, substance abuse, and exposure to environmental toxins (Wilde et al., 2014). Thus,
the definition of dynamic AF and CSF activities we have provided constitutes an essential
resource for understanding risk and consequence of maternal/fetal interactions during first
trimester development.
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Chapter 3

Regulation of protein biosynthetic machinery and MYC activity
during the maturation of forebrain neural progenitors

SUMMARY
Neurulation (neural tube closure) marks a key step in the formation of the mammalian brain.
Both cell intrinsic and extrinsic signals play important roles in instructing newly formed neural
tissue to divide and differentiate. To better understand the genetic mechanisms regulating neural
progenitor cells at these early stages of brain development, we microdissected the mouse
developing forebrain neuroepithelium before and after neurulation and analyzed gene expression
in these neural progenitors by RNA-sequencing. We uncovered dynamic gene expression
patterns in neural progenitors that include the regulation of genes associated with the protein
biosynthetic machinery. These changes in gene expression match the downregulation of
ribosome biogenesis and protein synthesis in forebrain progenitors in vivo as they become more
lineage restricted. The proto-oncogene c-Myc emerged as a potential upstream regulator of the
ribosomal and translational machinery. Loss-of-function experiments confirmed MYC is
important for multiple aspects of early development including neural tube closure, while forced
MYC expression in forebrain progenitors promoted ribosome biogenesis and proliferation, and
resulted in macrocephaly and choroid plexus tumors. Taken together, our study has uncovered a
tight regulation of the protein biosynthetic machinery and MYC expression in forebrain
progenitors during early stages of brain development, and reveals how dysregulation of these
processes can contribute to nervous system pathology.
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INTRODUCTION
Neurulation is a major morphological event in early embryogenesis, during which a flat
layer of neuroepithelial cells (NECs) called the neural plate rolls up and seals together to form
the cylindrical neural tube (Copp et al., 2003; Massarwa and Niswander, 2013; Wilde et al.,
2014). The neural tube is the primitive central nervous system, and would eventually develop
into the brain and the spinal cord. Before neural tube closure (embryonic day (E) 8.5 in the
mouse embryo), the NECs are in contact with the amniotic fluid (AF). After closure, AF trapped
inside the tube becomes the nascent cerebrospinal fluid (CSF). We previously showed that
AF/CSF proteomes show dynamic changes during neurulation, and these changes are important
for regulating neural progenitors behavior to ensure proper brain development (Chau et al., 2015;
Lehtinen et al., 2011).
At the same time, a lot of changes are also happening in the neuroepithelium during this
dynamic stage of development. For instance, the NECs transition into a distinct progenitor cell
type called the radial glial cells (RGCs), with up-regulation of glial markers such as GLAST and
BLBP. Their cell cycles become longer as they switch from a symmetric, proliferative mode of
division into an asymmetric, neurogenic mode of division (Bjornsson et al., 2015; Franco and
Muller, 2013; Gotz and Huttner, 2005). This transition is important, as any misbalance between
proliferation and differentiation in neural progenitors might result in defects such as
microcephaly and pediatric brain tumors (Homem et al., 2015; Manzini and Walsh, 2011; Taylor
et al., 2005). Extrinsic signals from the CSF and other sources instruct the proliferation and
identity of progenitors (Bjornsson et al., 2015; Chau et al., 2015; Lehtinen et al., 2011;
Siegenthaler et al., 2009; Shen et al., 2004), but cell intrinsic genetic programs also play an

70

equally important role (Gotz and Huttner, 2005; Shen et. al., 2006). However, a comprehensive
study of temporal changes in the neural progenitors at the time of neurulation is lacking.
In addition to receiving signals from the CSF, neural progenitors are also capable of
secreting into the fluid (Marzesco et al., 2005; Cossetti et al., 2014). Indeed, many ribosomal
proteins (RPs) and translation factors are enriched in the AF before neural tube closure, and these
proteins could be derived from the neighboring neuroepithelium (Chau et al., 2015). Thus, the
differential availability of RPs in AF/CSF may reflect changes in the developing neuroepithelium
as the NECs transition into RGCs. This is an interesting hypothesis because a number of recent
studies have shown that the rate of protein synthesis changes as cells undergo lineage
differentiation (Buszczak et al., 2014; Ingolia et al., 2011; Sanchez et al., 2016; Signer et al.,
2014). Understanding changes in RPs expression and protein synthesis in neural progenitors is
important, as dysregulation in protein synthesis often leads to tumorigenesis (Ruggero, 2013).
To characterize changes in neural progenitors at the time of neurulation, we
microdissected the developing forebrain neuroepithelium from E8.5 and E10.5 embryos for RNA
sequencing (RNAseq). We found that similar to the fluid, there is a global enrichment of genes
encoding RPs and translation factors at E8.5. We showed that the rate of ribosome biogenesis
and protein synthesis in neural progenitors decrease with development as the cells become more
lineage restricted. We found that c-MYC (hereafter MYC), a master regulator of the translation
machinery (van Riggelen et al., 2010), and also many of its target genes, are also enriched in
E8.5 neural progenitors. Consistent with previous reports (Davis et al. 1993), MYC loss of
function leads to smaller embryo size, delayed development and neural tube closure defects. To
study the consequences of MYC dysregulation after neurulation, we overexpressed Myc in
forebrain progenitors using a genetic mouse model. This results in increased ribosome biogenesis
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and proliferation in the progenitors, and the mice develop macrocephaly and choroid plexus
tumors. Taken together, our study has uncovered a tight regulation of the protein biosynthetic
machinery and MYC expression in forebrain progenitors during early stages of brain
development, and reveals how dysregulation of these processes can contribute to nervous system
pathology
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RESULTS
Transcriptome analysis of forebrain neuroepithelium before and after neurulation
To characterize transcriptional signatures that define the identity and biology of neural
progenitors before and after the major morphological event of neurulation, we microdissected the
presumptive forebrain epithelium from E8.5 embryos (when the neural tube is about to close)
and dorsal forebrain epithelium from E10.5 embryos (just before onset of neurogenesis), and
performed next-generation RNAseq (Figure 3.1A). We aligned 50 base pair (bp) paired-end
reads to the reference mouse genome (UCSC mm9) using Tophat (Trapnell et al., 2009). Then
we performed differential expression analysis using Cuffdiff (Trapnell et al., 2010) at a threshold
of 5% false discovery rate (FDR), identifying a total of 3,898 differentially expressed genes:
2,375 enriched in E8.5 neuroepithelium, and 1,523 enriched in E10.5 neuroepithelium (Figure
3.1B). Differential gene expression was further verified by quantitative RT-PCR of 75 genes
including transcription factors, cell surface receptors, and secreted factors, most of which
showed a positive correlation (R2=0.58, Figure S6A). We next performed functional annotation
clustering using DAVID (Huang et. al., 2009) to determine the biological functions of the most
differentially expressed genes at each age. Consistent with the initiation of neurogenesis and
patterning of the brain, the most enriched gene category at E10.5 relates to neuron differentiation
(e.g. Ngn1, Tbr2, Bmp4, Shh; Figure 3.1C). As the progenitors become progressively lineage
restricted with development, expression of Blbp and Glast, markers of RGCs, are also enriched
in E10.5 (Figure S6B). Conversely, the three most enriched gene categories in E8.5
neuroepithelium relate to the protein biosynthetic machinery (Figure 3.1D), including genes that
encode RPs (e.g. Rpl24), ribosome biogenesis (e.g. Fbl, Dkc1), and translation factors
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Figure 3.1 RNAseq of forebrain epithelium reveals dynamic gene expression patterns
before and after neural tube closure. (A) Schematics showing E8.5 embryo with open
forebrain neural tube (left) and E10.5 embryo (right). Shaded regions encircled by dotted line
denote developing forebrain epithelium that we microdissected for RNAseq. (B) Heatmap and
hierarchical clustering of ~3,900 genes that are differentially expressed between E8.5 and E10.5
neuroepithelium. 2,375 genes are enriched in E8.5, whereas 1,523 genes are enriched in E10.5.
Each biological replicate contains tissues from one litter of embryos. Red and green indicate
relatively higher and lower expression, with gene FPKM values log2 transformed, and centered
and scaled by rows for display purposes. (C) Functional annotation clustering of E10.5
neuroepithelium enriched genes shows overrepresentation of genes needed for neuron
differentiation. The top five enriched functional clusters are shown. (D) Functional annotation
clustering of E8.5 neuroepithelium enriched genes reveals overrepresentation of genes encoding
ribosomal proteins, ribosome biogenesis and translation factors. The top five enriched functional
clusters are shown. (E-G) GSEA of E8.5 versus E10.5 neuroepithelium for gene sets involved in
ribosome biogenesis and translation. Broad Institute Molecular Signatures Database Identifiers:
KEGG_RIBOSOME (E), GO_RIBOSOME_BIOGENESIS (F), and TRANSLATION (G). Each
line represents a single gene in the gene set. Genes on the right side are enriched in E8.5. (H-J)
MA plot displaying genes encoding RPs (H), ribosome biogenesis factors (I) and translation
factors (J). Each dot represents a single gene. Red dots denote genes that are differentially
expressed as identified by Cuffdiff. Genes below blue line (y=0) are enriched in E8.5.
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Figure 3.1 (Continued)
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(e.g. Eif4e). Gene set enrichment analysis (GSEA, Subramanian et al., 2005) further confirmed
that genes involved in ribosome biogenesis and translation are significantly enriched in E8.5
progenitors (Figures 3.1E – 3.1G). MA plots provide an overview of the expression changes of
individual genes, revealing that the majority of genes encoding ribosomal proteins (Figure
3.1H), ribosome biogenesis (Figure 3.1I), and translation factors (Figure 3.1J), are enriched in
E8.5. Taken together, these data uncover an overall down-regulation of genes encoding the
protein biosynthetic machinery after neural tube closure.

Dynamic changes in neuroepithelium transcriptomes parallel changes in AF and CSF
proteomes
Neural progenitors receive and secrete signals into adjacent AF or CSF and our
transcriptome analyses indicate that many receptors and secreted factors are differentially
expressed between E8.5 and E10.5 (Figures S6C and S6D). These data provide insights into the
dynamic interactions between tissues and fluids during early development. For example, we
found that BMP1 and SHH are enriched in both E10.5 CSF (Table S1) and E10.5 progenitors,
suggesting that they might be secreted by the progenitors into the CSF. Also, a number of plexin
receptors (e.g., Plxnc1) are enriched in E10.5 progenitors, which allow them to detect
semaphorins (e.g., Sema7a) that are enriched in E10.5 CSF (Table S1).
Our previous mass spectrometry analysis showed that many RPs and translation factors
are enriched in E8.5 AF (Figure 2.4). Developing neural tissue is known to release membrane
particles (Marzesco et al., 2005), we therefore hypothesized that these RPs are derived from the
adjacent neural tissues. A cross-comparison between AF/CSF proteomes (Table S1) with
neuroepithelium transcriptomes (Figure 3.1) revealed that most proteins enriched in E8.5 AF are
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also enriched in age-matched, E8.5 epithelium (Figures 3.2A and 3.2B, lower-left quadrant).
We confirmed the higher expression of two RPs, RPL11 and RPS12, along the apical surface of
E8.5 neuroepithelium compared to E10.5 neuroepithelium (Figure 3.2C and 3.2D). Together,
these data support the model that AF and nascent CSF proteomes, prior to choroid plexus
development, receive substantial protein contributions from the adjacent neuroepithelium.

Decreased ribosome biogenesis and protein synthesis in neuroepithelium following
neurulation
We next tested if the decreased expression of genes associated with ribosomes, ribosome
biogenesis and translation contributed to an actual decrease in ribosome biogenesis in vivo.
Ribosomal RNA (rRNA) transcription and initial assembly of pre-ribosomes take place in the
nucleoli (van Riggelen et al., 2010; Xue and Barna, 2012), and increased ribosome biogenesis is
associated with nucleolar hypertrophy (Silvera et al., 2010). Therefore, nucleolar volume
provides a surrogate measure of ribosome biogenesis (Baker, 2013; Sanchez et al., 2016). We
labeled nucleoli with Fibrillarin, a nucleolar protein involved in pre-rRNA processing, acquired
z-stack images of the developing neural tissue, and performed 3D-reconstructions of individual
nucleolus in these cells. We found that neural progenitors at E8.5 have larger nucleoli compared
to their counterparts at E10.5 and E14.5 (Figures 3.2E – 3.2G). We next assayed protein
synthesis rates in vivo at these ages by injecting pregnant dams with O-propargyl-puromycin
(OPP), which incorporates into translating polypeptides in the ribosomes. Detection of the OPP
“tagged” polypeptides by fluorescent azide allows for the quantification of nascent protein
synthesis (Figure 3.2H; Liu et. al., 2012). We found that the rate of protein synthesis in the
neural progenitors is highest at E8.5, and decreases with development as the cells become more
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Figure 3.2 Ribosome biogenesis and protein synthesis decrease with the maturation of
forebrain progenitors. (A, B) Comparison of AF/CSF proteome (Table S1) and
neuroepithelium transcriptome shows that most RPs and translation factors enriched in E8.5 AF
are also enriched in the age-matched epithelium. Each dot represents a single protein/gene. Red
dots denote genes that are differentially expressed as identified by Cuffdiff. Proteins/genes in the
lower-left quadrant are enriched in both E8.5 AF and E8.5 epithelium. MS = mass spectrometry
(C, D) Immunohisto-chemistry showing higher expression of RPL11 (C, red) and RPS12 (D,
red) along the apical surface of E8.5 neuroepithelium compared to E10.5 neuroepithelium.
Phospho-Vimentin (P-Vim, green) labels progenitors in mitosis. Scale bar = 20 µm. (E)
Immunohistochemistry of the nucleolar protein Fibrillarin (green) in E8.5, E10.5 and E14.5
neuroepithelium. Scale bar = 20 µm. (F) Example of z-stack image of Fibrillarin staining (left)
and 3D reconstruction of nucleoli using Imaris (right). (G) Quantification of nucleolar volume
using Imaris. Each data point represents one nucleolus. *p≤0.05, **p≤0.01, Welch’s ANOVA
with Games-Howell post-hoc test, outliers excluded by ROUT method. Sample size, E8.5:
n=135 from 3 embryos; E10.5: n=139 from 3 embryos; E14.5: n=146 from 3 embryos. (H)
Schematic showing OPP injection into pregnant dams and incorporation into translating
polypeptides in the embryos. (I) Assay of protein synthesis using OPP (green) in E8.5, E10.5 and
E14.5 neuroepithelium. (J) Quantification of OPP fluorescence intensity using Image J. *p≤0.05,
**≤0.01, ***p≤0.001, Welch’s ANOVA with Games-Howell post-hoc test. For each age, n=9
embryos from 3 litters.
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Figure 3.2 (Continued)
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lineage restricted (Figures 3.2I and 3.2J). Taken together, presumptive forebrain NECs have
increased ribosome biogenesis and higher rates of protein synthesis compared to more mature
cortical progenitor cells after neural tube closure.

MYC and its targets are enriched and essential during early development
We sought to identify an upstream regulator of ribosome biogenesis and protein synthesis
during early forebrain development. Analyses of differentially expressed transcription factors
between E8.5 and E10.5 neuroepithelium revealed that Myc is nearly ten-fold enriched in E8.5
neuroepithelium (Figure 3.3A; Myc FPKM: E8.5 = 28.73, E10.5 = 2.76), whereas N-Myc and LMyc expression do not have big differences (N-Myc FPKM: E8.5 = 28.03, E10.5 = 20.91; L-Myc
FPKM: E8.5 = 6.58, E10.5 = 10.34). MYC represents a compelling candidate transcription factor
as it is well known in other cell types to regulate the transcription of genes encoding RPs,
translation initiation and elongation factors, ribosome biogenesis factors, as well as the
transcription of rRNA (van Riggelen et. al., 2010). We confirmed the high expression of MYC in
E8.5 neuroepithelium, and its decreased expression in E10.5 neuroepithelium (Figure 3.3B).
Once down-regulated at E10.5, MYC expression in neural progenitors remain low throughout
cortical development (Figure 3.3C). GSEA analysis demonstrated that many known MYC target
genes are also enriched in E8.5 neuroepithelium (Figures 3.3D and 3.3E). Some of these target
genes are associated with ribosome biogenesis and translation (e.g. Ncl, Rps13, and Eif4e).
MYC plays an important role in early embryonic development, as Myc-deficient embryos
have been reported to have abnormal developmental features including neural tube closure
defects, and they die around E10.5 (Davis et al., 1993). In agreement with this previous study,
we confirmed that Myc-deficient embryos (Figure 3.3F) had a triad of features including smaller
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Figure 3.3 MYC is enriched in neural progenitors before neurulation and is important for
early embryonic development. (A) MA plot displaying genes encoding transcription factors in
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Figure 3.3 (Continued)
E8.5 and E10.5 neuroepithelium. Each dot represents a single gene. Red dots denote genes that
are differentially expressed as identified by Cuffdiff. Genes below blue line (y=0) are enriched in
E8.5. Myc expression is ~10 fold higher in E8.5 epithelium (FPKM: E8.5 = 28.73, E10.5 = 2.76).
(B) Immunohistochemistry confirms higher expression of MYC (red) in E8.5 neuroepithelium
(left) compared to E10.5 neuroepithelium (right). (C) Immunohistochemistry shows that once
MYC is down-regulated at E10.5, its expression in neural progenitors remains low throughout
cortical development. (D, E) GSEA of E8.5 versus E10.5 neuroepithelium for gene sets
containing genes upregulated by MYC and whose promoters are bound by MYC (D), and E-box
containing MYC target genes (E). Broad Institute Molecular Signatures Database Identifiers:
DANG_MYC_TARGETS_UP (D), BENPORATH_MYC_TARGETS_WITH _EBOX (E). Each
line represents a single gene in the gene set, genes on the right side are enriched in E8.5. (F)
Immunohistochemistry confirms MYC knockout in the neuroepithelium of Myc-deficient
embryos (Myc-/-, bottom) at E8.5. Top image shows a heterozygous littermate (Myc+/-). (G)
Representative E9.5 wildtype embryo (left) and a small Myc-deficient littermate (Myc-/-, right).
Scale bar = 1mm. Small phenotype incidence, Myc+/+: 0%, 0/17; Myc+/-: 20%, 5/25; Myc-/-: 67%,
6/9. (H) E9.5 Myc-deficient embryo with incompletely closed neural tube in the forebrain. Scale
bar = 0.5mm. Neural tube closure defect incidence: Myc+/+: 0%, 0/17; Myc+/-: 0%, 0/25; Myc-/-:
11%, 1/9. (I) E9.5 Myc-deficient embryo with delayed development. Morphologically the
embryo is similar to a normal E8.25 before turning, and has open neural tube. Scale bar =
0.5mm. Delayed development incidence: Myc+/+: 12%, 2/17; Myc+/-: 4%, 1/25; Myc-/-: 22%, 2/9.
(J) GeneMania network analysis showing the relationship between MYC and 17 of its target

82

Figure 3.3 (Continued)
genes that have been associated with neural tube closure defects. (K) Representative images of
vehicle (DMSO) treated (left) and JQ1 treated (right) embryos at E10. JQ1 treated embryos have
open neural tube and are smaller , these phenotypes show 100% penetrance. Vehicle: n=40
embryos from 3 litters; JQ1: n=39 embryos from 3 litters. Scale bar = 1mm.
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size, neural tube closure defects, and developmental delay (Figure 3.3G – 3.3I). Next, we
performed network analysis using GeneMania (Warde-Farley et al., 2010) to reveal the
relationship between MYC and 17 of its target genes that have been implicated in neural tube
closure defects (Wilde et. al., 2014; Zeller et. al., 2003; Figure 3.3J). To further study the
functional importance of MYC during the tight window of forebrain neural tube closure, we
injected E8 pregnant dams with the small molecule bromodomain inhibitor JQ1, which inhibits
Myc transcription (Filippakopoulos et. al., 2010; Delmore et. al., 2011), and characterized the
embryos at E9.5 – E10. JQ1 treatment resulted in failure of the neural tube to close, and the
embryos were smaller in size compared to vehicle-treated embryos (Figure 3.3K). Taken
together, these data strongly suggest that the timing of MYC expression is critical to the normal
formation of the nervous system. Premature decreases in MYC expression are catastrophic,
leading to developmental delay and neural tube closure defects. Upon successful neural tube
closure, MYC is safely downregulated with the onset of neurogenesis.

MYC overexpression leads to up-regulation of genes involved in protein synthesis
While dysregulated MYC is associated with abnormal proliferation and tumorigenesis
(Dang, 2012), the rapid downregulation of MYC expression following neural tube closure is
somewhat unexpected, given that E10.5 represents an early stage of progenitor proliferation and
development. To examine the consequences of prolonged MYC expression on cerebral cortical
development, we genetically forced Myc expression by crossing StopFLMYC mice (Calado et.
al., 2012) with Nestin-cre mice, leading to overexpression of human Myc transgene in neural
progenitors. Focusing on the developing cerebral cortex, we first observed sparse MYC
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expression in the dorsal telencephalon around E11.5 (data not shown), with higher and more
widespread expression by E12.5 (Figures 3.4A and 3.4B).
To examine the consequences of MYC overexpression on downstream gene activation in
the developing cerebral cortex, we purified PAX6-positive cortical progenitors at E13.5 using
fluorescence activated cell sorting (FACS; Figure 3.4C), and analyzed gene expression by
RNAseq. 50 bp single-end reads were aligned to the reference mouse genome (UCSC mm10).
Using Cuffdiff at a threshold of 10% FDR, we identified 135 genes that are differentially
expressed between WT and MYC-overexpressed (MYC-OE) embryos, with 105 genes activated
and 30 genes repressed in MYC-OE (Figure 3.4D; Table S3). A cross-comparison between the
105 MYC activated genes with our early E8.5 RNAseq dataset revealed 53 genes that are also
enriched in E8.5 (Figure 3.4E), suggesting that these 53 genes are likely regulated by MYC at
E8.5 as well. Functional annotation clustering using DAVID showed that the most enriched gene
category among the 105 activated genes is Ribosomes (Figure 3.4F). GSEA further revealed that
genes encoding ribosome components (Figure 3.4G), genes needed for translation (Figure
3.4H), and ribosome biogenesis (Figure 3.4I), are all enriched in MYC-OE progenitors. Known
MYC target genes are also enriched in the MYC-OE (Figure 3.4J). Taken together, these data
suggest that overexpressed MYC is transcriptionally active in neural progenitors where it
regulates the expression of genes associated with ribosomes and protein translation.
Given these findings, we were compelled to test if changes in these gene expression
patterns could regulate ribosome biogenesis and protein synthesis. We observed increased
ribosome biogenesis in MYC-OE cortical progenitor cells (Figure 3.4K). However, these
changes were not accompanied by increased protein synthesis (Figure 3.4L), suggesting that
other mechanisms exist to regulate protein synthesis in these cells, or that ribosomes might be
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Figure 3.4 MYC overexpression upregulates translation machinery encoding genes and
promotes ribosome biogenesis. (A) Western blot confirms overexpression of MYC (top) in the
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Figure 3.4 (Continued)
developing cortex of E12.5 MYC-OE . Bottom shows β-Actin (ACTB) loading control. (B)
Immunohistochemistry shows overexpression of MYC (red) throughout the developing cortex of
E12.5 MYC-OE (right). TUJ1 (green) staining labels neurons. (C) Representative FACS profile
used for isolating apical progenitors form E13.5 cortex. Apical progenitors (PAX6-high, TUJ1low) are selected using the lower right gate. Upper left gate represents neurons (PAX6-low,
TUJ1-high). (D) Heatmap and hierarchical clustering of the 135 genes that are differentially
expressed between MYC-OE and WT apical progenitors. 105 genes are enriched in MYC-OE,
whereas 30 genes are repressed. Each biological replicate contains cells from 2 – 4 embryos. Red
and green indicate relatively higher and lower expression, with gene FPKM values log2
transformed, and centered and scaled by rows for display purposes. (E) Comparison of the 105
genes enriched in MYC-OE with E8.5/E10.5 RNAseq data: 53 of these genes are also enriched
in E8.5 neuroepithelium; 13 are enriched in E10.5 neuroepithelium; 28 are expressed at similar
level between E8.5 and E10.5; 11 are not detected in E8.5/E10.5. (F) Functional annotation
clustering of the 105 MYC-OE enriched genes shows overrepresentation of genes encoding
ribosome constituents. (G-I) GSEA of WT versus MYC-OE apical progenitors for gene sets
involved in ribosome biogenesis and translation. Broad Institute Molecular Signatures Database
Identifiers:

KEGG_RIBOSOME

(G),

TRANSLATION

(H),

and

GO_RIBOSOME_

BIOGENESIS (I). Each line represents a single gene in the gene set, genes on the right side are
enriched in MYC-OE. (J) GSEA of WT versus MYC-OE apical progenitors for gene sets
containing genes upregulated by MYC and whose promoters are bound by MYC. Broad Institute
Molecular Signatures Database Identifiers: DANG_MYC_TARGETS_UP. (K) Quantification of
nucleolar volume of WT and MYC-OE apical progenitors. Each data point represents one
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Figure 3.4 (Continued)
nucleolus. ***p≤0.001, Welch’s t-test, outliers excluded by ROUT method. Sample size, WT:
n=234 from 5 embryos; MYC-OE: n=248 from 5 embryos. (L) Quanitification of OPP
fluorescence intensity in WT and MYC-OE apical progenitors. P>0.05, unpaired t-test. n=6
embryos from 2 litters. ns=not significant.
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specialized to translate subsets of mRNAs as has been shown in other cell types (Kondrashov et
al., 2011; Xue and Barna, 2012).

MYC overexpression leads to an increased apical progenitor pool and macrocephaly
Genes with known functions in regulating cerebral cortical neurogenesis are also
upregulated in MYC-OE progenitors, including Insulin like growth factor 2 (Igf2, Lehtinen et al.,
2011), Syndecan-1 (Sdc1, Wang et al., 2012), and Insulinoma-Associated 1 (Insm1, Farkas et al.,
2008) (Table S3). The coordinated effects of several of these pathways in the MYC-OE mice
results in a large brain phenotype that emerges by E14.5 (Figures 3.5A – 3.5C) and is welldefined by birth (Figures 3.5D – 3.5G), whereas no differences in body weight were observed at
P0 (body weight (g) ± SEM: WT = 1.35 ± 0.03, n=16; MYC-OE = 1.33 ± 0.02, n=15; unpaired ttest, p=0.57). A two-hour BrdU pulse at E15.5 showed that MYC-OE have larger proportion of
PAX6+ apical progenitors in S-phase than wildtype littermates (Figure 3.5H), suggesting that
increased proliferation is a contributor to the macrocephalic phenotype. Despite the general
increase in brain size, there is only a modest increase in cortical thickness in the MYC-OE at P0
(Figures 3.5I and 3.5J), suggesting that MYC is mainly promoting the proliferation of apical
progenitors along the ventricular surface (Figure 3.5H), leading to a disproportionate increase in
cortical length and area. We also found that MYC-OE cortices have increased number of lateborn CUX1-positive neurons destined for the upper layers of the cerebral cortex (Figures 3.5K
and 3.5L), whereas the number of early-born CTIP2-positive lower layer neurons is similar to
wildtype. (data not shown), suggesting that the increased apical progenitor pool mainly
contributes to the expansion of upper layer neurons.
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Figure 3.5 MYC overexpression leads to an increased apical progenitor pool and
macrocephaly. (A) Representative images of E14.5 brains from WT and MYC-OE. Scale bar =
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Figure 3.5 (Continued)
2mm. (B) Quantification of E14.5 cortical length. The olfactory bulb is excluded when
measuring cortical length. *p≤0.05, unpaired t-test, WT: n=6 from 2 litters, MYC-OE: n=10
embryos from 2 litters. (C) Quantification of E14.5 cortical area. Cortical area of one hemisphere
is measured, with olfactory bulb excluded. p>0.05, unpaired t-test, WT: n=6 from 2 litters,
MYC-OE: n=10 embryos from 2 litters. (D) Representative images of P0 brains from WT and
MYC-OE. Scale bar = 2mm. (E) Quantification of P0 brain weight. The medulla and pons were
excluded when measuring brain weight. ****p≤0.0001, unpaired t-test, No outliers, WT: n=10
pups from 3 litters, MYC-OE: n=12 pups from 3 litters. (F) Quantification of P0 cortical length.
The olfactory bulb is excluded when measuring cortical length. ****p≤0.0001, unpaired t-test,
outlier excluded by ROUT method, WT: n=10 pups from 3 litters, MYC-OE: n=11 pups from 3
litters. (G) Quantification of P0 cortical area. Cortical area of one hemisphere is measured, with
olfactory bulb excluded. ****p≤0.0001, Welch’s t-test, outlier excluded by ROUT method, WT:
n=10 pups from 3 litters, MYC-OE: n=11 pups from 3 litters. (H) Percentage of PAX6-positive
progenitors that are also BrdU-positive after a 2 hour BrdU pulse at E15.5. *p≤0.05, Welch’s ttest, outlier excluded by ROUT method, WT: n=4 embryos from 2 litters, MYC-OE: n=3
embryos from 2 litters. (I) Representative H&E staining of WT and MYC-OE forebrain at P0.
(J) Quantification of cortical thickness of P0 cortex. Thickness is measured from the ventricular
surface to the pial surface in the dorsal-lateral cortex. p>0.05, unpaired t-test, WT: n=4 pups
from 3 litters, MYC-OE: n=4 pups from 3 litters. (K) MYC-OE has increased number of CUX1positive upper layer neurons at P0. ***p≤0.001; paired t-test, n=5 embryos from 4 litters. (L)
Examples of 100µm wide cortical columns at P0 used for cell counting. CUX1 labels upper layer
neurons (red) and CTIP2 labels lower layer neurons (green).
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In a parallel set of experiments, we crossed StopFLMYC mice with Foxg1-cre, which
initiates recombination in neural progenitors as early as E9.5 (Hebert et al., 2000). We observed
longer cortices in these MYC-OE at E14.5 as well (Figure S7). However, we did not recover any
MYC-OE after birth from this cross (15 WT vs 0 MYC-OE in 8 litters observed), indicating
embryonic lethality between E14.5 and birth. This outcome may be due to the combinatorial
effects of MYC overexpression and Foxg1 heterozygosity (Hebert et al., 2000).

MYC overexpression leads to tumorigenesis in the choroid plexuses
RNAseq (Table S3) and qPCR (Figure 3.6A) analyses of MYC-OE progenitor cells
revealed upregulation of Otx2 and Trpm3, two genes that are targets of recurrent focal
chromosomal gains in choroid plexus tumors (Japp et al., 2015), prompting us to take a closer
look at the choroid plexus in these mice. Lateral ventricle (LV) and fourth ventricle (4V) choroid
plexus epithelial cells differentiate from neuroepithelial progenitors in the medial wall and
rhombic lip respectively (Lun et al., 2015). Choroid plexus epithelial cells appeared healthy at
birth (data not shown) but acquired pathological features of atypical cells already by P8 (data not
shown). In adult mice, we observed WHO grade II atypical choroid plexus papillomas (aCPP) in
the LV and 4V (incidence = 100%, 4 out of 4 examined, Figures 3.6B – 3.6C), with abnormal
proliferation of epithelial cells (high Ki67 labeling index, Figures 3.6D). No third ventricle
tumors were observed, consistent with the clinical presentation of these tumors, which typically
arise in the LV choroid plexus in children, and in the 4V choroid plexus in adults (Safaee et al.,
2013).
Given the observations in our mouse model and previous report that chromosome 8,
which contains the Myc gene, is frequently gained in human choroid plexus tumors (Tong et al.,
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Figure 3.6 MYC overexpression leads to tumorigenesis in the choroid plexuses. (A) qPCR
confirms upregulation of Trpm3 and Otx2 in neural progenitors when MYC is overexpressed.
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Figure 3.6 (Continued)
*p≤0.05, unpaired t-test. ns=not significant. (B) Representative images of normal LV choroid
plexus (ChP) found in wildtype mice (top) and tumorigenic choroid plexus found in MYC-OE
mice. (C) H&E staining shows atypical choroid plexus papilloma in the LV choroid plexus
(lower-left) and 4V Choroid plexus (lower-right) of MYC-OE mice. Inset (lower-right) is a highmagnification image showing the cell morphology. Scale bar = 0.5mm. (D) Ki67 staining shows
high mitotic index in the choroid plexus tumors in both LV and 4V of MYC-OE mice. Inset
(lower-right) is a high-magnification image showing the cell morphology. Scale bar = 0.5mm.
(E) MYC staining in normal ChP (top), choroid plexus papilloma (CPP, middle) and choroid
plexus carcinoma (CPC, bottom) from human patients. Filled arrow-heads indicate MYCpositive cells. Scale bar = 20µm (F) Quantification of the percentage of MYC-positive epithelial
cells in normal ChP, CPP and CPC samples. * p≤0.05. (G) Images showing MYC (left) and Ki67
(right) staining in normal ChP (top), CPC with high MYC index (middle) and CPC with low
MYC index (bottom) from human patients. Filled arrow-heads indicate MYC-positive cells.
Opened arrow-heads indicate Ki67-positive cells. Preliminary experiment, n=1 each. Scale bar =
20µm.
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2015), we decided to examine MYC expression in human choroid plexus tumors. We observed
increased MYC expression in choroid plexus carcinoma (CPC) samples compared to normal
choroid plexus (Figures 3.6E and 3.6F). However, given the low percentage (<10%) of MYCpositive cells, it is unlikely that MYC is driving tumorigenesis in these patients. CPC cases show
large variation in the percentage of MYC-positive epithelial cells, thus we examined the mitotic
activity in MYC-high versus MYC-low tumors by Ki67 staining. A preliminary experiment
showed that there are more Ki67 positive cells in MYC-high tumors (Figure 3.6G), suggesting
that MYC expression is associated with high proliferation rates. However, Ki67 expression is
more widespread than MYC expression (Figure 3.6G middle), suggesting that MYC might
contribute to, but is not required to drive proliferation.
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DISCUSSION
Our study revealed the dynamic nature of the developing neuroepithelium during the
time of neurulation, with close to 4,000 genes that are differentially expressed between E8.5 and
E10.5. Surprisingly, we found that many genes involved in the protein biosynthetic machinery
are enriched at E8.5 (Figure 3.1). Consistent with this, E8.5 neuroepithelium showed higher
rates of ribosome biogenesis and protein synthesis (Figure 3.2). These changes may reflect the
specific requirement of neural progenitors at each age. At E8.5, the progenitors are NECs, which
have shorter cell cycles and proliferate rapidly to expand the progenitor cell pool. By E10.5, they
have transitioned into RGCs, which have longer cell cycles and mostly undergo asymmetric,
neurogenic division (Franco and Muller, 2013; Gotz and Huttner, 2005). Rapidly dividing cells
usually synthesize more proteins to support their proliferation (Buszczak et. al., 2014), which
explains the higher protein synthesis rate in E8.5 NECs.
Interestingly, we observed that many RPs and translation factors enriched in E8.5
neuroepithelium are also enriched in the age-matched E8.5 AF (Figure 3.2A and B). It has
previously been shown that neural progenitors can release membrane bound extracellular
vesicles (Marzesco et al., 2005; Cossetti et al., 2014). Therefore, these proteins in the AF might
be derived from the neighboring neuroepithelium. It is possible this is a way for the neural
progenitors to quickly get rid of extra ribosomal constituents as they transition to RGCs and
down-regulate their protein synthesis machinery.
Protein synthesis is an important biological process that is regulated at multiple levels.
For example, mTORC1 directly regulates translation initiation by phosphorylation of 4EBP and
S6K (Buszczak et al., 2014). However, in the early embryo, it seems that the protein synthesis
machinery is regulated at the transcription level, with global down-regulation of genes needed
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for ribosome biogenesis and translation at E10.5. MYC is known to be a master transcription
regulator of these genes (van Riggelen et al., 2010), and MYC has been shown to regulate
protein synthesis in the blastocyst stage embryo (Scognamiglio et al., 2016). Interestingly, we
found that MYC is also enriched in E8.5 neuroepithelium (Figure 3.3A and B). We are in the
process of studying whether MYC is actually regulating ribosome biogenesis and protein
synthesis in the early neuroepithelium.
Given that MYC is enriched in the neuroepithelium before neural tube closure (Figure
3.3B; Downs et. al., 1989), it should be playing some important biological functions. Indeed,
some Myc-deficient embryos display neural tube closure defects (Figure 3.3H, Davis et al.,
1993), and transcriptional inhibition of Myc using JQ1 also resulted in failure of the neural tube
to close with 100% penetrance (Figure 3.3K). The phenotype is more drastic and widespread in
the JQ1 treated embryos, probably because JQ1 might also target other genes that are dependent
on BET bromodomain proteins for transcriptional activation, such as the other two MYC family
members, N-MYC and L-MYC (Kato et al., 2016; Puissant et al., 2013). Some MYC target
genes have been implicated in neural tube defects (Figure 3.3J; Wilde et al., 2014), but how
exactly MYC regulates neural tube closure needs to be further explored. It is important to point
out we found that JQ1 is teratogenic during the time of neurulation. Although JQ1 itself is not
being used in clinical trails due to its short half-life (Moyer, 2011), a number of other BET
inhibitors are being tested in clinics. Therefore, more studies are needed to determine the
teratogenic effects of these inhibitors, and caution need to be applied prior to administering these
drugs to pregnant women.
Myc is down-regulated by about ten fold at E10.5, but N-Myc is not differentially
expressed between E8.5 and E10.5. Thus one hypothesis is that both MYC and N-MYC are
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needed to support the rapidly proliferating NECs at E8.5, but N-MYC alone is sufficient to
support proliferation beyond E10.5. Indeed, N-MYC seems to be playing a more important role
post E10.5, as Nestin driven N-myc conditional knockouts have a microcephalic phenotype that
is much more severe than that of Myc conditional knockouts (Knoepfler et al., 2002; Hatton et al.,
2006). Not only a high level of MYC is not needed beyond E10.5, but also it is detrimental. We
showed that MYC overexpression in neural progenitors after E10.5 would lead to macrocephaly
and tumor development (Figures 3.5 and 3.6)
Interestingly, even though Nestin-cre drives MYC overexpression in many progenitors
throughout the nervous system, the only tissues that develop tumors are the choroid plexuses
(Figure 3.6) and the eyes (Figure S2). This suggests that secondary events, such as loss of p53,
are needed to induce tumorigenesis in most brain tissues. Indeed, another report has shown that
ectopic expression of a stabilized form of MYC (MYCT58A) alone in neural progenitors would
lead to development of CPP, but further p53 deletion is needed to induce CPC (Wang et al.,
2014). In most cases, Myc activation alone rarely leads to tumor development, probably because
of tumor-suppressing checkpoint mechanisms such as proliferative arrest and apoptosis (Gabay
et al., 2014). Why the choroid plexus is particularly susceptible to MYC induced tumorigenesis
is a topic that deserves further investigation.
The forebrain (LV) choroid plexus is derived from progenitors in the dorsal midline
whereas the hindbrain (4V) choroid plexus is derived from the rhombic lip (Lun et al., 2015). We
found that Otx2 and Trpm3, two genes that are frequently amplified in choroid plexus tumors
(Japp et al., 2015), to be enriched in neural progenitors in MYC-OE embryos (Figure 3.6A).
OTX2 is a transcription factor that is important for the normal development of the choroid plexus
(Johansson et al., 2013) and has been implicated in the progression of other tumors such as
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medulloblastoma (Adamson et al., 2010), whereas TRPM3 is a cation channel normally
expressed on choroid plexus epithelium (Millar et al., 2007). MYC and OTX2 may even play a
combinatorial role in tumor induction, as a previous study showed that they often bind to the
same promoter regions to regulate gene expression in medulloblastoma (Bunt et al., 2011). MYC
overexpression also leads to up-regulation of the protein synthesis machinery, which could also
be tumorigenic (Ruggero, 2013). Thus, it is possible that multiple mechanisms down-stream of
MYC play a combinatorial role in tumorigenesis. We are in the process of assaying OTX2 and
TRPM3 expression, and also protein synthesis rate, in the choroid plexus tumors in our MYCOE mouse model.
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Chapter 4

Experimental Procedures

Animals. Timed pregnant CD1 dams were obtained from Charles River Laboratories;
Sox2:EGFP was shared by Dr. Larysa Pevny; Myc-null was shared by Dr. Troy Baudino; Nestincre was shared by Dr. Christopher Walsh; Foxg1-cre (004337) and StopFLMYC (020458) were
obtained from the Jackson Laboratory. Mycfl/fl was shared by Dr. Fernando Camargo. All animal
experimentation was carried out under protocols approved by the IACUCs of Boston Children’s
Hospital and The George Washington University School of Medicine.

Tissues fixation and processing. Embryos were fixed in 4% paraformaldehyde (PFA) at room
temperature and fixation time varies according to embryo age: E8.5 – 15’; E9.5/E10.5 – 30’;
E11.5/E12.5 – 60’; E13.5/E14.5 – 90’; E15.5 – 120’. For E8.5 – E9.5, the entire embryo was
fixed; For E10.5 – E13.5, the head was cut off for fixation and the nose was cut off to allow
better penetration of PFA; For E14.5 – E15.5, the brain was dissected out of the skull for
fixation. For P0 and P8 pups, transcardial perfusion was performed using 10 ml (P0) or 15 ml
(P8) 4% PFA at a flow rate of about 0.7ml/minute, and brains were dissected out and post-fixed
for 2 hour in 4% PFA. For adult animals, transcardial perfusion was performed using 10 ml PBS
followed by 30 ml 4% PFA (or until body is stiff) at a flow rate of 1.5 – 2 ml/minute, then brain
were dissected and post-fixed overnight in 4% PFA. For cryosectioning, the samples were
transferred to 10%, 20% and 30% sucrose successively. At each sucrose step, the samples were
incubated at 4°C until they sink to the bottom of the well. After 30% sucrose step, the samples
were incubated overnight in a half and half mixture of 30% sucrose and OCT, then 2 hours in
OCT. Finally, samples were cryopreserved in OCT using 2-methylbutane dry ice bath. For
microtome sectioning, samples were paraffin embedded in the histology core at Beth Israel
Deaconess Medical Center.
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Immunohistochemistry. Cryosections were blocked and permeabilized (0.3% Triton-X-100 in
PBS; 5% serum), incubated in primary antibodies overnight and secondary antibodies for 2 hours.
Sections were counterstained with Hoechst 33258 and mounted using Fluoromount-G
(SouthernBiotech). For BrdU and FBL staining, an antigen retrieval/denaturation step was added
before the blocking step: A food steamer (Oster 5712) was filled with water and preheated until
the chamber is close to 100°C, sections are immersed in boiling citric acid buffer (10mM sodium
citrate; 0.05% Tween 20; pH=6) and placed in steamer for 25 minutes. Sections were cooled to
room temperature. Paraffin sections were dehydrated, and antigen retrieval was performed using
Antigen Unmasking Solution (Vector). Sections were blocked and permeabilized (0.04% Tween20 in PBS, 5% serum), followed by antibody incubation as above.

Ventricular system measurements. Uterine horns were placed on Sylgard plates, immersed in
PBS, and ultrasound image sequences were captured (Vevo 2100, Visual Sonics; MS550
transducer; step size: 0.076mm). 3D reconstruction of ventricular system was performed for
visualization (Vevo 2100) and quantification (Fiji-TrakEM).

AF and CSF collection and measurements. AF was collected by inserting a glass capillary into
the intra-amniotic space. CSF was collected by inserting glass capillary into telencephalic
ventricles, aqueduct, fourth ventricle or cisterna magna, and processed as described (Zappaterra
et al., 2013). Protein concentration (BCA kit) and osmolality (10µl fluid input, Vapro 5600) were
measured.
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Forebrain neuroectodermal explants. E8.5 anterior neuroectoderm containing the presumptive
forebrain, was dissected from the anterior neural ridge to the optic vesicle. E10.5 dorsal
telencephalic neuroepithelium was isolated by: 1] dissecting the cortical neuroepithelium caudal
to the olfactory bulb at the anterior boundary of the lateral ganglionic eminence (LGE), 2]
dissecting caudal to the posterior boundary of the LGE and extending to the medial wall of the
developing cortical rudiment, 3] separating the LGE from the developing cortex, and 4]
removing the midline at the apex of the neocortex where the lateral cortical surface meets the
interhemispheric wall. Following 30 minutes of enzymatic digestion with pancreatin on ice,
neuroepithelium was separated from mesenchyme and surface ectoderm using tungsten needles.
Explants were placed on polycarbonate membranes (8.0µm pore size; Whatman) in imaging
dishes (Mat-Tek), and cultured in 20% AF or CSF in Neurobasal medium supplemented with
antibiotics and L-glutamine. Explants were cultured for 24 hours.

Cell culture assays. Pair cell assay. The E10.5 dorsal telencephalic neuroepithelium was
isolated as for explants (see above). Tissue was dissociated using papain (Worthington kit), and
cells were plated at clonal density on poly-D-lysine coated Terasaki plates (Shen et al., 2002;
Tucker et al., 2010). Cell suspensions were prepared in Neurobasal medium with antibiotics and
glutamine, and supplemented with LIF (200ng/ml reported in E11 mouse CSF; Hatta et al.,
2006), its vehicle, 20% E10.5 CSF or artificial CSF. For LIF signaling inhibition experiments,
E10.5 CSF was pre-incubated with antibodies for 4-6 hours. Single cell adherence to plates was
visually confirmed after 2 hour of incubation, and after 18 hours, cells were fixed and
immunostained with Sox2 and Tuj1, and counterstained with Hoechst. Expression of cell identity
markers in pairs of cells was scored in a blinded manner. Two-way ANOVA statistical analyses
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were performed. Indicator cell experiments: Measurement of BMP and RA activity using
luciferase-based assay in reporter cell lines were performed as previously described (Lehtinen et
al., 2011).

Mass Spectrometry (MS). Samples were prepared as described (Lun et al., 2015). 30µg of
protein from fluid reduced in 0.1M DTT was filtered twice using a 30kDa spin filter (Millipore).
The nominal molecular weight cut off does not apply to denatured proteins (Wiśniewski et al.,
2009). Samples were alkylated, washed, and digested overnight with 2µg trypsin (Promega) at
37°C, and the digested proteins were eluted, acidified, desalted, and dried. Samples were
reconstituted and analyzed by a nanoLC system (Eksigent) equipped with LC-chip system
(cHiPLCnanoflex, Eksigent) coupled online to a Q-Exactive mass spectrometer (Thermo
Scientific). Peptides were separated by a linear gradient using a gradient length of 120 minutes.
Data were acquired in the “data dependent acquisition” (DDA) mode, selecting the 10 most
abundant species for fragmentation (Top 10). Thermo “.raw” files were converted into the
Mascot generic format (MGF-files) using the ProteoWizard software tool, and then submitted to
database searches using Mascot (v2.3.01 Matrix Science, London, UK) using a concatenated
mouse protein sequence database (UNIPROT.MOUSE, downloaded 06/2014). The protein
sequence database was searched with tryptic cleavage specificity, a fragment ion mass tolerance
of 20 mmu and a parent ion tolerance of 10 ppm; carbamidomethylated cysteine as fixed
modification, and N-terminal pyroglutamic acid formation for E and Q, deamidation for N and
Q, oxidation for M as variable modification. The instrument selection was set to Orbi MS, Orbi
MS/MS. Scaffold (v4.2.1, Proteome Software Inc., Portland, OR) was used to validate MS/MS
based peptide and protein identifications, resulting in an overall peptide and protein false
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discovery rates (FDR) of 1%. Subsequent output provided protein IDs with spectral counts
corresponding to unique peptides identified for the protein per sample. Proteins were accepted as
present if identified in any of the biological replicates.

MS Bioinformatics Analysis. Before any analysis, spectral counts of all samples were first
normalized to the sample with the highest number of total spectral counts. Heatmap generation
and hierarchical clustering were performed using the “gplots” package in R: normalized spectral
counts were scaled across each protein so that the sample with the highest spectral count for that
protein is set as 1; distance was measured using the Euclidean method and clustering was done
by complete linkage. Venn diagrams were generated using BioVenn (Hulsen et al., 2008).
Clustering by temporal expression pattern was performed using GProX (Rigbolt et al., 2011): for
each protein, its average normalized spectral count at each fluid compartment was calculated,
scaling was then performed so that the fluid with the highest average spectral count for that
protein is set as 1; proteins were not included in the clustering if their scaled average spectral
counts showed < 2 fold difference between the ages; only proteins with membership value > 0.35
were displayed on the plots. Functional annotation clustering was performed using DAVID v6.7
(Huang et al., 2009): enrichment (p-value < 0.05) is determined by comparing proteins in each
GProX cluster to the reference mouse genome; enrichment score is the geometric mean of the
individual enrichment p-values of all annotation terms within a group. KEGG pathway analysis
was performed in DAVID v6.7 using a cutoff of p-value < 0.05. Network analysis was
performed using GeneMania (Warde-Farley et al., 2010). Principal component analysis was
performed using the “FactoMineR” package in R.
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Fluorescein measurements. E10.5 embryos were harvested into warm Neurobasal medium. The
embryonic yolk sac was exposed and 0.5 µl of 2.5% fluorescein-conjugated dextran was targeted
into the intra-amniotic space. Embryos were cultured ex vivo for 30 minutes at 37°C (5% CO2),
after which extra-embryonic tissues were removed, embryos were rinsed twice in Neurobasal
medium, and CSF was collected. Pooled samples from two embryos represent one individual
sample measured for fluorescence intensity (NanoDrop 3300 Fluorospectrometer). Relative
fluorescence was calculated base on a standard curve generated by serial dilutions of the 2.5% 10
kDa fluorescein conjugate.

ELISA. SHH concentrations in AF and CSF were measured using the Mouse Shh N-terminus
Quantikine ELISA kit (R&D Systems) according to manufacturer’s instructions. 12.5 to 25 µl
AF or CSF were used in each measurement. Bmp4 concentrations were similarly measured by
ELISA (Biotang, Inc.).

RNA quantification. RNA was extracted using Trizol/chloroform with DNAse treatment and
reverse transcribed to cDNA. Gene expression was measured by Taqman qPCR. Taqman probes
were purchased from Life Technologies, using18S rRNA or Tbp as internal control, and ran on a
StepOne Plus instrument (Applied Biosystems). For neuroectodermal explants and olfactory
placode explants, expression of Sox2 relative to Gapdh was measured in by Sybr-green qPCR.
The following primers were used:
Sox2 forward: AGCCCCCCCGTGGTTACCTCTTC;
Sox2 reverse: CCCCTTCTCCAGTTCGCAGTCCAG;
Gapdh forward: CTGACGTGCCGCCTGGAGAAA;
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Gapdh reverse: GTTGGGGGCCGAGTTGGGATAGG

E8.5 and E10.5 RNA sequencing (RNAseq). The E8.5 and E10.5 neuroepithelium was
dissected as for explants (see above). Each sequenced sample comprised neuroepithelial tissues
isolated from one litter of embryos. Total RNA was isolated using the RNeasy Micro Kit
(Qiagen) and converted to cDNA and preamplified using the Ovation RNA-seq System V2
(NuGEN) following the manufacturer’s protocol. cDNA was converted to Illumina paired-end
sequencing libraries following the standard protocol (TruSeq v2) and sequenced on a Illumina
HiSeq 2000 instrument to a depth of ~20–60 million pass-filter reads per library, after standard
quality control filters. The 50 base pair paired-end reads were mapped to the UCSC mm9 mouse
reference genome using TopHat v2, and fragments per kilobase per million reads (FPKM) values
were estimated using cufflinks v2, and differentially expressed genes (DEG) were identified
using cuffdiff v2 with q value < 0.05 (Trapnell et al., 2012).

RNAseq bioinformatics analysis. All analysis was performed using genes with FPKM > 1,
which is considered as the threshold of expression. Hierarchical clustering and heatmap of DEG
were generated in R using the heatmap.2 command in ‘gplots’ package, FPKM values were log2
transformed, and centered and scaled by rows for display purposes. Distance was calculated
using the ‘Maximum’ method whereas clustering was performed using the ‘Complete’ method.
Functional

annotation

clustering

was

performed

using

DAVID

v6.7

(https://david.ncifcrf.gov/home.jsp; Huang et. al., 2009). GSEA v2 was performed with the
following settings: # of permutations = 1000; Permutation type = gene_set; Collapse dataset to
gene symbols = false (Subramanian et. al., 2005). MA plots were created using the ma.plot
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command in the ‘affy’ package in R, and MS vs RNAseq plots were created using the plot
command in R. Network analysis was performed using GeneMania v3 (Warde-Farley et al.,
2010).

FACS of neural progenitors. E13.5 brains were bisected in half, the dorsal telencephalon was
carefully dissected out, avoiding the lateral ganglionic eminence and structures ventral to it. The
cortex was then separated from the meninges. Cortices from embryos of the same genotype were
combined, and sliced into small uniformly sized pieces. Tissues were digested with 2.5% Trypsin
(Invitrogen), then dissociated into single cells by repeated pipetting. Cells were fixed in 4% PFA,
incubated with primary antibodies, and then secondary antibodies. Each step was carried out in
4°C for 30 mins. with rotation. RNAsin (NEB) was added to buffers to prevent RNA
degradation. Cells were then sorted using FACS Aria IIU (BD).

Neural progenitors RNAseq. RNA was extracted from sorted neural progenitors using
RecoverAll Total Nucleic Acid Isolation Kit (Ambion), then reverse transcribed into cDNA and
preamplified using Ovation RNA-Seq System V2 (Nugen 7102). Library was prepared using
Ovation Ultralow System V2 1-16 (Nugen 0344), and sequenced on a Illuminia HiSeq 2500
instrument to a depth of ~25 – 40 million reads per library. The 50 base pair single-end reads
were mapped to the UCSC mm10 mouse reference genome using TopHat v2, and FPKM values
were estimated using cufflinks v2, and DEG were identified using cuffdiff v2 with q value < 0.1
(Trapnell et al., 2012).
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Nucleolor volume quantification. Cryosections for quantification were 20 µm thick, and
stained with anti-fibrillarin antibody (abcam 4566). Z-stack images were taken using the 40X
objective on a Zeiss LSM 700 laser scanning confocal microscope. 3D reconstruction was
performed using the “Surface” tool in Imaris. Nucleoli with sphericity < 0.44 or Volume < 0.25
µm3 were considered as staining artifacts and excluded. 50 nucleoli form each sample were
measured in a blind fashion, avoiding those at the border of the image. To ensure good
representation, nucleoli measured were chosen from multiple regions across the image.

OP-puromycin (OPP) quantification. Pregnant dams were injected with 50 mg/kg OPP (Life
Technologies) intraperitoneally, and were sacrificed one hour later. Brains/embryos were fixed
and processed as above (see Tissues fixation and processing), and were sectioned to a thickness
of 7 µm using a cryostat. OPP signals were detected using the Click-iT plus OPP protein
synthesis assay kits (Life Technologies) according the manufacturer’s suggested procedures.
Images were taken at 20X using a Zeiss Axio Observer D1 inverted microscope and fluorescence
intensity was quantified using ImageJ. For each embryo, OPP intensity from 12 independent
regions of interest (185 µm2) along the ventricular surface were measured and averaged.

JQ1 injection. JQ1 (Tocris) is dissolved in DMSO. For intraperitoneal injection, one part of JQ1
is mixed with nine parts of 10% hydroxypropyl beta cyclodextrin (Sigma) and the final JQ1
dosage is 50 mg/kg. Animals are either injected with two dosages at E8 and E9 or one dosage at
E8, and embryos were collected at E9.5 – E10.
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BrdU cell proliferation assay. BrdU (50mg/kg) is injected intraperitoneally 2 hours before they
were sacrificed. Embryos were fixed and processed as above (see Tissues fixation and
processing). Brains were sectioned on a cryostat to a thickness of 7 µm and stained with BrdU
and PAX6 antibodies. Images were taken on a Zeiss LSM 700 laser scanning confocal
microscope at 20X. Cells were counted in a 100 µm wide column in the dorsal-lateral cortex. For
each embryo, 4 – 6 sections along the anterior/posterior axis of the forebrain were counted and
averaged. The proliferation index is defined as the percentage of PAX6+ cells that are also
BrdU+.

P0 cortical thickness measurement. Measurements were performed on H&E stained coronal
sections. Thickness was defined as the length extending from the ventricular zone up to the pial
surface in the dorsal lateral cortex.

P0 cortical neurons counting. 14 µm coronal sections were obtained on a cryostat, and stained
with antibodies against CUX1 and CTIP2. Images were taken at 20X on a Zeiss Axio Observer
D1 inverted microscope. Counting was performed using Image J on 100 µm wide columns in the
dorsal-lateral cortex in the region just anterior to the hippocampus.

ChIP-sequencing. E8.5 head tissues or E12.5 dorsal telencephalon was dissected. Tissues were
cross-linked in 1% formaldehyde for 10 minutes at room temperature, and then quenched in
0.125M glycine for 5 minutes. Tissues were lysed in lysis buffer (1% SDS, 10mM EDTA,
50mM Tris-HCl [pH 8.1]) and disintegrated by passing through an insulin syringe. Tissues were
sonicated to obtain DNA fragments of 350-900 bp. Sonicated chromatin was pre-cleared,
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incubated with primary antibody overnight, and then protein A or G agarose beads (Millipore)
for 1 hour. Samples were washed, eluted, and reverse cross-linked. DNA was recovered by
phenol-chloroform extraction and ethanol precipitation. Libraries were prepared using NEBNext
DNA Library Prep Reagents (E6000) according to manufacturer’s protocol and sequenced on a
Illumina HiSeq 2000 instrument to generate 50 base pairs single-end reads. Reads were mapped
to UCSC mm9 mouse reference genome using Bowtie (Galaxy Version 1.1.2), peaks were called
using Model-based Analysis of ChIP-Seq (MACS; Galaxy Version 1.0.1) with input DNA as
control.

Human choroid plexus samples. Samples were obtained under an IRB approved protocol at
Boston Chidren’s Hospital.

Antibodies. The following antibodies were purchased: SOX2 (Abcam, ab97959, for
immunostaining), SOX2 (R&D Systems, AF2018, for ChIP), P-Vimentin (Enzo Bioscience,
ADI-KAM-CC249-E), β-Catenin (BD, 610154), RPS12 (Proteintech, 16490-1-AP), RPL11
(Santa Cruz, sc-50363), LIF (R&D Systems, MAB449, for Western blotting), LIF (R&D
systems, AF449, for neutralization), LIFR (R&D Systems, AF249-NA, for LIFR blocking),
LIFR (Santa Cruz, sc-659, for immunostaining), LIFR (Abcam, ab101228, for Western blotting),
GATA6 (Santa Cruz, sc-7244x), P-STAT3 (Cell Signaling, 9145), TUJ1 (Covance, MMS-435P),
MYC (Abcam, 32072, for immunostaining, Western blot and ChIP), MYC (Santa Cruz, 764X,
for ChIP), MYC (Abcam, 32, for ChIP), FBL (Abcam, ab4566), CUX1 (Santa Cruz, sc-13024),
CTIP2 (Abcam, ab18465), Ki67 (BD, 550609), BrdU (AbD Serotec), PAX6 (Biolegend
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901301), TBR2 (Chemicon, ab9618), Cleaved Caspase 3 (Cell Signaling 9661), β-actin (Sigma,
A2228).
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Chapter 5

Discussion

In this body of work, we have uncovered dynamic changes in amniotic
fluid/cerebrospinal fluid (AF/CSF) and the neighboring neuroepithelium during the time of
neurulation and demonstrated how these two compartments interact with each other. We showed
that cortical neural progenitors tune down their protein synthesis machinery as they go down the
road of lineage differentiation and identified c-MYC (hereafter MYC) as a potential upstream
master regulator of genes needed for translation. Using genetic mouse models, we revealed that
aberrant MYC expression in forebrain progenitors would lead to macrocephaly and
tumorigenesis. In this chapter, I will discuss the implications of our research and future
directions that can be pursued.

AF/CSF proteome and neuroepithelium transcriptome: A resource for studying fluid-tissue
interactions during early development
In this study, we have revealed proteomic changes in AF/CSF and transcriptomic changes
in neuroepithellium at the time of neurulation. These datasets will serve as a valuable resource
for understanding this dynamic and important, yet understudied stage of development. Since
many tissues in the developing embryo, including precursors in the central and peripheral
nervous systems, are in contact with AF/CSF, deciphering the fluids can give us insights into
how fluid-tissue interactions might regulate the behavior of different progenitors. For example,
we found that LIF receptor availability in the fluid decreases after neural tube closure and we
knew that soluble LIF receptor could bind to LIF and inhibits its activity (Layton et al., 1992;
Tomida, 2000). This prompted us to study CSF-LIF signaling and discovered that it could
regulate neural progenitors cell fate (Figure 2.6). LIF might work together with other available
signals such as IGF2, which we have previously shown to be secreted at later stages by the
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choroid plexuses (ChPs) into the CSF and could support neural progenitors proliferation
(Lehtinen et al., 2011). In this work, we found that IGF2 is present in E8.5 AF and E10.5 CSF,
and its receptor Igf1r is also expressed in E8.5 and E10.5 neural progenitors, suggesting that
IGF2 signaling might also play a role in early development before the formation of the ChPs. Of
course, further experiments are needed to confirm IGF1R localization to the apical surface of the
progenitors and that CSF-IGF2 signals to the progenitors at this early stage. In addition, we
found that a number of plexin receptors (e.g., Plxnc1) are enriched in E10.5 progenitors whereas
some Semaphorins (e.g., Sema7a) are enriched in E10.5 CSF, suggesting that this pathway might
be important for CSF signaling in early development. These examples showed that our data sets
could guide us in generating new hypothesis on fluid-tissue interactions. This is particularly
important during the time of neurulation, when the brain’s vasculature (Vasudevan and Bhide,
2008; Andreone et al., 2015) and meninges (Siegenthaler and Pleasure, 2011) are only beginning
to form, and the ChPs have not yet developed (Lun et al., 2015), and the only source of extrinsic
signals for neural progenitors is the AF/CSF.
The diverse proteomes of AF and CSF, both spatially and temporally, means that the
right fluid at the right time is essential to support the development of neighboring tissues. For
instance, our neuroepithelium and olfactory epithelium explants experiments showed that agematched fluid is needed to support the identity of progenitors that are in contact (Figures 2.2
and 2.3). Therefore, even a slight delay in neural tube closure might disrupt tissue-fluid temporal
match and might have pathological consequences. In neural tube defects such as anencephaly
and spina bifida, the neural tube fails to close and thus there would be mixing of AF and CSF
(Wilde et. al., 2014). Given the differences in the composition of AF versus CSF, the mixed
fluids would probably disrupt signaling activities and might have detrimental effects on
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neighboring tissues. How does this fluid mixing contribute to pathologies of neural tube defects
need to be further elucidated.
Our explants experiments suggest that AF is important in supporting progenitors in the
developing embryo. Since AF is primarily derived from the maternal plasma, maternal illness,
nutrition, substance abuse and exposure to environmental toxins might alter composition of the
AF, resulting in adverse effects on the embryo (Wilde et al., 2014). The AF represents an
alternative route of maternal-fetal interactions in addition to the traditionally studied placenta
(Hsiao and Patterson, 2012; Underwood et al., 2005), and is certainly worth more future
attention. For instance, maternal immune activation is known to be associated with
neurodevelopmental defects such as schizophrenia and autism (Knuesel et al., 2014), and could
alter cytokine expression (e.g. IL-6, TNF-α) in the AF (Urakubo et al., 2001). With our expertise
in early AF/CSF collection, explants assay and mass spectrometry, we could study how immune
challenge might alter the fluid proteomes and how this would influence the progenitor cells. At
the same time, it would be interesting to test whether maternal effects could elicit compensatory
changes in embryonic secretion of molecules into the AF and CSF.
In the mouse embryo, the ChPs do not form until E11.5 (Lun et al., 2015), thus one
interesting question to ask is what contributes to the early CSF. From our understanding, there
are three major sources of early CSF. The first is AF trapped inside the neural tube after its
closure, which constitutes the initial CSF. However, our proteomics data show that CSF at E10.5
is very distinct from E8.5 AF, suggesting that the initial CSF is a transient presence and will
eventually be replaced by fluids derived from elsewhere. We and others have shown that the
early neuroepithelium is permeable to certain molecules (Chang and Sive, 2012), so the second
source of early CSF is diffusion from the AF. Indeed, we found that LIF is highly expressed in
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the yolk sac and amniotic sac and might enter the CSF via this route. The third source of early
CSF is direct secretion from the surrounding neuroepithelium. For example, SEMA3B is
secreted by the floor plate into CSF in the spinal cord (Arbeille et al., 2005). The E8.5/E10.5
transcriptome data form this study would tell us what secreted factors are expressed in the
neuroepithelium and might be secreted into the fluid. As an example, we found that BMP1 and
SHH are enriched in both E10.5 CSF and E10.5 progenitors, suggesting that they might be
secreted by the progenitors into the CSF.
In addition to signaling molecules, neural progenitors could also secrete membrane bound
extracellular vesicles into the fluid. These vesicles might serve as a vehicle for intercellular
communication or they could be a way for the cells to dispose unneeded materials (Marzesco et
al., 2005; Cossetti et al., 2014). In the present study, we found that E8.5 AF is enriched with
ribosomal proteins and translation factors that might be secreted from the neuroepithelium in
membrane bound vesicles (Figure 2.4). Since we found that the protein biosynthetic machinery
in neighboring neuroepithelium is downregulated after E8.5, it is tempting to speculate that the
progenitors dispose of unneeded ribosomes into the fluid (Figures 3.1 and 3.2). Ex vivo
neuroepithelium explant culture could tell us whether the progenitors actually excrete these
ribosomal constituents into the surrounding fluid. It is also possible that the ribosomal
constituents are packaged in extracellular vesicles and being transferred to other regions of the
nervous system via the CSF (Cossetti et al., 2014).
Although we identified ~1,000 proteins in the early AF/CSF, we are aware this is not a
complete catalog of all proteins in the fluid due to the limitation of mass spectrometer to detect
low-abundance proteins, especially in samples with high dynamic range of protein
concentrations. For example, we showed that SHH is present in early AF/CSF by ELISA (Figure
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2.5A), but it was not detected by the mass spectrometer. Also, some signaling factors, such as
retinoic acids, are not proteins and will not be detected by using our method. Therefore, future
directions will include reanalysis of the AF/CSF proteomes with advances in technology and
characterizing the AF/CSF metabolomes (Shen et al., 2008).

Translational control in embryogenesis and tumorigenesis
The rate of protein synthesis changes as cells undergo lineage differentiation, and rapidly
dividing cells usually synthesize more proteins than non-dividing cells (Ingolia et al., 2011;
Signer et al., 2014; Buszczak et al., 2014; Sanchez et al., 2016). In the developing cortex, the cell
cycle of neural progenitors becomes longer as development proceeds. For example,
neuroepithelial cells (NECs) have shorter cell cycles than the later, more differentiated radial
glial cells (RGCs), and are proliferating more rapidly to expand the progenitor cell pool (Gotz
and Huttner, 2005; Dehay and Kennedy, 2007). NECs require more proteins to support their
proliferation, which is consistent with our observations that they have higher rate of ribosome
biogenesis and protein synthesis (Figure 3.2). Since the rate of protein synthesis in neural
progenitors is very dynamic during early development, it would be interesting to do translating
ribosome affinity purification (TRAP) followed by sequencing to identify mRNAs that are
differentially translated (Heiman et al., 2014). The decreasing rate of ribosome biogenesis and
protein synthesis might also be a prerequisite rather than a consequence of lineage differentiation
in neural progenitors. Therefore, it will be interesting to test if inhibition of these processes
might lead to premature differentiation of NECs into RGCs.
Although almost all ribosomal proteins are down-regulated after neural tube closure, the
change in magnitude is different for each individual protein. For example, the expression of
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Rps21 is almost 4 fold higher in E8.5 (FPKM: E8.5 = 921.78; E10.5 = 240.02), whereas the
expression of Rpl15 is only about 1.4 fold higher (FPKM: E8.5 = 444.68; E10.5 = 322.64). The
FPKM values of ribosomal proteins at each age also show a wide range of distribution. Other
studies have also shown that there is heterogeneity in the expression of ribosomal proteins in
different tissues of the developing vertebrate embryo (Kondrashov et al., 2011) and in different
adult human tissues (Bortoluzzi et al., 2001). These suggest that some ribosomes might not
contain equal molar ratio of ribosomal proteins (Xue and Barna, 2012). Indeed in bacteria, the
protein composition of ribosomes can change under different growth conditions (Shi and Barna,
2015). How heterogeneous are the ribosomes in vertebrates remain to be answered. It is also
possible that some ribosomal proteins might have extra-ribosomal functions. For example,
RPS13 can inhibit the splicing of its own transcript by binding to its intron, and phosphorylated
RPL13A can inhibit the translation of specific mRNAs as part of a non-ribosomal complex (Xue
and Barna, 2012). High expression of individual ribosomal proteins might also reflect their tissue
specific roles, such as promoting the translation of certain mRNAs that are important for that
particular tissue (Kondrashov et. al., 2011).
After translation, ribosomal subunits need to be dissociated and released from the
translated mRNA so that they can be used for another round of translation, a process known as
ribosome recycling (Dever and Green, 2012). Interestingly, we found that some genes involved
in ribosome recycling, such as Pelo and Abce1, are downregulated in E10.5, which is consistent
with the general trend of translation machinery downregulation at this age.
The neural progenitors downregulate their translation machinery after neurulation,
perhaps not only because they do not need that many proteins as they slow down their
proliferation, but also elevated rate of protein synthesis might actually be detrimental.
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Translation dysregulation is a common mechanism in cellular transformation and tumor
development. Multiple translation initiation factors, including EIF4E and EIF4G, are amplified
and have elevated expression in various cancers. Mutations in a number of ribosomal proteins
also lead to a group of genetic diseases known as ribosomopathies (e.g. Diamond-blackfan
anemia) that are associated with increased risk of developing cancers (Ruggero, 2013). Indeed,
our data showed that MYC overexpression in neural progenitors lead to increased expression of
many translation factors and ribosomal proteins (Figure 3.4), and the mice eventually develop
tumors in the ChPs (Figure 3.6) and the eyes (Figure S2). It would be interesting to use OPpuromycin to assay whether the transformed cells in the tumors actually have higher rate of
protein synthesis.
One emerging question is whether increase in translation is a driver of tumorigenesis in
our mouse model. To test this, we can genetically restore protein synthesis rate to normal in our
mouse model by crossing them with Rpl24 heterzygous mice, which have decreased protein
synthesis, and see if this could inhibit tumor development (Barna et al., 2008). Alternatively, we
could take a chemical approach of using mTOR inhibitors do decrease protein synthesis (Zheng
and Jiang, 2015; Iadevaia et al., 2012).
Taken together, our study has demonstrated that the ribosomal and translational
machinery in neural progenitors is dynamically regulated during cortical development, and
dysregulation of these processes might underlie nervous system tumorigenesis. This is a new
addition to the exciting and expanding filed of translational regulation of embryogenesis and
tumorigenesis.
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MYC in neural progenitors: a double-edged sword
In this study, we confirmed that MYC is essential for normal development of the embryo,
including proper closure of the neural tube (Figure 3.3). On the other hand, we found that too
much MYC in the neural progenitors would lead to tumorigenesis (Figure 3.6). Therefore, the
expression of MYC needs to be tightly regulated during development. The neural tube closure
defect in Myc-deficient embryos was first described in 1993 (Davis et al., 1993), but how loss of
MYC leads to this defect is unclear. It is worth mentioning that this phenotype only showed a
27% penetrance (Davis et al., 1993), suggesting that other factors, such as maternal nutrition,
might also play a role. There might also be compensation from other Myc family members,
especially N-MYC. Using a mouse model in which the endogenous Myc coding sequence was
replaced by the N-Myc coding sequence, it has been shown that N-MYC can replace the function
of MYC during development (Malynn et al., 2000), suggesting that the different functions
between MYC and N-MYC are mainly due to their different expression patterns. Since both Myc
genes are expressed in the neuroepithelium at E8.5 according to our RNAseq data, it might be
the total Myc dosage that actually matters. That is, if N-MYC expression is high enough, the
neural tube can still close normally even if Myc is knocked out. However, N-MYC expression
level probably varies from embryo to embryo, and those with less N-MYC might have neural
tube defects. One experiment supporting this hypothesis is that embryos injected with JQ1
develop neural tube defects with 100% penetrance, possibly because JQ1 could inhibit
transcription of both Myc genes (Figure 3.3K). To further test this hypothesis, we can check if
Myc-deficient embryos with neural tube defects tend to have lower levels of N-MYC. We could
also generate double knockouts of both Myc and N-Myc and see if these mice have more
widespread neural tube defects.
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In an attempt to identify MYC target genes that are important for early embryonic
development and proper neural tube closure, we attempted ChIP-sequencing on head tissues
from E8.5 embryos. Unfortunately, we were unable to identify any chromatin regions with
enriched MYC binding. We suspect this might be due to the limited amount of tissues we were
able to harvest from these tiny embryos for the experiment. In the future, larger amount of
starting material (tissues from up to 100 embryos per sample) and better antibodies might be
needed for this experiment to work (Amin and Bobola, 2014).
Even though our ChIP-sequencing experiment did not work, we found that 17 previously
identified MYC target genes (Zeller et al., 2003) have been implicated in neural tube defects
(Figure 3.3J; Wilde et al., 2014). It would be worthwhile to test if these genes have altered
expression in Myc-deficient mice. When MYC is expressed at high levels, it could bind to all
active promoters and enhancers to amplify gene transcription (Nie et al., 2012; Lin et al., 2012),
so it is also possible that MYC amplifies the transcription of all genes involved in neural tube
closure rather than regulating a specific subset of genes. Neural tube closure is a process that
involves the coordination of multiple tissues including the surface ectoderm, neuroepithelium
and cranial mesenchyme (Copp et al. 2003). To determine in which tissue MYC is required, one
can use different tissue specific Cre lines to knockout Myc (Patterson et al., 2014).
MYC expression is downregulated after neurulation whereas N-Myc continues to express
at similar level, suggesting that total MYC dosage needed to support protein synthesis and
proliferation of progenitors is lower at later stages of development. This is consistent with the
lengthening cell cycle, and thus slower proliferation, of progenitors as cortical development
proceeds.
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Forced MYC expression after neurulation promotes progenitors proliferation, resulting in
macrocephaly and tumorigenesis. RNA sequencing revealed two genes, Insm1 and Sdc1, that are
enriched in neural progenitors of MYC-OE (Table S3). These two genes have previously been
shown to enhance proliferation of neural progenitors: Insm1, a zinc finger transcription factor,
has been shown to promote the generation and expansion of intermediate progenitor cells (IPCs)
in the developing mouse cortex (Farkas et al., 2008); and Sdc1, a transmembrane heparin
sulphate proteoglycan that modulates WNT signaling, is important for the maintenance and
proliferation of both RGCs and IPCs (Wang et al., 2012). To confirm if these two genes are
responsible for increased proliferation and macrocephaly in our MYC-OE mouse model, we
could perform in-utero electroporation to deliver shRNAs against these genes and see if this
could rescue their phenotypes.
MYC is known to regulate the expression of a large number of genes, but we only found
135 genes to be differentially expressed between MYC-OE and their wildtype littermates
(Figure 3.4D). There are several possible explanations for this observation. First of all, MYC is
not a pioneering transcription factor, meaning that it cannot access closed heterochromatic
regions of the genome (Kress et al., 2015). It is possible that many MYC target genes are located
in heterochromatin in the neural progenitors, which might be a mechanism to protect the cells
against the oncogenic effect of MYC; Second, higher expression of MYC binding partners, such
as MAX, might be needed for MYC to fully carry out its transcription function; Third, MYC is a
mild transcription factor and only induces moderate changes in gene expression (Kress et al.,
2015), and these changes might be masked by variability between individual embryos.
Indeed, we found that even embryos from the same litter can be slightly different in
developmental stage, and they could have quite different gene expression pattern given that
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embryonic development is a rapid and dynamic process. At the same time, we also observed
variability in the level of MYC overexpression in our mouse model. This might affect what
downstream genes were being regulated, especially genes with low affinity MYC binding sites
that would be regulated only if MYC is abundant enough (Kress et al., 2015). The above would
explain the variability we saw in our data, which would decrease the power in detecting
differentially expressed genes.
MYC activation alone rarely leads to tumoirgenesis because of checkpoint mechanisms
such as proliferative arrest, apoptosis and cellular senescence, and secondary events such as loss
of p53 or overexpression of Bcl-2, are usually needed for tumors to form (Gabay et al., 2014).
Therefore, it is interesting that MYC overexpression alone could drive tumorigeneiss in our
mouse model, and it would be interesting to speculate how this happened.
Previous works have shown that the effect of MYC overexpression is context dependent.
For example, MYC overexpression in the embryonic liver would promote cell proliferation,
whereas in adult liver would induce cellular growth without mitosis. However, MYC can
promote adult hepatocytes proliferation after partial hepatectomy or exposure to liver toxin.
Similarly MYC overexpression in embryonic heart would lead to hyperplasia whereas in adult
heart would lead to hypertrophy (Gabay et al., 2014). Therefore, it seems that MYC can promote
proliferation only in cells that are already in cell cycle, such as embryonic progenitors during
development and certain adult cells after tissue damage. This phenomenon might be due to the
epigenetic landscape of differentiated cells in adult tissues: many cell cycle genes might be
confined to heterochromatin and cannot be accessed by MYC (Kress et al., 2015). An alternative
but not mutually exclusive explanation is that MYC is acting as a universal amplifier of genes
that are already expressed (Nie et al., 2012; Lin et al., 2012), and thus would only promote
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proliferation in cells that are already in cell cycle. In our model, we are overexpressing MYC in
neural progenitors that are already actively proliferating, thus MYC is capable of accelerating
their proliferation and induce tumorigenesis.
However, not all neural progenitors are susceptible to tumorigenesis when MYC is
overexpressed, as we only found tumors in the ChPs (Figure 3.6) and the eyes (Figure S2) in
our mouse model. The different oncogenic susceptibility among neural progenitors might be due
to cell-intrinsic differences or differences in the surrounding microenvironment. To distinguish
between these possibilities, we can isolate progenitors from different nervous system regions of
the MYC-OE embryo, and measure their proliferation in vitro under identical culture conditions.
To study the effects of different microenvironment, we can culture the progenitors on
organotypic brain slices obtained from various brain regions (Chadwick et al., 2015) and assay
their proliferation. We can even transplant the progenitors into different regions of the nervous
system (e.g. eye vs cerebellum) and study their tumorigenic capability.
The level of MYC expression can also influence tumorigenesis. If MYC is overexpressed
at a high level, it would activate apoptosis and the ARF/p53 tumor suppressor pathway. On the
contrary, low level of MYC overexpression does not activate these pathways and is capable of
promoting proliferation and tumor development (Murphy et al., 2008). MYC expression level in
our mouse model is probably not high enough to induce apoptosis, as we did not see increased
number of apoptotic cells in their cortices (unpublished observations). To test whether MYC
expression level influences tumorigenesis, we can use promoters of different strength to drive
Myc transgene expression (Norrman et al., 2010) or we can generate mice homozygous for the
Rosa26-Floxed-Stop-Myc locus, and see if there is increased apoptosis that would curb
tumorigenesis.
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What are the downstream targets of MYC that are responsible for tumorigenesis in our
mouse model? RNA-seq revealed some potential candidates. We found that Otx2 and Trpm3 are
enriched in the progenitors of MYC-OE (Figure 3.6A), these two genes are important for normal
development and functioning of the ChPs (Johansson et al., 2013; Millar et al., 2007), but are
also frequently amplified in ChP tumors (Japp et al., 2015). We also found that many genes
encoding the translation machinery are also up-regulated when MYC is overexpressed (Figure
3.4). In the future, we can knockdown Otx2 and Trpm3 using shRNA/in-utero electroporation or
genetic mouse models (Puelles et al., 2003; Virens et al., 2011) to test if this would delay/inhibit
ChP tumorigenesis. We can also use mTOR inhibitors (Zheng and Jiang, 2015; Iadevaia et al.,
2012) or genetic mouse models (Barna et al., 2008) to test the importance of protein synthesis in
tumorigenesis.
Taken together, we have demonstrated that MYC expression in neural progenitors is
dynamic during development, and its dysregulation could lead to pathologies such as neural tube
defects, macrocephaly and tumorigenesis. Further studies are needed to understand the
pathways/genes downstream of MYC that are responsible for these pathologies.
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Neonatal choroid plexuses have higher protein synthesis rate than adult choroid plexuses
The choroid plexuses (ChPs) are tissues that secrete CSF and its protein constituents into
the brain ventricles. There are four ChPs in the brain: one in each lateral ventricle, one in the
third ventricle and one in the fourth ventricle (Lun et al., 2015). Many proteins secreted by the
ChPs play important functions in brain development and homeostasis (Huang et al., 2009;
Lehtinen et al., 2011; Nielsen and Dymecki, 2010; Spatazza et al., 2013). Therefore, protein
synthesis in the ChPs needs to be tightly regulated. Here, we assayed the rate of protein synthesis
in neonatal ChPs (P0) versus adult ChPs using O-propargyl-puromycin (OPP; Liu et al., 2012), a
small molecule that incorporates into translating polypeptides in the ribosomes. Detection of the
OPP “tagged” polypeptides by fluorescent azide allows for the quantification of nascent protein
synthesis. We dissected out the ChPs and cultured them in neurobasal medium with 20µm OPP
for 30 minutes. We then fixed the tissues and assayed OPP incorporation according to
manufacturer’s suggested procedures (Life Technologies). We found that neonatal ChP epithelial
cells consistently have higher protein synthesis rate than their counterparts in adult ChPs, but
protein synthesis rate is similar between lateral ventricle and fourth ventricle ChPs within each
age (Figures S1A and B). No OPP incorporation is detected upon addition of cycloheximide, a
small molecule that inhibits protein synthesis (Figure S1C). The higher rate of protein synthesis
at P0 might be important for supporting neonatal brain development. In neonatal ChPs, protein
synthesis rate among epithelial cells is pretty homogenous across the tissue (Figure S1D),
whereas there are regional differences in the adult ChP (Figure S1E). Are regions with high
protein synthesis performing specific functions remain to be determined.
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Figure S1. Adult choroid plexuses have higher protein synthesis rate than neonatal choroid
plexuses.
(A) Representative images showing stronger OPP intensity in the lateral ventricle (LV) and
fourth ventricle (4V) ChPs of neonates (P0) compared to adults. Aquaporin (AQP) is a
membrane protein that marks the epithelial cells.
(B) Quantification of OPP intensity in ChP epithelial cells using Image J. Measurements are
taken in the cytoplasmic region of the cells. Each open circle represents the average OPP signal
from eight epithelial cells within a single choroid plexus. *p≤0.05, **p≤0.01, ****p≤0.0001,
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Figure S1 (Continued)
RM one-way ANOVA with Geisser-Greenhouse correction and Tukey’s multiple comparisons
test.
(C) Image showing P0 LV ChP treated with the protein synthesis inhibitor cycloheximide
(CHX).
(D) Low magnification image of 4V ChP from P0 neonates. Note homogeneous OPP signal
among epithelial cells (AQP-positive cells on the outside) across the ChP. Vasculature and
connective tissues in the middle of the ChP have much weaker OPP signal, and thus lower
protein synthesis rate.
(E) Low magnification image of 4V ChP from adults. Note strong OPP signal in epithelial cells
from certain regions of the ChP.
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MYC overexpression leads to tumorigenesis in the eyes
In addition to choroid plexus tumors, using Nestin-cre to drive MYC overexpression in
neural progenitors would also lead to tumor development in the eyes (n=10 out of 10 examined).
The tumors first become obvious around 8 weeks of age (Figure S2A). Both eyes eventually
develop tumors, even though the progress is sometimes faster in one eye than the other.
Diagnosis confirmed these tumors as medulloepithelioma of the ciliary body (Figure S2B).
MYCN has been shown to be important for eye development (Martins et al., 2008), but not much
is known about MYC family’s connection to medulloepithelioma, although there was a reported
case with chromosomal gain of the region containing MYC (8q24; Burris et al., 2016).
We also observed that the some MYC-OE mice have an abnormal behavior of spinning
either clockwise or anti-clockwise, which appears around 6 weeks of age. We suspected this
might be due to tumor development in the vestibular system. However, immunostaining showed
that the vestibular hair cells are normal in the MYC-OE (data not shown), so the spinning
behavior might be due to some other unknown defects.

Special thanks to Dr. Sanda Alexandrescu for analyzing and diagnosing the eye tumors. And Dr.
Gwenaelle Geleoc and Dr. Jeffrey Holt for analyzing the vestibular system
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Figure S2
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Figure S2. MYC overexpression leads to tumorigenesis in the eyes
(A) Gross images showing eye of a wildtype adult mouse (left) and eye of a MYC-OE mouse
(right).
(B) H&E images of eye tissue from wildtype adult mouse (left) and from MYC-OE mouse
(right). Scale bar = 1mm. Far right are magnified images showing cell morphology from two
regions of the tumor. Scale bar = 100µm.
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MYC-overexpressed pups have slower growth rate during neonatal period
When we used Nestin-cre to drive MYC overexpression in neural progenitors (MYCOE), we found that the newborn pups (P0) have macrocephaly (see Figures 3.5D – 3.5G), even
though their body weights are similar to wildtype (body weight (g) ± SEM: WT = 1.35 ± 0.03,
n=16; MYC-OE = 1.33 ± 0.02, n=15; unpaired t-test, p=0.57). We also found that MYC-OE
have slower growth rate during the first few days after birth, leading to significantly smaller
body weight than their wildtype counterparts by P8 (Figure S3A). Because of their overall
slower growth rate, their absolute brain size at P8 is no longer macrocephalic (Figures S3B –
3D). But their relative brain size, when adjusted for body weight, is still bigger (Figures S3E –
3F). It has previously been reported that the Nestin-Cre allele alone can lead to growth hormone
deficiency and thus smaller body size (Harno et al., 2013). To rule out this possibility, we
measured the weight of P8 Nestin-Cre pups and found that even though they are slightly smaller
than wildtype, the difference is not significant (body weight (g) ± SEM: WT = 4.21 ± 0.29, n=9;
Nestin-Cre = 3.88 ± 0.18, n=7; unpaired t-test, p=0.35). Therefore, MYC overexpression per se
can lead to a decrease in body weight in neonates. Since Nestin-cre can drive recombination in
the hypothalamus, one possible explanation is that MYC overexpression may cause defects in the
feeding center (the ventromedial nucleus) of the hypothalamus, leading to hypophagia (reduction
in food intake) in these mice (Xu et al., 2011).
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Figure S3. MYC-overexpressed pups have smaller body size than wildtype at P8, but brain
size is similar.
(A) Quantification of P8 body weight. ****p≤0.0001, Welch’s t-test, WT: n=13 pups from 4
litters, MYC-OE: n=9 pups from 4 litters.
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Figure S3 (Continued)
(B) Representative images of P8 brains from wildtype (left) and MYC-OE (right). Scale bar =
5mm.
(C) Quantification of P8 brain weight. The medulla and pons were excluded when measuring
brain weight. P>0.05, unpaired t-test, WT: n=9 pups from 3 litters, MYC-OE: n=6 from 3 litters.
ns = not significant.
(D) Quantification of P8 cortical area. Cortical area of one hemisphere is measured, with
olfactory bulb excluded. P>0.05, unpaired t-test, WT: n=13 pups from 4 litters, MYC-OE: n=9
pups from 4 litters. ns = not significant.
(E) Quantification of P8 brain weight to body weight ratio. ***p≤0.001, Welch’s t-test, WT: n=9
pups from 3 litters, MYC-OE: n=6 from 3 litters.
(F) Quantification of P8 cortical area to body weight ratio. ****p≤0.0001, Welch’s t-test, WT:
n=13 pups from 4 litters, MYC-OE: n=9 pups from 4 litters.
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Figure S4, related to Figure 2.2 and Figure 2.4. The neuroepithelium remains intact
following AF collection at E8.5.
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Figure S4 (Continued)
(A) Whole mount images show presumptive forebrain region in E8.5 embryos that are unmanipulated (left) and following AF collection (right). Note that the forebrain neuroectoderm
(black arrows) remains intact after AF collection. Scale bar, 100 µm.
(B) Apical membrane staining of β-catenin (green) shows that the ventricular surface remains
intact following AF collection at E8.5. Nuclei counterstained with Hoechst. Scale bar, 10 µm.
(C, D) E8.5 forebrain neuroectoderm shows stronger expression of two ribosomal protein
subunits RPS12 and RPL11 (red), in P-Vimentin-positive (green) progenitor cells. Nuclei
counterstained with Hoechst. Scale bar, 10 µm.
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Figure S5, related to Figure 2.6. Availability of receptors in differentiating cerebrospinal
fluid.
(A) Availability of TGFBR3 peaked at E10.5 CSF, and was not detected in E14.5 CSF (E8.5 AF
= 1.225 ± 0.630; E10.5 CSF = 4.211 ± 0.243; E14.5 CSF = not detected). Circles represent
individual samples, n=3 for all samples).
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Figure S5 (Continued)
(B) EGFR was detected in E8.5 AF but not in E10.5 CSF or E14.5 CSF (E8.5 AF = 5.132 ±
1.107; E10.5 CSF = not detected; E14.5 CSF = not detected).
(C) The availability of LIFR decreased from E8.5 AF to E10.5 CSF, and was not detected in
E14.5 CSF by spectral counting (E8.5 AF = 14.771 ± 1.249; E10.5 CSF = 7.829 ± 2.847; E14.5
CSF = not detected).
(D) LIFR was most abundant in E8.5 AF by immunoblotting. The transmembrane isoform
(122.57kDa) was detected in all three fluid compartments, whereas the soluble isoform
(81.29kDa) was only detected in E8.5 AF under low exposure setting (left). Under long exposure
(right), soluble LIFR isoform was also detected in E10.5 CSF but not in E14.5 CSF.
(E) RT-PCR showed higher lif expression in amniotic sac (AS) and yolk sac (YS) compared to
neuroepithelium (NE). H2O as negative control; placenta (P) as positive control.
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Figure S6, related to Figure 3.1. Upregulation of RGC markers at E10.5 and differential
expression of receptors and secreted factors between E8.5 and E10.5
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Figure S6 (Continued)
(A) Quantitative RT-PCR (qRT-PCR) validation of 75 genes show positive correlation (R2=0.58)
with RNAseq data.
(B) RNAseq shows upregulation of glial markers, Glast (left) and Blbp (right), in E10.5
neuroepithelium. y-axis shows FPKM values
(C) MA plot displaying genes encoding receptors in E8.5 and E10.5 neuroepithelium. Each dot
represents a single gene. Red dots denote genes that are differentially expressed as identified by
Cuffdiff. Genes below blue line (y=0) are enriched in E8.5.
(D) MA plot displaying genes encoding secreted factors in E8.5 and E10.5 neuroepithelium.
Each dot represents a single gene. Red dots denote genes that are differentially expressed as
identified by Cuffdiff. Genes below blue line (y=0) are enriched in E8.5.

158

E14.5 Foxg1-FSM

MYC-OE

C

3.4

**

3.2
3.0
2.8
2.6
2.4

WT

MYC-OE

Cortical Area (mm2)

WT

Cortical length (mm)

B

A

Figure S7
ns

6.0
5.5
5.0
4.5
4.0
3.5
3.0

WT

MYC-OE

Figure S7, related to Figure 3.5. MYC overexpression in neural progenitors driven by
Foxg1-cre leads to elongated cortex at E14.5
(A) Representative images showing wildtype (left) and MYC-OE (right) brains at E14.5
(B) Quantification of E14.5 cortical length. The olfactory bulb is excluded when measuring
cortical length. **p≤0.01, Welch’s t-test, WT: 12 embryos from 6 litters; MYC-OE: 15 embryos
from 6 litters.
(C) Quantification of E14.5 cortical area. Cortical area of one hemisphere is measured, with
olfactory bulb excluded. P>0.05, unpaired t-test, WT: 12 embryos from 6 litters; MYC-OE: 15
embryos from 6 litters. ns = not significant.

159

Table S1, related to Figure 2.4. Spectral counts and GProX clustering of all 961 proteins
detected in E8.5 AF, E10.5 CSF and E14.5 CSF (worksheet 1); Functional annotation clustering
of proteins in GProX clusters 1, 2 and 3 using DAVID (worksheet 2, 3 and 4); KEGG pathway
analysis of proteins in GProX cluster 2 using DAVID (worksheet 5).
Please download table at:
http://www.cell.com/action/showImagesData?pii=S1534-5807%2815%2900750-9

Table S2, related to Figure 2.7. Spectral counts and GProX clustering of all 844 proteins
detected in E8.5 AF, E10.5 AF and E14.5 AF (worksheet 1); Functional annotation clustering of
proteins in GProX clusters 1, 2 and 3 using DAVID (worksheet 2, 3 and 4).
Please download table at:
http://www.cell.com/action/showImagesData?pii=S1534-5807%2815%2900750-9
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Table S3, related to Figure 3.4 . FPKM values and log2 fold change of the 135 genes that are
differentially expressed between E13.5 wildtype and MYC-OE apical progenitors
Gene ID
Sparcl1
Nid1
Igf2
Optc
Sulf1
Ttr
Otx2
Fosb
Rspo3
Gusb
Aldh2
Col4a1
Trpm3
Txndc17
Rspo1
Commd6
Col4a2
Prelp
2410006H16Rik
Nme2
Slc7a5
Cav1
Suclg1
Dlc1
Arl10
Tufm
Wnt5a
Nxt1
Nell2
Ephb1
Csrnp3
Snhg4
Apcdd1
Srm
Fos
Slc29a1
Pcsk6

WT FPKM
0.678318
0.847196
2.61215
1.99758
1.14698
7.19618
6.05118
33.3487
6.298
2.63466
3.0376
2.22723
3.02138
6.28598
8.74742
9.00225
2.46009
2.77917
29.9401
41.2955
14.2146
4.50084
5.08058
1.69955
7.55957
10.3298
2.41801
11.253
7.50874
5.94408
1.55961
20.5005
9.62059
30.8994
24.2211
8.0367
3.2684

MYC-OE FPKM
2.45965
2.51643
7.41847
5.41979
2.49115
15.2427
12.2228
64.2677
12.1219
5.05407
5.82378
4.20603
5.67215
11.6892
16.2154
16.6721
4.53722
5.07714
53.8978
73.671
25.2958
7.89817
8.91335
2.97854
13.2034
17.72
4.0475
18.4934
12.2027
9.59351
2.50529
32.8707
15.3605
48.5472
37.2327
12.3319
5.01022
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log2(fold_change)
1.85842
1.57061
1.50589
1.43998
1.11897
1.08282
1.01429
0.946463
0.944652
0.939826
0.939025
0.917209
0.908691
0.894968
0.890437
0.889077
0.883098
0.869364
0.848147
0.835113
0.831523
0.811323
0.810976
0.809456
0.804536
0.778562
0.743211
0.716707
0.700559
0.690606
0.683787
0.681143
0.675028
0.651807
0.620305
0.617716
0.616291

Table S3 (Continued)
Pdia3
Tuba1c
Pdia6
Mif
Rplp0
St18
Thbs1
Ext2
Rps17
Nr2f2
Tomm22
Noc4l
Arl6ip1
Dkk3
Rps26
Rps5
Slc17a6
Sdc1
Rrp12
Calr
Sfrp2
Tmed9
Sulf2
Rpn1
Psmd3
Myadm
Tmx2
Rps4x
2810004N23Rik
Egr1
Kpna2
Rps25
Wdr46
Rps8
Tuba1b
2310044H10Rik
Uba52
Rpl3
Pes1
Rps12

42.8066
7.58084
26.8811
59.4671
77.2841
3.42176
3.52979
18.9313
214.387
5.26028
25.4269
9.67205
41.5559
6.67578
147.364
101.362
5.67109
8.27948
7.13964
58.1648
17.2137
20.3038
13.2212
14.971
14.7948
12.4539
14.8682
175.76
23.3772
60.9758
113.058
122.815
22.1202
187.283
125.115
19.7551
183.845
134.376
11.1036
181.87

65.6014
11.5755
40.8801
90.0459
116.827
5.15206
5.29664
28.361
318.977
7.78697
37.6192
14.2418
60.7573
9.7599
213.501
146.533
8.18981
11.9467
10.2836
83.6345
24.7019
29.0543
18.8952
21.3364
21.0772
17.7146
21.0506
248.514
32.8833
85.6702
158.703
171.752
30.8649
261.103
174.1
27.4795
255.498
186.216
15.3797
251.775
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0.615893
0.610649
0.604808
0.59857
0.596126
0.590412
0.585494
0.583136
0.573238
0.565922
0.565114
0.558236
0.548004
0.547929
0.534863
0.531704
0.530203
0.528998
0.526419
0.523952
0.521062
0.516996
0.515168
0.511149
0.510592
0.508346
0.501636
0.499717
0.492252
0.490555
0.489266
0.483839
0.480607
0.479399
0.476666
0.47613
0.474818
0.4707
0.470001
0.46923

Table S3 (Continued)
Insm1
Rpl13
Serpinh1
Cdca8
Rps9
Rps3
Tmed10
Pus7
Pelp1
Rpl30
Rpl9
Sparc
Pigt
Rpl27a
Tmbim6
Cyr61
Tubb4b
Pom121
Plec
Nudc
Slc1a4
Rpl12
Rpsa
Rps3a
Sf3b4
Eif5a
Setd8
Tuba1a
2900092D14Rik
Elk1
Dmrta1
Camk2a
Wdr13
Dyrk2
Tmem132b
Scrn1
Bmper
Pggt1b
Zfp654
Kdm5d

25.9015
226.76
18.1836
50.1059
207.042
66.1886
15.4847
14.492
14.7917
261.054
148.106
39.7291
28.972
77.6067
32.3317
42.3092
55.7381
60.1919
2.41874
38.8707
13.9674
142.827
90.3094
108.103
44.4739
189.995
81.4677
170.582
203.397
29.5149
33.6283
14.9777
13.8905
20.1218
5.21491
61.5018
11.9325
15.0866
6.12855
26.3334

35.7814
313.097
25.0819
69.0735
284.922
90.9604
21.2249
19.8549
20.2279
356.352
201.798
54.0941
39.4441
105.249
43.8103
57.3275
75.1682
81.0564
3.25222
51.9791
18.6589
190.597
119.81
143.381
58.7084
248.85
106.064
220.877
156.296
22.06
24.9784
11.0455
9.94303
14.3701
3.68376
43.2795
8.39606
10.6054
4.30393
18.4859
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0.466177
0.465445
0.464005
0.463154
0.460645
0.458657
0.454915
0.454241
0.451554
0.448955
0.446284
0.445273
0.445148
0.439553
0.438322
0.438255
0.43146
0.429356
0.42717
0.41925
0.4178
0.416262
0.407801
0.40744
0.400606
0.389315
0.380631
0.372784
-0.380023
-0.420013
-0.428997
-0.439358
-0.482344
-0.485686
-0.501465
-0.506945
-0.507107
-0.508476
-0.509891
-0.510466

Table S3 (Continued)
Ddx3y
Rnf180
Pcmtd2
C430048L16Rik
Kcnn3
Gm3893
Ermn
Ube2l6
Star
5730559C18Rik
Sorcs1
Uty
Nup210l
Lancl3
Gm5141
Has1
Fads3
Kctd12

9.51642
10.4505
8.18339
15.3774
2.9594
48.1312
6.76252
34.9081
12.4514
12.9892
3.77953
9.15413
3.92938
6.06702
5.62323
8.02036
4.4356
2.36526

6.6444
7.27292
5.66874
10.5186
1.98703
32.0588
4.45163
22.7616
8.10081
8.43287
2.44899
5.84761
2.43419
3.73976
3.44007
4.87989
2.58746
1.37478

164

-0.51828
-0.522968
-0.529669
-0.547871
-0.57469
-0.586252
-0.60323
-0.616958
-0.620169
-0.623219
-0.626023
-0.646577
-0.690861
-0.698042
-0.70896
-0.716818
-0.777594
-0.782795
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Spatially heterogeneous choroid plexus transcriptomes encode
positional identity and contribute to regional CSF production
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Spatially Heterogeneous Choroid Plexus Transcriptomes
Encode Positional Identity and Contribute to Regional CSF
Production
Melody P. Lun,1,3 X Matthew B. Johnson,2 Kevin G. Broadbelt,1 Momoko Watanabe,4 Young-jin Kang,4 Kevin F. Chau,1
Mark W. Springel,1 Alexandra Malesz,1 André M.M. Sousa,5 X Mihovil Pletikos,5 X Tai Adelita,1,6 Monica L. Calicchio,1
Yong Zhang,7 Michael J. Holtzman,7 Hart G.W. Lidov,1 X Nenad Sestan,5 Hanno Steen,1 X Edwin S. Monuki,4
and Maria K. Lehtinen1
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Department of Pathology, and 2Division of Genetics, Boston Children’s Hospital, Boston, Massachusetts 02115, 3Department of Pathology and Laboratory
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New Haven, Connecticut 06510, 6Department of Biochemistry, Federal University of São Paulo, São Paulo 04039, Brazil, and 7Pulmonary and Critical Care
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A sheet of choroid plexus epithelial cells extends into each cerebral ventricle and secretes signaling factors into the CSF. To evaluate
whether differences in the CSF proteome across ventricles arise, in part, from regional differences in choroid plexus gene expression, we
defined the transcriptome of lateral ventricle (telencephalic) versus fourth ventricle (hindbrain) choroid plexus. We find that positional
identities of mouse, macaque, and human choroid plexi derive from gene expression domains that parallel their axial tissues of origin. We
then show that molecular heterogeneity between telencephalic and hindbrain choroid plexi contributes to region-specific, age-dependent
protein secretion in vitro. Transcriptome analysis of FACS-purified choroid plexus epithelial cells also predicts their cell-type-specific
secretome. Spatial domains with distinct protein expression profiles were observed within each choroid plexus. We propose that regional
differences between choroid plexi contribute to dynamic signaling gradients across the mammalian cerebroventricular system.
Key words: cerebrospinal fluid; choroid plexus; next-generation sequencing

Introduction
The choroid plexus-CSF (ChP-CSF) system is essential for the
development and maintenance of the vertebrate brain (Johanson
et al., 2008; Lowery and Sive, 2009; Lehtinen and Walsh, 2011;
Lehtinen et al., 2013). ChP-distributed factors actively regulate
proliferation and survival of neural stem cells (X. Huang et al.,
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2009; Lehtinen et al., 2011). However, little is known about the
regulation of the CSF proteome and whether regionalization
across choroid plexi contributes to differential protein secretion.
The choroid plexi, located in each brain ventricle, consist of epithelial cells enveloping a stromal, fenestrated capillary network
(Sturrock, 1979; Wilting and Christ, 1989). ChP epithelial cells secrete CSF, and tight junctions between cells form the blood-CSF
barrier, preventing diffusion of systemic signals into CSF (Damkier
et al., 2013). The choroid plexi differentiate from the roof plate (Currle et al, 2005; Emerich et al., 2005) and can be identified by early
papillarity by mouse embryonic day (E)11–E12 (Sturrock, 1979).
The hindbrain (myelencephalic) ChP (hChP) of the fourth ventricle
forms first, followed by the bilateral development of the telencephalic ChP (tChP) of the lateral ventricles, and finally, the diencephalic ChP of the third ventricle (Kappers, 1955; Dziegielewska et
al., 2001; Currle et al., 2005). Cell lineages originating from the hindbrain roof plate contribute to the hChP (Awatramani et al., 2003;
Currle et al., 2005; Hunter and Dymecki, 2007). However, it is not
known whether derivation of tChP versus hChP from separate lineages defines their positional identity, leading to ChP tissues that are
functionally distinct in their protein secretion or receptivity. The
possibility that each ChP produces a regionalized CSF would enable
a powerful means to deliver region-specific signals to distinct populations of neural stem cells.
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Although CSF flow directed from the lateral toward the fourth
ventricle allows mixing of CSF, previous studies have suggested
that CSF composition is regionalized between ventricles (Cavanagh et al., 1983; Zappaterra et al., 2007). Recent gene expression studies provide insight into the general ChP secretome, but
these studies have relied on intact, in toto tChP and have not
investigated tissue regionalization (Marques et al., 2011; Liddelow et al., 2012, 2013). Although epithelial cells represent the
predominant cell type in the ChP (Keep and Jones, 1990), the
ChP is vascularized, and vascular cells represent important
sources of secreted signals in the nervous system (Palmer et al.,
2000; Tavazoie et al., 2008; Kokovay et al., 2010; Delgado et al.,
2014). Parsing the various ChP cell types, the regionalized secretomes of tChP versus hChP, and ultimately their contribution to
the CSF proteome, would impart greater insight to the availability of extrinsic signals during brain development.
We demonstrate that the positional identities of the telencephalic and hindbrain choroid plexi derive from anterior–posterior gene expression domains that parallel their axial tissues of
origin in the rodent and primate brain. We define the embryonic
ChP secretome by assaying FACS-purified ChP epithelial cells
alongside in toto ChP, and uncover molecular heterogeneity
between choroid plexi that contributes to regional ChPprotein secretion in an age-dependent manner, coupling the
choroid plexi to the production of signal gradients across the
ventricular system.

Materials and Methods
Animals. Timed pregnant CD-1 dams were obtained from Charles
River Laboratories. mT/mG/Foxj1Cre⫹/⫺ mice were obtained through
heterozygous breedings (Muzumdar et al., 2007; Zhang et al., 2007).
Ttr::RFP mice were obtained through heterozygous breeding of C57BL/
6J ⫻ CBA/J mice outbred onto CD-1 mice (Kwon and Hadjantonakis,
2009). All animal experimentation was performed under protocols approved by the IACUCs of Boston Children’s Hospital (BCH) and UC
Irvine. Tissues were collected from both male and female embryos.
Fluorescence-activated cell sorting. Ttr::RFP embryos were checked for
genotype under a fluorescence microscope. Ttr::RFP-negative littermates
were collected and processed in parallel to set the signal threshold for the
RFP gate. tChP and hChP tissues were dissected and collected separately,
and digested in type II collagenase (Life Technologies) in HBSS for 15–20
min with occasional tapping followed by TrypLE Express (Life Technologies) for 15–20 min. Dissociated cells were filtered through a 40 m
mesh strainer. Fluorescence-activated cell sorting (FACS) was performed
with dead-cell exclusion by the green LIVE/DEAD Fixable Stain Kit (Life
Technologies). We excluded debris and dead cells by side-scatter area
and forward-scatter area, and single-cell selection by forward-scatter
height and forward-scatter area before analyzing for RFP expression.
RFP-positive cells comprised ⬃30 –50% and ⬃15–20% of all single cells
in the tChP and hChP, respectively; post-sort purity was ⬎92%.
RNA sequencing and analysis. Each sequenced sample comprised tissue
or cells isolated from the tChP or hChP of E18.5 mouse embryos and
pooled across a single litter. Total RNA was isolated from whole ChP or
FACS-purified ChP epithelial cells by using the RNeasy Micro Kit (Qiagen) and converted to cDNA and preamplified using the Ovation RNAseq System V2 (NuGEN) following the manufacturer’s protocol. cDNA
was converted to Illumina paired-end sequencing libraries following the
standard protocol (TruSeq v2) and sequenced on a Illumina HiSeq 2000
instrument to a depth of ⬃20 – 60 million pass-filter reads per library,
after standard quality control filters. RNA-seq data have been deposited
in the NCBI Gene Expression Omnibus database (GEO; www.ncbi.nlm.
nih.gov/geo) with the GEO series accession number GSE66312. The 50
base paired-end reads were mapped to the UCSC mm9 mouse reference
genome and “known genes” transcriptome using TopHat v2, and fragments per kilobase per million reads (FPKM) values were estimated using cufflinks v2 (Trapnell et al., 2012). We then used the HTSeq and

DESeq software packages to perform library normalization, principle
component analysis (PCA), and differential expression testing (Anders
and Huber, 2010; Anders et al., 2013). Because the tChP and hChP samples came from the same biological replicates, differential expression was
modeled as either a paired-sample single-factor design or a multifactor
design contrasting both region (tChP vs hChP) and cell type (whole ChP
vs purified epithelial cells). Hierarchical clustering and heatmap generation were performed in R on the library-normalized, variance-stabilized
read counts from DESeq, using Pearson correlation and complete linkage. For heatmap display purposes, genes were scaled across conditions
to have a mean of zero and 1 standard deviation. Genes selected for
hierarchical clustering had a false discovery rate (FDR; BenjaminiHochberg adjusted p value) ⬍0.05. Gene Ontology term enrichment
analysis was done with DAVID v6.7 (http://david.abcc.ncifcrf.gov/;
D. W. Huang et al., 2009a,b), comparing tChP- and hChP-enriched
genes with a minimum twofold expression difference (FDR ⬍ 0.05) to
the full mouse transcriptome. The statistic reported for the annotation
clusters, the enrichment score, is the geometric mean of the enrichment
p values for the annotation terms in each cluster, in ⫺log10 scale.
Macaque and human brain samples. Tissue samples for molecular analyses were available through the following sources: (1) Rhesus macaque
samples were collected from fresh brain specimens or brain slabs preserved in RNAlater from the Sestan Laboratory at Yale University, (2)
human samples were obtained from frozen brain specimens from the
Sestan Laboratory at Yale University, and (3) human samples were obtained under an IRB approved protocol at BCH. Samples were processed
as follows: fresh macaque brains were chilled on ice for 15–30 min before
sectioning. Brains were placed ventral side up onto a chilled aluminum
plate (1 cm thick) on ice. ChP samples were collected from both lateral
and fourth ventricles. Samples were snap frozen in isopentane (JT
Baker)/dry ice at ⫺30 to ⫺40°C and stored at ⫺80°C. Fresh frozen human samples (from Yale University) were microscopically inspected,
and ChP samples were dissected from lateral and fourth ventricles
using a dental drill (AnyXing, 300D) and a Lindemann Bone Cutter
H162A.11.016 or diamond disk saw (Dental Burs; r ⫽ 11 mm) on a
1-cm-thick aluminum plate over dry ice. Dissected tissue samples were
stored at ⫺80°C before further processing. Human tissue specimens
from BCH were reviewed by a neuropathologist (H.G.W.L.), and nonidentifying information was recorded for each specimen. Tissue sections
were stained with hematoxylin and eosin (H&E) according to standard
methods. RNA was extracted using miRNeasy Micro kit (Qiagen), reverse transcribed (Promega), and subjected to qRT-PCR using Taqman
probes purchased from Life Technologies (see Table 2). All tissues were
handled in accordance with ethical guidelines and regulations for the
research use of human brain tissue set forth by the NIH (http://bioethics.
od.nih.gov/humantissue.html). All fresh nonhuman primate samples were
collected in accordance with a protocol approved by Yale University’s Committee on Animal Research and NIH guidelines.
Quantitative PCR. Expression of genes in mouse, macaque, and human tissues (except HOXA2) were measured by Taqman qPCR. Taqman
gene expression probes were purchased from Life Technologies, using
18S as an internal control, and run on a StepOne Plus instrument (Applied Biosystems). Expression of HOXA2 in macaque and human tissues
were measured by SYBR-green qPCR using the following forward (F)
and reverse (R) primer probes: HOXA2 (F): GAAGAAGGCGGCCAAGAAAA; HOXA2 (R): GCTGTGTGTTGGTGTAAGCA; GAPDH (F):
ACAACTTTGGTATCGTGGAAGG; GAPDH (R): GCCATCACGCCACAGTTTC. qPCR studies were performed using at least three biological
replicates, and statistical analyses were performed using two-tailed t tests.
Results are reported as mean ⫾ SEM.
Microarrays. Whole tChP and hChP were isolated from three biological replicates (pooled litters) and total RNA was isolated using the TRIzol
reagent (Life Technologies), followed by DNA cleanup using the Turbo
DNA-free Kit (Life Technologies). Polyadenylated mRNA was purified
and cDNA was generated and in vitro transcribed according to Illumina’s
protocols. The amplified, biotin-labeled cRNA was hybridized to the
Illumina MouseWG-6 v2.0 Expression BeadChip array. Microarray data
were analyzed using the Partek Genomics Suite software and crossreferenced to the RNA-seq data in Excel.
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Figure 1. Next-generation mRNA sequencing reveals regional heterogeneity between telencephalic and hindbrain choroid plexi. A, Left, H&E staining of sagittal E12.5 mouse brain. Right, H&E
staining of sagittal E18.5 mouse brain and hChP (inset). Patency of lateral ventricle (LV), third ventricle (3V), and fourth ventricle (4V) changes dramatically with development, and the Aqueduct of
Sylvius (Aq) constricts prior to birth. Blue arrows indicate tChP and hChP. Scale bar, 2 mm. High-magnification of hChP in E18.5 (inset) shows ChP structure with epithelial cells enveloping a core of
vascular and mesenchymal cells. B, Silver stain of LV and 4V CSF, E18.5 mouse. Although some proteins are present at similar levels in the CSF of both ventricles (black arrowhead), others are more
enriched in the CSF of the LV (red arrowhead) or of the 4V (blue arrowhead), suggesting regional differences in CSF protein composition between ventricles despite potential mixing between
compartments due to CSF flow. C, Whole tChP and hChP were dissected from wild-type and Ttr::RFP transgenic mice at E18.5. Scale bar, 2 mm. D, ChP from Ttr::RFP mice were dissociated and
FACS-sorted to purify the CPECs. Left, Sagittal view of tChP and hChP (inset) from E18.5 Ttr::RFP transgenic mouse. Sections were immunostained with anti-AQP1 (green) and Hoechst (blue), and
imaged along with native RFP (red). Right, Representative FACS plot showing the purification of RFP ⫹ CPEC. E, F, RNA was isolated from either whole ChP or purified CPEC from two biological
replicates of each (embryonic litters) and processed for RNA sequencing. E, Euclidean distance matrix and clustering dendrogram indicating the correlation across all eight samples. F, PCA of gene
expression estimates, with circles representing tChP and triangles representing hChP, and ellipses indicating the 99% confidence interval for the SE of the centroid for each region. Both PCA and
clustering indicate that a large proportion of variance (42%) is attributed to tissue type (whole ChP vs purified CPEC), whereas a smaller but highly significant proportion of variance (22%) is due to
regional gene expression differences between tChP and hChP, with both effects strongly outweighing the variability between biological replicates.
Mass spectrometry. Protein (30 g) from either native CSF, collected as described previously (Zappaterra et al., 2013), or ChPconditioned medium, was reduced in 0.1 M DTT and filtered twice
with a 30 kDa spin filter (Millipore). Samples were alkylated, washed,
and digested overnight with 2 g trypsin (Promega) at 37°C. Digested
proteins were eluted, acidified, desalted, and dried. Each sample was
reconstituted and analyzed by a nanoLC system (Eksigent) equipped
with LC-chip system (cHiPLCnanoflex, Eksigent) coupled online to a
Q-Exactive mass spectrometer (Thermo Scientific). Peptides were
separated by a linear gradient with a gradient length of 180 min.
Before submitting for database search, the Thermo “raw” files were

converted into the Mascot generic format (MGF-files) using the ProteoWizard software tool. All tandem mass spectrometry (MS/MS)
data were analyzed using Mascot (v2.3.01, Matrix Science). The Mascot searches were performed using a concatenated mouse protein
sequence database (UNIPROT.MOUSE, downloaded June 2014).
Protein sequence database was searched with tryptic cleavage specificity, a fragment ion mass tolerance of 20 m and a parent ion
tolerance of 10 ppm. Scaffold (version Scaffold_4.2.1, Proteome Software) was used to validate MS/MS-based peptide and protein identifications, resulting in an overall peptide and protein FDR of 1%. The
subsequent output gave protein IDs with spectral counts correspond-
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ing to unique peptides identified for the protein per sample. Proteins
were accepted as present if identified in any of the biological
replicates.
Choroid plexus-conditioned medium. tChP and hChP were dissected,
cultured in neurobasal medium (Life Technologies) supplemented with
penicillin-streptomycin and glutamine, 10 l medium per ventricle of
ChP for 24 h, centrifuged at 10,000 ⫻ g at 4°C for 10 min, and stored at
⫺80°C.
Antibodies. The following antibodies were purchased: Aquaporin-1
(Millipore and Santa Cruz Biotechnology), Cystatin C (Millipore), ECSOD (Millipore), EMX2 (Santa Cruz Biotechnology), GDF7 (Millipore),
GFP (Abcam), HOXA2 (Sigma-Aldrich), MEIS1 (Abcam), OTX1 (Abcam), PECAM1 (BD PharMingen), Proenkephalin (Thermo Scientific),
Transthyretin (Dako), HRP-conjugated Transferrin (Immunology Consultants Laboratory).
Immunostaining. Paraffin sections (5 m) of brains were dehydrated,
and antigen retrieval was performed using Antigen Unmasking Solution
(Vector Laboratories). Sections were blocked and permeabilized (0.04%
Tween20 in PBS, 5% serum), followed by antibody incubation. Cryosections (14 m) of brains were blocked, permeabilized, and incubated with
antibodies. All tissues were counterstained with Hoechst 33258.
Western blot quantification. Blots were exposed on Bio-Rad chemidoc,
and images captured were converted to 8 bit files. Intensities were quantified using ImageJ, and relative intensities were calculated based on the
loading control from the same blot. Statistical analysis was performed on
the relative intensities using two-tailed t test. Results are reported as
mean ⫾ SEM.
ELISA. Shh concentrations in ChP-conditioned medium were measured using the Mouse Shh N-Terminus Quantikine ELISA kit (R&D
Systems) per the manufacturer’s instructions. tChP- and hChPconditioned media were measured by BCA protein assay kit (Pierce),
and samples with equal total protein were assayed by ELISA.
Biochemical assay. Relative SOD activity was measured in diluted rat
CSF samples (1:10) using the Superoxide Dismutase Assay Kit (Cayman
Chemical) according to the manufacturer’s instructions.

Results
Transcriptome analysis of whole-choroid plexi and purified
choroid plexus epithelial cells
Because ChP-secreted signals may be a source of regionalized
CSF in the lateral and fourth ventricles (Fig. 1 A, B), we performed
next-generation RNA sequencing (RNA-seq) analyses of telencephalic and hindbrain choroid plexi to identify transcriptional
signatures that define positional heterogeneity between these tissues. First, RNA-seq of whole tChP and hChP was performed at
E18.5 in mice (Fig. 1C), when proliferation of the choroid plexi
nears completion (Hunter and Dymecki, 2007), peak CSF protein concentration is observed (see Fig. 6G; Lehtinen et al., 2011),
and the ventricular system nears maturation, with distinct ventricular compartments and flow (Johanson et al., 2008). Second,
because whole ChP consists of epithelial, vascular, and mesenchymal cells (Fig. 1A), transcriptome profiling of the bulk ChP is
likely to miss smaller but significant cell-type-specific expression
characteristics. Therefore, we performed parallel RNA-seq of purified ChP epithelial cells (CPEC), the cells responsible for CSF
secretion, isolated from Transthyretin::RFP (Ttr::RFP) transgenic
mice (Kwon and Hadjantonakis, 2009) by FACS (Fig. 1D). Of
note, Ttr::RFP expression is mosaic across ChP epithelial cells
(Fig. 1D). However, this mosaic expression, which becomes increasingly sparse with age, appears spatially random within the
ChP epithelium and does not correlate with actual Transthyretin
(TTR) expression as tested by immunohistochemistry or in situ
hybridization (data not shown). Combining these datasets, we
filtered and aligned 50 bp paired-end reads to the reference
mouse genome and transcriptome (UCSC mm9), estimated gene
expression levels, and performed sample-to-sample correlation

analysis (Fig. 1E), as well as PCA (Fig. 1F ) on the normalized read
counts of ⬃20,000 detected genes. PCA confirmed that the majority of variance between samples corresponded to the two variables of interest, cell type and ChP regional identity (Fig. 1F ),
suggesting that significant transcriptome-wide expression patterns distinguish both the constituent cell types of the whole ChP,
as well as the positional identity of tChP versus hChP. In addition, both PCA and sample-to-sample correlation analysis (Fig.
1 E, F ) showed that these effects were greater than the individual
variability across two biological replicates. We therefore proceeded to perform differential expression analysis using a paired
sample, two-factor model contrasting both region (tChP vs
hChP) and tissue type (whole ChP vs purified epithelial cells),
identifying a total of 1699 differentially expressed genes at a
threshold of twofold expression difference and a 5% FDR, including 684 genes displaying regional heterogeneity between
tChP and hChP (Fig. 2A; Table 1) and 526 genes enriched in
purified epithelial cells that we hypothesized encode a significant
fraction of the ChP secretome. Furthermore, 256 gene expression
differences between tChP and hChP were only detected in the
purified epithelial cells, demonstrating the importance of celltype-specific transcriptional profiling (Fig. 2B). Altogether, these
data strongly support our hypothesis that regional gene expression differences in the ChP contribute to differential protein secretion into the CSF.
Transcriptional heterogeneity between choroid plexi
To validate differentially expressed genes, we first compared the
results to an independent expression microarray experiment performed on three additional biological replicates of whole tChP
versus hChP (Fig. 2C). Due to the greater sensitivity and dynamic
range of RNA-seq, fewer genes were detected and identified as
differentially expressed by microarray. However, among 477 candidates detected by both approaches, the direction of change was
concordant, with a high correlation of fold-change values across
platforms (R 2 ⫽ 0.55). Differential gene expression was further
verified by targeted qRT-PCR of 35 candidate genes in functional
categories of interest, including transcription factors, cell surface
receptors, and secreted factors (Figs. 2C, 3A, 6A; Table 2), with all
genes displaying expression trends consistent with RNA-seq results (R 2 ⫽ 0.86). Finally, we also verified candidates by inspection of in situ hybridization data from publically available
resources, including GenePaint and Allen Brain Atlas to visually
confirm gene expression in ChP epithelium (data not shown).
We next performed gene ontology annotation clustering
of the most regionally differentially expressed genes to determine
the functions of the most highly enriched subset of genes in either
the tChP or hChP (Fig. 2 D, E). Secreted factors were the top
enriched annotations for both tChP- and hChP-enriched genes
(enrichment scores: tChP, 8.12; hChP, 13.31), supporting our
hypothesis that regional heterogeneity of gene expression within
the ChP may significantly contribute to differential protein secretion into the CSF. Although there are fewer enriched genes in
tChP compared with hChP (149 genes vs 322 genes), a greater
proportion of the tChP-enriched genes fall in the secreted functional category (30 genes of 149 vs 57 genes of 322).
Conserved positional identities between telencephalic and
hindbrain choroid plexi
Our differential gene expression findings reveal that tChP and
hChP are transcriptionally heterogeneous tissues. We further hypothesized that these differences, at least in part, arise from the
choroid plexi retaining memories of their developmental origins
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Figure 2. Transcriptional heterogeneity reveals regional choroid plexus identity. A, Hierarchical clustering of all ⬃2500 genes
showing significant regional differential expression between hChP (1426 genes) and tChP (1102 genes) at FDR ⬍ 0.05. Among
these, 684 genes showed at least a two-fold regional enrichment. Red and blue indicate relatively higher and lower expression,
with genes independently scaled to a mean of zero and 1 SD for display purposes. Vertical bars at the right of the heatmap highlight
clusters of epithelial cell-specific or -enhanced regional expression differences. B, Top, Section from E18.5 mouse immunostained
with anti-PECAM1 (red), anti-AQP1 (green), and Hoechst (blue). PECAM1 expression was enriched in the vascular component of
the ChP. Bottom, Section from E16.5 mT/mG/FoxJ1Cre ⫹/⫺ reporter mice, which show recombination (GFP-positive staining cells)
in nearly all ChP epithelial cells, were immunostained with anti-GFP (green) and Hoechst (blue). FOXJ1 expression was enriched in
purified ChP epithelial cells. C, Linear regression of log2 fold-change in expression values for tChP- and hChP-enriched genes by
RNA-seq, compared with gene expression microarray (orange) or qRT-PCR (green) reveals positive correlations in fold-change
values between the three technologies, providing high confidence in our RNA-seq sample size, data quality, and analysis. D, E,
Gene ontology analysis of tChP- and hChP-enriched genes compared with the reference mouse transcriptome reveals significant
overrepresentation of genes encoding putative secreted factors. The top five functional clusters for each ChP are plotted (FDR ⬍
0.05).
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from distinct positions along the rostralcaudal axis of the CNS. Consistent with
this hypothesis, we found that the tChP is
enriched for markers of the posterior half
of the telencephalon [e.g., prosomeres
( p)3/4] including Emx2, Otx1, and Six3
(Puelles and Rubenstein, 1993), which we
verified by qRT-PCR (Fig. 3A; Table 2).
We further confirmed the regionalized
protein expression pattern of EMX2 and
OTX1 by immunostaining (Fig. 3B).
EMX2 was found in subsets of tChP epithelial cells, consistent with the previous
observation that Emx2 mutant mice lack
the tChP (Mallamaci et al., 2000). OTX1
was observed more uniformly in nearly all
tChP epithelial cells examined (Fig. 3B).
The vertebrate Hox genes play a critical
role in patterning the primary and secondary axes of the developing embryo
(Philippidou and Dasen, 2013) and the
hChP exhibits a Hox gene cluster signature including En2, HoxA, and HoxB
genes (Table 1). We confirmed the differential expression of these genes, as well as
Meis1, by qRT-PCR (Fig. 3A; Table 2). By
immunostaining, HOXA2 and MEIS1
were found to be more highly expressed in
hChP than tChP (Fig. 3C). Both transcription factors localized to subsets of
hChP epithelial cells. Together, these data
reflect that at the transcriptome level, distinct lineages of cells originate from specific rhombomeres and arrive at the
hChP, as previously suggested by genetic
lineage tracing studies (Awatramani et al.,
2003; Hunter and Dymecki, 2007).
We next tested whether the regional
identity of tChP and hChP we observed in
mouse is conserved in macaque and human brain. Normal macaque choroid
plexi from animals spanning E60 to 13
years old (Fig. 4A) were analyzed for
markers of ChP positional identity by
qRT-PCR (Fig. 4B). EMX2, OTX1, and
SIX3 expression were enriched in tChP
compared with hChP [mean foldchange (tChP/hChP) ⫾ SEM; EMX2,
69.310 ⫾ 15.467, p ⫽ 0.019; OTX1,
509.212 ⫾ 54.897, p ⫽ 0.0004; SIX3,
179.401 ⫾ 83.648 (not detected in 1 of 3
hChPs tested), p ⫽ 0.287], whereas
MEIS1, EN2, and HOXA2 expression
were enriched in hChP compared with
tChP [mean fold-change (tChP/hChP) ⫾
SEM; MEIS1, ⫺64.673 ⫾ 9.168, p ⬍
0.0001; EN2, ⫺666.360 ⫾ 586.365, p ⬍
0.0001; HOXA2, ⫺269.846 ⫾ 269.145,
p ⫽ 0.171; Fig. 4B]. Similarly, paired samples of normal human choroid plexi from
five individuals 11 d, 5, 13, 36, and 44
years of age (Fig. 4C), were analyzed by
qRT-PCR for expression of positional
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Table 1. Differentially expressed genes characterize the positional identities of
tChP and hChP

Table 2. qRT-PCR measurement of genes detected by RNA-seq to be differentially
expressed between tChP and hChP

Gene

Gene

Category

25 most enriched genes in tChP
Dmrt1
Transcription factor
Dmrt3
Transcription factor
Emx2
Transcription factor
Dmrta2
Transcription factor
Alx3
Transcription factor
Transcription factor
Six3a
Six3os1
Noncoding RNA
Rspo2
Secreted
Vit
Extracellular matrix
Chodl
Membrane component
Emx2os
Noncoding RNA
Nrn1
Cell surface?
Transcription factor
Fezf1a
Gm19277
Predicted gene
Secreted
Wnt8ba
Kcnip1
Ion transport
Gm11413
Predicted gene
Vstm2l
Secreted
4930412O13Rik
Predicted gene
Transcription factor
Otx1a
Nmur2
Receptor
Fgf17
Secreted
Fezf2a
Transcription factor
Receptor
Mc3ra
Klhl14
Membrane component
25 most enriched genes in hChP
Hoxa3
Transcription factor
Hoxb2
Transcription factor
Hoxb3
Transcription factor
Secreted
Gdf7a
Irx2
Transcription factor
Lmx1b
Transcription factor
Transcription factor
Hoxa2a
Msx3
Transcription factor
Gm20554
Predicted gene
Tacr3
Receptor
Transcription factor
Meis1a
Secreted
Penka
C130021I20Rik
Non-coding RNA
Hoxa1
Transcription factor
Secreted
Shha
Lrrtm4
Plasma membrane
Gbp11
Extracellular vesicular exosome
Cnpy1
Regulator of FGF signaling
Wnt6
Secreted
Gfra1
Receptor
Thsd4
Extracellular matrix
Fibin
Secreted
Transcription factor
En2a
Tmem90b
Plasma membrane
Adamts16
Extracellular matrix

Fold-change

FDR

Infiniteb
209.31
119.65
101.97
71.29
56.86
24.20
21.88
21.43
20.52
16.99
16.30
15.58
13.75
12.98
12.19
11.82
11.23
10.48
10.44
9.84
9.72
9.12
8.26
8.11

0.03102
0.00000
0.00000
0.00000
0.00021
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00170
0.00020
0.00040
0.00000
0.00074
0.00105
0.00032
0.00000
0.00000
0.03804
0.01878
0.00000
0.00006

Infiniteb
Infiniteb
Infiniteb
213.59
213.21
173.13
136.73
91.55
80.09
68.80
67.70
65.40
65.26
60.79
58.32
46.18
43.50
36.45
27.53
26.30
22.39
21.87
19.43
19.04
17.53

0.00000
0.00001
0.00000
0.00000
0.00000
0.00000
0.00000
0.01816
0.00634
0.00000
0.00000
0.00000
0.00000
0.00071
0.00000
0.02512
0.00002
0.00028
0.00173
0.00000
0.00022
0.01517
0.00000
0.02612
0.00000

The top 50 genes with the greatest expression differences between tChP and hChP, defined by fold-change of
expression, are listed along with their functional category. Fold-change was calculated from DESeq normalized read
counts. In total, there are 149 genes upregulated in tChP and 322 genes upregulated in hChP (fold-change ⱖ2,
FDR ⬍ 0.05).
a
Differential expression of genes validated by qRT-PCR (Table 2).
b
Transcript was undetected in one region.

identity genes (Fig. 4D). Conserved among primate ChP, expression of EMX2, OTX1, and SIX3 were enriched in the human tChP
[mean fold-change (tChP/hChP) ⫾ SEM; EMX2, 5.540 ⫾ 2.953,
p ⫽ 0.0007; OTX1, 308.947 ⫾ 294.251, p ⬍ 0.0001; SIX3,
312.103 ⫾ 242.809, p ⬍ 0.0001; Fig. 4D]; whereas expression of
MEIS1, EN2, and HOXA2 were enriched in the human hChP

Taqman probe

tChP fold exp.

Upregulated in tChP
Bmp2
Mm01340178_m1
1.000
Bmp15
Mm00437797_m1
1.000
Cdh26
Mm01212671_m1
1.000
Cntn4
Mm00476065_m1
1.000
Emx2a
Mm00550241_m1
1.000
Fbln5
Mm00488601_m1
1.000
Fezf1
Mm01164970_g1
1.000
Fezf2
Mm01320618_g1
1.000
Lepr
Mm00440181_m1
1.000
Mc3r
Mm00434876_s1
1.000
Mm01616047_m1
1.000
Otx1a
Rdh10
Mm01227200_m1
1.000
Mm01237639_m1
1.000
Six3a
Slit3
Mm01326974_m1
1.000
Trf
Mm00446715_m1
1.000
Wnt8b
Mm00442108_g1
1.000
Upregulated in hChP
Abca4
Mm00492035_m1
1.000
Mm00438710_m1
1.000
En2a
Gata6
Mm00802636_m1
1.000
Gdf7
Mm00807130_m1
1.000
Mm00439361_m1
1.000
HoxA2a
Igf2
Mm00439565_g1
1.000
Igsf5
Mm00511211_m1
1.000
Mm00487664_m1
1.000
Meis1a
Mstn
Mm01254559_m1
1.000
Osmr
Mm01307326_m1
1.000
Mm01212875_m1
1.000
Penkb
Mm00436528_m1
1.000
Shhb
Slc4a10
Mm00473806_m1
1.000
Mm00448831_s1
1.000
Sod3b
Wisp1
Mm01200484_m1
1.000
Wnt5a
Mm00437347_m1
1.000
Similarly expressed in telencephalic and hindbrain ChP
Cst3
Mm00438347_m1
1.000
Igfbp2
Mm00492632_m1
1.000
Mm00443267_m1
1.000
Ttrb

hChP fold exp.
0.647 ⫾ 0.054
0.383 ⫾ 0.100
0.401 ⫾ 0.088
0.084 ⫾ 0.011
0.014 ⫾ 0.0084
0.719 ⫾ 0.222
0.043 ⫾ 0.010
0.024 ⫾ 0.013
0.473 ⫾ 0.088
0.237 ⫾ 0.051
0.075 ⫾ 0.016
0.543 ⫾ 0.035
0.534 ⫾ 0.117
0.345 ⫾ 0.118
0.879 ⫾ 0.023
0.005 ⫾ 0.001
3.052 ⫾ 0.759
167.44 ⫾ 19.86
1.862 ⫾ 0.249
306.962 ⫾ 12.906
1058.461 ⫾ 179.043
1.318 ⫾ 0.057
3.242 ⫾ 0.859
30.208 ⫾ 6.161
7.481 ⫾ 2.005
2.882 ⫾ 0.712
78.753 ⫾ 9.654
198.548 ⫾ 50.537
3.001 ⫾ 0.637
5.203 ⫾ 1.459
4.200 ⫾ 0.695
5.558 ⫾ 0.187
1.021 ⫾ 0.041
1.014 ⫾ 0.246
0.902 ⫾ 0.042

p
0.056
0.015
0.012
0.037
⬍0.001
0.306
0.058
0.046
0.012
0.021
0.003
⬍0.001
0.043
0.032
0.025
0.003
0.044
0.001
0.017
⬍0.001
0.004
0.004
0.027
⬍0.001
0.018
0.046
⬍0.001
0.008
0.022
0.035
0.015
⬍0.001
0.792
0.866
0.074

DAVID was used to functionally annotate differentially expressed genes, and candidates from three categories
(transcription factors, secreted factors, and cell-surface receptors) were chosen for validation. Fold expression (Fold
exp.) values are represented as mean ⫾ SEM with tChP ⫽ 1.000. Statistical analysis was performed using twotailed t test.
a
tChP/hChP fold-change graphed in Figure 3.
b
qRT-PCR values graphed in Figure 6.

[mean fold-change (tChP/hChP) ⫾ SEM; MEIS1, ⫺9.070 ⫾
5.420, p ⫽ 0.174; EN2, ⫺150.898 ⫾ 95.988, p ⫽ 0.157; HOXA2,
⫺113.994 ⫾ 100.118, p ⫽ 0.292; Fig. 4D]. All macaque and human tissue samples were confirmed to have similar TTR expression across choroid plexi (data not shown). Of note, the
directionality of differential gene expression is conserved between the mouse and primate choroid plexi, yet the relative enrichment is variable between species, which may arise from
differences in the starting material (use of the entire mouse ChP
vs smaller portions of macaque and human ChP). Together, these
findings suggest that at the transcriptional level, anterior–posterior positional identity of choroid plexi is evolutionarily conserved, and furthermore, that at least a subset of gene expression
differences that define positional identity of tChP versus hChP
persist from early development through adulthood.
Defining the ChP epithelial cell secretome
Transcriptome analysis of FACS-purified epithelial cells allowed
us to characterize the purified ChP epithelial cell secretome. The
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Figure 3. Transcriptional heterogeneity elucidates distinct positional identities for choroid plexi. A, Left, Cufflinks-estimated RNA-seq FPKM
countsfromChP(n⫽4)fordifferentiallyexpressedtranscriptionfactorsrepresentedasmeanfold-change(tChP/hChP)⫾SEM(Emx2,142.67⫾
23.23,ttest,p⫽0.0009;Six3,48.61⫾4.75,ttest,p⬍0.0001;Otx1,17.067⫾2.10,ttest,p⫽0.0003;En2,⫺29.69⫾3.56,ttest,p⬍0.0001;
Meis1, ⫺67.99 ⫾ 7.18, t test, p ⫽ 0.0002; HoxA2, ⫺177.50 ⫾ 13.47, t test, p ⬍ 0.0001). Right, qRT-PCR validation of differentially expressed
transcriptionfactorsinwholedissectedtChPandhChPfromE18.5mouserepresentedasmeanfold-change(tChP/hChP)⫾SEM(Emx2,205.40⫾
85.98, t test, p ⬍ 0.0001; Otx1, 14.36 ⫾ 0.621, t test, p ⫽ 0.0061; Six3, 1.993 ⫾ 0.113, t test, p ⫽ 0.0085; Meis1, ⫺33.85 ⫾ 9.57, t test, p ⫽
0.0016; En2, ⫺167.34 ⫾ 19.42, t test, p ⫽ 0.0011; HoxA2, ⫺1065.464 ⫾ 302.98, t test, p ⫽ 0.0308). B, Immunostaining of E16.5 ChP with
anti-EMX2(red,top)andanti-OTX1(red,bottom)antibodiesrevealshigherEMX2andOTX1expressionintChPthanhChP.Alsoshown:anti-AQP1
(green)stainingforapicalsurfaceofchoroidplexusepitheliumandHoechst(blue).EMX2stainingofthevasculaturemarkedbyanarrowhead,weak
EMX2 signal detected in hChP, indicated with asterisks. C, Immunostaining of E16.5 ChP with anti-HOXA2 (red, top) and anti-MEIS1 (red, bottom;
wholemountChP)antibodiesrevealshigherHOXA2andMEIS1expressioninhChPthantChP.Alsoshown:anti-AQP1(green)andHoechst(blue).
Scalebar,20 m.
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robust enrichment of vascular genes in
whole ChP (e.g., Pecam1, Tie1, and Cd34 )
and of genes associated with multiciliated epithelial cells in the purified ChP
epithelial cell samples (e.g., FoxJ1, Ift88,
and Lrp2) support successful purification
of epithelial cells from vasculature and
mesenchyme (Fig. 2B). We performed
functional categorization analysis of
18,133 genes detected in the purified ChP
epithelium with ⱖ0.5 normalized read
counts and defined the ChP epithelial cell
secretome as the compilation of 1064
genes annotated to encode for secreted
proteins (Table 3). The ChP transcriptome is significantly enriched for secreted factors, which is the top enriched
functional category, followed by extracellular matrix components. Together,
these genes contribute to 5.9% of the
ChP transcriptome (modified Fisher exact p value, p ⬍ 0.05). Ttr and Igf2 are
the two most abundantly expressed
genes in the ChP epithelial cell secretome (Table 3), and these genes are not
differentially expressed between tChP
and hChP at this age.
As the choroid plexi are considered the
principal source of CSF, we determined
the concordance between CSF proteins
and ChP-derived factors by comparing
MS analyses of native CSF and the predicted secretomes of tChP and hChP.
Pooled CSF samples from lateral and
fourth ventricles were collected (Zappaterra et al., 2013) from E18.5 mice. We
accepted proteins with a false discovery
rate of 1%. In total, 598 unique proteins
were identified (Fig. 5A; data not shown).
Five hundred sixty-five proteins had corresponding genes detected in the ChP
transcriptome, and 140 of these proteins
were included in our predicted ChP secretome. Furthermore, using this approach,
we detected proteins encoded by 6 of the
top 10 most abundant genes in the ChP
secretome (in order of transcriptomicsdefined secretome abundance: TTR,
IGF2, ENPP2, SPARC, IGFBP2, CLU; Table 3; data not shown). Of all proteins
identified, only 33 proteins did not have
corresponding transcripts detected by
RNA-seq in the ChP. Our data suggest
that the most abundant proteins identified by MS in the embryonic CSF proteome could originate from the ChP.
However, in vivo native CSF also receives
contributions from the vasculature,
ependymal cells, tissues adjacent to the
ventricles, as well as the interstitial fluid
(Johanson et al., 2008; Damkier et al.,
2013). Our data represent an improvement in CSF protein detection by MS over
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previous analyses (Parada et al., 2006;
Zappaterra et al., 2007; Lehtinen et al.,
2011). Moreover, our MS analyses captured 53% of the proteins defined by gene
ontology as the ChP secretome (Table 3).
Of the proteins detected by MS, only 19 of
the total 598 proteins were identified by
RNA-seq to be differentially expressed
between tChP and hChP (Table 1), suggesting that detection of additional
region-specific proteins in the native CSF
proteome will require an improved analytical depth.
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-1400
Molecular heterogeneity contributes to
regional choroid plexus
protein secretion
Differential gene expression analyses coupled with gene ontology annotation suggest that hChP expresses a greater number
D
C
of genes encoding secreted proteins than
tChP, which may contribute to the pro* *
600
duction of regionalized CSF proteomes in
the fourth versus lateral ventricle. Because
200
obtaining sufficient quantities of pure,
10 *
ventricle-specific native mouse CSF for
MS analyses is not technically feasible, we
0
isolated secreted CSF/ChP-conditioned
medium from cultures of whole tChP and
-20
-100
hChP (Fig. 5B) and performed quantitative MS on these samples. Differential
protein expression analyses showed that
conditioned medium from the tChP and
-300
hChP clustered in a tissue-specific manner (Fig. 5C). Of the 1388 total proteins
detected, 94 were identified only in the
tChP-conditioned medium, 93 were identified only in hChP-conditioned medium, Figure 4. Positional identities of telencephalic and hindbrain choroid plexi are conserved in macaque and human brain. A, H&E
and 1201 proteins were found in both staining of 13-year-old macaque tChP and hChP. Scale bar, 50 m. B, qRT-PCR validation of transcription factor expression in six
samples of macaque tChP and three samples of hChP, including two paired sets of tChP and hChP from the same animal, confirms
(Fig. 5D).
that positional identity is evolutionarily conserved. Gene expression in macaque tChP and hChP is represented as mean fold-change
We performed a Volcano plot analysis (tChP/hChP) ⫾ SEM. EMX2, OTX1, and SIX3 expression were enriched in tChP compared with hChP: EMX2, 69.310 ⫾ 15.467, p ⫽
of the quantitative proteomics data, i.e., 0.019; OTX1, 509.212 ⫾ 54.897, p ⫽ 0.0004; SIX3, 179.401 ⫾ 83.648; not detected in 1 of 3 hChPs tested; p ⫽ 0.287), whereas
tChP/hChP
fold- MEIS1, EN2, and HOXA2 expression were enriched in hChP compared with tChP: MEIS1, ⫺64.673 ⫾ 9.168, p ⬍ 0.0001; EN2,
log2-transformed
change versus ⫺log10-transformed p val- ⫺666.360 ⫾ 586.365, p ⬍ 0.0001; HOXA2, ⫺269.846 ⫾ 269.145, p ⫽ 0.171. C, H&E staining of 36-year-old human tChP and
ues (Fig. 5E). The vertical blue lines hChP. Scale bar, 50 m. D, qRT-PCR validation of transcription factor expression in human tChP and hChP confirms that positional
indicate a cutoff fold-change of 2 and 0.5, identity is conserved among primates. Gene expression in human tChP and hChP (n ⫽ 5, paired samples) is represented as mean
respectively, whereas the horizontal red fold-change (tChP/hChP) ⫾ SEM: EMX2, 5.540 ⫾ 2.953, p ⫽ 0.0007; OTX1, 308.947 ⫾ 294.251, p ⬍ 0.0001; SIX3, 312.103 ⫾
lines indicate a p value cutoff of 0.05 or 242.809, p ⬍ 0.0001; MEIS1, ⫺9.070 ⫾ 5.420, p ⫽ 0.174; EN2, ⫺150.898 ⫾ 95.988, p ⫽ 0.157; HOXA2, ⫺113.994 ⫾ 100.118,
3.6 ⫻ 10 ⫺5, corresponding to significance p ⫽ 0.292.
after applying the extremely conservative
consistent with predictions based on our RNA-seq analyses, inBonferroni multiple testing correction. The fold-change of all
cluding members of the Retinoic acid signaling pathway, which
proteins unique to either hChP or tChP were set to 2.0 ⫻ 10 ⫺5
overall were more highly represented in the hChP-conditioned
and 2.0 ⫻ 10 5, respectively (Fig. 5E). The conservative
medium than tChP (Fig. 5G). Other groups of proteins, for ex(Bonferroni-corrected) analysis resulted in six proteins that
ample
members of the Cystatin-Cathepsin signaling pathways,
showed significant abundance differences, whereas the looser
were not predicted to be differentially expressed by our RNA-seq
cutoff resulted in 137 proteins being upregulated in hChP and 57
analyses, yet were detected as differentially expressed by our MS
proteins being upregulated in tChP.
analyses (Fig. 5H ). These observations reflect how the availability
Enrichment analysis by DAVID of the differentially expressed
of extracellular and secreted proteins depends on many parameproteins identified in the Volcano plot revealed shared and disters including but not limited to translation, processing, and
tinct classes of enriched proteins in the tChP- and hChPtransport. We also cannot rule-out protein contributions from
conditioned medium (Fig. 5F ). Vesicle and protein biosynthesis
ChP resident cells other than epithelial cells in these cultures.
categories were among the top enriched classes of proteins idenPreviously suggested ventricular differences in CSF content (Catified (Fig. 5F ). The differential availability of some proteins was
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Table 3. Defining the choroid plexus epithelial cell secretome
Gene

Mean reads

Mean tChP reads

Mean hChP reads

FDR

Ttr
Igf2
Enpp2
Sparc
Sostdc1
Igfbp2
Clu
1500015O10Rik
Fbn1
Sfrp1
Timp3
Hspg2
Lbp
Apoe
Wfikkn2
Gpc3
Psap
Ogn
Adamts1
Aebp1
Ace
Nid2
Col8a1
Bgn
Cst3

3847081.62
92897.44
67405.69
50425.49
29752.30
29345.47
24653.31
19142.38
18107.83
17118.72
16347.37
15489.86
13679.64
12875.60
12229.14
12095.70
10913.19
10458.96
10404.69
10048.43
10020.11
9347.06
9244.87
8970.90
8481.43

4455127.718
76313.778
47432.967
56872.126
27843.994
34796.683
30431.046
19654.511
21813.362
17508.331
18360.712
18985.833
15298.781
14457.881
17282.475
14495.916
12579.000
12224.946
10770.837
10539.088
11343.519
10812.944
6800.335
7596.718
9460.944

3239035.526
109481.117
87378.416
43978.845
31660.612
23894.247
18875.581
18630.256
14402.295
16729.101
14334.026
11993.877
12060.490
11293.319
7175.813
9695.491
9247.388
8692.978
10038.544
9557.781
8696.706
7881.169
11689.414
10345.083
7501.910

0.342
0.360
0.054
0.671
1.000
0.105
0.350
1.000
0.180
1.000
0.725
0.049
1.000
0.649
0.000
0.149
0.308
0.355
1.000
1.000
0.462
0.400
0.038
0.536
0.803

Functional annotation by DAVID of the overall ChP transcriptome revealed 1064 genes that characterize the ChP
epithelial cell-specific secretome. The 25 most abundantly expressed genes annotated to be secreted factors are
listed, along with their mean normalized read counts from DESeq and FDR values.

vanagh et al., 1983; Zappaterra et al., 2007) were not detected at
the transcript level based on our RNA-seq analysis. However,
11.5% of the proteins previously identified in rat lateral ventricle
CSF, but not rat fourth ventricle CSF (Zappaterra et al., 2007)
were confirmed to be differentially expressed by our MS analyses.
Differences in CSF protein availability may also vary by CSFprotein source, age, and/or species.
The three genes encoding secreted factors predicted by RNAseq to be most differentially expressed between hChP and tChP
[mean DESeq normalized-read fold-change (FC) ⫾ SEM;
Growth differentiation factor 7 (FC ⫽ ⫺540.070 ⫾ 244.866, p ⫽
0.0001), Proenkephalin (Penk; FC ⫽ ⫺76.546 ⫾ 22.146, p ⫽
0.0009), and Sonic hedgehog (Shh; FC ⫽ ⫺44.721 ⫾ 15.414,
p ⫽ 0.0015)], an important morphogen for hindbrain, cerebellar,
and hChP development (Awatramani et al., 2003; X. Huang et al.,
2009, 2010; Nielsen and Dymecki, 2010), were not detected by
our quantitative MS analyses, potentially due to processing of
these proteins into smaller peptides and other physicochemical
properties of the peptides (e.g., their size and hydrophobicity).
To determine whether these hChP-enriched candidates, along
with others such as Superoxide dismutase 3 (Sod3), which encodes
the secreted anti-oxidant Extracellular superoxide dismutase
(EC-SOD), contribute to producing distinct CSF proteomes, we
first confirmed their expression patterns by qRT-PCR (Fig. 6A;
Table 2) and immunohistochemistry (Fig. 6B). As predicted by
both RNA-seq and qRT-PCR data, PENK and EC-SOD proteins
were more abundant in hChP epithelial cells than tChP epithelial
cells (Fig. 6B). Next, we again isolated secreted CSF/ChPconditioned medium from cultures of whole tChP and hChP,
this time assaying for specific protein content. Cultured CSF
demonstrated that PENK, EC-SOD, and Shh were robustly secreted by the hChP compared with tChP (Figs. 6C–E). Similar
trends of differential expression and possibly secretion are predicted by our RNA-seq analyses for various growth factors with

known roles in the developing nervous system (e.g., members of
the FGF and BMP families; Tables 1, 2). We also observed the
equal secretion of proteins indicated to be similarly expressed
across tissues by RNA-seq and qRT-PCR including TTR (Figs.
6A–C; Table 2). Immunohistological analyses also revealed a
striking regionalization in protein expression domains within the
hChP, highly suggestive of hotspots of protein secretion into the
CSF in vivo. For example, EC-SOD is more abundant ventrally
than dorsally in the hChP (Fig. 6F ), akin to observations made for
Shh, whose regionalized expression pattern within the hChP, and
descendants of these Shh-expressing cells, exhibit regionalized
character (Awatramani et al., 2003).
Finally, we observed that the regionalized expression and secretion of ChP proteins is regulated in an age-dependent manner.
We first confirmed that many genes exhibiting positional heterogeneity at E18.5 also exhibited similar patterns of positional
heterogeneity earlier in development at E14.5 by qRT-PCR (data
not shown). Because overall CSF protein content (Fig. 6G,H;
Lehtinen et al., 2011), as well as specific proteins including Shh
(X. Huang et al., 2009; Nielsen and Dymecki, 2010), IGF2 (Lehtinen et al., 2011), and transporters in the tChP (Liddelow et al.,
2012) show age-dependent expression, we next assayed gene expression in adult ChP. Overall, ChP gene expression decreased in
adulthood (Fig. 6A; data not shown). However unexpectedly,
many of the gene expression patterns observed embryonically
also changed postnatally. For example, Penk expression decreased in adult hChP compared with tChP, leading to less PENK
secretion by hChP than tChP into conditioned medium (Fig.
6C). Ttr, whose expression and protein secretion were similar
between E18.5 tChP and hChP (Fig. 6A–C; Table 2), was found to
be differentially expressed and secreted by adult ChP (Fig. 6 A, C).
Finally, the differential expression pattern of Sod3 was maintained in the adult ChP (Fig. 6A,C), and the decrease in overall
adult ChP Sod3 expression was accompanied by reduced SOD
activity in native adult CSF (Fig. 6I ). Collectively, these findings
demonstrate regional, age-dependent regulation of ChP gene expression from development into adulthood.
Consistent with our findings across rodent choroid plexi, we
detected SHH and IGF2 in juvenile and adult primate choroid
plexi. By qRT-PCR, we observed SHH expression in macaque
hChP compared with tChP [mean fold-change (tChP/hChP) ⫾
SEM, ⫺16.085 ⫾ 13.642, p ⫽ 0.3314; not detected in 3 of 6 tChPs
tested]. Likewise, we detected SHH in two of five human hChP
samples, whereas it was not detected in any of five tChP samples
tested (data not shown). We also detected by qRT-PCR IGF2
expression in human tChP and hChP [mean fold-change (tChP/
hChP) ⫾ SEM, 1.879 ⫾ 0.900, n ⫽ 5, p ⫽ 0.394]. Together, our
findings suggest that the regionalized distribution of ChP-CSF
factors regulating neurogenesis is conserved from rodent to primate brain.

Discussion
We show that ChP gene expression is spatially heterogeneous; a
characteristic that may enable ventricle-specific instruction of
brain development and health. The four key findings of our study
are as follows: (1) the identification of positional heterogeneity in
gene expression between the telencephalic and hindbrain mouse
choroid plexi which parallels gene expression in axial tissues of
origin, (2) the discovery that this positional identity of tChP and
hChP is conserved across macaque and human choroid plexi, (3)
the definition of secretomes from purified tChP and hChP epithelial cells (compared with the whole ChP), and (4) the identification of gene expression domains that contribute to functional
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Figure 5. Mass spectrometry reveals distinct proteomes between telencephalic and hindbrain choroid plexus-conditioned media. A, Schematic representing mass spectrometry analysis of E18.5
mouse native CSF compared with E18.5 mouse ChP transcriptome. A total of 598 proteins were identified in E18.5 mouse CSF, and 33 of these proteins did not have their corresponding transcript
detected in the E18.5 ChP transcriptome. B, Schematic illustrating approach for preparing ChP-conditioned medium for MS analyses. C, Heatmap of normalized spectral counts reveals differential
protein availability in replicates of conditioned media obtained from pooled biological samples of conditioned media from tChP (n ⫽ 3) and hChP (n ⫽ 2). Each conditioned medium sample was
run in duplicate, as represented by each lane in the heatmap (tChP, 6 technical runs; hChP, 4 technical runs). Spectral counts were centered and scaled across each row (protein) for display purposes.
Red and yellow indicate relatively higher and lower number of spectral counts respectively. D, Schematic representing the numbers of proteins identified as shared and region-specific between
conditions analyzed in C. E, Volcano plot showing distribution of proteins obtained by plotting log2(fold-change tChP/hChP) versus ⫺log10( p value from two-tailed t test) of the averages of
normalized spectral counts from sample replicates analyzed in C. Blue vertical lines: 2- and 0.5-fold cutoffs. Red horizontal lines: Log2 of Bonferroni-corrected p value cutoff [log2(0.05/1388) ⫽ 4.33], log2 of
uncorrected p value cutoff [log2(0.05) ⫽ 1.3]. F, Functional clustering of differentially expressed proteins identified by MS with fold-change ⱖ1.5, p ⫽ 0.05 (tChP-enriched proteins ⫽ 57; hChP-enriched
proteins⫽137).Thetopfiveenrichedfunctionalclustersareshown(FDR⬍0.05).G,SpectralcountsshowmoreabundantavailabilityofALDH1A2andALDH1L1inhChP-conditionedmedium(bluecircles)than
tChP-conditioned medium (green circles; hChP ALDH1A2 ⫽ 3.827 ⫾ 0.346, tChP ALDH1A2 ⫽ not detected, t test, p ⫽ 0.002; hChP ALDH1L1 ⫽ 3.312 ⫾ 1.020, tChP ALDH1L1 ⫽ 0.190 ⫾ 0.190, t test, p ⫽
0.046).AsimilartrendisobservedforRBP1(hChPRBP1⫽10.926⫾1.096,tChPRBP1⫽7.038⫾0.797,ttest,p⫽0.101).Differentialexpressionoftheseproteinscorrespondstosimilartrendsatthetranscript
level as detected by RNA-seq (mean normalized read counts from DESeq⫾ SEM; Aldh1a2, hChP ⫽ 248.188 ⫾ 125.197, tChP ⫽ 13.381 ⫾ 5.824, FDR ⫽ 0.260; Aldh1l1, hChP ⫽ 236.645 ⫾ 37.892, tChP ⫽
93.027 ⫾ 17.053, FDR ⫽ 0.029; Rbp1, hChP ⫽ 6811.561 ⫾ 465.403, tChP ⫽ 3590.211 ⫾ 151.407, FDR ⫽ 0.001). Graphed points represent individual replicates obtained from pooled samples of
ChP-conditioned medium. Statistical analyses were performed on pooled samples of ChP-conditioned medium. Dotted line denotes mean. H, Spectral counts show more abundant availability of Cystatin C
(CSTC), Cathepsin B (CTSB), and Cathpsin D (CTSD) in tChP-conditioned medium than hChP-conditioned medium (tChP CSTC ⫽ 4.466 ⫾ 0.452, hChP CSTC ⫽ 2.441 ⫾ 0.208, t test, p ⫽ 0.018; tChP CTSB ⫽
4.698 ⫾ 0.576; hChP CTSB ⫽ 2.356 ⫾ 0.424, t test, p ⫽ 0.006; tChP CTSD ⫽ 6.904 ⫾ 0.606, hChP CTSD ⫽ 3.286 ⫾ 0.168, t test, p ⫽ 0.010). Data graphed and analyzed as described in G.

differences in ChP-specific protein secretion in an age-dependent
manner. Collectively, our findings suggest that specialized domains of ChP secretory cells may contribute to region-specific
CSF-signaling niches in the rodent and primate brain.

Many cells are known to secrete signals that instruct development, and it is becoming clear that different subtypes of cells,
such as astrocytes (Molofsky et al., 2014), demonstrate local heterogeneity in what signals are generated and secreted. During
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Figure 6. Differential protein expression and secretion between telencephalic and hindbrain choroid plexi establish anterior–posterior gradients in an age-dependent manner. A, Left, RNA-seq
normalized read counts from DESeq analysis (Penk: tChP ⫽ 170.21 ⫾ 296.22, hChP ⫽ 11132.09 ⫾ 1815.991, FDR ⫽ 3.26 ⫻ 10 ⫺19; Sod3: tChP ⫽ 260.48 ⫾ 85.500, hChP ⫽ 1039.99 ⫾ 96.738,
FDR ⫽ 4.55 ⫻ 10 ⫺12; Ttr: tChP ⫽ 4455,127.72 ⫾ 514,497.268, hChP ⫽ 3239,035.52 ⫾ 322,273.113, FDR ⫽ 3.42 ⫻ 10 ⫺01; Shh: tChP ⫽ 3.93 ⫾ 2.097, hChP ⫽ 229.19 ⫾ 40.774, FDR ⫽
1.55 ⫻ 10 ⫺13). Right, qRT-PCR validation of differentially expressed genes Penk, Sod3, Shh, and similarly expressed gene Ttr at E18.5 represented as mean ⫾ SEM, with tChP expression ⫽ 1.00.
(Penk tChP, 1.00, Penk hChP, 78.75 ⫾ 9.65, n ⫽ 4, t test, p ⫽ 0.0002; Sod3 tChP, 1.00, Sod3 hChP, 5.20 ⫾ 1.46, n ⫽ 4, t test, p ⫽ 0.035; Ttr tChP, 1.00, Ttr hChP, 0.90 ⫾ 0.04, n ⫽ 4, t test, p ⫽
0.074; Shh tChP, 1.00, Shh hChP, 198.55 ⫾ 50.53, n ⫽ 4, t test, p ⫽ 0.008; Table 2). qRT-PCR analyses in adult ChP demonstrates overall downregulation of Penk, Sod3, Ttr, and Shh gene expression.
Additional comparisons between tChP and hChP in adults reveals that Penk is more abundantly expressed in adult tChP than hChP, the pattern of differential Sod3 expression between adult tChP and
hChP is maintained, and Ttr is more abundantly expressed by adult hChP than tChP. Adult fold expression is represented as mean ⫾ SEM, with E18.5 tChP expression ⫽ 1.00. (Adult Penk tChP,
4.824 ⫾ 1.194, Adult Penk hChP, 0.818 ⫾ 0.312, n ⫽ 3, t test, p ⫽ 0.031; Adult Sod3 tChP, 0.996 ⫾ 0.134, Adult Sod3 hChP, 2.940 ⫾ 0.362, n ⫽ 3, t test, p ⫽ 0.007; Adult Ttr tChP, 0.147 ⫾ 0.012,
Adult Ttr hChP, 0.249 ⫾ 0.005, n ⫽ 3, t test, p ⫽ 0.001; Adult Shh tChP, 0.010 ⫾ 0.004, Shh hChP, 0.018 ⫾ 0.002, n ⫽ 5, t test, p ⫽ 0.130). B, Immunostaining of E16.5 ChP with anti-PENK,
anti-EC-SOD, anti-TTR, anti-AQP1, and Hoechst. Top, Expression of PENK (red) was enriched in hChP epithelium. Middle, Expression of EC-SOD (red) was enriched in hChP epithelium. Bottom,
Expression of TTR (red) was similar in tChP and hChP epithelia. C, Left, E16.5 mouse tChP and hChP were cultured for 24 h in equal volumes of base medium per ChP. Equal volumes of ChP-conditioned
medium were immunoblotted with antibodies for PENK, EC-SOD, and TTR. Secretion of PENK and EC-SOD was greater by hChP than tChP. Secretion of TTR was similar between tChP and hChP. Right,
Adult mouse tChP and hChP were cultured and analyzed as described above. Secretion of PENK was greater by tChP than hChP, secretion of EC-SOD was greater by adult hChP than tChP, and secretion
of TTR was greater by adult hChP than tChP. D, Quantification of embryonic PENK and EC-SOD immunoblots normalized to TTR, shown in C. Data are represented as mean ⫾ SEM (PENK tChP ⫽
0.167 ⫾ 0.056; hChP ⫽ 1.0, n ⫽ 4, t test, p ⬍ 0.0001; EC-SOD tChP ⫽ 0.146 ⫾ 0.073; hChP ⫽ 1.0, n ⫽ 3, t test, p ⬍ 0.001). E, E14.5 mouse tChP and hChP were cultured for 24 h in equal volumes
of base medium per ChP. Equal volumes of ChP-conditioned medium were measured for Shh concentration by ELISA, represented as mean concentration (pg/ml) ⫾ SEM (tChP ⫽ 11.58 ⫾ 0.65,
hChP ⫽ 56.83 ⫾ 16.79; n ⫽ 3, t test, p ⫽ 0.027). F, Immunostaining of hChP with anti-EC-SOD reveals cellular gradient of enriched expression. Section taken at level of gestational day 18 sagittal
plate 10 from Prenatal Mouse Brain Atlas (Schambra, 2008). Arrowhead indicates region of enhanced EC-SOD expression along the ventral region of the hChP. Asterisks mark ChP vasculature.
Double-headed arrow orients along dorsal (D)–ventral (V) axis. Scale bar, 100 m. G, Total CSF protein concentration over the course of mouse embryonic and (Figure legend continues.)
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development, neural stem cells are initially in direct contact with
the CSF, and the ChP secretes signals that play an active role in
instructing neural stem cell proliferation and survival (X. Huang
et al., 2010; Lehtinen et al., 2011). However, the question of
whether regional heterogeneity in ChP-secreted signals exists has
not been examined in detail. The possibility that CSF composition may be regionally specialized is intriguing, as it would provide a powerful means for region-specific regulation of stem cells.
At early stages of development, ventricles arise within the newly
closed neural tube (Lowery and Sive, 2009; Zappaterra and Lehtinen, 2012), and substantial mixing of CSF between ventricles is
likely to occur. For example, the cerebral aqueduct first emerges
as a wide channel that projects caudally from the third ventricle
over the superior aspect of the pontine flexure and then connects
to the fourth ventricle. Over the course of embryonic brain development, the aqueduct narrows, thus anatomically restricting
flow from the lateral and third ventricles to the fourth ventricle
(Fig. 1A). According to the traditional model of CSF flow, lateral
and third ventricle CSF and factors therein will eventually arrive
at the fourth ventricle if not bound to receptors on cells lining the
ventricles (Brinker et al., 2014). Because factors in fourth ventricle CSF are less likely to flow upstream to the lateral ventricle, we
reasoned that: (1) certain factors may be present only in fourth
ventricle CSF, and (2) such factors might arise from a selective
production and secretion by fourth ventricle choroid plexus
(hChP) but not lateral ventricle choroid plexus (tChP).
Our results lend support to both of these hypotheses. First,
although previous studies have shown that signals such as CSFShh act specifically on periventricular cells in the fourth ventricle
at late stages of development (X. Huang et al., 2010), it was not
known whether factors, such as Shh are produced locally, or
whether they originate, at least in part, from upstream lateral
ventricle ChP. We confirmed the abundant availability of Shh
and several other factors in hChP-conditioned medium compared with tChP-conditioned medium (Figs. 5, 6), suggesting
local production of these factors by hChP. These data were confirmed by our finding that Shh expression was greater in hChP
than tChP (Fig. 6A; Tables 1, 2). However, additional investigation is needed to determine whether the hChP may be more
receptive to Shh signaling as some classic downstream signaling
factors (e.g., Gli1) are upregulated, whereas others (e.g., Ptch1
and Smo) are more similarly expressed between tChP and hChP.
More generally, there are greater numbers of differentially expressed genes encoding for secreted proteins found in the hChP
than in the tChP (Fig. 2). Our analyses are unique and highly
sensitive to detect such regional differences, in part because of
our approach to FACS-purify ChP epithelial cells. Validation of
differential protein secretion by the ChP was performed on isolated ChP cultures and their conditioned medium because obtaining sufficient quantities of pure, regionalized in vivo
embryonic mouse CSF for protein assays is rate limiting. We
cannot rule out protein contributions from non-ChP epithelial
4
(Figure legend continued.) postnatal development represented as mean ⫾ SEM (E10.5,
1.8 ⫾ 0.09, n ⫽ 6; E12.5, 2.67 ⫾ 0.08, n ⫽ 7; E14.5, 2.97 ⫾ 0.06, n ⫽ 4; E16.5, 3.15 ⫾ 0.16,
n ⫽ 6; E18.5/P0, 3.01 ⫾ 0.18, n ⫽ 7; P2, 2.48 ⫾ 0.14, n ⫽ 3; P7, 1.37 ⫾ 0.06, n ⫽ 6; adult,
1.37 ⫾ 0.12, n ⫽ 3). CSF protein concentration increases following development of choroid
plexi at E11–E12 (indicated by arrow; E10.5 vs E12.5, t test, p ⫽ 0.00003; E12.5 vs E14.5, t test,
p ⫽ 0.031), declines postnatally (P2 vs P7, t test, p ⫽ 0.00004; and remains stable between P7
and adulthood, t test, p ⫽ 0.984). H, Silver stain of 1 l of E17 and adult rat CSF. Total CSF
protein complexity decreases in adulthood. I, Relative SOD activity decreases in rat CSF with age
(E17 CSF, 11.3 ⫾ 0.7; Adult CSF, 7.1 ⫾ 0.1; n ⫽ 3, t test, p ⬍ 0.05).

cells in these cultures. Future studies will examine the molecular
mechanisms that selectively regulate age-dependent changes in
ChP protein expression and secretion, which should further inform therapeutic approaches of neurologic disease (Bateman et
al., 2006; Potter et al., 2013; Xie et al., 2013).
Differentially expressed genes encoding secreted proteins
originating from either the hChP or the tChP and positional
transcription factor expression between choroid plexi may contribute to the production of regionalized CSF. It is possible that
the retention of HoxA gene function in the hChP may be analogous to the developing limb bud, where the Hox clusters exhibit
temporal and spatial collinearity and coordinate gene expression
including Shh (Kmita et al., 2005; Tarchini et al., 2006; Philippidou and Dasen, 2013). However, abundance of expression and
secretion may not correlate with principal sites of biological action. Igf2 is the second most abundantly expressed secreted gene
by ChP epithelial cells (Table 3). By RNA-seq analyses, Igf2 expression was not more abundantly expressed by the hChP than
tChP, yet its differential expression was suggested by qRT-PCR
(Table 2). Yet, at the protein level, IGF2 was not observed to be
differentially available in tChP- versus hChP-conditioned medium, as assayed by quantitative MS. IGF2 has confirmed sites of
action along the ventricular zone of the developing cerebral cortex (Lehtinen et al., 2011), and Igf2-deficient mice appear to have
a smaller cerebellum than controls (Lehtinen et al., 2011). Thus,
CSF-IGF2-based signaling may play additional, as yet uncharacterized roles in development and maintenance of hindbrain
structures as well.
Previous transcriptome to secretome analyses have revealed a
decoupling between transcription and release of protein (Meissner et al., 2013). Comparisons of our RNA-seq data with proteomic analyses of ChP-conditioned medium suggest that
differences between gene expression, protein expression, and
protein secretion exist in the ChP as well. Unconventional means
of protein secretion by the ChP, and other cells in proximity to
the ventricles, may also contribute to the CSF proteome in unexpected ways (Nickel and Rabouille, 2009). Nevertheless, our data
show that positional heterogeneity in gene expression between
the tChP and hChP contributes to the production of regionalized
CSF proteomes, which may provide region-specific CSF cues to
individual neural stem cell populations located along the brain’s
ventricles.
Regionalization of the hindbrain ChP epithelium has been
demonstrated by previous fate-mapping studies (Awatramani et
al., 2003). Our findings build on these studies, showing that positional identities of both the tChP and hChP are instructed by
patterned cues with origins in the axial nervous system. However,
in vivo CSF is home to signals derived from sources other than the
ChP, including the ventricular lining, vasculature, interstitial
fluid, and axons innervating the ventricular walls (Johanson et
al., 2008; Damkier et al., 2013). Many factors provided by nonChP cell types have known roles in patterning the forebrain (e.g.,
BMPs, WNTs, FGFs; Grove and Monuki, 2013), and the choroid
plexi express receptors to receive such cues (Table 1). Thus, the
choroid plexi may well be patterned by signals distributed in the
fluid that bathes them as well. Finally, the choroid plexi are highly
vascularized tissues, and complementary patterning cues may derive from the vasculature or possibly from anterior versus posterior circulation.
The conservation of ChP positional identity from mouse to
primate brain suggests that our findings may inform future therapies for patients with a range of CNS disorders. For example, our
data may provide clues to putative susceptibility loci for tumors
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of the ChP, which arise predominantly in the tChP in children
and in the hChP in adults (Safaee et al., 2013). Our analyses show
that Twist, a bHLH transcription factor associated with neoplastic ChP epithelial cells (Hasselblatt et al., 2009), is typically enriched in the hindbrain ChP. In addition, common surgical
treatments for patients with hydrocephalus include cauterization
of the ChP and/or shunting CSF. Following these procedures,
particularly in cases of overshunting, patients may lack important
regional CSF signals, raising the possibility that a region-specific,
synthetic CSF supplement could be engineered as an adjuvant
therapy. With the advent of nervous system therapies using induced pluripotent stem cells to derive and graft specific cell types,
including ChP epithelial cells (Watanabe et al., 2012; Lehtinen et
al., 2013), it will be essential to engineer cells and fluids with
appropriate regional identity and age specificity.
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