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ABSTRACT
Complex Regulation of Pax6 Neuronal Progenitors By Rb Family Members During Corticogenesis
Benedetta Naglieri
The retinoblastoma tumor suppressor (pRB) inhibits tumorigenesis by restraining cell cycle
progression via repression of the E2F transcription factor family and by promoting cell differentiation via
activation of lineage-specific transcription factors. In contrast, the closely related pRB homologues, p107
and p130, are known to inhibit cell cycle progression by repressing the E2F transcription factor family, but
are not known to have roles in promoting cell differentiation. Interestingly, the Rb promoter contains a
critical cassette of binding sites (Sp1/Ets, ATF and E2F) that is conserved between mice and humans.
Previously, our lab developed a wild type Rb promoter–LacZ transgenic reporter line (T157) that
displayed dynamic and neuronal-specific expression (Agromayor et al., 2006). We generated mutant Rb
promoter-LacZ transgenic lines and demonstrated that the conserved cassette controls Rb expression,
positively through the Sp1/Ets site and negatively through the E2F site. Repression of the Rb promoter
through this critical E2F site means that the E2F family lies both upstream and downstream of Rb, and
suggests that Rb family members regulate the Rb promoter during neuronal development.
To identify which Rb family member represses the Rb promoter during corticogenesis, we
generated RbP-LacZ lines in genetic backgrounds deficient in various Rb family members and looked for
deregulation of RbP-LacZ activity within the embryo (Aim 1). Surprisingly, RbP-LacZ activity responds in
opposing ways with either loss of Rb or dual loss of p107 and p130, demonstrating that regulation of the
Rb promoter by Rb family members during corticogenesis is complex.
To determine whether direct or indirect mechanisms are responsible for the opposing changes in
RbP-LacZ expression with loss of Rb family members in the developing cortex, we evaluated occupancy
at the Rb promoter (ChIP analysis), proliferation, cell death (BrdU incorporation and TUNEL analysis) and
changes in gene expression (RT-PCR) in wild type vs. mutant cortices from embryos lacking various Rb
family members (Aim 2). Interestingly, we found evidence for both direct and indirect action of Rb family
member inactivation on the Rb promoter.
To determine if the opposing changes in RbP-LacZ activity with either loss of Rb or dual loss of
p107 and p130 occurs in a cell autonomous or a non-cell autonomous manner, we optimized and

analyzed primary cortical neuron cultures from wild type and mutant embryos to quantitate RbP-LacZ
activity on a cell-by-cell basis (Aim 3). We compared changes in the frequency and intensity of RbPLacZ activity, the distribution of neuronal subpopulations, identified the cells expressing RbP-LacZ activity
and evaluated differences in these populations with loss of various Rb family members. Through these
studies, we have discovered a complex relationship exists between Rb family members and Pax6
progenitors during corticogenesis, underscoring the intricate nature of the network connecting the Rb and
E2f families in vivo.
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Chapter 1: Introduction
The retinoblastoma gene (RB1), the prototypical tumor suppressor, is one of the fundamental
regulators of the cell cycle. The function of the retinoblastoma protein (pRB), to negatively regulate cell
proliferation, is disrupted in a majority of human tumors. pRB is a key decision maker during cell
differentiation, a function which is conserved within the retina of the mouse (D. Chen et al., 2004;
MacPherson et al., 2004), the vulva of C. elegans (Lu and Horvitz, 1998), and the root meristem of
Arabidopsis (Wyrzykowska et al.2006; Borghi et al, 2010), amongst a multitude of other examples,
implicating that there is more to the function of RB than tumor suppression. The dual roles of pRB, as
regulator of cell cycle progression as well as promoter of differentiation, are thought to be the main
reasons loss of pRB function occurs so frequently during tumorigenesis (Figure 1-1).
Identification of RB as the First Tumor Suppressor
The discovery of the function of RB as a tumor suppressor came about from a combination of
genetic analysis of human tumorigenesis and work on DNA tumor viruses. Human retinoblastoma, a
pediatric eye tumor, presents clinically as two different forms: an early onset heritable form which is
inherited in an autosomal dominant fashion and involves the formation of multiple tumor foci in both eyes
(multifocal and bilateral), and a sporadic form that is typically a single tumor found in one eye (unifocal
and unilateral). While hereditary retinoblastoma is diagnosed in very young children (mean age = 11
months), sporadic retinoblastoma is most often diagnosed in slightly older children (mean age = 22
months) (Lohmann, 2010). To explain the differences in the kinetics of tumor formation amongst bilateral
and unilateral patients, Alfred Knudson proposed the “Two Hit Hypothesis” (Knudson, 1971). Specifically,
Knudson hypothesized that children with bilateral retinoblastoma inherited one non-functional allele of a
putative RB gene from one of their parents, and therefore only a single mutational event was needed for
tumorigenesis, explaining the faster onset of bilateral and multifocal nature of retinoblastoma in this
group. In contrast, tumorigenesis in sporadic retinoblastoma patients required two distinct mutational
events to occur in the same cell, an inherently slower and less probable occurrence. This would also
explain why the inherited forms of retinoblastoma present as an autosomal dominant disorder, although,
as later discovered, require the loss of both copies of RB (autosomal recessive).
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Figure 1-1 : The RB tumor suppressor is a key regulator of the cell cycle and
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The RB protein acts as modulator of transcription factors important for cell

cycle regulation as well as development. pRB acts as a tumor suppressor by inhibiting cell
cycle progression, through repression of E2F activity, as well as by promoting differentiation
through interactions with tissue specific factors.
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The effort to elucidate a genetic basis for the Two Hit Hypothesis led to the identification of the
human RB1 gene (hereafter referred to as RB). Recurrent loss of heterozygosity (LOH) at chromosomal
locus 13q14 in retinoblastoma samples has been found (Knight et al., 1978; Yunis and Ramsay, 1978;
Sparkes et al., 1980). Using this as a guide, positional cloning identified the locus of the putative RB gene
(Godbout et al., 1983; Cavanee et al., 1983). Cloning of the RB gene from hereditary retinoblastoma
patients showed that while one allele of the RB gene was mutated in both normal blood and tumor cells,
the remaining functional allele was lost in retinoblastoma samples, either by fine mutation or gross
chromosomal loss, confirming that loss of both copies of RB is necessary for the development of
retinoblastoma (Friend et al., 1986; W.H.Lee et al., 1987a; Dunn et al., 1988). Additional studies on adult
sporadic cancers have shown that RB loss is not restricted to retinoblastoma. Inactivating mutations at
the RB locus have been found in small cell lung cancer (Salgia and Skarin, 1998; Caputi et al., 2005),
prostate adenocarcinoma (Bookstein et al., 1990; Brooks et al., 1995; Balk and Knudsen, 2008) and
osteosarcoma (Wadayama et al., 1994; Kansara and Thomas, 2007) in adults, demonstrating that RB is
indeed a tumor suppressor in a variety of tissues.
One mechanism by which RB functions as a tumor suppressor was unveiled from studies with
DNA tumor viruses. The Adenovirus E1A, SV-40 large T-Antigen, and HPV E7 proteins transform cells by
interaction with a number of cellular proteins (Linzer and Levine, 1979; A.E. Smith et al. 1979; Rowe et
al., 1983; Harlow et al., 1986) and the pRB protein was identified as one of these interacting proteins.
Mutations within the shared LxCxE motif (where L = leucine, C = cysteine, E = glutamic acid, and x = any
amino acid) of the viral proteins (Whyte et al., 1988; DeCaprio et al., 1989; Dyson et al., 1989), disrupted
interaction with pRB, and inhibited the virus’ ability to transform cells. Ludlow et al. (1990) observed that
pRB was hypophosphorylated in G0/G1 of the cell cycle, and it was this hypophosphorylated form that
was bound to the SV40 large T-antigen. It was hypothesized that the under-phosphorylation of pRB
somehow inhibited progression from G1 to the S-phase of the cell cycle, and that viral oncoproteins, by
binding pRB, can overcome this inhibition (reviewed in DeCaprio, 2009). These data tied together the
tumor suppressor function of RB from human retinoblastoma data with viral-induced transformation, and
pointed to pRB as one of the essential proteins in preventing tumorigenesis.
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The RB Tumor Suppressor Pathway
One of the primary ways in which RB inhibits tumorigenesis is by inhibiting entry into S-phase.
pRB is maintained in a hypophosphorylated form in G0/G1 (Mihara et al., 1989; P.L. Chen et al., 1989;
Buchkovich et al., 1989). Mitogenic signals activate the Cyclin-Cdk complexes (Cyclin D with Cdk4 or
Cdk6 and Cyclin E with Cdk2), which phosphorylate pRB on crucial serine and threonine residues (Lees
et al., 1991; Hinds et al., 1992; Ferreira et al., 1993), and disrupt the associations of pRB with a number
of cellular proteins (Lunberg and Weinberg, 1998; Harbour et al. 1999).
INK4 family of CDK inhibitors (INK4A – INK4D) act upstream of Cyclin D/Cdk complexes and
prevent Cyclin D binding to and activation of Cdk4/Cdk6, thereby inhibiting the phosphorylation of pRB
(Serrano et al., 1993; Guan et al., 1994; Hirai et al., 1995). Additionally, the CIP/KIP family of Cdk
inhibitors (p27

KIP1

, p57

KIP2

, and p21

CIP1

) prevents activation of CyclinE/Cdk2 complexes in G1 and Cyclin

A/Cdk2 or Cdk1 complexes in S and G2 (Harper et al., 1993; Polyak et al., 1994; M.H. Lee et al., 1995;
Toyoshima and Hunter, 1994; Blain et al., 1997; Aleem et al., 2005). Both mutations in the genes
encoding these components, as well as deregulated expression of each of these components, have been
found that disrupt function in human tumors, resulting in the identification of key tumor suppressors (e.g.,
INK4A, INK4B, KIP1) and oncogenes (e.g., CCND1, CCNE1) (reviewed in Nevins, 2001; Sherr and
McCormick, 2002).
This alternating network of tumor suppressors and oncogenes, referred to as the RB pathway, is
deregulated in most human cancers, either by loss of the tumor suppressor function of pRB or the Cdk
inhibitors, or by activation of the oncogenic Cyclin/Cdk complexes (reviewed in Sherr and McCormick,
2002). These mutational events are mutually exclusive within tumors, suggesting that additional
mutations affecting genes within the RB pathway are not advantageous. For example, while ~80% of
small cell lung cancers have mutations in RB, loss of INK4A occurs in ~60% of non-small cell lung
cancer, leading to the idea that loss of a functional RB pathway is one of the critical steps in
tumorigenesis.
The RB Family of “Pocket Proteins”
The pRB protein is part of a family of proteins referred to as the “pocket proteins.” In mammals,
there are three members: pRB, p107, and p130, derived from the RB1, RBL1, and RBL2 genes,
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respectively. (To avoid confusion due to the similar nomenclature, RB family members will be referred to
as RB (Rb-1), p107 (RBL-1), and p130 (RBL-2)). They are grouped based on the presence of a so-called
pocket domain, consisting of two large conserved sub-domains designated A and B separated by a
variable spacer (Kaelin et al., 1990; H.Y. Kim and Cho, 1997) (Figure 1-2). Phosphorylation of serine and
threonine residues by Cyclin-Cdks occurs both in the pocket region as well as in the C-terminal domain
(Lees et al., 1991; Connell-Crowley et al., 1997; Knudsen and Wang, 1997). The large majority of
mutations in retinoblastoma are found within either the A or B sub-domains and rarely within the spacer
region (Lohmann, 1999). The domain of pRB that binds the LxCxE motif, which allows for pRB to interact
with many co-factors as well as the viral oncoproteins, is found within the B sub-domain of the pocket
(J.O. Lee et al., 1998; H.Y. Kim et al., 2001). It is this same pocket domain that allows for the RB family
members to bind to E2F transcription factors (S. Huang et al., 1992; C. Lee et al., 2002; Rubin et al.,
2005).
Structural analysis of pRB bound to the LxCxE peptide from the HPV protein showed that E7 and
E2Fs can be bound to pRB in mutually exclusive manners (J.O. Lee et al., 1998), and fine mutation of the
residues required for LxCxE binding does not disrupt binding of E2F family members (Dick et al., 2000).
The p107 and p130 proteins are more closely related to each other than to pRB and they both contain a
CyclinA/CyclinE-binding domain (between residues 651 and 669) that is absent from pRB (Ewen et al.,
1992; Mayol et al., 1993; reviewed in Classon and Dyson, 2001).
RB Family Regulation of E2F Transcription
The most well-characterized proteins that interact with pRB family members are the E2F
transcription factors. E2Fs are a family of transcription factors defined by their DNA binding domain,
which recognizes the consensus E2F sequence, TTT(G/C)(G/C)CGC, or non-consensus sequence
BKTSSCGS (where B = not A, K = G or T, S = G or C) (Rabinovitch et al., 2008). They were first
discovered by their ability to trans-activate the adenovirus E2 promoter (Kovesdi et al., 1986; Thalmeier et
al., 1989; Blake and Azizkhan, 1989; Dynlacht et al., 1994a). There are now eight E2F proteins in
mammals that share homologous DNA binding domains. The E2F1-E2F5 proteins all contain a pocket
protein binding domain and a dimerization domain for interaction with DP proteins (reviewed in Trimarchi
and Lees, 2002). The E2F6-E2F8 proteins do not contain a pocket protein binding domain, and while
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Figure 1-2 : Structure of mammalian RB family members.
The RB family members are defined by the shared homology within the A and B !pocket
domains", which are necessary for binding the viral oncoproteins, as well as most other
interacting proteins.

Cell cycle regulated phosphorylation of RB family members occurs at

serine/threonine residues primarily, but not exclusively, within the C-terminal domain. The
family members p107 and p130 are more closely related to each other than to pRB, with
strong sequence homology within the N-terminal and !spacer" regions, including a conserved
CyclinA/E Cdk binding site.
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E2F6 contains a DP dimerization domain (Trimarchi et al., 1998), E2F7 and E2F8 contain two DNA
binding domains, allowing them to function independently of DP protein interaction (DeBruin et al., 2003a;
DiStefano et al., 2003; Maiti et al., 2005; Christensen et al., 2005; Logan et al., 2005).
By binding E2F, pRB family members can regulate the activity of E2F target genes. The initial
E2F targets studied included factors needed for cell cycle control and DNA synthesis, for example
CCNE1 and CDC6 (Ohtani et al., 1995, Botz et al., 1996; Geng et al., 1996; Hateboer et al., 1998; Yan et
al., 1998). This agreed with the model that RB family members bind E2F transcription factors in G0/G1,
preventing them from activating genes needed for cell cycle progression. The Cyclin/CDK dependent
phosphorylation of RB family members releases E2Fs, allowing them to activate the expression of genes
required for S-phase progression. Subsequent studies have shown that the types of genes that are E2F
targets encompass a broad range of function, including genes involved in the G2/M checkpoint (e.g.
MAD2L1 and TTK), DNA damage (e.g. RAD51 and FEN1), apoptosis (e.g. TP73 and CASP3) and
chromatin modification (e.g. EZH2 and EED) (Ishida et al., 2001; Weinmann et al., 2002; Ren et al., 2002;
Seelan et al., 2002; Irwin et al., 2000; Muller et al., 2001).
RB Family Members have Distinct Functions In Cell Cycle Regulation
Although RB family members show high homology within the pocket region needed to bind E2Fs,
they each show a preferred subset of E2F binding partners. The E2F proteins interact with RB family
members through interactions between the C-terminal domain of pRB with the E2F-DP marked box
domains, a highly conserved region shared by E2F family members which mediates various protein
interactions, and between the pocket domain and the E2F transactivation domain (Helin et al., 1992; C.
Lee et al., 2002; Xiao et al., 2003; Rubin et al., 2005; Burke et al., 2010). E2F1, E2F2, and E2F3a
interact exclusively with pRB and are designated as “activator” E2Fs because of their ability to activate
transcription of genes required of S-phase entry and cell cycle progression (Takahashi et al., 2000). In
contrast, while pRB is found in complexes with E2F4, p107 and p130 are more frequently found in
complexes with E2F4 at E2F-regulated promoters (Beijersbergen et al., 1994; Vairo et al., 1995; Moberg
et al, 1996; Balciunate et al., 2005). E2F5 is thought to interact exclusively with p130 (Hijmans et al.,
1995). The binding of E2Fs for different targets is cell cycle regulated. Inactivation of pRB at the G1/S
transition frees “activator” E2Fs to positively regulate their own transcription as well as genes needed to
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promote S-phase. The increase in “activator E2Fs” drives cells into S-phase, and as cells enter G2, RB
family independent E2Fs (E2F6, E2F7, and E2F8) are thought to mediate the repression of the “activator
E2Fs” to prevent ectopic DNA replication (Lees et al., 1993; Leone et al., 1998; L. Wu et al., 2001;
Christensen et al., 2005; DiStefano et al., 2003). E2F4 and E2F5 are expressed throughout the cell cycle,
but are exported from the nucleus in G1 (Muller et al., 1997; Verona et al., 1997; Gaubatz et al., 2001;
Apostolova et al., 2002). Instead of acting as activators of gene expression, E2F4 and E2F5 are thought
to repress gene expression, mostly in G0 and early G1, by forming repressor complexes with p107 or
p130 (Sardet et al., 1995; Lindeman et al., 1997; Muller et al., 1997; Zini et al., 2001; Balciunate et al.,
2005).
In addition to the different interactions of RB family members with different E2F family members,
RB family members are also differentially expressed during the cell cycle. While RB levels remain
relatively constant during the cell cycle (Buchkovich K et al., 1989; Ikeda et al., 1996; Burkhart et al.,
2010a), levels of p107 and p130 change in a reciprocal manner. While p130 levels remain high in
quiescent cells, levels drop rapidly as cells enter G1 (E.J. Smith et al., 1996). On the other hand, p107
levels are relatively low in quiescent cells and entry into G1 leads to an increase in p107 levels (Kiess et
al., 1995, Beijerbergen et al., 1995). In fact, p107 is known to regulate a distinct group of E2F responsive
genes specifically in cycling cells (Balciunate et al., 2005). Therefore the different functions of the pRB
family of pocket proteins appear to be regulated by both differences in binding partners as well as
expression patterns.
RB Mediates Transcriptional Repression Through Recruitment of Chromatin Modifiers
RB family members mediate repression of gene expression by binding, and therefore inhibiting,
the transactivation domain of E2F transcription factors, as well as by the recruitment of chromatin
remodeling co-repressor complexes. Many of these interactions are through the LxCxE binding motif
shared by all RB family members. All three pocket proteins form complexes with histone deacetylases,
particularly HDAC1 (pRB – Luo et al., 1998; Brehm et al., 1998; Magnaghi-Jaulin et al., 1998;
p107/p130 – Ferreira et al., 1998; Steigler et al., 1998). The recruitment of HDACs promotes a more
condensed chromatin structure, leading to gene repression. In vivo evidence of p130/E2F4/HDAC1 and
p107/E2F4/HDAC1 complexes located at the promoters of repressed genes (Ferreira et al., 2001;
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Rayman et al., 2002) further supports a role for pocket proteins as co-factors for the recruitment or
maintenance of chromatin modifying complexes.
RB family members also associate with histone methyltransferases. pRB can interact with
SUV39H1 (Nielsen et al., 2001; Vandel et al., 2001), a histone methyltransferase that specifically
methylates lysine 9 of histone H3, creating a binding site for HP1 and driving the formation of
heterochromatin. Interaction between pRB, SUV39H1, and HP1 has been found in mouse embryonic
fibroblasts (MEFs) and loss of Rb led to a loss of methylation of lysine 9 of histone H3 and HP1 binding at
the Cyclin E promoter (Nielsen et al., 2001). A similar interaction has been found between RB family
members and Suv-20h1 and Suv-20h2 histone methyltransferases, which methylate histone H4 at lysine
20, and are important in maintaining heterochromatin (Gonzalo et al., 2005; Isaac et al., 2006).
Additionally, RB family members have been found to interact with BRG1 and BRGM, members of the
SWI/SNF ATP-dependent chromatin remodeling complexes (Dunaief et al., 1994; Singh et al., 1995;
Strober et al., 1996; Trouche et al., 1997; Dahiya et al., 2000), and this interaction may be important for
inhibition of cell cycle progression. Yet, not all of RB family member function leads to gene repression.
pRB has been found to interact with RBP2, histone H3 demethylase, in differentiating cells. Sequestration
of RBP2 by pRB allows the activation of pro-differentiation genes as well as the repression of cell cycle
genes (Benevolenskaya et al., 2005; Lopez-Bigas et al., 2008).
pRB Promotes Differentiation Through Interaction with Tissue Specific Factors
Interactions of pRB with tissue-specific co-factors have shed light on the role of pRB in cell
differentiation (Figure 1-1). While pRB acts in a primarily repressive manner in regulating E2F responsive
genes, pRB acts as either a co-repressor or co-activator to promoter the differentiation of various tissues.
In vitro models of adipogenesis using mouse embryonic lung fibroblasts have shown that pRB interacts
with C/EBP transcription factors as a co-activator, increasing the ability of C/EBPs to bind DNA and
activate genes promoting adipogenesis (P.L. Chen et al., 1996; Classon et al., 2000a). A similar function
is seen in osteogenic differentiation, where BMP-2 induced differentiation of mouse embryonic fibroblasts
(MEFs) was impaired with loss of Rb (Thomas et al., 2001). BMP2-induced MEFs were able to show
early, but not late, markers of osteogenesis, implicating a role for Rb in late stages of osteoblast
differentiation. Thomas et al. (2001) further showed that pRB promotes differentiation through interaction
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with the transcription factor CBFA1/RUNX2, acting as a co-activator at osteoblast-specific promoters.
pRB also works jointly with the basic helix-loop-helix transcription factor MyoD to promote differentiation
of myoblasts into differentiated myotubes. MyoD activates Rb transcription during differentiation (Martelli
et al., 1994; Magenta et al., 2003) and MyoD and pRB are both needed to activate MEF2, which activates
the expression of late markers of muscle differentiation (Novitch et al., 1999). The pRB protein also
maintains differentiated skeletal muscle in a post-mitotic state by promoting the recruitment of histone
methyltransferases to silence cell cycle regulated genes (Blais et al., 2007).
Cell cycle exit and differentiation are tightly knit processes during development and pRB appears
to be a key player in both processes, through interactions with E2F family members as well as with
differentiation factors. Yet these two roles can be uncoupled, as detected by the study of pRB mutants.
Mutant forms of pRB have been developed that do not abrogate pRB-E2F binding but are unable to
induce differentiation. Additionally, pRB mutants have been developed, such as the R661W mutant, that
do not bind E2Fs but still can induce differentiation in the Saos-2 osteosarcoma cell line, and cooperate
with MyoD in MEFs (Sellers et al., 1998). This indicated that pRB’s role in differentiation is at least
partially E2F independent. The R661W mutant of pRB was developed from a naturally reoccurring
mutation that leads to low-penetrance inherited retinoblastoma, demonstrating that the differentiation
function of pRB has a role in protecting against tumorigenesis (Lohmann et al., 1994; Onadim et al.,
1992).
Mouse Models Reveal Specific Functions of Rb Family Members
Inactivation of Rb family members in mice has emphasized the temporal and tissue specific
requirements for Rb family members. The constitutive inactivation of Rb in mice results in embryonic
lethality by E13.5 - E15.5, and Rb-deficient embryos show increased proliferation and apoptosis within
the central and peripheral nervous system, impaired erythrocyte maturation, edema, and abnormal lens
development (Jacks et al., 1992; Clarke et al., 1992; E.Y. Lee et al., 1992). Yet many of these defects
were later attributed to a primary placental defect. Increased proliferation of trophoblast cells within the
Rb-/- placenta disrupts the proper placental architecture formation and placental transport is hindered (L.
Wu et al., 2003).
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The placental defect can be circumvented by either tetraploid aggregation, where cells from a
wild type conceptus form only the extra-embryonic tissue and the Rb deficient cells make up the embryo
proper, or by using the Cre-LoxP system using a conditional allele of Rb and the Meox2 promoter to drive
Cre expression exclusively in the embryo proper (L. Wu et al., 2003; DeBruin et al., 2003b). The
conditional RbLoxP allele derived by Marino et al. (2000) contains two LoxP sites surrounding exon 19 of
Rb, which are excised in cells expressing the Cre recombinase, leading to a non-functional Rb allele
(Vooijs et al., 1998). Bypassing the placental requirement for Rb rescued the neuronal apoptosis within
the central nervous system and the appearance of nucleated erythrocytes was largely reduced. These
conditionally Rb-deficient embryos were able to survive until late gestation and death has been attributed
to respiratory failure. However, placental rescue did not lead to complete rescue of the Rb-deficient
embryo. Within the nervous system, increased proliferation and increased apoptosis was still found within
the peripheral nervous system (PNS), and the severe defects in skeletal muscle development and lens
development were not rescued (DeBruin et al., 2003b; MacPherson et al., 2003). Interestingly, a mutated
allele of Rb comparable to the R661W mutation in low penetrance retinoblastoma, R654W, was knocked
into the Rb gene in mice and created an allele deficient in binding E2F1, E2F2, and E2F3 (Sun et al.,
2006). This mutant partially rescued the erythroid differentiation defect of the Rb deficient embryo, but not
the cell cycle defects (Sun et al., 2006), demonstrating that the roles of pRB as regulator of cell cycle and
differentiation can be unlinked. The tissue specificity of the defects in Rb deficient embryos strongly
suggested that pRB is dispensable for most development but is essential for the proper development of
certain tissues. Rb+/- mice survive to adulthood, but developed pituitary and thyroid tumors (Jacks et al.,
1992). Although tumors in the mice were not the same as in humans (retina versus thyroid/pituitary), this
further demonstrated that in both mice and humans, the in vivo functions of pRB show tissue specificity.
Mutant mouse models, in which either p107 or p130 was inactivated, were developed by two
different groups (p107 – M.H. Lee et al., 1996; LeCouter et al., 1998a; p130 - Cobrinik et al., 1996;
LeCouter et al., 1998b). p107- or p130-deficient mice are normal and fertile on a mixed (129Sv x
C57BL/6) background, but develop strong phenotypes on a mixed (129Sv x C57BL/6) background
enriched with Balb/c. Loss of p130 on this enriched Balb/c background leads to embryonic lethality by
E13 with defects in neuronal, muscle, and heart development (LeCouter et al., 1998b). Mice deficient in
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p107 on this mixed Balb/c background survive, but show impaired growth and develop myeloproliferative
disorders (LeCouter et al., 1998a). However, these phenotypes were strain-specific, because when these
mutant animals are crossed to a C57BL/6 background, the developmental phenotypes are lost, and p107deficient or p130-deficient mice show no major phenotypes, agreeing with the earlier models developed
by Cobrinik (1996) and M.H. Lee (1996). What the potential strain-specific modifiers of p130 and/or p107
function has yet to be resolved.
p107 and p130 doubly deficient mice die at birth with defects in bone development (Cobrinik et
al., 1996). Combining loss of p107 with Rb deficiency exacerbates the Rb phenotype, and there was an
increase in apoptosis within the fetal liver and the central nervous system (M.H. Lee et al., 1996), the
same tissues that show defects with loss of Rb alone. A more recent model of combined p107 deficiency
with conditional loss of Rb led to earlier lethality, with embryos dying between E13.5-E14.5, with
increased proliferation and/or apoptosis within the CNS, liver, muscle, and erythroid cells, and previously
unseen defects in heart development (Berman et al., 2009). Thus, the loss of two Rb family members
show only tissue-specific defects during development, even though the pocket proteins are thought to be
key players in regulating the cell cycle in most, if not all, tissues. Using tetraploid aggregation, embryos
with wild type placenta but deficient in all three Rb family members within the embryo proper, only
survived until embryonic day E9 (Wirt et al., 2010). Interestingly, these embryos were still able to form
many of the proper developmental structures such as the neural tube and the cardiac chambers,
indicating that Rb family members are not required in all tissues for early embryonic development.
Tissue specific phenotypes or apparent dispensability appear to be common outcomes from
inactivating cell cycle regulators. Mutant embryos are viable despite the loss of Cdks (e.g. Cdk4 or Cdk6),
Cyclins (e.g.CcnE1 or CcnD1), and Cdk inhibitors (e.g. Ink4a/Arf or p15Ink4b). Triple knockout of all three
genes encoding Cyclin D proteins (CcnD1-3) only leads to embryonic lethality at E16 with hematopoietic
defects (Kozar et al., 2004). Similarly, mice deficient in Cdk2 and Cdk6 are viable with hematopoietic
defects and sterility (Malumbres et al., 2004). Additionally, mice deficient in Cdk2, Cdk4, and Cdk6 can
survive until E12.5-E13.5 and die primarily due to hematopoietic defects while Cdc2a-deficient (Cdk1)
embryos cannot be found as early as E1.5, indicating that while the mitotic Cyclins/Cdks are required for
early development, many of the G1 Cyclins and Cdks are dispensable (Santamaria et al., 2007). These
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results highlight that regulation of the cell cycle during development differs between tissues and that
where and when cell cycle regulators are expressed may play a large role in their function.
Mouse Models of Retinoblastoma
The fact that Rb LOH did not lead to tumorigenesis in the Rb+/- mouse retina led a number of
laboratories to search for what could be suppressing retinoblastoma formation. This led to the
development of various mouse models of retinoblastoma. While Rb+/-;p107-/- mice only developed retinal
dysplasia (M.H. Lee et al., 1996), formation of retinoblastoma appears to require the loss of at least one
other pocket protein and potentially the p53 pathway. The first models of retinoblastoma were observed in
transgenic mice expressing the T-antigen of the SV-40 virus under control of the β-luteinizing hormone
promoter, which leads to loss of function of both the Rb and p53 pathways (Windle et al., 1990). This was
followed by the generation of chimeric mice using ES cells deficient for p107 and Rb (Robanus-Maandag
et al., 1998), which also developed retinoblastoma, indicating that p107 may compensate for Rb loss in
the mouse retina and protect against tumor formation. Knockout models of retinoblastoma were
generated by conditionally inactivating an RbLoxP allele in a p107 or p130 deficient background using
Chx10-Cre, Nestin-Cre, or Pax6-Cre, all of which lead to excision of the Rb locus within retinal
progenitors (MacPherson et al., 2004, J. Zhang et al., 2004a, D. Chen et al., 2004). While loss of p107 or
p130 did not lead to tumor formation in mice, the retinoblastoma models demonstrate that p107 and p130
have tumor suppressor functions in the retina in the context of Rb loss. The phenotype of retinoblastoma
with loss of Rb and p107 is not equivalent to loss of Rb and p130; animals deficient in Rb and p107 in the
retina develop a unilateral retinoblastoma with partial penetrance while animals deficient in Rb and p130
develop bilateral retinoblastoma with 100% penetrance (Dannenberg et al., 2004; MacPherson et al.,
2004; D. Chen et al., 2004). While loss of Rb family member function is necessary for the initiation of
retinoblastoma, loss of the p53 pathway has been implicated as one of the secondary hits needed for
progression in mice. Additional loss of p53 in Chx10-;RbLox/-;p107-/- retina increases both the
penetrance and severity of the retinoblastoma phenotype (J. Zhang et al., 2004a). Although no p53
mutation has been found in human retinoblastoma, amplification of MDMX or MDM2, encoding inhibitors
of p53, is prevalent (Laurie et al., 2006) and may contribute to human retinoblastoma progression.
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Rb Family Expression During Development and Differentiation
The Rb family members are highly expressed in distinct and overlapping tissues during
development. In situ analysis (Jiang et al., 1997) has shown that Rb expression is limited to the
developing nervous system, fetal liver, muscle, and to the retina and lens of the developing eye with
highest expression between E12.5 and E14.5. This tissue-specific expression of Rb correlates well with
the known developmental defects of the Rb-deficient embryo, lending support to the idea that regulating
Rb expression is important for proper embryonic development. p107 has a broader pattern of mRNA
expression, which overlaps with Rb in the CNS and fetal liver, and is also found in the heart, lungs,
kidney, and gut at various embryonic ages (Jiang et al., 1997). In the CNS, p107 expression is turned on
at earlier embryonic time points (E10.5) within the proliferative ventricular zone and its expression
declines by E15.5 (Jiang et al. 1997; Burkhart et al., 2008). This pattern of decreased expression of p107
with increasing maturation of the nervous system is consistent with the increase in p107 expression as
cells enter S phase and supports a role for p107 in cycling cells during development. In contrast, p130
shows a ubiquitous and diffuse expression pattern within the developing embryo (Jiang et al., 1997; G.
Chen et al., 1996). Tissue specificity appears to play an important role in distinguishing functions of the
pocket proteins in vivo.
While the post-translational regulation of pRB has been well studied (e.g., phosphorylation), much
less is understood about the regulation of Rb expression. Tissue culture experiments have shown that the
levels of Rb at the protein and mRNA level increase as cells are induced to differentiate. The P19
embryonal carcinoma cell can be induced to differentiate towards a neuronal fate with the addition of alltrans retinoic acid (ATRA) or towards mesodermal and endodermal fates with the addition of dimethyl
sulfoxide (DMSO) (McBurney, 1993). When P19 cells were treated with ATRA, the levels of pRB protein
(Gill et al., 1998) and Rb mRNA (Slack et al., 1993) increased as cells became more differentiated. The
increase was also seen with DMSO induced differentiation, but to a lesser extent. Levels of p130 also
increase during differentiation of P19 cells, while p107 levels increase but then fall off as cells become
post-mitotic (Gill et al., 1998). The increase of Rb expression with differentiation is not limited to P19 cells.
Protein and mRNA levels of Rb increase as myoblasts differentiate into myotubes (Kiess et al., 1995;
Coppola et al., 1990) and as mouse erythroleukemia cells (MEL) are induced to express mature
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erythrocytic markers with HMBS (Coppola et al., 1990). The increase in RB mRNA is also seen in 1,25dihydroxyvitamin D3 induced differentiation of human leukemia HL60 cells toward a monocytic lineage
(white blood cell) and this correlates with the interaction of pRB with C/EBP transcription factors (Ji and
Studzinski, 2004). Thus, Rb levels increase with differentiation of neuronal, myogenic, and hematopoietic
lineages, the three lineages in which Rb-deficient embryos show strong phenotypes.
Regulation of Rb Expression
The study of low penetrance retinoblastomas uncovered an important regulatory region of the RB
gene. Point mutations in potential Sp1 and ATF binding sites were uncovered upstream of the RB start
site and these mutations correlated with loss of RB expression within tumor cells from low penetrance
cases of retinoblastoma patients (Sakai et al., 1991a; Fujita et al., 1999; Taylor et al., 2007). These sites
are located between -207 and -179 upstream of the RB start site (-198bp to -85bp in mouse) and are
within a highly GC rich region shown to be the essential promoter region necessary for RB expression
(Figure 1-3) (Gill et al., 1994). This region contains a complex 26 base pair element containing Sp1 and
ATF (overlaps with a site for Ets binding) sites, and an adjacent E2F binding site, that is 100% conserved
between mouse and human (Zacksenhaus et al., 1993; Gill et al., 1994). Experiments using Rb promoter
sequences attached to a luciferase reporter showed that loss of the E2F site leads to an increase in
reporter activity in certain cell lines (Ohtani-Fujita et al., 1994), implicating the E2F site as a repressive
site. Over-expression studies of pRB in cell culture demonstrated that introduction of pRB decreases
activity from Rb promoter-CAT constructs (Hamel et al., 1992; Shan et al., 1994), and that pRB was
repressing its own promoter, potentially through the E2F site, via an auto-regulatory loop. Furthermore, in
retinoblastoma tumor samples where RB LOH has occurred, there were high levels of transcript derived
from the mutant allele, which was barely present in normal tissue from the same patients (Dunn et al.,
1988). It was postulated that in normal tissue functional pRB represses transcription of the RB mutant
allele, but this repression is lost when LOH occurs, and mutant transcript is produced. These results
made pRB a good candidate for being the repressor of the RB promoter.
The importance of RB expression, both in differentiation and in preventing tumorigenesis,
suggests that regulation of the Rb promoter in an E2F dependent manner is an additional way by which
differentiation and cell cycle exit are linked during development. To determine how the Rb promoter is
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human
mouse

human GCCTGGACCCACGCCAGGTTTCCCAGTTTAATTCCTCATGACTTAGCGTCCCAGCCCGCG
GCCTGGACCCACGCCAGGTTTCCCAGTTTAATTCCTCATGACTTAGCGTCCCAGCCCGCG
1790
1790
mouse TCCCG--CCCGCGCC------CTCGCCCTCGCCCCTTG------------CCCGCCGCCG
TCCCG--CCCGCGCC------CTCGCCCTCGCCCCTTG------------CCCGCCGCCG
1093
1093
** * *** ****
** * *** *****
*
* * ***
*
*
***
** *** ** ** *** **

human
mouse

human CACCGACCAGCGCCCCAGTTCCCCA-CAGACGCCGGCGGGCCCGGGAGCCTCGCGGACGT
CACCGACCAGCGCCCCAGTTCCCCA-CAGACGCCGGCGGGCCCGGGAGCCTCGCGGACGT
1849
1849
mouse CCGCCACCGCCGCCCCGGTTCCCCAACTGACGCCCGCGG---CGCGAGCCTCGCGGACGT
CCGCCACCGCCGCCCCGGTTCCCCAACTGACGCCCGCGG---CGCGAGCCTCGCGGACGT
1150
1150
* * *** ******
* * ***
********
******* ********
****** ****
* ******
** ***************
****
** ***************

Ets

Ets E2F

E2F

human
mouse

human GACGCCGCGGGCGGAAGTGACGTTTTCCCGCGGTTGGACGCGGCGCTCAGTTGCCGGGCG
GACGCCGCGGGCGGAAGTGACGTTTTCCCGCGGTTGGACGCGGCGCTCAGTTGCCGGGCG
1909
1909
mouse GAGGCCGCGGGCGGAAGTGACGTTTTCCCGCGGTTGGCC-CGGGGCTCGGTTGCC----GAGGCCGCGGGCGGAAGTGACGTTTTCCCGCGGTTGGCC-CGGGGCTCGGTTGCC----1202
1202
** **********************************
** **********************************
* *** **** *******
*** **** ******

human
mouse

human GGGGAGGGCGCGTCCGGTTTTTCTCAGGGGACGTTGAAATTATTTTTGTAACGGGAGTCG
GGGGAGGGCGCGTCCGGTTTTTCTCAGGGGACGTTGAAATTATTTTTGTAACGGGAGTCG
1969
1969
mouse -----GGGCGCGTCCGGTTTTCCTCGGGGGACGTTCCCATTATTTTTGTAACGGGAGTCG
-----GGGCGCGTCCGGTTTTCCTCGGGGGACGTTCCCATTATTTTTGTAACGGGAGTCG
1257
1257
****************
****************
*** *********
*** *********
**********************
**********************

human
mouse

human GGAGAGGACGGGGCGTGCCC--CGACGTGCGCGCGCGTCGTCCTCCCCGGCGCTCCTCCA
GGAGAGGACGGGGCGTGCCC--CGACGTGCGCGCGCGTCGTCCTCCCCGGCGCTCCTCCA
2027
2027
mouse GGTGAGGACGGGGCGTGCCCGGCGTGGCGCGCGCCCGCCCGCCTCCCCG-CGCGCCTCCC
GGTGAGGACGGGGCGTGCCCGGCGTGGCGCGCGCCCGCCCGCCTCCCCG-CGCGCCTCCC
1316
1316
** *****************
** *****************
** * ******
** *** *******
********
** * ***
********
***** *** *****

human
mouse

human CAGCTCGCTGGCTCCCGCCGCGGAAAGGCGTC--CAGCTCGCTGGCTCCCGCCGCGGAAAGGCGTC--2059
2059
mouse TCGGCTGCTCGCGCCGGCC-CGCGTGCGCGTCATG
TCGGCTGCTCGCGCCGGCC-CGCGTGCGCGTCATG
1350
1350

SP1

ATF
SP1

ATF

Figure 1-3 : Rb1 promoter sequence is highly conserved between mouse and human.
The regulatory region 235 bp upstream of the ATG of Rb1 is 80% homologous between
mouse and human and contains a conserved cassette containing an SP1/Ets, ATF, and
E2F site. The start site for the mouse pRB protein is boxed.
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regulated in vivo, our laboratory generated a mouse model expressing a LacZ reporter transgene driven
by the mouse Rb promoter (includes 4.3kb upstream of the Rb translational start site including the
minimal promoter) designated RbP(WT)-LacZ (Figure 1-4) (Agromayor et al., 2006). Three independent
transgenic lines for the RbP(WT)-LacZ reporter showed a neuronal specific pattern of Rb promoter
activity, indicating that this promoter region was important for Rb expression within the central and
peripheral nervous systems. The neuronal expression pattern correlates strongly with Rb expression
seen by in situ analysis, and only a subset of neurons showed LacZ activity within the developing cortex,
retina, trigeminal ganglion and dorsal root ganglia. The extent of LacZ activity within the nervous system
increased with developmental time indicating that regulation of Rb during development is not static
(Agromayor et al., 2006). This expression pattern agrees with Rb promoter–LacZ transgenics made
independently (Jiang et al., 2001) showing exclusively neuronal expression. The additional regulatory
elements needed for Rb expression within the muscle and liver are not located within this 4.3kb region,
but instead appear to lie further upstream (Burkhart et al., 2010a).
Since previous evidence from low penetrance retinoblastomas had shown that a critical Sp1 site was
important for activation of the Rb promoter in human retinoblastoma, our laboratory generated mice with a
mutant Rb promoter-LacZ transgene bearing a triple substitution (AAA) within the Sp1 and the
overlapping Ets site (Agromayor et al., 2006). RbP(Sp1/EtsAAA)-LacZ embryos had very low LacZ
activity within the developing nervous system, supporting the notion that normally this Sp1/Ets site is
needed for activation of the Rb promoter in vivo (Figure 1-5). When our laboratory made a similar AAA
mutation within the E2F site, RbP(E2FAAA)-LacZ embryos displayed increased LacZ activity restricted
mostly to the nervous system, although an increase in activity was also seen in some muscle tissue
(Figure 1-5). The increase in LacZ activity in RbP(E2FAAA)-LacZ embryos was particularly strong within
the developing cortex. While RbP(WT)-LacZ embryos showed moderate LacZ activity restricted to the
lateral regions of the cortex, RbP(E2FAAA)-LacZ embryos showed strong LacZ activity at the midline of
the cortex. In contrast, RbP(Sp1/EtsAAA)-LacZ embryos had extremely low LacZ activity within the cortex
and a low level of LacZ activity was observed in other neuronal regions. A similar effect was seen within
the retina. In the adult RbP(WT)-LacZ retina, LacZ activity

is restricted to the ganglionic and inner

nuclear layers and not the outer nuclear layer, but in the RbP(E2FAAA)-LacZ retina, LacZ activity is
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Adapted from Agromayor et al., (2006). Mol. Cell. Biol., 26(12), 4448-4461.

Figure 1-4 : Structure of the RbP-LacZ transgene.
The RbP-LacZ transgene consists of a 4.3Kb region upstream of the Rb start site, including
the cluster of transcription factor binding sites (green), driving a nuclear LacZ reporter. Loss of
the E2F binding site in the RbP(E2FAAA)-LacZ transgenic mouse led to an increase in
reporter activity in vivo, implicating this as a repressive site. Therefore, it is postulated that Rb
family members may repress Rb expression, potentially through this E2F site.
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Pattern of LacZ Staining in Rb Promoter Reporter Mice

A
RbP(WT)-LacZ

RbP(S/EAAA)-LacZ

RbP(E2FAAA)-LacZ

Neocortex (E15.5)

Lateral Only
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Levels
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Reduced Activity in
GCL and INL

GCL, INL, and ONL
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E15.5 Cortex

A

P

RbP(WT)

RbP(S/EAAA)
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Adapted from Agromayor et al., 2006
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Figure 1-5: Patterns of LacZ staining in Rb promoter mutant reporter mice.
Adult

Panel A lists theRetina
locations within the nervous system where LacZ activity is detected in the
various Rb promoter transgenic lines using Xgal staining. Disruption of the potential Sp1/Ets
site within the Rb promoter led to a loss of LacZ activity within the developing neocortex (A
and B), as well as a reduction of LacZ activity within the adult retina, indicating that it is an
activating site . Disruption of the potential E2F binding site led to a de-repression of the RbPLacZ reporter within the midline of the neocortex (A and B) as well as in the ONL of the adult
retina (A), indicating that this site is necessary for repression of Rb expression. Similar results
were seen in multiple transgenic lines. (A) INL= inner nuclear layer; GCL= ganglionic cell
layer; ONL= outer nuclear layer; (B) A = anterior; P = posterior
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found in all three retinal layers at very high levels. Interestingly, the increase in LacZ activity within the
RbP(E2FAAA)-LacZ retina at E16.5 was minimal, indicating that de-repression of the Rb promoter is a
dynamic process. Thus, this repressive E2F site in the Rb promoter regulates Rb expression at specific
developmental times and in specific neuronal compartments during development.
Specific Aims
The extensive deregulation of the Rb promoter within the nervous system with loss of the E2F
site demonstrated that E2F regulation of the Rb promoter is a tightly regulated process, which is spatially
and temporally dynamic during development (Agromayor et al., 2006). The increased activity of the
RbP(E2FAAA)-LacZ reporter in vivo reveals that this E2F site is needed for repression of the Rb
promoter, implicating pocket protein regulation. Although many tissue culture studies have postulated that
pRB is a repressor of its own promoter, it is not inconceivable for all three pocket proteins to be potential
regulators of Rb expression. The potential for Rb family members to regulate expression of other family
members has precedent; pRB has been found to regulate p107 expression in MEFs (Schneider et al.,
1994; Hurford et al., 1997). Additionally, both E2F1 and E2F4 were shown by gel shift using cortical
nuclear extracts and chromatin immunoprecipitation from embryonic cortex to be able to associate with
the Rb promoter (Agromayor et al., 2006). This opens up the possibility for RB family members to directly
regulate the Rb expression, potentially through interactions with E2Fs. Therefore, the first question of
this study was to ask if Rb family members are repressors of the Rb promoter in vivo and which
pocket protein(s) are responsible for this repression (Aim 1, Chapter 2).
To test if Rb family members are repressors of the Rb promoter in vivo and to understand how
expression of Rb functions in proper neuronal development, the wild type RbP-LacZ transgenic mouse
line, T157, developed in by Agromayor et al (2006) was crossed to mice deficient in individual or
combinations of Rb family members. The expectation was that if Rb family members are playing a
repressive function to control Rb expression, then loss of one or more of the Rb family members should
lead to an increase in activity from the RbP-LacZ transgene (Figure 1-4). Since the localization of RbPLacZ activity appears to be temporally and spatially controlled in vivo, it was essential to perform these
experiments within the mouse embryo where this specificity is seen. Analysis was focused on the
developing cortex, because it displayed the most consistent LacZ activity between the different
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RbP(WT)-LacZ mice generated, and showed dramatic de-regulation of LacZ activity in the RbP(E2FAAA)LacZ embryo.
The Rb family members regulate a large number of genes through interactions with E2Fs and
chromatin modifiers, and so changes in RbP-LacZ activity seen with Rb family loss could be due to
indirect effects of the various Rb family deficiencies. De-regulation of E2F activity may affect cellular
processes such as proliferation, apoptosis, and neuronal development that could lead to changes in RbPLacZ activity within the embryo that are independent of direct changes at the Rb promoter. Therefore,
the second question of this study was to ask whether Rb family members regulate the Rb
promoter by direct binding of the Rb promoter and/or through indirect effects of Rb family
deficiency (Aim 2, Chapter 3). To differentiate between direct regulation by Rb family members at the
Rb promoter and secondary effects due to developmental changes, a combination of chromatin
immunoprecipitation, immunohistochemistry, and gene expression analysis was performed on embryos
deficient in various Rb family members.
As the cortex develops, precursor cells generate a variety of neuronal and glial cell types, in a
temporally and spatially specific manner to create a complex laminar structure that becomes the adult
cerebrum. One possibility is that loss of Rb family members may disrupt the process of cortex formation,
and thereby lead to non-cell autonomous changes in RbP-LacZ activity in the cortex, a variation of the
indirect mechanisms explored above. Therefore, to distinguish between non-cell autonomous effects
and cell autonomous changes in RbP-LacZ activity with Rb family deficiency, we developed
primary cortical cultures from mutant embryos to allow for single cell analysis (Aim 3, Chapter 4).
Primary cortical culture allows us to determine, on a cell-by-cell basis, whether RbP-LacZ activity changes
in frequency and/or intensity with Rb family deficiency, indicating whether changes in RbP-LacZ activity
are due to cell autonomous effects. Another important question to be answered using primary cortical
culture is what cell types exhibit RbP-LacZ activity. The identity of the cell types with RbP-LacZ activity
allows us to discern where and when Rb family members may be regulating Rb expression during
neuronal development.
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Chapter 2: RbP-LacZ Activity in Embryos Lacking Various Rb Family Members
In Situ Analysis of RbP-LacZ Activity in Embryos at E14.5
Analysis of embryos deficient in p107 or p130
Analysis of embryos deficient in p107 and p130
Analysis of conditional Rb-deficient embryos
Using Meox2-Cre on a Mixed genetic background
(129/Ola x FVB) x C57BL/6
Using Meox2-Cre on an inbred C57BL/6 background
Excision using Meox2-Cre versus NestinCre models
Neuronal specific loss of Rb
In Situ Analysis of RbP-LacZ Activity in Isolated Cortex
Analysis of the E14.5 and adult cortex
Analysis of the p130-deficient cortex
Analysis of the p107 and p130-deficient cortex
Analysis of the conditional Rb-deficient cortex
Summary
In Situ Analysis of RbP-LacZ Activity in Embryos at E14.5
To determine if Rb family members are repressors of the Rb promoter in vivo, the T157
RbP(WT)-LacZ line, developed by Agromayor et al. (2006), was crossed to mouse lines deficient in p107,
p130, or Rb. Mid-gestational embryos were generated, which were deficient in Rb, p107 or p130 or both
p107 and p130 and analyzed for RbP-LacZ activity. RbP-LacZ activity was monitored by Xgal staining
over night, followed by fixation before microscopic/photographic analysis. Changes in LacZ activity were
determined by the following criteria: observation of a change in the localization of Xgal staining within the
neocortex, observation of a change in the strength of Xgal staining within the neocortex, observation of a
change in the pattern of Xgal staining in other neuronal and non-neuronal tissues. Comparative analysis
of embryos was done by visual inspection of embryo images from front, top, side, and rear viewpoints.
The expectation was that if an Rb family member is a repressor of the Rb promoter, then a loss-offunction mutation for this family member should result in an increase in RbP-LacZ reporter activity.
Analysis of RbP-LacZ reporter in either p107- or p130-deficient E14.5 embryos
T157;p107+/- mice were mated to p107+/- mice for timed pregnancies and embryos were
harvested for whole mount Xgal staining at E14.5. When comparing T157;p107+/+ embryos to
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Figure 2-1: Loss of p107 does not deregulate RbP-LacZ activity at E14.5.
Embryos from a T157;p107 litter were stained with Xgal solution overnight. LacZ activity was
visualized as blue staining in the presence of Xgal. There is no dramatic change of RbP-LacZ
activity seen with loss of p107.

Figure 2-2: Loss of p130 does not deregulate RbP-LacZ activity at E14.5.
Embryos from a T157;p130 litter were stained with Xgal solution overnight. Loss of p130 did
not change RbP-LacZ activity within the embryo.
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T157;p107-/- embryos, there was no consistent change in the intensity or the localization of LacZ activity
(Figure 2-1). This was seen in two separate dissections (T157;p107+/+, n=4; T157;p107-/-, n=3). Thus,
loss of p107 alone is not enough to deregulate RbP-LacZ activity in the developing embryo.
Similarly, T157;p130+/- mice were crossed to p130+/- mice and embryos were were harvested
and analyzed for whole mount Xgal staining at E14.5. In one litter, loss of p130 led to a decrease in LacZ
activity, but this decrease was not seen in a subsequent dissection (for both litters, T157;p130+/+, n=3;
T157;p130-/-, n=3) (Figure 2-2). Therefore, loss of p130 alone does not deregulate RbP-LacZ activity in a
consistent manner in the developing embryo.
Analysis of RbP-LacZ reporter with dual loss of p107 and p130 in E14.5 embryos
Loss of p107 or p130 alone has been shown to have only small effects on the cell cycle as well
as E2F target gene expression in culture (Hurford et al., 1997). Additionally, on a C57BL/6 x 129Sv
background, p107-deficient and p130-deficient mice are grossly normal and live normal life spans
(Cobrinik et al., 1996; M.H. Lee et al., 1996). Yet, when both p107 and p130 are lost, p107-/-;p130-/embryos die at birth, indicating that the proteins have overlapping functions (Cobrinik et al., 1996).
Therefore, we analyzed RbP-LacZ expression in T157 mice deficient in both p107 and p130. This
three factor cross was performed on a p130-/- background to increase the efficiency of recovering
T157;p107-/-;p130-/- embryos. This strategy was chosen, because no consistent changes in RbP-LacZ
activity were seen with loss of p130, and p107+/-;p130-/- animals were able to breed efficiently, while
p107-/-;p130+/- females were poor breeders due to defects in the reproductive tract (imperforate vagina).
T157;p107+/-;p130-/- mice were crossed to p107+/-;p130-/- mice for timed pregnancies, and
T157;p107+/+;p130-/- and T157;p107-/-;p130-/- embryos were harvested and analyzed by whole mount
Xgal staining at E14.5. We observed decreased activity of the RbP-LacZ transgene within the nervous
system, particularly the cortex, with loss of both p107 and p130 (Figure 2-3). There was no deregulation
of RbP-LacZ activity observed in other tissues. This decrease was consistent, as it occurred in 11 out of
11 T157;p107-/-;p130-/-

embryos from 8 different dissections (Table 2-1) at E14.5 and E15.5.

Surprisingly, this result implies that p107 and p130, known repressors of E2F-dependent gene
expression, are needed for activation of the Rb promoter.
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A

T157;
p107+/+;p130-/-

B

T157;
p107+/-;p130-/-

C

T157;
p107-/-;p130-/-

D

T157;
p107-/-;p130-/-

Figure 2-3: Decreased Rb promoter activity with p107 and p130 deficiency at E14.5.
Embryos from a representative T157;p107+/-;p130-/- x p107+/-;p130-/- cross were stained
with Xgal solution overnight. There is a decrease in intensity of Xgal staining within the lateral
regions of the neocortex (filled arrow) in T157;p107-/-;p130-/- embryos (C and D) compared to
in litter controls (A and B). T157; p107-/-;p130-/- embryos showed limb defects as previously
reported (unfilled arrow).
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Female

T157+

B1025
F1349

4
5
3
3
4
4

F1350
B1078
B1079
F1395
B1069
B1063
Total =

5
2
30

T157;
T157;
T157;
p107+/+; p130-/- p107+/-; p130-/- p107-/-; p130-/2
1
1
2
2
1
0
1
2
0
2
1
2
0
2
1
1
2
2
1
10

2
0
9

1
1
11

Rb Promoter
Activity
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased
Decreased

Table 2-1: Decrease in RbP-LacZ activity with dual loss of p107 and p130 at E14.5 and
E15.5

Eight different litters, represented by female number, were analyzed to determine if

loss of p107 and p130 led to deregulation of RbP-LacZ activity. All crosses were done on a
p130 deficient background between T157;p107+/-;p130-/- and p107+/-;p130-/- mice. A
decrease in RbP-LacZ activity was seen in all 11 T157;p107-/-;p130-/- embryos compared to
in litter controls.
!
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Analysis of RbP-LacZ reporter in Rb conditional knockout E14.5 embryos
Analysis of RbP-LacZ reporter in Meox2Cre;RbLoxP/LoxP embryos on a mixed genetic background
Constitutive loss of Rb leads to a placental defect and subsequent embryonic lethality between
E13.5-E15.5, and mutant embryos have severe apoptosis in the central and peripheral nervous systems
(Clarke et al., 1992; Jacks et al., 1992; E.Y. Lee et al., 1992). Since RbP-LacZ (T157) is expressed
primarily in the nervous system, and strong LacZ activity only is seen starting at approximately E13.5.
Therefore, the constitutive Rb knockout is not an ideal model for analyzing the effect of Rb loss on
RbP-LacZ. Therefore, we used a conditional knockout model to avoid the placental requirement for Rb
that is responsible for the mid-gestational lethality of the constitutive Rb knockout. We crossed
RbLoxP/LoxP mice with LoxP sites surrounding Rb exon 19 (maintained on a 129/OLA x FVB
background) (Marino et al., 2000) to either T157 mice (on a C57BL/6 background) or mice with Cre
recombinase knocked into the Meox2 locus (on a C57BL/6 background) (Tallquist and Soriano, 2000).
Meox2-Cre specifies Cre expression within the epiblast that is destined to become the embryo proper, but
does not lead to Cre expression within the extra-embryonic tissue. By maintaining wild type Rb within the
extra-embryonic tissue, the placental defect due to Rb deficiency is rescued and conditional Rb-deficient
embryos can survive until birth (DeBruin et al., 2003b). Meox2-Cre;RbLoxP/+ mice were crossed to
T157;RbLoxP/LoxP mice for timed pregnancies and embryos were harvested and analyzed for LacZ
activity by whole mount Xgal staining at E14.5. In six separate dissections, Rb-deficient embryos
(T157;Meox2Cre;RbLoxP/X, where X denotes the excised LoxP allele inherited through the germline)
showed a consistent increase in RbP-LacZ activity within the nervous system stem relative to that seen in
wild type (T157;RbLoxP/+) embryos, as determined by an increase in the intensity of Xgal staining as well
as tan increase in the broadness of Xgal staining within the lateral regions of the neocortex. There was no
deregulation of RbP-LacZ activity seen in other tissues. A consistent increase was also seen within the
mid-brain and spinal cord, but analysis was precluded by edema in Rb-deficient embryos.
Analysis of RbP-LacZ reporter in Meox2-Cre;RbLoxP/LoxP embryos on an inbred C57BL/6 background
Although the increase in RbP-LacZ activity was consistent using Meox2-Cre to drive loss of Rb,
there was variation in the magnitude of the increase in LacZ activity and in the health of the embryos.
This variation could be due to the mixed genetic background (129/Ola x FVB x C57BL/6) of the resultant
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T157;
RbLoxP/LoxP
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T157;Meox2-Cre;
Rb LoxP/+

!
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T157;Meox2-Cre; T157;Meox2-Cre;
RbLoxP/X
RbLoxP/X

Figure 2-4: De-repression of the Rb Promoter with conditional loss of Rb at E14.5 on
C57BL/6xFVB background

A representative set of embryos from a cross between

Meox2Cre;RbLoxP/+ and T157;RbLoxP/LoxP

mice on a mixed C57BL/6xFVB background

were stained overnight in Xgal solution. An increase in the intensity and broadness of
RbP-LacZ activity can be seen in Rb-deficient (T157;Meox2Cre;RbLoxP/X) embryos within the
neoocortex (C and D) compared to embryos wild type (A) or heterozygous (B) for Rb (filled
arrows).
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Female
A1513
T998
A1530
A1264
A1335
A1341
Total =

T157;
T157;
Rb
Cre
#
T157;
T157;
Meox2Cre; Meox2Cre; Promoter
T157+
Source Embryos
RbLoxP/+ RbLoxP/X
RbLoxP/+ RbLoxP/X
Activity
Mat
8
3
0
0
1
2
Increased
Mat
8
5
1
2
1
1
Increased
Mat
7
2
1
0
0
1
Increased
Pat
8
7
2
1
2
2
Increased
Pat
3
3
0
2
0
1
No change
Pat
8
4
0
2
1
1
Increased
42
24
4
7
5
8

Table 2-2: Increase in RbP-LacZ activity with conditional loss of Rb using Meox2Cre on a
C57BL/6xFVB background.

Six different litters, represented by female number, were

analyzed to determine if conditional loss of Rb in the embryo proper led to deregulation of RbPLacZ activity. Crosses were done between Meox2Cre;RbLoxP/+ and T157;RbLoxP/LoxP mice
with either the source of Cre recombinase being maternal or paternal. One excised allele is
passed down through the germline through the Meox2Cre;RbLoxP/+ parent and is represented
by an X. All comparisons were made to in litter controls.
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T157;Meox2Cre;
RbLoxP/+

T157;Meox2Cre;
RbLoxP/X

Figure 2-5: Increased RbP-LacZ activity with conditional Rb loss at E14.5 on a C57BL/6
background.

Embryos from a cross of Meox2Cre;RbLoxP/+ x T157;RbLoxP/LoxP on a

C57BL/6 background were stained overnight in Xgal solution. An increase in RbP-LacZ activity
can be seen in the Rb-deficient (T157;Meox2Cre;RbLoxP/X) neocortex (column B) compared
to the littermate control (column A) (Filled arrows). The top and bottom images are of the same
embryo to demonstrate how the increase in RbP-LacZ activity is not throughout the whole
cortex but restricted laterally. The T157;Meox2Cre;RbLoxP/X embryo has a slight curvature
due to edema, which was present in 100% of Meox2Cre;RbLoxP/X embryos at this time point.
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Female

T157;
T157;
Cre
#
T157;
T157;
Meox2Cre; Meox2Cre;
T157+
Source Embryos
RbLoxP/+ RbLoxP/X
RbLoxP/+ RbLoxP/X

Rb Promoter
Activity

A1588

Mat

9

4

1

2

0

1

Small increase

A1599

Mat

7

3

1

1

0

1

Small increase

A1821

Mat

7

4

0

1

1

2

No Change

A1901

Mat

7

4

1

2

0

1

Small increase

A1889

Mat

7

5

2

0

2

1

Increase

A1926

Mat

9

3

1

1

0

1

Small increase

46

23

6

7

3

7

Total =

Table 2-3: Increase in RbP-LacZ activity with conditional loss of Rb using Meox2Cre on a
C57BL/6 background.

Six different litters, from crosses between Meox2Cre;RbLoxP/+ and

T157;RbLoxP/LoxP mice, were analyzed to determine if conditional loss of Rb in the embryo
proper led to deregulation of RbP-LacZ activity. An increase in RbP-LacZ activity was seen in
five of seven embryos analyzed.!
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embryos. One obvious example of this variation was differences in eye pigmentation of embryos within
the same litter, ranging from no eye pigmentation (from the 129/Ola x FVB background) to black eye
pigmentation (from the C57BL/6 background). Since the phenotypes resulting from loss of various Rb
family members are modified by genetic background (LeCouter et al., 1998a; LeCouter et al., 1998b;
Leung et al., 2004), RbLoxP/LoxP mice were backcrossed onto the C57BL/6 background. After 6-10
backcrossed generations, these RbLoxP/LoxP (B6) mice were then mated to either the Meox2-Cre or
T157 lines, and experiments were repeated to test whether conditional loss of Rb changed RbP-LacZ
activity on an inbred C57BL/6 background. Similar to the cross on a mixed genetic background,
conditional loss of Rb led consistently to an increase in RbP-LacZ activity within the nervous system
(Figure 2-5 and Table 2-3), implicating pRB as a repressor of its own promoter, a theory consistent with
previous data that the E2F site in the Rb promoter is a repressive site.
Excision efficiency driven by Meox2-Cre vs. Nestin-Cre in the CNS
We chose a Meox2-Cre conditional model because it leads to loss of Rb in all tissues of the
embryo proper, allowing us to determine if Rb family deficiency would lead to changes in RbP-LacZ
activity in either neuronal or non-neuronal tissues. To estimate the excision efficiency of LoxP flanked
alleles driven by Meox2-Cre within the embryo, we crossed Meox2-Cre mice to ROSA26LoxP-STOPLoxP reporter mice (R26R) developed by Soriano (1999). The R26R line contains a STOP sequence
upstream of a LacZ reporter that is flanked by two LoxP sites. When Cre recombinase is expressed within
the cell, it excises the STOP sequence and expression of LacZ is then driven by the ROSA26 locus,
which is ubiquitously expressed. Whole mount Xgal staining of Meox2Cre;R26R embryos showed
efficient excision by the Meox2Cre within most of the embryo, except for the nervous system (Figure 2-6),
which is the predominant tissue with RbP-LacZ activity and thus, of highest interest. Therefore, we
decided to evaluate excision efficiency in R26R embryos using a neuronal specific Nestin-Cre transgenic
line to delete LoxP-STOP-LoxP conditionally. Whole mount Xgal staining of NestinCre;R26R embryos
showied highly specific excision at the ROSA26 locus within the nervous system (Figure 2-6). In addition,
use of the neuronal specific Nestin-Cre would avoid any secondary deleterious effects of Rb deficiency in
other tissues that may occur in the Meox2-Cre conditional knockout.
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A!

B!

Figure 2-6: Efficient activation of the ROSALox-STOP-Lox reporter in the CNS by
Nestin-Cre at E16.5.

Mice containing the ROSALox-STOP-Lox cassette (R26R) which

measures Cre-mediated excision in the presence of Xgal, were crossed to Meox2Cre and
Nestin-Cre mice to generate E16.5 embryos. The Meox2Cre;R26R embryo (A) shows strong
blue staining within almost all tissues except the CNS that only showed patchy staining. The
Nestin-Cre;R26R embryo (B) shows activation exclusively within the nervous system.
Intestinal staining within Nestin-Cre;R26R embryos was not specific and was seen in R26R
littermates that did not contain the Nestin-Cre transgene. Micro-dissected brains were also
stained with Xgal at E14.5 with similar results. Xgal staining within the intestines was seen in
both control and Cre positive embryos, and was therefore determined to be non-specific.!
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Figure 2-7: Verifying loss of Rb through Cre mediated excision of the RbLoxP locus.
The DNA from the inner yolk sacs (iys) and midbrains (mb) of embryo litters was extracted and
used for genotype analysis by PCR. Each letter represents a different embryo in the litter.
Panel (A) shows the presence of the Nestin-Cre transgene as well as the sex (Zfy) for each
embryo. Panel (B) shows the excision of the LoxP site in embryos that express Nestin-Cre
using primers floxing the LoxP site (Rb18L, Rb19EL, Rb212; see Methods section) . Embryo I
contains two LoxP alleles within the inner yolk sac, which becomes one excised band in the
midbrain. Embryo G shows one LoxP allele and one excised allele, presumed to be inherited
through the germline, in the inner yolk sac, while the midbrain sample shows excision of the
remaining allele. The first lane in each gel contains 100bp ladder. DNA samples from the
parents were used as controls. Amplification of the wild type Dp1 locus was performed
concurrently as a loading control.
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Analysis of RbP-LacZ reporter with neuronal specific loss of Rb in E14.5 embryos
The Nestin-Cre transgene contains the second intron of the rat Nestin gene, which contains a
neuronal specific enhancer upstream of Cre recombinase (Zimmerman et al., 1994), that drives NestinCre activity by E11 (Graus-Porta et al., 2001). Using PCR to amplify short genomic segments with
primers lying outside of the LoxP flanked exon 19, we observed efficient excision of exon 19 in midbrain
tissue from NestinCre;RbLoxP/LoxP embryos, but no excision within the inner yolk sacs, as expected
(Figure 2-7). Interestingly, sporadic excision of the RbLoxP allele was seen occasionally within the inner
yolk sac in embryos irrespective of the presence of the Nestin-Cre transgene, which likely is a germline
event that was also detected in adult animals. Although the Nestin promoter element used in these Creexpressing lines is thought to be neuronal specific, it has been reported that Nestin-Cre is expressed
within the germline, and can lead to excision in the germline (Bates et al., 1999). Therefore, both
T157;NestinCre;RbLoxP/X and T157;NestinCre;RbLoxP/LoxP embryos were designated as Rb-deficient
within the nervous system.
NestinCre;RbLoxP/+ mice were crossed to T157;RbLoxP/LoxP mice for timed pregnancies and
the resultant wild type (T157;RbLoxP/+ or T157;RbLoxP/LoxP) and Rb-deficient embryos were analyzed
for whole mount LacZ activity with Xgal staining at E14.5. Midbrains were removed after Xgal staining
and used to confirm excision of the RbLoxP locus by PCR analysis. In 14 of 21 Nestin-Cre;Rb-deficient
embryos, there was an increase in RbP-LacZ activity within the developing cortex and in the spinal cord
(Figure 2-8 and Table 2-4). Conditional loss of Rb specifically in the nervous system led to an increase in
activity of the RbP-LacZ reporter, again implicating pRB as a repressor of its own promoter within the
nervous system.
In Situ Analysis of RbP-LacZ Activity in the Isolated Cortex
RbP-LacZ activity in the wild type T157 cortex at E14.5 and in the adult
Since we knew from our laboratory’s previous work that loss of the E2F site within the RbP-LacZ
reporter leads to de-repression of LacZ activity within the cortex in a spatially-specific manner (Agromayor
et al., 2006), we wanted to see whether loss of Rb family members alters RbP-LacZ activity in a spatially
restricted manner. To test this, we decided to Xgal stain microdissected cortices from wild type and
various Rb family deficient embryos containing the RbP-LacZ reporter. The mouse neocortex begins to
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Rb LoxP/+

T157;Nestin-Cre;
RbLoxP/LoxP
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Figure 2-8: Increased RbP-LacZ activity with conditional Rb loss in the CNS at E14.5 .
Embryos from a representative T157;RbLoxP/LoxP x Nestin-Cre;RbLoxP/+ cross were stained
with Xgal solution overnight. There is an increase in intensity and the broadness of Xgal
staining within the cortex (filled arrows) of Rb deficient embryos (C and D) compared to in litter
controls (A and B) .
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and therefore was not used for analysis.

that there was an additional embryo within that litter which showed gross developmental defects

T157;RbLoxP/LoxP mice, with the source of Cre inherited maternally or paternally. The * indicates

deregulation of RbP-LacZ activity. Crosses were done between Nestin-Cre;RbLoxP/+ and

Eleven different litters were analyzed to determine if conditional loss of Rb in the CNS led to

Table 2-4: Increase in RbP-LacZ activity with conditional loss of Rb in the CNS using
Nestin-Cre.

Pat
Pat
Pat
Pat
Pat
Mat
Mat
Mat
Mat
Mat
Mat

Cre
#
T157;
T157;
T157;
T157+
Source Embryos
RbLoxP/+ RbLoxP/LoxP RbLoxP/X

Increase (2/2)
No change
Increase (1/2)
Increase (2/4)
Increase (1/2)
Increase (1/1)
Increase (1/2)
Increase (1/1)
Increase (2/2)
Increase (2/2)
Increase (1/1)

Rb Promoter
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develop at E11 and continues to develop post-natally. A germinal zone of proliferative cells gives rise to a
laminar structure consisting of diverse neuronal subtypes (reviewed in Dehay and Kennedy, 2007)
(Figure 3-7). In the T157 transgenic cortex, there is a dynamic pattern of spatial-temporal expression of
the RbP-LacZ reporter, the activity of which can be see as early as E10.5 with an increase in activity as
development progresses. T157 cortices from E13.5 to E16.5 were stained for RbP-LacZ activity (Figure
2-9). There is an increase in the intensity of the RbP-LacZ activity with developmental age. At E13.5,
RbP-LacZ activity is restricted to the sub-pallial region, but by E14.5 a stripe of dark blue staining appears
within the rostral-lateral cortex and grows in size and intensity by E16.5. Thus, Rb reporter expression
correlates with increasing maturation of the mouse neocortices.
Since RbP-LacZ activity increased with developmental time, we postulated that high Rb
expression might be associated with increased differentiation and maturation of neurons. Therefore, we
Xgal stained micro-dissected adult coronal brain sections, where the majority of the cells are post-mitotic.
RbP-LacZ activity is maintained within certain regions of the adult cortex (Figure 2-10). It is interesting
that RbP-LacZ activity is seen both in the layers of the cerebral cortex, where mature neurons reside, as
well as in the hippocampus and dentate gyrus, where adult neurogenesis occurs (Figure 2-10 C). These
two regions are developed from the embryonic neocortex, while the thalamus is developed from the
mesencephalon (midbrain) and the pons from the metencephalon (brain stem). The Xgal staining pattern
in the adult is not pan-neuronal, and there is stronger RbP-LacZ activity in the rostral neocortex. This
staining pattern demonstrates that high Rb levels are not a general marker of differentiated neurons but
that Rb expression may play specific roles in specific cell types within the adult cortex. The localization of
the RbP-LacZ activity to regions of embryonic and adult neurogenesis makes the cortex an interesting
model for studying how loss of Rb family members affects the activity of the RbP-LacZ reporter.
RbP-LacZ activity in the p130-deficient cortex
Loss of p130 or p107 did not have a consistent effect on RbP-LacZ expression when analyzed by
whole mount embryo analysis. To look more specifically at the domains expressing RbP-LacZ within the
cortex, Xgal staining was performed on isolated cortex at E14.5. T157;p130+/- mice were crossed to
p130+/- mice for timed pregnancies and embryonic cortices were micro-dissected at E14.5, followed by
staining for LacZ activity. When comparing T157;p130+/- cortex to T157;p130-/- cortex, there is either no
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Figure 2-9: RbP-LacZ

E14.5

E15.5

E16.5

activity within the cortex increases with developmental age.

Micro-dissected cortices from T157 embryos at different time points are shown after Xgal
staining. Olfactory lobes are oriented to the left. While only weak staining is seen within the
cortex at E13.5, a blue region begins to appear in the pallium at E14.5, which increases in
intensity and size as development progresses. (R= rostral, C=caudal) Legend bar= 1mm
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Figure 2-10: RbP-LacZ activity is seen within different regions of the adult cortex.
Three 2mm thick coronal brain sections from a 2 month T157 mouse were stained with Xgal
for 6 hours. RbP-LacZ activity is seen both within the cerebral cortex, which contains a variety
of types of mature neurons, and within the hippocampus, one of the sites of adult
neurogenesis. RbP-LacZ shows stronger activity within more rostral regions (B) than in more
caudal regions (D) of the adult brain. Derivatives of the midbrain (thalamus and hypothalamus)
and brain stem (pons) show moderate staining. Bar = 1mm
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change or a slight decrease in RbP-LacZ activity with p130 deficiency (Figure 2-11). Due to the large
variation in RbP-LacZ activity in within each genotype, it is difficult to discern if the decrease in RbP-LacZ
activity is due to loss of p130 or due to another variable like genetic background. Yet, loss of p130 in the
embryonic cortex or in the whole embryo does not show an increase in Rb-LacZ activity, and therefore
p130 is unlikely acting as a repressor of the Rb promoter during embryonic development. Additionally,
two litters were dissected from crosses between T157;p107+/- and p107-/- mice, but no T157;p107-/embryos were obtained.
RbP-LacZ activity with combined loss of p107 and p130 in the E14.5 cortex
Contrary to loss of Rb, dual loss of p107 and p130 led to a decrease in RbP-LacZ activity within
the developing nervous system in whole embryos. To better visualize the cortical regions displaying this
decrease in RbP-LacZ activity, T157;p107+/-;p130-/- mice were crossed to p107+/-;p130-/- mice for timed
pregnancies and embryonic cortices were analyzed for LacZ activity at E14.5. Overall, in 4 of 5 p107-/;p130-/- cortices, there was a decrease in the activity of RbP-LacZ in the developing cortex relative to that
seen in the T157;p107+/+;p130-/- cortex (Figure 2-12 B). This decrease was also seen in 2 of 3
T157;p107-/-;p130-/- cortices stained at E13.5 (not shown). The decrease in RbP-LacZ activity within the
T157;p107-/-;p130-/- cortex is especially apparent within a streak of Xgal+ cells in the rostral pallium,
which is much more prominent in the T157;p107+/-;p130-/- cortex (Figure 2-12 A).
RbP-LacZ activity in the conditionally Rb-deficient cortex at E14.5
Conditional loss of Rb within the nervous system led to an increase in RbP-LacZ activity within
the nervous system by whole embryo analysis. To visualize this increase in the isolated cortex,
NestinCre;RbLoxP/+

mice were crossed to T157;RbLoxP/LoxP mice for timed pregnancies and

embryonic cortices were micro-dissected and stained for LacZ activity at E14.5. Neuronal specific loss of
Rb led to an increase in RbP-LacZ activity within the cortex (Figure 2-13). The increase in RbP-LacZ
activity in embryonic cortex is similar to that seen by whole mount staining of Rb deficient embryos, in that
there is a more intense and larger Xgal positive region within the cortex, but Xgal staining of the isolated
cortex reveals that the increase in activity is regionally localized to an Xgal+ region within the rostral
cortex. While the activity of RbP-LacZ within the caudal region does not appear to change with loss of Rb,
there is a dramatic increase in staining within the rostral pallium. Therefore, the increase in RbP-LacZ
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T157;p130+/-

T157;p130-/-

Figure 2-11: Moderate decrease in RbP-LacZ activity in the T157;p130-/- cortex at E14.5.
Micro-dissected cortices from a T157;p130+/- x p130-/- cross were stained with Xgal for 6
hours. Each hemisected cortex (A – F) represents a separate embryo from one litter. The
T157;p130-/- cortices (D,E,F) show a decrease in RbP-LacZ activity compared to
T157;p130+/- cortices, although there is large variation within each genotype (columns). No
wild type (T157;p130+/+) cortex was obtained in this litter.
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Figure 2-12: Decreased RbP-LacZ activity in the E14.5 cortex with loss of p107 and
p130.

Micro-dissected cortices were obtained from 4 different litters from

T157;p107+/-;p130-/- x p107+/-;p130-/- crosses and analyzed by Xgal staining. In panel A,
each hemisected cortex represents one embryo from the same litter. Both
T157;p107-/-;p130-/- cortices show reduced RbP-LacZ activity. Panel B shows the number of
litters and embryos analyzed for each genotype.
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activity with loss of Rb does not appear to be due to a global de-repression of the reporter, but rather is
specific to certain regions of the developing cortex. This increase could be due to a direct de-repression
of RbP-LacZ activity within the individual neurons; supporting the idea that pRB is a repressor of its own
promoter. Alternatively, since the increase in staining appears to be primarily within the developing
pallium, it is possible that deregulation of the cell cycle or differentiation has led to an increase in the
production of specific RbP-LacZ expressing neurons within the cortex.
Summary
The deregulation of the RbP-LacZ reporter in embryos and cortices lacking various Rb family
members indicates that Rb family members do play a role in controlling Rb expression in vivo. Whether
this is due to direct action at the Rb promoter or due to indirect effects of Rb family loss will be explored in
the next chapter. It does appear that Rb acts as a repressor of the Rb promoter in vivo, because
conditional loss of Rb in the nervous system consistently led to an increase in activity from the RbP-LacZ
transgene in the developing cortex. The decrease in RbP-LacZ activity with dual loss of p107 and p130
was surprising, because p107 and p130 are known as repressors of E2F-responsive genes. However, the
decrease in RbP-LacZ activity within the cortex implicates p107 and p130 as important for activation of
the Rb promoter. While p107 and p130 may directly recruit activators to the Rb promoter, there are many
other ways that p107 and p130 could be important for Rb promoter activation. Loss of p107 and p130
could lead to the up regulation of additional repressors, including E2f6, which is also an E2F target (Lyons
et al., 2006) that subsequently could repress the Rb promoter.
It is interesting that deregulation of RbP-LacZ activity, using the T157 RbP-LacZ reporter, with
loss of various Rb family members is spatially restricted within the cortex. This implies that Rb promoter
regulation by Rb family members may be limited to certain neuronal populations in the E14.5 embryo.
Although we did not perform these experiments using multiple Rb promoter reporter lines, since the
cortex showed the most consistent staining between the multiple wild type reporter lines (Agromayor et
al., 2006), we believe that it is not a reporter specific effect. It is possible that complete de-regulation of
RbP-LacZ activity would require loss of all three Rb family members. Additionally, the presence or
absence of additional co-factors, repressors, or activators of the Rb promoter within the different regions
of the cortex may modulate any effect Rb family loss may have on Rb expression.
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T157;
RbLoxP/+

T157;
NestinCre;RbLoxP/LoxP

Figure 2-13: Neuronal specific loss of Rb increases RbP-LacZ activity in the cortex at
E14.5

Micro-dissected cortices obtained from a T157;RbLoxP/LoxP x Nestin-Cre;RbLoxP/

LoxP cross were stained for RbP-LacZ activity with Xgal. Each cortex represents an individual
embryo from the same dissection. Rb mutant cortices (C and D) show much stronger staining
within the pallium when compared to wild type controls (A and B). The increase in staining is
seen particularly within the rostral regions of the cortex. (R= rostral, C= caudal)
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Chapter 3: Direct Versus Indirect Effects of Rb Family Inactivation on the Rb Promoter
Direct Effects of Rb Family Members on the Rb Promoter
ChIP in wild type cortex
E14.5 cortex
Juvenile cortex
ChIP in Rb family deficient cortex (Rb, p107, p130, and p107;p130)
Indirect Effects of Various Rb Family Member Deficiencies on Cortical Development
Analysis of cortical size
Proliferation in various Rb family mutants
Apoptosis in various Rb family mutants
Changes in gene expression in various Rb family mutants
Analysis of genes required for cortical development
Analysis of E2F targets
Summary

Since loss of Rb family members in vivo had opposing effects on the activity of the RbP-LacZ
reporter, we questioned whether the changes in RbP-LacZ activity were due to direct or indirect effects on
the Rb promoter from Rb family member deficiency. Therefore, to test for direct regulation of the Rb
promoter, occupancy of the Rb promoter was analyzed by chromatin immunoprecipitation (ChIP) in wild
type and Rb family deficient cortical extracts. Loss of Rb family members may lead to aberrations in
neuronal development, including changes in proliferation and cell death. Additionally, expression of many
E2F responsive genes may be deregulated. Therefore, to look for indirect effects of Rb family loss within
the embryonic cortex, changes in cortical size, proliferation (BrdU), apoptosis (TUNEL) and gene
expression (RT-PCR) were analyzed.
Direct Effects of Rb Family Members on the Rb Promoter
Recent ChIP experiments in fibroblasts have demonstrated that while p130 occupies promoters in
quiescence and G1, p107 can be found on promoters primarily during early G1 (Balciunaite et al., 2005).
There is overlap between the promoters that p107 and p130 occupy, in agreement with the idea that
these proteins can functionally compensate for each other. Interestingly, while loss of Rb alone has been
shown to deregulate many genes (Markey et al., 2007), including known E2F targets, pRB has been
conspicuously absent from promoters when analyzed by ChIP. One study has shown that pRB can be
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Figure 3-1: Conserved E2F site of the Rb promoter lies within a GC rich region
upstream of exon 1.

The E2F site of the Rb promoter lies 180bp upstream of the

translational start site at exon 1. The upstream region of the Rb promoter is highly GC rich
(70.4%) (red). Primers which directly flanked the cassette failed to amplify a product using
PCR analysis, while neighboring primers were able to consistently amplify a product despite
the GC content. All ChIP experiments in embryonic cortex were performed with primers
RbChIP10/RbChIP8.
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found at E2F target promoters with E2F1 during S-phase (Wells et al., 2003) in Raji cells, a lymphoma
cell line, while another group has shown pRB can be found with CBFA1 on promoters involved in
osteogenesis in the osteoblast cell line, MC3T3-E1 (Thomas et al., 2001). Additionally, selective binding
of pRB, and not p107 or p130, occurs at E2F targets involved primarily in DNA replication during
senescence in human IMR90 cells (Chicas et al., 2010). Whether pRB can be found at promoters
appears to be dependent on what cell line is being used, which promoters are being studied, and whether
the cells are actively proliferating. Therefore, to test whether pRB is a direct repressor of the Rb promoter,
it was important to perform ChIP using cortex because this is where RbP-LacZ activity is seen in vivo.
ChIP analysis of the Rb promoter within wild type embryonic and juvenile cortex
ChIP analysis of the Rb promoter in the E14.5 embryonic cortex
To determine if Rb family members are found at the Rb promoter in the E14.5 cortex, we
performed ChIP on micro-dissected cortices from E14.5 C57BL/6 embryos. Due to the high G/C content
of the Rb promoter, the only reliable primers for amplification were ~210bp upstream of the crucial E2F
site in the regulatory cassette (Figure 3-1), but this was within the range of DNA fragments resulting from
sonication (250-1000bp). Indeed, all three Rb family members occupy the Rb promoter in the E14.5
cortex (Figure 3-2). The strength of the pRB signal did vary between experiments, but on a C57BL/6
background, occupancy by pRB was seen in 3 of 4 separate ChIP experiments and with two different
antibodies. p107 and p130 were found at the Rb promoter in 2 of 2 separate ChIP experiments, although
the signal was weaker than that for pRB. To contrast this with another promoter, the p107 promoter,
which contains tandem E2F sites (L. Zhu et al., 1995) and is a well-recognized E2F target in fibroblasts,
was also analyzed for Rb family occupancy. Surprisingly, we never found occupancy by Rb family
members at the p107 promoter in the E14.5 cortex (Figure 3-2). Dihyrdofolate reductase (Dhfr) is a
known E2F regulated gene, which contains two overlapping E2F sites, and has been shown to be
regulated by E2F family members in culture systems (reviewed in Abali et al., 2008). In E14.5 cortex, we
consistently found binding of Rb family members, p107 and p130, at the Dhfr promoter, indicating that
there is differential regulation of E2F targets by Rb family members in the developing cortex. An attempt
to quantify Rb family occupancy at the Rb promoter was performed using RT-PCR, but difficulties in
amplification using the same primers precluded any conclusions (See Appendix).
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Rb Promoter
Dhfr Promoter

p107 Promoter
Rb Intron3

Figure 3-2: RB family members occupy the Rb promoter in E14.5 wild type cortex.
ChIP was performed on E14.5 embryonic cortex using antibodies to different pocket proteins
and histone markers. All three pocket proteins can be found at the Rb promoter. The Dhfr
promoter, which contains known E2F binding sites, shows a different pattern of pocket protein
binding than at the Rb promoter. In contrast, the p107 promoter, which contains two tandem
E2F sites, shows no pocket protein binding in E14.5 cortex. Amplification of a region within Rb
intron 3 was performed to show that the binding is specific to the Rb promoter.
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We also monitored histone marks at the Rb promoter, and there was a strong enrichment for
trimethylated lysine at position 4 in histone 3, denoted TriMetH3K4, and acetylation of histone H3
(denoted as AcH3), indicating an open chromatin structure and an active gene (Santos-Rosa et al.,
2002). We also found enrichment for trimethylated lysine at position 9 in histone 3 (and potentially lysine
27 due to cross reaction of the antibody), denoted as TriMetH3K9/27, which is a histone mark of
condensed chromatin and gene silencing (Nakayama et al., 2001). An active Rb promoter, as
represented by RbP-LacZ activity, was restricted to certain regions of the cortex, and so it is not
surprising to see both active and repressive marks at the Rb promoter in the mixed population of the
cortex. The presence of pRB family members at the Rb promoter in E14.5 cortex strongly suggests that
Rb family members are having a direct effect on Rb transcription. Yet, while we would predict from this
that loss of any of the Rb family members would lead to an increase in Rb expression, we see that loss of
Rb and dual loss of p107 and p130 have opposing effects on RbP-LacZ activity in the cortex. Therefore,
there must be more than one mechanism that explains the downstream effects of Rb family loss on RbPLacZ activity.
ChIP analysis of the Rb promoter in the juvenile cortex
Since RbP-LacZ activity is still maintained within the adult cortex, we performed ChIP on
chromatin derived from 5-week C57BL/6 mouse cortex using antibodies against pRB and E2F family
members. We found that both E2F and pRB family members are still found at the Rb promoter in the
juvenile cortex (Figure 3-3). Immunoprecipitation using an antibody specific for TriMetH3K4 showed
strong enrichment at the Rb promoter, indicating that this promoter is indeed active in the juvenile cortex.
The TriMetH3K4 signal was absent from the Cdc2 promoter, which is not expected to be active within
most cells of the juvenile cortex (Okano et al., 1993). Diverse E2F family members can be found at the
Rb promoter: E2F1 and E2F2, which form complexes primarily with pRB, E2F4, which can be found in
complex with all three pocket proteins, and E2F6, which lacks the pRB binding domain. We attempted to
find E2F-2, E2F-3, and E2F-5 at the Rb promoter, but we did not find occupancy by these E2F family
members in the juvenile cortex. The predominant Rb family members found at the Rb promoter in the
juvenile cortex are pRB and p130, with p107 rarely found in the juvenile cortex. Unlike in the embryonic
cortex, we found that the RB-1 antibody did not appear to perform as well as RB-2 in ChIP at the Rb
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Figure 3-3: E2F and pRB family members occupy the Rb Promoter in the juvenile
cortex.

Two separate ChIP experiments were performed on chromatin from 5-week old

mouse cortex. E2F1, E2F2, E2F4, and E2F6 all can be found at the Rb promoter in the
juvenile cortex in addition to p130 and pRB. Binding of p107 was not found at the Rb promoter
within the juvenile cortex. RB-1 and RB-2 refer to two different polyclonal antibodies specific to
pRB. The Cdc2 promoter, which should not be expressed strongly within the juvenile cortex,
shows a different pattern of binding for E2F and RB family members, as well as little
trimethylation of Histone H3 at lysine 4 (TriMet-H3K4).
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promoter, potentially due to the different procedures required for cross-linking chromatin from juvenile
cortex compared to embryonic cortex. Therefore, regulation of the Rb promoter by pRB and E2F family
members occurs in the juvenile cortex, where we see strong RbP-LacZ activity.
Analysis of the Rb promoter by ChIP in the various Rb family deficient cortices at E14.5.
Changes at the Rb promoter with loss of Rb family members could explain how RbP-LacZ activity
changes within the cortex. Some E2F targets have been shown to be occupied by multiple Rb family
members. For example, both p107 and p130 have been found at the E2f1 promoter in T98G glioblastoma
cell line, and therefore loss of only one Rb family member may not affect gene expression because
another Rb family member may take its place at the promoter (Takahashi et al., 2000). Additionally, novel
complexes between activator E2Fs and p107 and p130 have been found in Rb deficient MEFs, indicating
that loss of Rb family members may lead to compensation or shuffling of repressive complexes at
promoters (E.Y. Lee et al., 2002).
Analysis of the Rb promoter in Rb-deficient cortex
To test if loss of Rb leads to a shuffling of pocket protein binding at the Rb promoter, we
performed comparative ChIP analysis on cortical chromatin isolated from wild type RbLoxP/+

and

NestinCre;RbLoxP/LoxP

the

embryos

at

E14.5.

Clearly,

there

is

loss

of

pRB

binding

in

NestinCre;RbLoxP/LoxP cortex, indicating that the RB-1 antibody is indeed specifically detecting pRB
(Figure 3-4). While we did not observe p107 binding in this experiment, p130 binding is seen both in the
RbLoxP/+ and NestinCre;RbLoxP/LoxP cortex (p107 found in one of two separate experiments; p130
found in two of two separate experiments). Both E2F1 and E2F4 can be found at the Rb promoter in wild
type and Rb deficient cortex; however, more E2F4 is bound in the NestinCre;RbLoxP/LoxP cortex
compared to that bound in RbLoxP/+. Loss of pRB binding at the Rb promoter could explain part of the
increase in RbP-LacZ activity seen in the cortex with loss of Rb. Yet, the continual presence of p130 and
E2F4, known repressors of gene activity, at the Rb promoter in Rb deficient cortex suggests that loss of
pRB binding alone may not be the only driving factor leading to the increase in RbP-LacZ activity with
loss of Rb.
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Rb Promoter
p107 Promoter
Rb Intron3

RbloxP/+

Nestin-Cre;RbloxP/loxP

Figure 3-4: Moderate changes at the Rb Promoter with loss of Rb in E14.5 cortex.
ChIP was performed on chromatin obtained from E14.5 embryonic cortices from wild type and
Nestin-Cre;RbLoxP/LoxP littermate. The presence of pRB at the Rb promoter is lost in Rb
deficient cortex and an increase in E2F4 suggests reshuffling of complexes at the Rb
promoter.
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Analysis of the Rb promoter in p107-deficient cortex
Loss of p107 or p130 alone did not lead to strong changes in RbP-LacZ activity within the
embryo, although both pocket proteins can be found at the Rb promoter by ChIP (Figure 3-3). Both p107
and p130 regulate an overlapping set of genes (Balciunaite et al., 2005) and therefore loss of only p107
or p130 might not be expected to cause large changes in promoter occupancy. Although little p107
binding to the Rb promoter was detected in wild type and p107-/- cortex, inactivation of p107 induced an
increase in p130 binding at the Rb promoter in the mutant cortex (Figure 3-5). A similar increase in p130
binding occurs at the Dhfr promoter, indicating that there is some shuffling of pocket protein members
with loss of p107 alone. pRB is found at the Rb promoter in both p107+/+ and p107-/- cortex. We found
no loss of histone H3 acetylation or trimethylation at histone H3 lysine 4.
Analysis of the Rb promoter in p130 and p107;p130-deficient cortex
Analysis of pocket protein binding at the Rb promoter in p130 deficient cortex was hindered by
the absence of Rb family occupancy within the wild type cortex. What we can see is a moderate increase
in the occupancy of E2F4 and a decrease in trimethylation at histone H3 lysine 4, in the absence of p130
(Figure 3-6A). This is an indication that the Rb promoter may be less active with p130 deficiency. Binding
of p107 to the Rb and Dhfr promoters increased with p130 deficiency, although this was minimal at the
Rb promoter, indicating that there is some shuffling in E2F family members at promoters with p130
deficiency. E2F4 binding decreased to the Cdc2 promoter with p130 deficiency, but this was not
accompanied by an increased TrimethylH3K4 mark, which would signal an active promoter.
We performed ChIP on chromatin from p107+/+;p130-/- and p107-/-;p130-/- cortex, and found
moderate changes at the Rb promoter (Figure 3-6 B). While we see p107 binding at the Rb promoter in
the p107+/+;p130-/- cortex, we no longer found binding in p107-/-;p130-/- cortex (as compared to IgG
control). While it appears that pRB binding is increased in p107-/-;p130-/- cortex, the high IgG
background does not allow us to make this conclusion. Therefore, it does not appear that changes in
pocket protein occupancy at the Rb promoter can alone explain the decrease seen in RbP-LacZ activity
within the embryo. It is interesting that there is little acetylated histone H3 at the Rb promoter in both the
p107+/+;p130-/- and p107-/-;p130-/- cortex, since strong acetylated histone H3 was consistently found in
wild type and Rb deficient cortex. This is an indication of a less open chromatin structure at the Rb

!-TriMet-H3K4

!-AcH3

!-p130

!-pRB-1
!-p107

Input
IgG

!-AcH3
!-TriMet-H3K4

!-p107
!-p130

Input
IgG
!-pRB-1

55

Rb Promoter
Cdc2 Promoter
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Figure 3-5: Moderate changes at the Rb Promoter with loss of p107 in E14.5 cortex.
ChIP was performed on wild type and p107-/- cortex from E14.5 littermates. There is a
moderate increase in p130 occupancy in p107 deficient cortex. There appears to be no
change in pRB occupancy.
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promoter with loss of p130 or dual loss of p107 and p130, which could be contributing to the decrease in
Rb expression in the p107-/-;p130-/- cortex. The Dhfr promoter, which shows no great change in
trimethylation at H3K4, displayed decreased acetylation of histone H3 in the p107-/-;p130-/- cortex. So
while there is little shuffling in pocket protein occupancy at the Rb promoter with dual loss of p107 and
p130, loss of active histone marks at the Rb promoter could explain the decrease in RbP-LacZ activity in
the p107-/-;p130-/- cortex. Since there is also a loss of active marks at the Dhfr promoter, this could be a
more general phenomenon occurring at E2F targets in the p107-/-;p130-/- cortex.
While Rb family members can be found at the Rb promoter in the embryonic cortex, the small
changes in pocket protein occupancy in Rb family deficient cortices appear insufficient to completely
explain the differences seen in RbP-LacZ activity within the cortex. The maintenance of both E2F1 (an
activator E2F) and E2F4 (a repressor E2F) at the Rb promoter in Rb deficient cortex demonstrates that
the presence of both active and repressive E2F complexes remain at the Rb promoter with Rb loss, with
potentially an increase in E2F4 repressive complexes. It would be interesting to know whether the
presence of other E2F family members at the Rb promoter in the embryonic cortex changes with loss of
Rb family members. Specifically, there may be changes in the occupancy of E2F6, E2F7, and E2F8,
since they function as repressors in a pocket protein independent manner. While not conclusive, loss of
p107 and p130 appeared to lead to a decrease in active histone marks (AcH3 and TriMetH3K4) at a
variety of promoters, including the Rb promoter. Most Rb family interactions are known to be with cofactors that lead to the silencing of gene expression. Loss of p107 and p130 may lead directly to changes
in recruitment of a histone modifying enzymes at E2F regulated promoters, including the Rb promoter. It
would be important to know if loss of p107 and p130 directly affects Rb expression in the cortex. A more
intensive study of histone marks, as well as the presence of histone modifying enzymes, in p107-/-p130-/cortex would reveal if loss of p107 and p130 leads to epigenetic changes at the Rb promoter.
Evaluating Indirect Effects of Rb Family Member Loss on Rb Promoter Activity
Changes in cortical size with loss of Rb family members
The best recognized role of Rb family members is in regulation of proliferation and cell cycle
control. Therefore, loss of Rb, p107, or p130 could affect the number of cells that are produced in the
cortex, leading to smaller or bigger brains. While analyzing RbP-LacZ activity in embryos, we observed
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Figure 3-6: Small changes at Rb promoter in p130-/- and p107-/-;p130-/- cortex at E14.5.
Panel (A) shows a ChIP experiment performed on wild type and p130-/- cortices from E14.5 litter
mates. There is a drop in trimethylation at Histone H3K4 at the Cdc2 and Rb promoters with p130
deficiency . Panel (B) shows a ChIP experiment performed on cortex from p107+/+;p130-/- and
p107-/-;p130-/- litter mates. A decrease in the presence of acetylated Histone H3 (AcH3) was
seen at the Cdc2 and Dhfr promoter, as well as a decrease in trimethylation at Histone H3 at the
Cdc2 promoter. Changes in RB family member occupancy was inconclusive due to weak binding
seen within these experiments.
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that NestinCre;RbLoxP/LoxP embryos appeared to have larger brains, as has been reported by
MacPherson et al. (2003). When E14.5 cortices were micro-dissected and cortical cross-sectional area
was calculated, there was a modest but consistent increase in the size of the cortex with loss of Rb in the
nervous system (Table 3-1 A). We did notice that cortical area size varied depending on the direction of
the matings, but the increase in cortical cross-sectional area with Rb loss was apparent whether Cre
recombinase was inherited from the father or mother. An increase in cross-sectional cortical area size is
consistent with a published telencephalic knockout of Rb, which showed a 30% increase in cortical area
at E16.5 using a Foxg1-Cre conditional Rb mutant (Ferguson et al., 2002). Therefore, the increase seen
in RbP-LacZ activity with loss of Rb may be due in part to an increase in neurogenesis, which indirectly
leads to an increase in the number of RbP-LacZ expressing neurons within the cortex. While loss of p107
or p130 alone is not known to have large effects on the cell cycle, loss of both p107 and p130 has been
shown to cause changes in cell cycle dynamics in mouse embryonic fibroblasts (MEFs) (Classon et al.,
2000b). Analogous changes in cell cycle dynamics in the CNS could also lead to changes in brain sizes.
To test if loss of both p107 and p130 changed cortical size, embryonic cortices from both p130+/- and
p107+/+;p130-/- crosses were micro-dissected and cross-sectional cortical area was measured at E14.5.
However, there was no significant change in cortical area with either loss of p130 alone or dual loss of
p107 and p130 (Table 3-1 B and C). Therefore, the decrease in RbP-LacZ activity in p107-/-;p130-/cortex is not due to differences in brain size. Additionally, although loss of p107 and p130 are known to
lead to deregulation of the cell cycle and to an increase in proliferation similar to loss of Rb, dual loss of
p107 and p130 does not lead to a similar increase in embryonic cortical size.
Changes in proliferation in various Rb family deficient cortices at E15
Effect of p107 or p130 loss on proliferation in the E15 cortex
The embryonic cortex at E15 is composed of multiple cell types and has a distinct laminar
structure that is formed in an “inside-out” method, where the first-born neurons make up the outer most
regions of the cerebral cortex (Figure 3-7). New cells are born within the ventricular and sub-ventricular
zones consisting of progenitors at various states of commitment to different neuronal fates. As neurons
become post-mitotic, they migrate to their proper layer within the cortex and become further committed to
specific neuronal cell fates (reviewed in Dehay and Kennedy, 2007). To test the effect of loss of Rb family
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A

B

C

Cre
Source

Average Area
RbLoxP/LoxP Nes-Cre;RbLoxP/LoxP
Ratio
or RbLoxP/X
or Rb LoxP/+
(Mutant/WT)
2
(mm2)

(mm )

Paternal

6.1±0.1 (n=5)

6.7±0.3 (n=5)

1.10

Maternal 7.4±0.2 (n=4)

8.0±0.4 (n=6)

1.08

Average Area
p130 +/+ or
p130 +/- (mm2)

p130 -/(mm2)

Ratio
(Mutant/WT)

6.2±0.3 (n=5)

5.9±0.3 (n=4)

0.95

Average Area
p107+/+;p130-/- p107-/-;p130-/(mm2)

(mm2)

Ratio
(Mutant/WT)

6.2±0.2 (n=10)

6.2±0.3 (n=7)

0.998

Table 3-1: Changes in cortical area with loss of Rb family members at E14.5
The cross-sectional area in the sagittal plane of cortical hemispheres was measured using
ImageJ using an internal scale. The change in area between genotypes is expressed as a
ratio of the average area of the Rb family deficient cortex (mutant) over the average area of
wild type littermates (WT). The Rb deficient cortex (A) showed a small but significant increase
in cortical area size (Students paired t-test p =0.004). There was no significant change in
cortical area with loss of p130 (B) or dual loss of p107 and p130 (C).
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Adapted with permission from Dehay and Kennedy, Nature Reviews Neuroscience (June 2007)

Figure 3-7: Development of the laminated structure of the neocortex is a dynamic process.
A schematic of a coronal section of an E14 brain is shown (A). Interneurons develop within the
ventral telencephalon and migrate tangentially into the neocortex. Projection neurons develop
from progenitors within the dorsal telencephalon and migrate radially into the neocortex. A
magnified view of the region inside the rectangle drawn in (A) is shown in (B). The neocortex
develops by an outside-in mechanism, with the earliest born neurons positioned within the outer
cortex. Neuronal progenitors reside within the ventricular (VZ) and subventricular (SVZ) zones,
where they divide, and then migrate into the upper layers of the cortex to establish the proper
neuronal connections.VZ= ventricular zone; PP= preplate; SVZ= subventricular zone; SP=
subplate; CP= cortical plate; MZ= marginal zone; FL= Fibre Layer
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members on proliferation in the cortex, we analyzed BrdU incorporation at E15 by histological analysis on
the different mutant backgrounds. Heterozygous p107 or p130 mice were set up for timed pregnancies
and pregnant females were injected with BrdU one hour before sacrifice on Day E15. Serial sections
were processed for BrdU incorporation from wild type and mutant embryos, and comparisons were made
between genotypes by gauging the strength and localization of the BrdU signal within the ventricular and
subventricular zones of the neocortex in multiple sections. Sections between embryos were matched
using the size of the ventricle. With loss of p107 there was a modest decrease in BrdU uptake within the
ventricular zone (n=2 embryos per genotype) (Figure 3-8 A vs. B). This was unexpected based on the
recognized role of p107 as a suppressor of proliferation and given that previously, another group has
reported that loss of p107 using a different mouse model led to an increase in BrdU incorporation within
the ventricular zone (Vanderluit et al, 2007). Again, contrary to its known role as a suppressor of
proliferation, we also found a modest decrease in BrdU uptake within the ventricular and subventricular
zones of the p130-/- cortex (n=3 embryos per genotype) (Figure 3-8 C vs. D). Thus, loss of p107 or p130
alone both lead to decreases in proliferation in the E15 cortex.
Effect of dual loss of p107 and p130 on proliferation in the E15 cortex
To determine the effect of combined loss of p107 and p130, we crossed p107+/-;p130-/- mice for
timed pregnancies, and embryos were collected as previously described. We found that combined loss of
p107 and p130 led to a modest increase in BrdU incorporation within the ventricular zone as assessed by
the strength of the BrdU signal (n=2 embryos per genotype) (Figure 3-9), agreeing with previous data that
it takes both loss of p107 and p130 to cause significant deregulation of proliferation (Hurford et al., 1997;
Classon et al., 2000). Yet, this increase in proliferation within the ventricular zone does not seem to be
much higher than wild type levels and there is no ectopic proliferation within the cortex. Therefore, while
the combined loss of p107 and p130 leads to more proliferation, it is a very minimal effect. We also
observed that there was a change in the positional staining of the BrdU+ cells with loss of p130 and dual
loss of p107 and p130 (Figures 3-8 and 3-9). Since the width of the proliferative zones (VZ and SVZ) are
dynamic as one progresses medially (towards the midline) within the cortex, it was difficult to determine
whether this change in position was due to differences in genotype or variation in sectioning between
embryos. Loss of p107 or p130 resulted in a decrease in proliferation within the cortex, but did not have a
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Figure 3-8: Loss of p107 or p130 leads to a moderate decrease in proliferation in the
E15 cortex.

Incorporation of BrdU in E15 cortices was analyzed in p107 and p130

deficienct embryos. Loss of p107 (B) showed a decrease in BrdU incorporation within the
subventricular zone (SVZ) and ventricular zone (VZ) of the developing cortex as compared to
wild type litter mate (A). The p130 deficient cortex (D) showed a similar decrease in BrdU
incorporation as compared to wild type litter mate(C). The decrease was seen in at least 2
separate experiements for each genotype. SP=subplate
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Figure 3-9: Dual loss of p107 and p130 leads to a moderate increase in proliferation in
the E15 cortex.

BrdU incorporation was analyzed in E15 cortices of p107-/-;p130-/- (B)

embryos and compared to litter mate p107+/+;p130-/- (A) embryos. A small but consistent
increase in was seen in BrdU incorporation in two separate experiments.
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RbLoxP/LoxP !

NestinCre;RbLoxP/LoxP !

Figure 3-10: Ectopic proliferation with conditional loss of Rb in the E15 cortex.
Increased BrdU incorporation was seen within the developing cortex of a conditional Rb
deficient embryo. The wild type litter mate RbLoxP/LoxP (A) shows BrdU incorporation within
the normal proliferating zones of the cortex, the ventricular zone (VZ) and the subventricular
zone (SVZ).

The NestinCre;RbLoxP/LoxP cortex (B) shows BrdU incorporation in the VZ,

SVZ, as well as in normally non-proliferative zones including the sub-plate (SP). Ectopic
proliferation was seen in 2 separate experiments.
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large effect on RbP-LacZ activity, while dual loss of p107 and p130 has a minimal effect on proliferation
within the cortex but led to a decrease in RbP-LacZ activity. For that reason, it does not appear that a
change in proliferation is a major contributor to the diminished activity of the RbP-LacZ reporter in the
p107-/-;p130-/- cortex.
Effect of conditional loss of Rb on proliferation in the E15 cortex
Constitutive loss of Rb in the germline results in ectopic proliferation outside of the ventricular and
subventricular zones of the cortex (E.Y. Lee et al., 1992; Clarke et al., 1992; Jacks et al., 1992). To test if
this occurs with neuronal specific loss of Rb, we analyzed BrdU incorporation in NestinCre;RbLoxP/LoxP
embryos at E15, as previously described. Indeed, we found that BrdU incorporation is seen in many
layers of the developing cerebral cortex of the NestinCre;RbLoxP/LoxP cortex (Figure 3-10 A), which we
did not find within wild type embryos (Figure 3-10 B) (n=3 embryos per genotype). This data agrees with
previously reported increase in ectopic S phase entry using an alternate NestinCre system to inactivate
Rb (MacPherson et al., 2003). An increase in proliferation within the cortex, with the concurrent increase
in cortical size, is an indicator that there is an increase in neurogenesis with loss of Rb. Therefore, it is
possible that the enlarged cortex may contain more neurons expressing the RbP-LacZ transgene. This
possibility will be discussed further in the following chapter.
Changes in apoptosis in various Rb family deficient cortices at E15
Effects of loss of p107 or p130 on cell death in the E15 cortex
Apoptosis is an essential part of the proper formation of the cerebral cortex, and it is particularly
important for the proper establishment of synaptic connections between mature neurons (Burek and
Oppenheim,. 1996). Using the TUNEL assay on histological sections of the wild type embryonic cortex at
E15, we found that the majority of apoptotic cells are within the marginal zone, cortical plate, and
subplate, the layers in which mature neurons are found (Figure 3-11).

To test if loss of Rb family

members affects apoptosis within the cortex, we performed TUNEL assays using serial sections from the
same E15 mutant embryo sets analyzed previously for BrdU incorporation. The amount of cell death was
determined by intensity and location of TUNEL positive cells. In p107-deficient embryos, there was a
clear decrease in the amount of TUNEL positive cells (Figure 3-11), signifying a decrease of apoptosis
within the marginal zone and cortical plate (n=2 embryos per genotype). In p130-deficient embryos, there
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Figure 3-11: Decreased cell death with loss of p107 in the developing cortex at E15.
Analysis of cell death was performed using the TUNEL assay on sections from E15 p107+/+
and p107-/- embryos. There was a consistent decrease in apoptotic cells with loss of p107 (D)
within the marginal zone and cortical plate relative to the p107+/+ littermate (C) (n=2). Panels
in which Terminal deoxynucleotidyl transferase (TdT) enzyme was not added (A and B) are
shown to delineate cortical layers. MZ= marginal zone, CP= cortical plate, SP= subplate
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Figure 3-12: Decreased cell death with loss of p130 in developing cortex at E15.
Analysis of cell death was performed using the TUNEL assay on sections from E15 p130+/+
and p130-/- embryos. There was a consistent decrease in apoptotic cells with loss of p130 (D)
within the marginal zone, cortical plate, and the subplate of the developing cortex relative to a
wildtype litter mate (C). Adjacent sections in which no enzyme (-TdT) is added are shown in
panels (A) and (B) to delineate cortical layers. (n=2) MZ= marginal zone, CP= cortical plate,
SP= subplate
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was a dramatic decrease in TUNEL positive cells (Figure 3-12), particularly within the cortical plate and
subplate (n=2 embryos per genotype).
Effects of dual loss of p107 and p130 on cell death in the E15 cortex
Loss of p107 and p130 led to a decrease in RbP-LacZ expression (Figure 2-3). One possible
explanation for this effect could be that an increase in cell death led to a loss of RbP-LacZ expressing
neurons. To determine if dual loss of p107 and p130 increased cell death within the cortex, we used
TUNEL analysis to compare p107+/+; p130-/- and p107-/-; p130-/- embryos at E15 (n=2 embryos per
genotype). We found that loss of both p107 and p130 led to a further decrease in TUNEL-positive cells
within the cortical plate and subplate of the cortex (Figure 3-13). Therefore, loss of p107, p130, or both
p107 and p130 leads to a pronounced decrease in apoptosis within the developing cortex at E15.
Therefore, the decrease in RbP-LacZ activity within the p107-/-;p130-/- embryonic cortex is not due to a
loss of RbP-LacZ expressing cells through cell death. The decrease in apoptosis does indicate that
although p107-/-;p130-/- cortices appear grossly normal, loss of p107 and p130 is altering the dynamics
of neuronal development. The large loss of cell death is especially surprising with loss of p107 or p130
alone since these mice live normal lifespans, although behavioral changes have not been assessed.
Effect of conditional loss of Rb on cell death in the E15 cortex
While an increase in proliferation could lead to more RbP-LacZ positive cells with the conditional
loss of Rb, a decrease in cell death could achieve the same result. To see if this is the case, we used the
TUNEL assay to analyze NestinCre;RbLoxP/LoxP embryos at E15 to look for changes in cell death within
the neocortex. We found that there was either no change or a very slight decrease in apoptosis with loss
Rb within the developing cortex (Figure 3-14) (n=3 embryos per genotype). Therefore, changes in cell
death are most likely not the cause of the increased RbP-LacZ expression with loss of Rb.
Investigation of changes in gene expression with various Rb family member loss
A possible mechanism by which loss of Rb family members affects proper neuronal development
is through deregulation of genes required for neurogenesis or E2F target genes, indirectly impacting the
activity of the RbP-LacZ reporter. To test for deregulation of E2F responsive promoters, quantitative
RT-PCR was performed on mRNA from E12.5 brains and E14.5 micro-dissected cortices from embryos
lacking various Rb family members. At E12.5, brains from constitutive Rb knockout embryos were

69

p107+/+;p130-/-

A

p107-/-;p130-/MZ
CP

B

MZ
CP

-TdT
SP

SP

C

MZ
CP

D

MZ
CP

+TdT

SP

SP

Figure 3-13: Decreased cell death with dual loss of p107 and p130 in developing cortex
at E15.

Analysis of cell death was performed using the TUNEL assay on sections from E15

p107+/+;p130-/- and p107-/-;p130-/- embryos. A further decrease in apoptotic activity was
seen in the cortical plate and subplate in p107-/-;p130-/- cortex (D) relative to the
p107+/+;p130-/- littermate (C). Sections were boiled longer in citrate compared to single
knockouts to recover a TUNEL positive signal. Adjacent sections in which no enzyme (-TdT) is
added are shown in panels (A) and (B) to delineate cortical layers. MZ= marginal zone, CP=
cortical plate, SP= subplate
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Figure 3-14: No change in cell death with conditional loss of Rb in the E15 cortex.
Analysis of cell death was performed using the TUNEL assay on sections from E15 NestinCre;RbLoxP/LoxP embryos, and compared to either RbLoxP/+ or RbLoxP/LoxP litter mates.
Apoptotic cells were detected primarily in the marginal zone (MZ), cortical plate (CP), and
subplate (SP) of the developing cortex. There was no consistent change in cell death with loss
of Rb (C vs D) (n=3). Adjacent sections in which no enzyme (-TdT) is added are shown in
panels (A) and (B) to delineate cortical layers.
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analyzed, but at E14.5 the Nestin-Cre conditional Rb knockout was used, since this is the time point at
which RbP-LacZ activity was monitored. Changes in expression level were determined by comparing the
copy number levels of the target gene from mutant tissue to copy number levels from wild type tissue and
expressed as a ratio. Copy numbers were normalized to levels of actin from concomitant runs.
Effects of Rb family member loss on regulators of neuronal development
Fgf growth factors (ligands) and their receptors are important for the proper differentiation and
development of the telencephalon (reviewed in Hebert and Fishell, 2008; Mason, 2007). Additionally, Fgf2
is a possible E2F target important in neuronal development (McClellan et al., 2009). Levels of mRNA for
Fgf ligands and Fgfr receptors from E14.5 cortices were measured in the various Rb family deficiencies,
and normalized to levels of actin (internal control) (Table 3-2). There was no significant deregulation of
any Fgf family members or Fgf receptors in any of the mutant backgrounds tested.
The Hes transcription factor family is an important set of regulators within the Notch signaling
pathway that is important for the regulation of neuronal precursor proliferation and differentiation within
the telencephalon (Kageyama et al., 2008). Specifically, Hes1 can be negatively regulated by p107
(Vanderluit et al., 2007). However, we found no deregulation of Hes1, Hes5, or Hes6 at the mRNA level in
E14.5 cortex with loss of various Rb family members (Table 3-2). Therefore, there is no global
deregulation of the FGF or Notch-Hes pathways with loss of Rb family members, suggesting that
neuronal development is not completely compromised by loss of Rb family members.
Rb family member expression in cortex lacking various Rb family members
Both the Rb (Zacksenhaus et al., 1993) and p107 (L. Zhu et al., 1995) promoters contain critical
E2F binding sites and both have been shown to be E2F responsive genes in various systems (Burkhart et
al., 2010b; E.J. Smith et al., 1998). On the other hand, p130 is not a known E2F regulated gene. Using
RT-PCR, we measured the levels of Rb family mRNA normalized to actin levels in the cortex (E14.5) or
brain (E12.5) of embryos lacking various Rb family members (Table 3-3). In E12.5 brains, we found no
deregulation of Rb family members with the inactivation of Rb family members at the mRNA level (Table
3-3 A). A similar result was found using the E14.5 cortex (Table 3-3 B). It was surprising that Rb levels did
not change in the p107-/-;p130-/- deficient cortex since RbP-LacZ activity clearly decreased in the doubly
deficient cortex. However, because the whole cortex is used to generate mRNA, and RbP-LacZ activity is
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E14.5 Cortex!
Ratio of Actin-Normalized Copy Numbers
Gene

Nes-Cre;RbLoxP/LoxP
RbLoxP/LoxP

p107-/p107+/+

p130-/p130+/+

p107-/-;p130-/p107+/+;p130-/-

Fgf1

0.80

1.44

0.98

0.86

Fgf2

0.90

1.09

1.04

0.95

Fgfr1

1.16

1.15

1.02

1.05

Fgfr2

1.00

1.19

1.32

0.92

Fgfr3

0.94

0.99

1.09

0.96

Fgfr4

1.29

0.93

0.99

1.19

Hes1

0.86

1.12

1.19

1.12

Hes5

1.08

0.97

1.06

1.02

Hes6

0.98

0.92

1.04

0.93

Table 3-2: Minimal Fgf, Fgfr or Hes family deregulation in E14.5 mutant cortex using
real time RT-PCR.

Changes in mRNA levels of Fgfs, Fgf receptors, and Hes transcription

factors in various RB family deficient cortices is given as the ratio of the target copy number in
the mutant cortex divided by the target copy number of the respective wild type cortex. Target
copy numbers are normalized to internal levels of actin and are averaged from at least three
separate cortices per genotype (n=3-6). There were no significant changes in expression of
any of the tested Fgf, Fgfr, or Hes genes.
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E12.5 Brain

A

Ratio of Actin-Normalized Copy Numbers
Gene

Rb-/Rb+/+

p107-/p107+/+

p130-/p130+/+

p107-/-;p130-/p107+/+;p130-/-

Rb

0.32

1.09

1.10

1.07

p107

0.97

0.02

1.07

0.02

p130

0.96

0.97

0.48

1.03

E14.5 Cortex

B

Ratio of Actin-Normalized Copy Numbers
Gene

Nes-Cre;RbLoxP/LoxP
RbLoxP/LoxP

p107-/p107+/+

p130-/p130+/+

p107-/-;p130-/p107+/+;p130-/-

Rb

0.25

1.21

1.04

1.03

p107

1.1

0.02

1.19

0.02

p130

1.12

1.04

0.4

1.06

Table 3-3:Absence of deregulation of RB family members using real time RT-PCR.
Changes in mRNA levels of Rb family members in the various RB family deficient cortices is
given as the ratio of the target copy number in the mutant cortex divided by the target copy
number of the respective wild type cortex. Target copy numbers are normalized to internal
levels of actin and are averaged from at least three separate cortices per genotype (n=3-6).
No changes in expression of Rb family members were seen either in E12.5 brain (A) or E14.5
cortex (B). Decreases in the levels of each Rb family member was seen in the respective
mutant, confirming the efficiency of the knockout models. The Rb constitutive knockout was
used at E12.5, before embryonic lethality, and the conditional Nestin-Cre;RbLoxP/LoxP cortex
was analyzed at E14.5.
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restricted to a subset of cortical cells, a decrease in Rb levels within this subset of cortical cells may be
masked by analysis of the whole cortex.
E2f family member expression in cortex lacking various Rb family members
Many E2f genes themselves are E2F targets (E2f1- Hsaio et al., 1994; Johnson et al., 1994;
Neuman et al., 1995; E2f2- Sears et al., 1997; E2f3a- Leone et al., 2000; E2f6- Lyons et al., 2006; E2f7DeBruin et al., 2003a; and E2f8- Christensen et al., 2005) and deregulation of E2f family members could
affect RbP-LacZ expression indirectly by changing the balance of E2F family members or expression of
their targets within the developing brain. We found that the majority of E2f family members were not
deregulated within the E12.5 brain (Table 3-4 A). Additionally, mRNA levels of DP family members, Dp1
and Dp2, which are the dimerization partners for E2F1-6, did not change with loss of Rb family members
in the E12.5 brain. There was an increase in the level of E2f8, which is an E2f responsive gene, with loss
of Rb or dual loss of p107 and p130. In E12.5 brains, levels of E2f8 were very low as observed from high
C(t) values, which indicated that E2f8 levels were not detectable until the very last amplification cycles.
So analysis at another time point was conducted (E14.5) to explore this result. Additionally, both loss of
Rb and loss of p107 and p130 led to an increase in E2f8 levels at E12.5, which does not explain the
opposing effects these genotypes have on RbP-LacZ activity in the cortex.
To determine whether deregulation of E2f family members occurs at E14.5, micro-dissected
cortices were analyzed for levels of E2f1, E2f4, and E2F8 in the different Rb family deficiencies (Table 34 B). There is deregulation of E2f family members with loss of Rb family members in the E14.5 cortex that
was not seen at the earlier time point. Notably, there was a significant doubling in the levels of E2f1
(students t test ρ=0.0009), a known E2F target gene, in the conditional NestinCre;RbLoxP/LoxP cortex.
This result is consistent with the increase in proliferation seen in the Rb deficient cortex. Also noteworthy
was a

decrease in levels of E2f4 with loss of p107 (student’s t test ρ=0.0013). E2f4 is not known to be

an E2f target gene and expression of E2f4 is not cell cycle regulated, so this could be an indirect effect of
p107 loss. At E14.5, the level of E2f8 could be more accurately measured, and there was no significantly
different change in E2f8 with loss of Rb or dual loss of p107 and p130. There was also moderate
increases in E2f1 levels in p130-/-, p107-/-, or p107-/-;p130-/- cortex. Loss of Rb family members in the
cortex leads to deregulation of E2f transcription factors, although the changes seen are modest. While an
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E12.5 Brain

A

Ratio of Actin-Normalized Copy Numbers
Gene

Rb-/Rb+/+

p107-/p107+/+

p130-/p130+/+

p107-/-;p130-/p107+/+;p130-/-

E2f1

1.12

1.08

0.78

1.35

E2f2

1.32

0.99

0.87

1.31

E2f3

1.23

1.04

1.01

1.09

E2f4

0.99

0.99

0.95

0.96

E2f5

0.92

1.11

0.95

0.89

E2f6

1.16

0.91

1.17

0.95

E2f7

1.07

0.86

0.78

1.16

E2f8

1.90

0.85

1.40

1.85

Dp1

1.39

1.17

1.09

0.96

Dp2

1.02

1.13

1.04

0.99

E14.5 Cortex

B

Ratio of Actin-Normalized Copy Numbers
Gene

Nes-Cre;RbLoxP/LoxP
RbLoxP/LoxP

p107-/p107+/+

p130-/p130+/+

p107-/-;p130-/p107+/+;p130-/-

E2f1

2.06

1.45

1.21

1.38

E2f4

0.58

0.41

0.68

0.93

E2f8

0.75

0.48

0.56

1.14

Table 3-4:Deregulation of E2f family members in E14.5 cortex.
Changes in mRNA levels of E2f family members in the various Rb family deficient cortices are
given as the ratio of the target copy number in the mutant cortex divided by the target copy
number of the respective wild type cortex. Target copy numbers are normalized to internal
levels of actin and are averaged from at least three separate cortices per genotype (n= 3-6).
At E12.5 (A), an increase was seen in the levels of E2f8 with loss of Rb or dual loss of p107
and p130, although levels of E2f8 were at the threshold of detection at E12.5, as determined
by large Ct values. At E14.5 (B), there were modest changes in E2f family members. Notable
changes are in levels of E2f1 with loss of Rb (Student’s t-test != 0.0009 ) and in E2f4 with loss
of p107 ( Student’s t-test != 0.0013).
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increase in E2f1 expression in the Rb deficient cortex could lead to increased proliferation, and therefore
an increase in RbP-LacZ expressing neurons, the changes in E2f levels within the p107-/-;p130-/- cortex
are minimal and are unlikely to explain a decrease in RbP-LacZ activity.
p53 family member expression in cortex lacking various Rb family members
As discussed earlier, E2F family members are known to control key regulators of the apoptotic
pathway including p73, Noxa, and Puma. Therefore, loss of Rb family members may lead to deregulation
of E2F target genes and thus apoptosis within the developing cortex, which could indirectly lead to
changes in RbP-LacZ activity. To test this, the mRNA levels of p53 family members as well as key E2F
targets (Noxa, Puma Mcl1) that regulate apoptosis were analyzed on the different Rb family deficient
backgrounds in the E12.5 brain and E14.5 cortex. Loss of Rb led to very modest changes in levels of
apoptotic regulators with only a small increase in p63 levels at E14.5 (Table 3-5). Loss of p107, p130, or
dual loss of p107 and p130 did not lead to any significant changes in p53 or p73 in the E12.5 brain or
E14.5 cortex. Interestingly, at E12.5 there was an increase in the level of p63 with loss of p107 and a
decrease in the level of p63 with dual loss of p107 and p130. At E12.5, the level of p63 in the brain was
very low, leading to high variability between samples, and so these changes were not statistically
significant. Since this change was not seen again at E14.5, where the level of p63 is greater and when
analysis of RbP-LacZ expression was evaluated within the embryo, this difference was not investigated
further. Expression of this subset of apoptotic regulators are not deregulated with loss of Rb family
members in the E14.5 cortex, and thus cannot explain the differences seen in RbP-LacZ activity within
the embryo.
Summary
The changes in proliferation and apoptosis seen in the Rb deficient cortex were similar to what
has been reported by other laboratories (L. Wu et al., 2003; MacPherson et al., 2003; Ferguson et al.,
2005). The increase in BrdU incorporation and increase in cortical size (as judged by changes in cortical
area) both suggest that the Rb deficient cortex may contain more RbP-LacZ expressing neurons and
therefore, while proportionally the same number of cells are LacZ positive, it would appear that there is an
increase in RbP-LacZ activity. Alternatively, the increase in proliferation with Rb loss may lead to an
increase specifically in the number of RbP-LacZ expressing cells. An increase in E2f1 levels in the cortex
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E12.5 Brain

A

Ratio of Actin-Normalized Copy Numbers
Gene

Rb-/Rb+/+

p107-/p107+/+

p130-/p130+/+

p107-/-;p130-/p107+/+;p130-/-

p53

1.09

1.11

1.06

1.04

p63

0.82

8.44

0.78

0.18

p73

1.06

0.84

0.89

0.89

Noxa

1.08

1.13

0.88

1.01

Puma

0.89

0.99

0.95

1.04

Mcl1

0.98

0.99

1.04

0.99

E14.5 Cortex

B

Ratio of Actin-Normalized Copy Numbers
Gene

Nes-Cre;RbLoxP/LoxP
RbLoxP/LoxP

p107-/p107+/+

p130-/p130+/+

p107-/-;p130-/p107+/+;p130-/-

p53

0.97

1.07

1.01

1.06

p63

1.54

1.03

1.20

0.85

p73

0.89

1.01

1.30

1.16

Table 3-5 : Minimal deregulation of p53 family members with loss of Rb family
members.

Changes in mRNA levels of p53 family members and other regulators of

apoptosis in the various Rb family member deficient cortices is given as the ratio of the target
copy number in the mutant cortex divided by the target copy number of the respective wild
type cortex. Target copy numbers are normalized to internal levels of actin and are averaged
from at least three separate cortices per genotype (n=3-6). At E12.5 (A), changes were seen
in levels of p63 in p107-/- cortex and p107-/-;p130-/- cortex but these results were not
significant due to large variation between samples. At E14.5 (B), there were only moderate
changes in p53 family members. !
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is consistent with the observed increase in proliferation within the Rb cortex. While E2F1 is the primary
E2F involved in activating cell death, there was no increase in cell death with conditional loss of Rb,
consistent with what was previously reported (Ferguson et al., 2002; MacPherson et al., 2003). Whether
these changes in proliferation and E2f family member expression contribute to the lethality of the Rbdeficient embryo, due to disruption of cortical development, is unclear since neuronal specific loss of Rb
also leads to defects in neuronal migration, which we have not analyzed (Ferguson et al., 2005). Although
these data suggest that the increase in RbP-LacZ activity could be indirectly due to increased
proliferation, the fact that pRB can be found at the Rb promoter suggests that loss of Rb could cause a
direct de-repression of the Rb promoter.
The double knockout of p107 and p130 did result in a small increase in proliferation when
compared to an in-litter control, but since the control is deficient in p130, this level of proliferation is not
greater than in a normal cortex. There was also no ectopic proliferation in the p107-/-;p130-/- cortex,
which was seen with Rb loss, further supporting the idea that loss of Rb and dual loss of p107 and p130
affect neuronal development differently. Loss of p107 and p130 did lead to a further decrease in
apoptosis within the cortical plate and intermediate zone of the cortex, indicating that the apoptotic
pathway is disturbed. It has been previously reported that loss of p130 on an enriched Balb/c background
leads to increased apoptosis within the neural tube and floor plate at E10.5 in a strain specific manner
(LeCouter et al., 1998b). Apart from the difference in strain, this data could be due to differences in
developmental time point or the site of analysis, particularly since p130-/- embryos on a Balb/cJ
background die between E11 and E13.5, before corticogenesis, which therefore precludes study at later
time points.
While there did not appear to be differences in p53 family members at the mRNA level in E14.5
cortex, a more intensive investigation of the apoptotic factors would be needed to determine the
mechanism. For example, we did not analyze levels of the E2F target p19ARF, which can increases the
activity of p53 and p73 at the protein level by negatively regulating MDM2 (Polager and Ginsberg, 2008).
A decrease in apoptosis cannot explain the decrease in RbP-LacZ activity; in fact, one would expect more
RbP-LacZ activity with less apoptosis. However, if there is less cell death occurring within the population
of cells that do not express RbP-LacZ, this might lead to an overall decrease in the proportion of RbP-
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LacZ expressing cells within the cortex, and consequentially, decreased appearance of RbP-LacZ
activity.
The binding of pRB family members at the Rb promoter suggests that Rb family members directly
regulate Rb expression. However, the loss of various Rb family members also led to many indirect
changes in neuronal development that may account for the changes seen in RbP-LacZ activity in the
cortex. To differentiate between these possibilities, we need to determine if the change in RbP-LacZ
activity with Rb family deficiency occurs in a cell autonomous or non-cell autonomous manner.
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Chapter 4: RbP-LacZ Activity in Primary Cortical Culture with Loss of Various Rb Family Members
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Regulation of Pax6 by Rb family members
Identification of RbP-LacZ Expressing Cells
RbP-LacZ activity and neuronal maturity
RbP-LacZ activity in neuronal progenitors
RbP-LacZ Activity in Subpopulations with Loss of Various Rb Family Members
p107- or p130- deficient cultures
p107 and p130- deficient cultures
Changes in frequency of Pax6+ RbP-LacZ expressing cells
Changes in intensity of RbP-LacZ in Pax6+ cells
Rb- deficient cultures
Changes in RbP-LacZ activity in neuronal subpopulations
Changes in nuclear size with Rb loss
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81

Development of a Primary Cortical Culture from the T157 RbP-LacZ E14.5 Cortex
The activity of the RbP-LacZ reporter (T157) was deregulated in both Rb-deficient and p107;p130
doubly deficient cortex, but the loss of these Rb family members had opposing effects on RbP-LacZ
activity. To determine if the deregulation of RbP-LacZ with loss of Rb family members in the cortex is due
to a cell autonomous or a non-cell autonomous effect, it was necessary to look at the expression of RbPLacZ on a cell-by-cell basis. Therefore, it was decided to analyze RbP-LacZ activity in dissociated primary
cortical neuron culture, which provides a mechanism to examine both the intensity of RbP-LacZ activity
within each cell as well as the number of RbP-LacZ expressing cells within the culture. Primary neuron
culture also provides a method to identify the cell types exhibiting RbP-LacZ activity. The changes seen in
RbP-LacZ activity within the cortex with loss of various Rb family members was regionally restricted within
the cortex, and this distribution could represent the enrichment of a specific neuronal cell type. Therefore,
the intensity, frequency, and identity of the RbP-LacZ expressing cells were monitored in primary cortical
neuron culture to determine if Rb family members deregulate RbP-LacZ activity in a cell autonomous
manner versus non-cell autonomous manner.
Generation of a 2-dimensional neuronal specific culture
Primary cortical neuron cultures were generated from E14.5 micro-dissected cortices by using
enzymatic digestion and mechanical disruption to create single cell suspensions (Figure 4-1 A) (Hutton
and Pevny, 2008). These were then plated on poly-D-lysine / laminin treated coverslips and grown
inverted in defined Neurobasal medium with B27 supplement, containing a cocktail of factors which has
been shown to encourage the development of neuronal lineages (Brewer et al., 1993). Dissociated cells
from E14.5 embryonic cortices tend not to attach with high affinity to the poly-D-lysine / laminin coverslips,
and instead, grow as neurospheres, non-adherent spherical clusters of cells that are generated from
proliferating progenitor cells (Reynolds and Weiss, 1992). The tendency of dissociated cells to grow
aggregated in suspension precluded analysis of RbP-LacZ activity, but neuronal outgrowth of adherent
cells was observed initially on the underside of coverslips in these neurosphere laden cultures. Therefore,
to encourage two dimensional and adherent neuronal outgrowth, dissociated cells were allowed to attach
to poly-D-lysine / laminin coverslips first, and then these coverslips were inverted within the culture media.
We selected Neurobasal media because it encourages the growth of neurons over other cell types (e.g.
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glial) and B27 supplement is meant to mimic the growth factors secreted by glial cells. This allows for

A!
Microdissect
E14.5 Cortex

Papain Digestion and
Dissociation

Attach to PDL-Laminin
Coverslip

Invert coverslip
Grow in defined
Neurobasal/B27 Media (No FGF)

B!

Day 2

Day 4

Day 6

Figure 4-1: Establishment of E14.5 primary cortical neuron culture.!
The protocol for processing E14.5 cortex for culture is shown in (A). Single cell suspensions
derived from embryonic cortex were plated on coverslips and allowed to attach for 4 hours
before inverting the coverslip. An example of the morphological changes in C57BL/6 wild type
neuron culture is shown in (B). The development of elongated neuronal cell bodies can be
seen in Day 4 and Day 6 cultures.!
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neuronal cell survival without adding FBS or FGF, both of which stimulate proliferation of neuronal
progenitors (Lukaszewicz et al., 2002; Iwata and Hevner, 2009). After one day in culture, most cells
beneath the coverslip were still very rounded but neurite outgrowths were seen by microscopic analysis.
By Day 2 in culture, most cells had obvious projections (Figure 4-1 B), and as time in culture increased,
the length and extent of branching of these projections increased so that by Day 4 in culture, many cells
had long axonal projections. By Day 6 in culture, complex networks of intertwined projections between
cells could be seen growing in culture, corresponding to morphological changes expected with neuronal
differentiation.
Characterization of proliferation in E14.5 primary cortical cultures
While morphologically the primary neuron culture appeared to contain many mature neurons, it
was important to see if, similar to within the embryo, there were both proliferating progenitor populations
as well as developed neurons. Additionally, with increased differentiation over time, one might expect
there also to be concomitant changes in proliferation. To test if this was the case, proliferation in primary
cortical neuron culture was monitored by EdU (5-ethynyl-2’-deoxyuridine) incorporation. The benefit of
using EdU incorporation (as opposed to BrdU incorporation) is that it does not require the acid-based
denaturation of DNA, allowing for the maintenance of the delicate cell structure of neurons. The
deoxyuridine analog, EdU, contains an alkyne group, which after incorporation into DNA and cell fixation,
reacts with an azide-modified AlexaFluor dye to indicate proliferating cells. Cultures were pulsed for 2
hours with EdU and then analyzed for proliferation on Days 2 and 4. Under these culture conditions
(Neurobasal medium with B27 supplement but no FGF), proliferation remained at a low rate through 6
days in culture, with a small decrease in proliferation by Day 6 (Figure 4-2).
Identification of Diverse Populations in Primary Cortical Neuron Cultures
Progenitor subpopulations in primary cortical neuron cultures
Now that it was established that there is a proliferating population within these culture conditions,
it was next important to know if these cells represent the progenitors within the developing cortex. The
developing cortex contains two main types of progenitor cells: apical and basal progenitors. Apical
progenitors consist initially of neuroepithelial cells which give rise to radial glial cells in mice by E10.
Apical progenitors undergo M phase along the apical ventricular surface, and undergo either asymmetric
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Day
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Day 4
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N

Day 4

Day 6

5.0 ± 1235
0.4% 2.9 ± 0.1%

N
900-1300

1044

Figure 4-2: A low level of proliferation is maintained in E14.5 cortical neuron culture.
Proliferation was measured in cortical neuron culture by pulsing cells with EdU for 2 hours. A
small population of cells was proliferating on Days 2, 4, and 6 in culture (A). Quantification of
the percentage of EdU positive cells for all experiments is shown in panel (B). N = number of
DAPI cells analyzed. Day 2 and Day 4, n= 14 embryos; Day 6, n= 8 embryos!
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divisions (which give rise to one radial glial cell and one post-mitotic neurons) or symmetric divisions
(which give rise to two basal or intermediate progenitors). The basal progenitors divide within the
subventricular zone and do not have contact with the ventricular surface (reviewed in Pinto and Gotz,
2007). Intrinsic cell markers have been used to identify different subtypes of progenitors. Sox2 is one of
the earliest transcription factors expressed in the developing central nervous system (CNS) and is
important for the maintenance and proliferation of apical neuronal progenitors. Sox2 is highly expressed
within the ventricular zone of the developing cortex and loss of Sox2 leads to impaired neuronal
differentiation (Bani-Yaghoub et al., 2006; Cavallaro et al., 2008). Loss of Sox2 also leads to a depletion
of neuronal progenitors within the areas of adult neurogenesis, the dentate gyrus and subventricular
zones (Pevny and Nicolis, 2010). Primary neuron cultures were examined for Sox2 expressing
progenitors in Day 4 cultures (Figure 4-3 B); 22.8 ± 3.3% of primary neuron culture is positive for Sox2,
with 20.3 ± 4.0% of the positive cells showing an intense Sox2 nuclear signal by immunocytochemistry (n
= 6 embryos).
Nestin is an intermediate filament expressed in the precursor of both neuronal and glial cells, and
is down regulated upon neuronal differentiation (Dahstrand et al., 1995; Gilyarov, 2008). It is considered
to be a marker of neural stem cells because of its expression both in the proliferating cells of the
developing cortex and the adult neurogenic niches. Nestin is also expressed in mature astrocytes, which
should not be found in the E14.5 cortex. In Day 4 cultures, 18.5 ± 4.2% of the culture is positive for Nestin
(Figure 4-3 F).
Pax6 is a paired-box transcription factor that marks radial glial cells within the ventricular zone of
the developing cortex that have a neurogenic fate. Pax6 is required for proper cell cycle exit of dividing
cells as well as appropriate development of cortical neurons (Quinn et al., 2007; Georgala et al., 2011b).
Loss of functional Pax6 occurs in Pax6 (Sey/Sey) mutant mice and causes lethality by birth, and these
mice display a malformed cerebral cortex and the absence of eyes (reviewed in Georgala et al., 2011b).
Using a rabbit polyclonal to Pax6 that recognizes C-terminal region, 8.9 ± 0.7% of wild type culture was
Pax6+, with a small percentage expressing high levels (14.2 ± 1.1% of positive cells) (Figure 4-3 C).
These results were repeated with a mouse monoclonal antibody specific to the N-terminus of Pax6, in
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Figure 4-3: Various neuronal progenitors are found in E14.5 cortical neuron culture on
Day 4.

Examination of neuronal progenitors in Day 4 cortical neuron culture was performed
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which 8.9±1.0% of cells were positive for Pax6, and 18.3 ± 2.3% of the positive cells showed strong
expression.
Pax6-positive radial glial cells can give rise to basal progenitors, which are more committed to a
neuronal fate than apical progenitors, and only undergo symmetric divisions to form two post mitotic
neurons. Tbr2 is a marker of these basal progenitor cells, which are found within the sub-ventricular zone
of the developing cortex (Englund et al., 2005, Hevner et al., 2006). On Day 4 in culture, most of the cells
showed some low level of perinuclear Tbr2 staining. Therefore, Tbr2 counts were done at Day 3 where
there was a greater differential between positive and negative cells as well as a more intense nuclear
stain. On Day 3 in culture, 30.7 ± 3.2% of cells expressed nuclear Tbr2 (Figure 4-3 D). Therefore, there
are subpopulations of progenitor cells within E14.5 primary cortical cultures that represent different levels
of commitment towards neuronal differentiation.
Proliferation in neuronal progenitor populations
To investigate whether these progenitor markers were indeed marking the proliferating
population, Day 4 cultures were pulsed with EdU for 2 hours and stained for EdU incorporation and for
the presence of these markers using immunocytochemistry. We found that both Sox2 and Pax6
progenitor cells are proliferating in primary cortical neuron culture at Day 4 (Figure 4-4). The majority of
EdU+ cells were also positive for Sox2 (78.8%), and this represented 36.3% of the Sox2 population,
confirming that Sox2 expression is indeed expressed within dividing progenitors similar to the situation
within the cortex. A smaller percentage of EdU+ cells were positive for Pax6 (44.2%) using a rabbit
polyclonal antibody, representing 34.5% of the Pax6+ population. Similar results were seen with a mouse
monoclonal to Pax6 (data not shown). Nestin was expressed in all EdU+ cells (Figure 4-5), representing
40.9% of Nestin positive cells. NeuN, a marker of differentiated neurons (Mullen et al., 1992), did not stain
any EdU+ cells, confirming that it does not mark neuronal progenitors (Figure 4-5). Therefore, neural
progenitors within the primary cortical culture system have features similar to those displayed within the
developing cortex.
Mature neuronal populations in primary cortical cultures
The E14.5 cortex represents the midpoint of neuronal corticogenesis, which begins at around E10
and lasts until E18, when gliogenesis begins. The cortex is comprised both of projection neurons, which
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have been derived from the pallium and migrate radially from the ventricular zone into the upper cortical
layers in a inside-out manner, as well as interneurons generated within the subpallium which migrate
tangentially into the developing cortex (See Figure 3-7). These different types of neurons can be
distinguished by the presence of various markers.
First, to establish that the majority of the primary cortical culture is indeed neuronal, cells were
immunostained with markers for identifying neurons at different levels of maturity (Figure 4-6). Class III βtubulin is one of the first neuronal-specific cytoskeletal proteins expressed after the terminal mitosis of
differentiating neurons (Menezes and Luskin, 1994; M.K. Lee et al., 1990). The majority of cells in the
E14.5 cortical culture stain positive for β-tubulin III (TUJ1) (93.5 ± 1.0%) in Day 4 culture (Figure 4-6 B).
Map2a and Map2b are two neuronal specific isoforms of microtubule-associated proteins expressed only
in differentiated neurons (Dehmelt and Halpain, 2005). Their expression follows the appearance of
β-tubulin III staining and Map2b is maintained within adult neurons. The majority of cells in the E14.5
cortical culture are Map2a,b positive (93.7 ± 1.0%) in Day 4 cultures (Figure 4-6 C). NeuN is a neuronspecific nuclear protein that marks post-mitotic neurons (Mullen et al., 1992), and its expression is
maintained within mature neurons. Although used for many years as a general marker of neurons, it has
recently been identified as the neuronal specific splicing factor Fox-3 (Kim et al., 2009). In Day 4 cortical
cultures, 36.5 ± 2.1% of cells express NeuN (Figure 4-6 D). If most of the culture expressed neuronal
specific markers, then one would expect very small amounts of the two main glial cell types, astrocytes
and oligodendrocytes. Indeed, when cultures are investigated for the markers for astrocytes, GFAP, and
oligodendrocytes, O4, there are very low numbers of these populations. In Day 4 cultures only 2.2 ±
0.35% of cells are positive for GFAP (Figure 4-6 E). O4, an early marker of oligodendrocytes (Miller,
2002) was not consistently present in Day 4 cultures, with only 0.7 ± 0.3% O4+ cells. At Day 6, finding
O4+ cells was more reliable, with 2.1 ± 0.3% of cells positive for O4 (Figure 4-6 G). Overall, the majority
of cells are of a neuronal lineage in these defined growing conditions.
Projection neurons and interneurons can be differentiated by which neurotransmitters they
express; projection neurons are primarily glutamatergic and interneurons are GABAergic. The majority of
the developing cortex consists of glutamatergic neurons while interneurons make up only 20% of the total
neurons (reviewed in Barinka and Druga, 2010). One marker of GABAergic neurons is glutamate
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decarboxylase, GAD67, which converts glutamate to GABA. In Day 4 cultures 14.0 ± 0.7% of cells
express GAD67 (Figure 4-7 C), consistent with GABAergic neurons making up just a small proportion of
the developing cortex. Another way neurons are distinguished is by the expression of the calcium binding
proteins, calretinin or calbindin, whose expression is mutually exclusive (reviewed in Barinka and Druga,
2010). The majority of calretinin and calbindin expressing cells are also GABAergic interneurons and are
derived from the subpallium (Barinka

and Druga, 2010). Small percentages of calretinin+ (4.6 ± 0.4%)

and calbindin+ (5.5 ± 0.5%) stain positive in Day 4 cultures (Figure 4-7 E and G). Cajal–Retzius cells are
a subset of calretinin+ cells that are glutamatergic and express the reelin marker (Barinka and Druga,
2010). These are some of the earliest born neurons, appearing as early as E10. Cajal-Retzius neurons
are found within the outermost marginal zone of the embryonic cortex and they secrete reelin, an
extracellular matrix protein essential for the proper migration and lamination of the cortex (Z. Huang,
2009). Reelin+ cells make up 3.2 ± 0.2% of Day 4 cultures (Figure 4-7 B).
The diverse cell types within primary cortical culture are representative of the different cell types
that one would find within the developing cortex. However, the predominance of neurons versus glial cells
is more similar to the situation before E18 when gliogenesis commences. Developing a culture system
that is similar to what is seen in vivo allows for cell-by-cell analysis of RbP-LacZ activity in Rb family
deficiencies.
Analysis of RbP-LacZ Activity in E14.5 Primary Cortical Neuron Cultures
RbP-LacZ activity in wild type T157 cortical cultures
To determine the baseline activity of the RbP-LacZ transgene in primary cortical neuron cultures,
wild type T157 cultures were stained with Xgal on Day 2, Day 4, and Day 6 (Figure 4-8 A). Initial
experiments were done using the conventional method of Xgal staining for LacZ activity, using a final
concentration of 5mM K3Fe(CN)6 and 5mM K4Fe(CN)6, and only a low level of RbP-LacZ activity was
detected in primary cortical cultures, even after overnight staining. To overcome the low Xgal reactivity,
we optimized a new staining protocol to increase Xgal reactivity, which used 1mM K3Fe(CN)6 and 1mM
K4Fe(CN)6. This modification increased the strength of the Xgal signal both in frequency and intensity,
and allowed for shorter staining times, which helped maintain neuronal morphology and structural
integrity. We found strong Xgal reactivity after only 4 hours of staining of Day 6 cultures, as opposed to
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Figure 4-8: RbP-LacZ activity increases in frequency and intensity with time in culture.
RbP-LacZ activity in T157 primary cortical cultures was examined by overnight Xgal staining.
Panel (A) shows RbP-LacZ activity in T157 culture on Days 2, 4, and 6. An increase in both
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the greater than 8 hours required using the older protocol. All subsequent Xgal staining of primary cortical
cultures was performed with this optimized protocol. Frequency of Xgal+ cells was defined as the
percentage of Xgal+ cells within the total culture, and intensity of Xgal+ cells was defined as the
percentage of Xgal+ cells within the Xgal+ population that displayed saturating levels of Xgal, defined as
the overexposure of Xgal stain as determined by visual inspection of manipulated images (as described in
Methods).
Even though a microdissected T157 cortex at E14.5 shows strong LacZ activity within an hour of
staining in Xgal, only 10.7 ± 3.1% of primary cortical cells express the RbP-LacZ transgene after 2 days in
culture, and only 10.5 ± 4.5% of the Xgal+ cells displayed an intense blue stain. Interestingly, as time in
culture progressed, there was a significant increase in the percentage of cells with RbP-LacZ activity
(Figure 4-8 C). By Day 6 in culture, 24.8 ± 6.2% of T157 cells show RbP-LacZ activity, representing a
statistically significant increase from the activity measured on Day 2 (Student’s t-test, ρ = 0.0006).
Additionally, the intensity of Xgal+ cells also increased significantly from Day 2 to Day 6, from 10.5 ± 4.5%
to 25.1 ± 5.2% of the Xgal+ population (Student’s t-test, ρ = 0.011) (Figure 4-8 D). Analysis of RbP-LacZ
activity on Day 4 showed modest increases compared to that on Day 2. This indicates that as the
morphology of primary cortical cultures progresses to a more mature and differentiated neuronal state,
there is an increase in the frequency and intensity of RbP-LacZ observed. This agrees with several
studies showing that increases in neuronal differentiation lead to increases in Rb expression (Gill et al.,
1998; Slack et al., 1993). We have observed that not all differentiated neurons were positive for RbPLacZ activity, suggesting that Rb expression is not just increased in all mature neurons, but may be
expressed in a temporal- or lineage- specific manner within the developing cortex.
RbP-LacZ activity in primary cortical cultures lacking various Rb family members
To determine how loss of various Rb family members would impact RbP-LacZ activity in primary
cortical cultures, RbP-LacZ activity was monitored in primary cortical cultures that were established from
mutant E14.5 embryos lacking various Rb family members, and carrying the T157 transgene. Cortices
from E14.5 embryos resulting from T157 mutant crosses were dissociated, and midbrains were stained
with Xgal to identify those embryos carrying the T157 transgene, which were subsequently plated.
Genotyping of the inner yolk sacs (as well as midbrains for Rb crosses) revealed which embryos bore the
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desired wild type and mutant genotypes for various Rb family members. On Day 2, Day 4 and Day 6,
primary cortical cultures from the subset of wild type and mutant embryos bearing the T157 transgene
were stained with Xgal and scored to determine the frequency and intensity of RbP-LacZ activity (Figure
4-9).
Primary cortical neuron cultures from T157; p107+/+ and T157;p107-/- E14.5 embryos were
processed for Xgal staining on Days 2, 4, and 6 and there was no significant difference in RbP-LacZ
activity between these genotypes, consistent with the results of whole mount analysis (Figure 2-1).
Likewise, primary cortical neurons from T157; p130+/+ and T157; p130-/- E14.5 embryos displayed no
significant difference in RbP-LacZ activity between T157; p130+/+ or T157; p130-/- cultures, in agreement
with the small decrease or no change in RbP-LacZ activity observed in whole mount embryos or cortex
with loss of p130 (Figures 2-2 and 2-11).
Next, RbP-LacZ activity was analyzed in primary cortical neuron cultures from T157; p107-/-;
p130-/- and T157; p107+/+; p130-/- E14.5 embryos. Out of three separate experiments, only one showed
a decrease in RbP-LacZ activity on Days 2, 4, and 6 with loss of both p107 and p130. There was a small
decrease in the percentage of RbP-LacZ positive cells on Day 6 in culture, but overall the decrease in
RbP-LacZ activity with combined loss of p107 and p130 was not statistically significant (Figure 4-9). Thus,
the consistent decrease in RbP-LacZ activity observed in the analysis of whole mount embryos (Figure 23) and micro-dissected cortices (Figure 2-12) was not obvious in analysis of primary cortical cultures. The
basis for this discrepancy has been addressed in experiments described in later sections of this Chapter.
Whether examined in whole mount embryos or in micro-dissected brains, conditional loss of Rb
led to an increase in RbP-LacZ activity within the cortex at E14.5 (Figures 2-8 and 2-13). To test whether
this could be replicated in primary cultures, we plated wild type (T157;RbLoxP/+ or T157;RbLoxP/LoxP)
and Rb-deficient (T157;NestinCre;RbLoxP/LoxP) primary cortical neurons

and monitored RbP-LacZ

activity by Xgal staining on Days 2, 4, and 6. When comparing T157;NestinCre;RbLoxP/LoxP cultures to
either T157;RbLoxP/+ or T157;RbLoxP/LoxP cultures, there was no obvious difference in RbP-LacZ
activity (Figure 4-9) (percentage of Xgal+ cells or the percentage of cells with intense Xgal staining, as
judged by criteria described in Methods).
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Figure 4-9: No significant changes in RbP-LacZ activity in the various Rb family
deficient cortical neuron cultures. The frequency (Column A) and intensity (Column B) of
Xgal positive cells in cortical cultures derived from various Rb family deficient embryos were
analyzed on Days 2, 4 and 6. For all examined genotypes, there were no statistically
significant changes in RbP-LacZ activity. Graphs show averages of frequency and intensity for
wild type (solid) and Rb family deficient (striped) cultures. n= 2-4 embryos per genotype;
N= 600-900 cells per experiment!
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Therefore, it appears at first glance that in primary cortical cultures, the changes seen in

RbP-LacZ

activity with loss of Rb family members within the embryo were not replicated in tissue culture. One
reason for this discrepancy may be that the changes seen in RbP-LacZ activity within the embryo may be
specific to a subset of cells that are clustered within the developing cortex, and by analyzing the total
primary culture, in which these cells are dispersed, the effect on RbP-LacZ activity is diminished or lost.
This notion is consistent with the results from whole mount Xgal staining of the cortex (Figures 2-12 and
2-13), showing loss of Rb or dual loss of p107 and p130 led to a regional-specific change in RbP-LacZ
activity. The assumption is that if the cells that resided in those LacZ+ regions could be identified, then
changes in the frequency or intensity of the LacZ+ signal within the populations that normally express
LacZ in primary cortical culture might be consistent with changes seen in the whole embryo (cellautonomous effects). A second possible reason for the discrepancy in RbP-LacZ activity in embryos
compared to cortical culture is that specific interactions between neurons and spatial cues (non-cell
autonomous effects) necessary for the changes seen in the intact embryo or brain are destroyed in twodimensional tissue culture models. Alternatively, tissue culture conditions may be altering Rb expression,
as represented by RbP-LacZ expression, due to differences in cell to cell signaling caused novel cell to
cell contacts and/or changes in cell cycle dynamics (such as the onset of senescence). Finally, it could
be that the loss of Rb family members affects proper neuronal migration/lamination, and that it is not the
frequency or intensity of cells with RbP-LacZ expression that is changing, but rather their ability to be in
the right place at the right time during development.
Effect of Rb Family Member Loss on Proliferation in Primary Cortical Cultures
Proliferation in E14.5 wild type cortical cultures remains very low and remains relatively constant
over time in culture (Figure 4-2). When levels of proliferation were analyzed in the E15 embryo, loss of
p107 or p130 alone led to a small decrease in BrdU positive cells, while dual loss of p107 and p130
returned proliferation to normal levels. To test if there were any changes in proliferation with loss of p107,
p130, or dual loss of p107 and p130, primary cortical cultures from wild type or mutant embryos were
pulsed for 2 hours with EdU before harvest on Days 2 and 4, and proliferation was measured. However,
we found no significant changes in the percentage of EdU positive cells with loss of p107 or p130 or both
p107 and p130 on Days 2 or 4 in culture (Figure 4-10).
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Rb-deficient E15 embryos showed ectopic proliferation outside of the ventricular and subventricular zone
(Figure 3-10). To test if increased proliferation could be seen in primary cortical cultures, wild type
(RbLoxP/+ or RbLoxP/LoxP) and Rb-deficient (NestinCre;RbLoxP/LoxP) cultures were pulsed with EdU
for 2 hours before harvest on Days 2 and 4 and percentages of EdU+ cells were monitored. In Day 2
cultures, there was a 70% increase in EdU+ cells in Rb-deficient culture compared to wild type (Student’s
t-test ρ = 0.0004) (Figure 4-10). By Day 4 in culture, there no longer is a difference in proliferation
between wild type and Rb-deficient cultures. This increased proliferation with loss of Rb on Day 2 is
consistent with the increased proliferation seen in the E15 embryo using BrdU incorporation; however, it
does not correlate with changes in RbP-LacZ activity in Rb-deficient cultures (Figure 4-9) .
Loss of Rb alone, but not loss of p107, p130, or p107 and p130, led to increased proliferation in
Day 2 cultures. Therefore, it was of interest to see if loss of Rb changes the proliferative index of neuronal
progenitors. Day 2 cultures received a 2-hour pulse of EdU before harvest, and then were assayed for
EdU incorporation, followed by immunocytochemical detection of Sox2 or Pax6 (Figure 4-11). We found
that both Pax6 and Sox2 progenitors are proliferating in NestinCre;RbLoxP/LoxP cultures. There was a
modest increase in the percent of Edu+ cells scoring positive for Pax6 (wild type, 28.6% vs. Rb mutant,
38.5%), which we did not see with Sox2 (wild type, 34.8% vs. Rb mutant, 37.3%).
Comparison of Neuronal Populations in Cortical Cultures Lacking Various Rb Family Members
Neurogenesis still occurs with loss of various Rb family members
To investigate whether loss of Rb family members has an effect on the distribution of various cell
types in mixed cortical cultures, immunocytochemistry for the various cell type markers was performed on
primary cortical neuron cultures lacking various Rb family members. To test whether loss of Rb family
members altered neuronal identity towards a glial cell fate, cultures were analyzed for neuronal markers
(Map2a,b, β-tubulin III (TUJ1)), and glial marker (GFAP) on Day 4, as well as the oligodendrocyte marker
(O4) on Day 6. There was no significant change in the percentage of cells expressing neuronal markers
Map2a,b or β-tubulin III with loss of any individual Rb family member or with combined loss of p107 and
p130 (Figure 4-12 A and B). Additionally, Map2a,b and β-tubulin III staining was morphologically indistinct
with loss of various Rb family members. Loss of various Rb family members also had little effect on the
production of astrocytes or oligodendrocytes as marked by GFAP and O4, respectively (data not shown
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for O4) (Figure 4-12 D). Therefore, within these restricted growing conditions, loss of various Rb family
members has little effect on specification of the neuronal lineage in primary cortical cultures. One
possibility is that neurons are forming, but they are not becoming fully mature with loss of various Rb
family members. Since NeuN is a marker of neurons, the percentage of NeuN+ cells was determined in
the various Rb family member deficiencies in Day 4 cultures. However, there was no change detected in
the percentage of cells expressing NeuN (Figure 4-12 C), and thus, there was no obvious change in the
differentiation of post-mitotic neurons with loss of various Rb family members in cortical neuron culture.
Presence of mature neuronal subtypes in primary cultures lacking various Rb family members
Loss of various Rb family members may not affect the generation of cortical neurons in general,
but it may affect the production of certain classes of neurons. This would be consistent with the
observation that loss of various Rb family members in vivo does not lead to gross abnormalities in cortical
development, but rather results in cell-type specific phenotypes (Ferguson et al., 2005; McClellan et al.,
2009). Additionally, interneurons and Cajal-Retzius neurons are located within the subplate and marginal
zone of the developing cortex, which is the site that exhibits significant loss of cell death with loss of p107
(Figure 3-11) or p130 (Figure 3-12) or both p107 and p130 (Figure 3-13). To determine if changes in
particular neuronal subtypes occurred, immunohistochemical detection of various neuronal markers was
used to compare wild type and mutant cortical cultures. The frequency of GABAergic neurons was
monitored in Rb family memberdeficient cortical cultures using the GAD67 marker, and there was no
difference in the production of GAD67+ GABAergic neurons with loss of various Rb family members
(Figure 4-13 D). Additionally, the frequency of calretinin+ or calbindin+ interneurons with loss of Rb
family members was monitored on Day 4, but no significant change in either of these interneuron
subtypes was detected (Figure 4-13 B and C).
We investigated if the number of reelin+ cells, an early born subset of calretinin+ cells, changed
with loss of Rb family members (Figure 4-13 A). Loss of p107 or p130 alone did not affect the number of
reelin+ cells in cortical culture. In contrast, Rb-deficient (NestinCre;RbLoxP/LoxP) cultures showed a
trend for decreased abundance in reelin+ cells (wild type = 4.1 ± 0.5%; Rb-deficient = 3.1 ± 0.3%),
consistent with previously published in vivo data that showed a decrease in reelin+ Cajal–Retzius
neurons in the telencephalic knockout of Rb (Ferguson et al, 2005). Interestingly, there was a statistically
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significant decrease in reelin+ cells with dual loss of p107 and p130 (p107+/+;p130-/- = 3.4 ± 0.2%; p107/-;p130-/- = 2.7 ± 0.2%;

Paired Student’s t-test ρ = 0.018). The percentage of reelin+ cells was

significantly lower in wild type cultures derived from the p107 heterozygous crosses (129Sv x C57BL/6
background) than wild type cultures derived from the T157 crosses (C57BL/6 background)
(Student’s t-test ρ = 0.04), a difference we attributed to variation in the genetic background between
experiments. For example, generation of p107-deficient embryos leads to the selection of the 129Sv
derived region of chromosome 2, which selects for the 129Sv alleles of the Agouti and E2f1 genes.
Presence of neuronal progenitors in Rb family member deficient cultures
Changes in progenitor populations were monitored in primary cortical cultures deficient in various
Rb family members. Nestin is one of the earliest progenitor markers expressed during neuronal
development, and no change in its expression was found in primary cortical cultures lacking various Rb
family members at Day 4 (Figure 4-14 A). Sox2 is another early neuronal progenitor marker important for
the maintenance of the progenitor state, and loss of Rb family members has no effect on the number of
Sox2+ cells in Day 4 cultures (Figure 4-14 B).
In contrast to the Sox2 and Nestin results, the percentage of Pax6+ cells did change with loss of
Rb family members. Using a polyclonal Pax6 antibody, we saw that loss of Rb led to a significant
decrease in the percentage of Pax6+ cells in Day 4 cortical cultures, which was replicated with a
monoclonal antibody (Pax6 rabbit polyclonal, Student’s t-test p = 0.016; Pax6 monoclonal, Student’s t-test
p = 0.027) (Figure 4-15 A). This

change was specific to loss of Rb, because loss of p107, p130, or dual

loss of p107 and p130 did not lead to any change in the frequency Pax6+ progenitors. Within the
developing cortex, Pax6+ progenitors give rise to Tbr2+ intermediate progenitors (Englund et al., 2005).
To see if the decrease of Pax6+ progenitors was due to faster commitment to the Tbr2+ progenitors in Rb
deficient cultures, immunocytochemistry for Tbr2 was performed on cultures lacking various Rb family
members on Day 3 (Figure 4-15 B). A modest decrease in the percentage of Tbr2+ cells was observed
with loss of Rb (wild type, 45.2 ± 6.8% vs. Rb-deficient, 32.9 ± 1.7%), indicating that the loss of Pax6+
progenitors in Rb-deficient culture was not due to an increase in radial glial cells progressing toward
Tbr2+ intermediate progenitors.
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Figure 4-14: No changes in the frequency of Nestin or Sox2 progenitors in Rb family
deficient cortical cultures on Day 4.

The frequency of Sox2 and Nestin positive cells was

monitored in the various Rb family member deficient backgrounds by immunocytochemistry on
Day 4. There were no significant changes in the number of Sox2+ or Nestin+ cells in any of the
Rb family deficiencies tested. Numbers of embryos analyzed per genotype for each marker is
shown as n=(nNestin, nSox2). N= 400-500 cells per experiment.
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Unexpected regulation of the Pax6 progenitor populations by Rb family members
Although Rb-deficient (NestinCre;RbLoxP/LoxP) cultures had fewer Pax6+ progenitors, Pax6+
cells were stronger in fluorescent Pax6 intensity than those in the wild type (RbLoxP/+ or RbLoxP/LoxP)
controls (Figure 4-16 B and Appendix Figure A-2). Using the Pax6 monoclonal antibody, we saw a 38%
increase in the percentage

of the Pax6+ population with intense Pax6 staining with Rb loss (Student’s t-

test ρ = 0.015), but we saw no significant change in the intensity of Pax6+ cells with loss of p107 and/or
p130. Therefore, we postulated that Rb could be regulating Pax6 expression. Since Rb family members
repress E2F target genes, we searched for a possible E2F site within the Pax6 promoter. An E2F site had
been reported in the human Pax6 P1 minimal promoter (Zheng et al., 2001), which was conserved within
the mouse genome (Figure 4-16 A). The Pax6 gene contains many regulatory elements that control
expression in different tissues during development, and the P1 promoter does direct expression within the
CNS. Therefore, primers were designed to flank the E2F site, and ChIP was performed with antibodies
against Rb family members to see if they occupy the Pax6 promoter. Indeed, moderate binding of Rb
family members, particularly p107 and p130, could be seen at the Pax6 promoter in the cortex (Figure 416 C). While occupancy by Rb family members may be through the E2F site, Rb family members could
be interacting with other transcription factors at neighboring Sp1 or Pax6 sites, since pRB can interact
both with Sp1 (Chang et al., 2001) or Pax6 (Cvekl et al., 2004). The potential interaction between Pax6
and Rb at both the transcriptional level as well as the protein level at the Pax6 promoter may be an
indication that pRB share a unique genetic relationship. Whether or not levels of Pax6 mRNA increased
with loss of Rb family members was not determined.
Identification of the RbP-LacZ Expressing Subpopulations in Primary Cortical Cultures
Regionalization of the Xgal signal in Chapter 2 suggested to us that neuronal populations could
be specifically positive or negative for Xgal. The deregulation of RbP-LacZ with conditional loss of Rb or
dual loss of p107 and p130 in the developing mouse cortex could be due to changes in frequency or
intensity of Xgal staining specifically within these Xgal+ neuronal populations. To explore this possibility,
the identity of the RbP-LacZ cell was determined in primary cortical culture, which allowed for single cell
analysis using a novel double staining approach (Xgal staining followed by immunohistochemical staining
for neuronal markers). This approach was used first on wild type cultures and then followed by
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Figure 4-16: Rb family members may regulate the Pax6 P1 promoter in the E14.5 cortex.
The Pax6 P1 promoter, which directs expression to the CNS and lens, contains an E2F site,
which is conserved between mouse and humans (A). Immuoncytochemistry using a monoclonal
antibody to Pax6 showed that the intensity of Pax6+ staining (Pax6+ High/Total Pax6+)
increased significantly with Rb deficiency in Day 4 cultures (Student’s t-test != 0.015), implicating
possible transcriptional regulation of Pax6 by Rb family members (B). Primers were developed
that flanked the E2F site of the Pax6 promoter and ChIP was performed on E14.5 C57BL/6
cortex using antibodies to the various pocket proteins (C). Moderate binding of Rb family
members was seen at the Pax6 P1 promoter in the E14.5 cortex.
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examination of the identity of the RbP-LacZ expressing cells in primary cultures deficient in various Rb
family members.
Detection of neuronal maturity and LacZ activity through co-staining
Primary cortical cultures were stained for 4 hours in X-gal solution on Day 6 to obtain an intense
Xgal signal without losing cell integrity. This Xgal staining modification allowed the subsequent
immunocytochemical detection of the various cell type markers. The majority of cells in our wild type
primary cortical culture system showed a neuronal phenotype as seen by immunostaining for β-tubulin III
and Map2a,b. To detect double positive cells, Xgal+ cells were identified first and then scored by
immunofluorescence to see if they also expressed each neuronal marker tested. Indeed, 100% of Xgal+
cells were positive for β-tubulin III and 98.6 ± 1.4% of Xgal+ cells were positive for Map2a,b (Figure 4-17
B, C, and H). To confirm the neuronal identity of the cells, Xgal stained wild type T157 cultures were
tested with GFAP and O4 antibodies, experiments which revealed that only a very small percentage of
Xgal+ cells were positive for the glial cell markers; 0.5 ± 0.5% of Xgal+ cells were GFAP+ (Figure 4-17 G
and H) and 0.7 ± 0.4% were O4+ (Figure 4-17 F and H). This confirmed that the majority of RbP-LacZ
cells are of a neuronal lineage in the wild type primary cortical culture.
Previous studies reported that Rb expression correlates with differentiation of PC-12 cultured
cells into neurons (Gill et al., 1998; Slack et al., 1993), suggesting that Rb expression plays an important
role in mature neurons. We investigated whether RbP-LacZ activity correlated with expression of the

NeuN marker, which marks mature neurons. Indeed, 65.80 ± 15.8% of Xgal+ cells in wild type T157
culture were NeuN+ (Figure 4-17 D and H), indicating that many of the RbP-LacZ expressing cells were
mature

neurons. Yet, Xgal+ cells only represented 16.6 ± 1.5% of the NeuN expressing population.

Therefore, although many cells with RbP-LacZ activity are NeuN+, RbP-LacZ activity is not a general
marker of mature neurons.
Xgal+ neurons were further double stained for additional markers to determine if they segregate
with a certain subtype of mature neuron (Figure 4-18). The GABAergic marker, GAD67, co-stained with
4.4 ± 0.7% of Xgal+ cells, representing only 4.3 ± 1.3% of the GAD67 of the population (Figure 4-18 G
and H). calbindin+ cells accounted for 5.7 ± 2.7% of the Xgal+ cells, which represents 14.3 ± 6.9% of the
calbindin+ population (Figure 4-18 D and H). Double staining of wild type T157 cultures for Xgal and
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Figure 4-17: A subset of mature neurons shows RbP-LacZ activity in primary cortical
cultures on Day 6.

Cortical neurons from wild type T157 cultures on Day 6 were stained

with Xgal for four hours and subsequently processed for immunocytochemistry for neuronal
and glial markers. DAPI and AlexaFluor555 images are overlaid and are accompanied by light
images of the same fields. Arrows show the same cells by either immunofluorescence or light
imaging. Xgal+ cells are positive for neuronal markers TUJ1 (B), Map2a,b (C) and NeuN (D)
but not glial markers O4 (F) and GFAP (G). Panel H summarizes the counts for each marker.
n= number of embryos analyzed; N= 300 – 600 DAPI cells analyzed.!
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Figure 4-18: A fraction of interneurons and Cajal-Retzius neurons show RbP-LacZ
activity.

Cortical neurons from wild type T157 cultures on Day 6 were stained with Xgal for

four hours, and then subsequently processed for immunocytochemistry for markers of various
mature neuron subtypes. A fraction of Cajal-Retzius neurons, marked by Calretinin (B) and
Reelin (F) expression, are Xgal+ in Day 6 culture. A smaller percentage of GABAergic (G) and
Calbindin (D) interneurons show weak RbP-LacZ activity. Panel H summarizes the counts for
each marker. n= number of embryos analyzed; N= 300 - 600 DAPI cells analyzed.!
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calretinin revealed that 16.3 ± 2.6% of the Xgal+ cells were also calretinin+, and conversely, Xgal+ cells
accounted for 28.5 ± 3.0% of the calretinin+ population (Figure 4-18 B and H). To test whether these
Xgal+ calretinin+ cells represented part of the Cajal–Retzius neuron population, double staining for Xgal
and reelin was performed, which showed that 12.0 ± 0.2% of Xgal+ cells were also reelin+, representing
22.7 ± 2.0% of the reelin+ population (Figure 4-18 F). Thus, a subset of RbP-LacZ activity identifies a
subset of Cajal–Retzius neurons in wild type T157 primary cortical cultures.
Detection of neuronal progenitors and LacZ activity through co-staining
Progenitor populations represent a large component of primary cortical neuron cultures, and so
the majority of Xgal+ cells not identified using mature neuron markers could belong to progenitor
populations. Double staining for Xgal and progenitor markers was performed on wild type T157 cultures
to investigate whether RbP-LacZ activity identified any progenitor populations (Figure 4-19). The early
neural progenitor marker, Sox2, did not correlate with Xgal positivity; 0.5 ± 0.5% of Xgal+ cells expressed
Sox2, reflecting 0.2 ± 0.2% of the Sox2 population (Figure 4-19 C and F). Nestin also marks some of the
earliest neuronal progenitors but does not appear to correlate with RbP-LacZ activity, because only
3.2 ± 1.6% of Xgal+ cells also were Nestin+, representing only 1.4 ± 0.7% of the Nestin+ population
(Figure 4-19 E and F). Therefore, RbP-LacZ activity does not correspond to these markers of the earliest
neuronal progenitors. To test if RbP-LacZ activity identifies Pax6+ progenitors, we performed double
staining for Xgal and Pax6. Importantly, we determined that 66.8 ± 9.4% of Xgal+ cells were also positive
for Pax6 (Figure 4-19 B and F), indicating that the majority of cells with RbP-LacZ activity are part of the
Pax6 progenitor population. Interestingly, 65.7± 4.7% of the Pax6+ population were also Xgal+, indicating
that the majority

of Pax6+ progenitors in Day 6 primary cortical neuron cultures show RbP-LacZ activity.

Additionally, we observed that the majority of double positive cells that stained a dark blue after only four
hours of Xgal treatment expressed nearly always expressed Pax6, indicating that high Rb promoter
activity is strongly coupled to Pax6 expression, a result that will be pursued in later sections.
The distribution of RbP-LacZ expressing cells amongst the different cortical neuron populations
is summarized in Figure 4-20. The majority of RbP-LacZ expressing neurons (TUJ1+, Map2a,b+) belong
to a Pax6+ lineage and at least some of these have achieved a NeuN+ status(Figure 4-20 A). With the
exception of the Pax6+ progenitor pool, the double positive (Xgal+ Marker+) neurons represent only a
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Figure 4-19: Pax6 progenitors represent the majority of Xgal+ cells in Day 6 cortical
culture.

Cortical neurons from wild type T157 cultures on Day 6 were stained with Xgal for

four hours and then subsequently processed for immunocytochemistry for progenitor markers.
Very few Xgal+ cells expressed progenitor markers Sox2 (C) or Nestin (E). The majority of Xgal+
cells expressed Pax6 (B), and the strongest Xgal+ cells expressed very high levels of Pax6.
Panel F summarizes data from experiments. n= number of embryos analyzed;
N= 400-600 DAPI cells analyzed.
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Figure 4-20: RbP-LacZ expressing cells represent a subset of mature neurons but the
majority are Pax6+ neuronal progenitors.
When the distribution of different cell populations is monitored within the Xgal+ population (A),
it can be seen that all Xgal+ cells express markers of neuronal identity (TUJ1 and Map2a,b),
and a large majority express Pax6 and/or NeuN. When the percentage of Xgal+ cells is
monitored within each cell population (B), it is apparent that Xgal+ cells are only a small
percentage of the total neuronal population, but represent the majority of the Pax6+
population. n= 3 embryos; N=300-1000 DAPI cells per marker
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small percentage of the total neurons found of that subtype (Marker+) (Figure 4-20 B). RbP-LacZ activity
was also found within ~25% of both reelin+ and calretinin+ populations, indicating that Rb expression is
important for the development of Cajal-Retzius neurons. Thus, RbP-LacZ activity identifies predominantly
Pax6+ progenitor cells in E14.5 cortical neuron cultures, with a smaller percentage corresponding to
mature interneurons.
Changes in RbP-LacZ Activity in Neuronal Subpopulations with Loss of Rb Family Members
RbP-LacZ activity in neuronal subpopulations with loss of p107 or p130
To determine whether the neuronal populations positive for RbP-LacZ activity changed with loss
of Rb family members, Day 6 T157 wild type and mutant primary cortical cultures (either deficient in p107
or p130 or Rb or doubly deficient in p107 and p130) were double stained by first incubating for a short
time with Xgal solution, followed by immunocytochemistry with antibodies to various neuronal markers.
When comparing T157;p107+/+

to T157;p107-/- cultures, we observed no major differences in the

percentage of Xgal+ cells within the different neuronal populations (Figure 4-21 A), with the majority of
Xgal+ cells maintaining a Pax6+ and neuronal identity. When comparing T157;p130+/+ and T157;p130-/cultures, there were no large changes in Xgal+ frequency within the cell types, which constitute the bulk
of RbP-LacZ activity (Pax6, NeuN, Map2, TUJ1) (Figure 4-21 B).

There was a decrease in the

percentage of Xgal+calretinin+ cells in the calretinin+ subset of interneurons with p130 loss, but
unfortunately, subsequent dissections did not provide embryos of the proper genotypes for comparison to
test if this effect was statistically significant.
RbP-LacZ activity in neuronal subpopulations with dual loss of p107 and p130
Effect of dual loss of p107 and p130 on the frequency of RbP-LacZ expressing Pax6+ cells
Dual loss of p107 and p130 resulted in only one significant change in the distribution of Xgal+
cells within the different neuronal population tested using our double staining approach. Strikingly, there
was a significant decrease in the frequency of the Xgal+Pax6+ population with dual loss of p107 and
p130 in four separate experiments. (T157;p107+/+;p130-/-, 74.5 ± 5.8% vs. T157;p107-/-;p130-/-, 59.4 ±
9.4%; paired Student’s t-test ρ= 0.014) (Figure 4-21 C).
Since Pax6+ cells give rise to Tbr2+ cells in vivo (Englund et al., 2005), we examined if Tbr2+
cells were also Xgal+, and whether the percentage of Xgal+Tbr2+ cells in the Tbr2+ population changes
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with dual loss of p107 and p130. In fact, a substantial percentage of Xgal+ cells in T157;p107+/+;p130-/cultures were Tbr2+ (68.3 ± 10.0%). We found a decrease in the percentage of Xgal+ Tbr2+ cells in the
Tbr2+ population with dual loss of p107 and p130, but it was not significant (Figure 4-21 C).
Therefore, we found that in primary cortical cultures, the frequency of Xgal+Pax6+ cells is
decreased within the Pax6+ progenitor populations with dual loss of p107 and p130, and since Pax6+
progenitor populations are the majority of Xgal+ cells, the loss of Xgal+Pax6+ cells in the Pax6+
progenitor pool likely contributes to the observed decrease in RbP-LacZ activity in the intact embryonic
cortex lacking both p107 and p130 at E14.5 (Figure 2-3).
Effect of dual loss of p107 and p130 on the intensity of RbP-LacZ in Pax6+ cells
When total cortical population (DAPI+) was analyzed, there was no significant change in the
intensity (blueness) of Xgal staining observed with loss of p107 and p130 (Figure 4-9). However, it could
be that no effect was found in this analysis because it included a mixed population of cells, whereas the
analyses of double stained cells suggest that RbP-LacZ activity is reduced by loss of p107 and p130 in
only a specific population of cells. Since the majority of Pax6+ cells display RbP-LacZ activity, we asked if
there was a detectable decrease in RbP-LacZ activity within the Pax6+ subpopulation on a cell-by-cell
basis, as judged by the intensity of Xgal staining. To do this, we used saturation level of the Xgal signal
as a measure of the output of RbP-LacZ activity. Each Xgal+Pax6+ cell was examined using ImageJ to
measure the blue saturation of each cell using RGB levels (as described in the Methods Section).
Strikingly, the mean blue saturation of Xgal+Pax6+ cells in T157;p107-/-;p130-/- culture was significantly
lower than that in T157;p107+/+;p130-/- culture (Figure 4-22 A), demonstrating that the RbP-LacZ
reporter is less active with loss of both p107 and p130.

There was no difference seen in the blue

saturation of Xgal+Pax6+ cells in Rb-deficient cultures (Figure 4-22 B). Thus, dual loss of p107 and p130
leads to both a decrease in the frequency of Xgal+Pax6+ cells in the Pax6+ progenitor population (Figure
4-21), and a decrease in the activity of the RbP-LacZ reporter within the Pax6+ population (Figure 4-22),
supporting a cell-autonomous mechanism for the decrease in RbP-LacZ activity seen in the
T157;p107-/-;p130-/- cortex.
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Figure 4-22: RbP-LacZ activity is decreased Xgal+Pax6+ cells with loss of p107 and p130
The output of RbP-LacZ activity was determined by measuring the saturation of Xgal staining from
light images of Xgal+Pax6+ co-stain experiments. Saturation is calculated using the formula:
Saturation=(BlueRGB.- MinRGB)/BlueRGB using RGB levels determined using the image analysis
software, Image J. The level of blue saturation is shifted lower in Xgal+ Pax6+ co-stained cells in
T157;p107-/-;p130-/- culture relative to T157;p107+/+;p130-/- culture. There was no shift seen with
Rb deficiency (B). Panel C shows that the mean blue saturation of Xgal+Pax6+ cells was
significantly lower in T157;p107-/-;p130-/- culture as compared to T157;p107+/+;p130-/- cultures
(Student’s t-test ! < 0.00001). N= number of Xgal+Pax6+ cells per genotype.
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RbP-LacZ activity in neuronal subpopulations with loss of Rb
Effect of Rb loss on RbP-LacZ activity in progenitor populations
Loss of Rb showed no significant differences in the percentage of Xgal+ cells within the different
mature neuron populations or within the Pax6+ progenitor populations (Figure 4-21 D). Loss of Rb did
lead to a significant increase in RbP-LacZ activity within the early (Sox2+ or Nestin+) progenitor
populations (Figure 4-21 D). While other wild type and mutant cultures tested had only the occasional
Xgal+Sox2+ cell, Rb-deficient (T157;NestinCre;RbLoxP/LoxP) cultures showed a significant increase in
the Xgal+Sox2+ cells in the Xgal+ population (6.7 ± 0.7%), relative to that found in wild type
(T157;RbLoxP/+ or T157;RbLoxP/LoxP) cultures (0.6 ± 0.6%) (Student’s t-test ρ = 0.020). There was also
a significant increase in the percentage of Xgal+Sox2+ cells in the Sox2+ (T157;RbLoxP/LoxP, 0.9 ±
0.5% vs. T157;NestinCre;RbLoxP/LoxP, 5.5 ± 0.6% ; Student’s t-test ρ = 0.020) (Figure 4-21 D).
Additionally, there was an increase in the Xgal+Nestin+ population with loss of Rb. The percentage of
Xgal+ cells that were Xgal+Nestin+ increased from 1.0 ± 1.0% to 5.7 ± 0.4% with Rb loss, and the
percentage of Nestin+ cells that were Xgal+Nestin+ increased from 0.8 ± 0.8% to 5.6 ± 0.4% with Rb loss
(Student’s t-test ρ= 0.0043 and ρ= 0.033, respectively). Thus, a small percentage of early neuronal
progenitors express RbP-LacZ in Rb-deficient culture. Although this increase in RbP-LacZ activity in
Sox2+ and/or Nestin+ involves a small fraction of the total population of Xgal+ cells, over time this
progenitor population could expand substantially, and could contribute to increased RbP-LacZ activity in
the cortex of Rb-deficient embryos. Whether this is the case or not would require further study.
Changes in nuclear size with Rb loss in primary cortical culture
How could Rb-deficient embryos display increased RbP-LacZ activity (Figures 2-8 and 2-13), but
isolated neurons from Rb-deficient embryos show no increased Xgal+ frequency or intensity (Figures 4-9
and 4-22)? We noticed that the nucleus size of RbP-LacZ cells appeared much larger in Rb-deficient
cultures than in the wild type cultures, which was more obvious when these cells were Xgal+. Therefore,
we measured the cross-sectional nuclear area of RbP-LacZ expressing cells of the different co-stained
populations in wild type and Rb-deficient primary cortical cultures. In Day 6 cultures, there was a
pronounced increase in the cross-sectional area of nuclei of Xgal+Pax6+ cells in Rb deficient nuclei
(Figure 4-23 B and D). Interestingly, the increase in nuclear area was not specific to the Xgal+Pax6+
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Figure 4-23: Loss of Rb leads to an increase in nuclear size in cortical culture on Day 6.
The cross-sectional area of nuclei were measured using DAPI images from co-stain
experiments using Image J. There is a shift to larger nuclei in Rb-deficient culture whether
counting all cells from a mIgG (A) stained culture, or if one counts within the Xgal+Pax6+ (B)
or Xgal+NeuN+ (C) populations. There was a significant increase in nuclear area in Rb
deficient culture regardless of Xgal status and in most populations assessed (D).
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< 0.0001
0.0001
0.04
0.02
< 0.0001
N.S.
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Figure 4-24: An increase in nuclear size is specific to Rb deficiency in Day 4 culture.
The cross-sectional area of nuclei were measured using DAPI images from Day 4 antibody-only
immunocytochemistry experiments in the various Rb family member deficiencies. There is an
increase in nuclear size with loss of Rb (A) that is statistically significant (B), but nuclear size does
not significantly differ with loss of p107 (B), p130 (B), or dual loss of p107 and p130 (A, B).
The increase in nuclear size with Rb deficiency does not appear to be specific to certain neuronal
subtypes, but can be seen both within neuronal progenitors as well as mature neurons (C).
(Number of cells analyzed for each marker = 120 - 200). N= number of DAPI cells analyzed.
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population, but could be seen in the other Xgal+ populations (e.g. Xgal+NeuN+, Figure 4-23 C and D and
Xgal+calretinin+, Figure 4-23 D) as well as in unstained cells (mIgG, Figure 4-23 A and D). The increased
nuclear area with loss of Rb could contribute to a more visible region of RbP-LacZ activity (Xgal+) within
the cortex, because a modest 21% increase in nuclear cross-sectional area in Pax6+Xgal+ translates to a
30% increase in nuclear volume. Since the LacZ reporter encodes a NLS, the Xgal signal is concentrated
in the nucleus of RbP-LacZ expressing cells, giving rise to larger blue nuclei in the Rb-deficient cortex.
These larger blue nuclei could account for the apparent increase in RbP-LacZ activity within the cortex.
Thus, a cell autonomous increase in nuclear size in the Rb deficient neurons could lead to an apparent
increase in RbP-LacZ activity within Rb-deficient embryos.
To ensure that the increase in nuclear area with loss of Rb was not a result of the double staining
process, we performed nuclear area measurements using DAPI stained cells from Day 4 single staining
experiments. We again found a highly significant increase in cross-sectional nuclear area with loss of Rb
in Day 4 cultures (Figure 4-24). This increase was specific to loss of Rb, because we did not see any
changes in nuclear area with loss of any other Rb family member (Figure 4-24 B); however, this increase
was not specific to any particular cell type (Figure 4-24 C). The magnitude of the increase observed in
single stained cells on Day 4 is less than the increse seen in double stained cells on Day 6, which in part
is due to the relative state of maturity of the primary culture. Regardless, Rb-deficient cultures clearly are
composed of neurons with greater nuclear size and thus, the increased nuclear size requires increased
RbP-LacZ activity to give the appearance that the Xgal intensity remains unchanged. We believe that the
increased nuclear area of the Rb-deficient cells in cortical culture may be the result of increased ploidy
that occurs specifically with loss of Rb, which will be further discussed in the Discussion.
Summary
While the loss of Rb family members only had small effects in mixed cortical culture as a whole,
there were larger changes in neuronal progenitors and proliferation with loss of Rb that were not seen
with loss of p107 and/or p130. Double staining of Xgal+ cells with neuronal markers revealed that loss of
Rb and dual loss of p107 and p130 have different effects in primary cortical neuronal culture, which
contribute to the differences seen in Xgal staining within intact mutant embryos. The loss of Rb does not
appear to change the expression of RbP-LacZ, but it does change the size of the cell nucleus, which
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likely contributes to the apparent increase of RbP-LacZ activity in vivo in a cell autonomous manner
(Figure 4-25). Since larger nuclei would require greater RbP-LacZ expression to produce an equivalent
level of Xgal saturation, there is likely an increase in RbP-LacZ activity within Rb-deficient neurons, which
we were unable to measure. Dual loss of p107 and p130 leads to a decrease in RbP-LacZ activity within
the Pax6+ population, both in frequency and intensity of RbP-LacZ activity as determined by changes in
Xgal staining (Figure 4-26). Since Pax6+ progenitors are the predominant cell type expressing the RbPLacZ reporter, the changes in RbP-LacZ expression within Pax6 progenitors represent a cell-autonomous
mechanism by which loss of p107 and p130 leads to decreased RbP-LacZ expression in the developing
cortex.
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Figure 4-25: Loss of Rb can increase RbP-LacZ activity by both cell-autonomous and
non-cell autonomous mechanisms

The loss of Rb increases neurogenesis within the

developing cortex (Chapter 3). Increased numbers of cells would entail the existence of more
cells with RbP-LacZ activity, even if the proportion of such cells in the population is constant.
The greater number of cells with LacZ activity would visually appear as increased Xgal staining
at the level of the cortex. This would constitute a non-cell autonomous mechanism. However,
loss of Rb also increases nuclear size (Chapter 4). This non-cell autonomous change in
nuclear size could be an indicator of a cell autonomous increase in LacZ activity. In order for a
nucleus of a larger size to have the same intensity of Xgal staining as a smaller nucleus, the
larger nucleus would require a higher level of LacZ activity. Thus, this cell-autonomous
mechanism could explain why Xgal staining intensity for wild type and Rb-deficient mice is
equivalent at the level of individual cells, but is more intense for Rb-deficient mice at the level
of the cortex.
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Figure 4-26: p107 and p130 function as activators of RbP-LacZ
autonomous manner

expression in a cell

A decrease both in the frequency of Xgal+Pax6+ progenitors, as well

as the intensity of the Xgal signal within Pax6+ progenitors, in primary neuronal culture with dual
loss of p107 and p130, may explain the decrease in RbP-LacZ expression seen within the
developing cortex.
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Chapter 5: DISCUSSION
Rb Family Members Regulate the Rb Promoter In Vivo
pRB acts directly and indirectly to repress Rb expression in the developing cortex
Our initial hypothesis was that Rb family members act as repressors of the Rb promoter in the
nervous system, potentially through E2F regulation. Since increased Rb expression is associated with
increased differentiation in other systems (Coppola et al., 1990; Slack et al., 1993; Kiess et al., 1995; Gill
et al., 1998), we postulated that regulation of Rb expression by Rb family members might be a way that
cell cycle control and differentiation were linked. However, what we found instead is much more complex.
Whole mount Xgal staining of Rb-deficient embryos and cortices constantly displayed an increase in RbPLacZ activity relative to that seen in wild type embryos, consistent with pRB acting as a repressor of its
own promoter. Yet, when we sought changes in RbP-LacZ activity on a cell-by-cell basis in primary
cortical neuron culture, we did not see any increase in RbP-LacZ activity, whether we measured the
frequency or the intensity of Xgal staining within primary cortical cultures. This suggests that it is the
secondary effects of Rb loss, such as the increases in proliferation and increases in nuclear size, that are
predominantly responsible for the increase in RbP-LacZ activity seen within the embryo. An increase in
proliferation with Rb loss could easily increase the absolute number of RbP-LacZ cells leading to the
appearance of more RbP-LacZ activity, and this idea is supported with our finding that Rb-deficient
embryos have consistently larger cortices. Similarly, the general increase in nuclear area of Rb-deficient
cells leads to an increased size and visibility of Xgal+ cells that, by eye, would appear as increased RbPLacZ activity in the cortex.
Yet, the increase in nuclear area with Rb deficiency complicates the analysis of RbP-LacZ
activity. Increased LacZ activity could be masked by the increased size of the Rb-deficient nucleus
because a larger nucleus would require more RbP-LacZ activity to produce the same Xgal signal as a
smaller nucleus. Therefore, it may be that RbP-LacZ activity is higher with loss of Rb, but this effect is
obscured by the secondary effect of increased nuclear size. Using spectrophotometric analysis to
measure RbP-LacZ activity within the Xgal+ subpopulations could potentially answer this question in a
more quantitative manner. However, since only a small percentage of cells show RbP-LacZ activity, it
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would be difficult to see any difference unless a way of isolating the RbP-LacZ active cells, while
maintaining cell viability, was devised.
Since we found that pRB occupies the Rb promoter in the cortex by ChIP, it is most likely playing
a negative role in Rb regulation, but perhaps not to the same extent as we had previously thought. The
RbP(E2FAAA)-LacZ reporter mouse, which contains a mutated E2F site in the critical cassette of the Rb
promoter, exhibited a dramatic increase in LacZ activity within the nervous system (Agromayor et al.,
2006). Yet, we found a more modest increase in LacZ activity with loss of Rb, indicating that loss of Rb
repression most likely requires the loss of multiple Rb and/or E2F family members. This is supported by
our ChIP data showing the continued presence of E2F4 and p130, both known repressors, at the Rb
promoter in Rb-deficient cortex. The generation of triple knockout embryos for Rb family members has
been described (Wirt et al., 2010), using conditional alleles for both Rb and p130, which would allow for
the generation of T157 embryos deficient in all three Rb family members, albeit at a low frequency. This
may lead to a greater increase in RbP-LacZ activity within the cortex, but it is unlikely to replicate the
RbP(E2FAAA)-LacZ reporter, which eliminates all E2F regulation. Regulation of the Rb promoter by Rb
family independent E2Fs (i.e. E2F6, E2F7, and E2F8) is also possible, particularly since we did find E2F6
at the Rb promoter in juvenile cortex. Further ChIP experiments would determine whether E2F6-8 occupy
the Rb promoter in the absence of various Rb family members.
The one place where we did see a cell-autonomous increase in frequency of RbP-LacZ activity
with Rb deficiency was in Sox2 and Nestin progenitor populations. Increased proliferation of the Sox2
and/or Nestin progenitors that express RbP-LacZ would result in the expansion of Xgal+ cells in the Rbdeficient cortex. While the increases in the percentages of Nestin+ and Sox2+ progenitors with RbP-LacZ
activity were small, they do indicate that the Rb promoter is being turned on with loss of Rb in cell types
where we rarely saw RbP-LacZ activity. This indicates that pRB may still act as a direct repressor of Rb
expression, if only in specific cell populations.
p107 and p130 activate Rb expression in a cell-autonomous manner
Intriguingly, we have discovered that p107 and p130 act as activators of Rb expression in the
developing cortex, which is in contrast to the known roles of p107 and p130 as co-repressors of E2F
dependent transcription. Whole mount staining of embryos and cortices consistently showed a decrease
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in RbP-LacZ activity with dual loss of p107 and p130. When we examined isolated cells in primary
cortical culture, we discovered that there was a decrease in both the intensity and frequency of cells with
RbP-LacZ activity with dual loss of p107 and p130, but that the decrease was restricted to Pax6+
progenitors. This restriction to a small Pax6 population within p107-/-;p130-/- primary cortical cultures,
may explain why there was no decrease in Rb levels by real time RT-PCR in the doubly deficient cortex.
While there is ample evidence that Rb can interact with other transcription factors and promote
the activation of genes needed for differentiation, thus far, there is little data that p107 and/or p130 can
act as activators of gene expression. We found that both p107 and p130 occupy the Rb promoter,
suggesting that they directly act to regulate Rb expression. However, it is more likely that secondary
effects of p107 and p130 loss are affecting Rb expression levels, than it is that p107 and p130 are direct
activators of the Rb promoter. Rossi et al. (2002) found that loss of p107 leads to decreased expression
of Cbfa1, an osteogenic factor required for differentiation of chondrocytes, but they speculated that this is
due to defect in cell cycle exit, and is not a direct effect of p107 loss on Cbfa1 transcription. Alternatively,
it is possible that there is increased occupancy by pRB at the Rb promoter in the p107-/-;p130-/- cortex
that we did not find in the limited ChIP experiments performed. While loss of p107 and p130 did not show
major de-regulation of Rb family independent E2Fs at E12.5, it is possible that E2F6, E2F7, and/or E2F8
show increased binding to the Rb promoter, resulting in its repression. In a similar manner, we did not
determine if the presence of activators, such as ATF or Sp1, at the Rb promoter was affected by loss of
Rb family members. Loss of these activators at the Rb promoter easily could lead to less RbP-LacZ
activity within the cortex.
Alternatively, a decrease in RbP-LacZ activity in p107-/-;p130-/- cortex could be due to epigenetic
changes at the Rb promoter. The region surrounding the critical cassette of the human RB and mouse Rb
promoter is very GC rich, and silencing of the RB promoter by methylation of CpG islands is one
mechanism that leads to silencing without mutation at the RB locus in retinoblastoma (Sakai et al., 1991b;
Ohtani-Fujita et al., 1997; Mancini et al., 1997). Therefore, p107;p130 deficiency could indirectly lead to
increased DNA methylation at the Rb promoter. One possible mechanism could be through the
upregulation of the DNA methyltransferase, Dnmt-1, which contains an E2F site in its promoter, and
whose expression increases with loss of Rb in prostate epithelial cells (McCabe et al., 2005). A similar
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deregulation of Dnmt-1 in the p107-/-;p130-/- cortex could lead to hypermethylation of the Rb promoter
and a decrease in Rb expression in Pax6 progenitors, although we might expect similar deregulation of
Dnmt-1 with Rb loss. This could be explained by differential regulation of E2F targets in the cortex by Rb,
p107, and p130. For example, we found that deregulation of E2f1 occurs with loss of Rb, but not with loss
of p107 and/or p130.
Similar to pRB, both p107 and p130 can recruit histone deacetylase, HDAC1, and the histone
methyltransferase SUV39H1, which lead to repressive chromatin marks and silencing of gene expression
(Rayman et al., 2002; Macaluso et al., 2003; Chinnam and Goodrich, 2011). Knowing this, loss of p107
and p130 should lead to an increase in active histone marks at the Rb promoter and increased RbP-LacZ
activity. Instead, with loss of p107 and p130, we see a decrease or no change in active histone marks by
ChIP at the Rb promoter, which is consistent with a decrease in RbP-LacZ activity, but not with the known
interactions of p107 and p130 with histone modifiers. A more comprehensive look at specific acetylation
and methylation marks at the Rb promoter in wild type and p107- and p130- deficient cortex could
uncover the possible mechanism. For example, we do not know the status of trimethylation at histone H3
at lysine 27 in p107-/-;p130-/- cortex. This is a repressive histone mark instituted by the polycomb
repressive complex 2 (PRC2), and is found at genes needed for differentiation in an Rb-dependent and independent manner (Blais et al., 2007). Having a larger picture of the multitude of histone marks at the
Rb promoter in p107-/-;p130-/- cortex could delineate a mechanism of how p107 and p130 act as
activators of Rb expression.
Rb Family Members and Pax6 Share a Close Relationship In Neuronal Development
Our work has discovered multiple new connections between Pax6 and Rb family members,
suggesting that these regulators share a close relationship during neuronal development. Previous
studies have highlighted the role of each of these regulators in neurogenesis, but before this study, none
has indicated a critical relationship between Pax6 and Rb in neurogenesis, and there has been no link
made before between Pax6 and either p107 or p130.

We have found that (1) Rb promoter activity

increases specifically in Pax6+ progenitors, (2) Pax6 levels (protein) increases with Rb loss, (3) dual loss
of p107 and p130 decreases the frequency of Xgal+Pax6+ cells in the Pax6+ progenitor pool and the
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strength of Rb promoter activity in these progenitors and finally, (4) Rb family members are bound to the
Pax6 P1 promoter.
Pax6 belongs to a family of transcription factors, which share a paired-box DNA binding domain
and a homeodomain, and regulates both progenitor cell self-renewal and neuronal differentiation and
patterning in a context-dependent manner (Robson et al., 2006). Pax6 expression occurs in the central
and peripheral nervous system, the eye (retina and lens) and the pancreas, the first two of which are key
sites for Rb expression. Loss of Pax6 function in the Sey/Sey mouse leads to aberrations in the
development of the retina, lens, and cortex and to perinatal lethality (Hill et al., 1991). While loss of Pax6
and loss of Rb are not equivalent events, there are similarities in tissues affected and types of
abnormalities observed (Figure 5-1). Although Pax6 is required for the formation of the lens placode in
early eye development, both Pax6 and Rb are required for proper lens differentiation. Loss of Pax6 leads
to smaller cortex due to early cell cycle exit and premature differentiation of progenitor cells (Quinn et al.,
2007), which complements the Rb mutant phenotype of larger cortex (MacPherson et al., 2003; Ferguson
et al., 2002). Additionally, Pax6 and Rb are both important for proper retinal development. Loss of Pax6 in
retinal progenitor cells leads to a decrease in proliferation and the inability of cells to differentiate into the
multiple cell types of the retina; only amacrine interneurons can develop (Phillips et al., 2005; Marquardt
et al., 2001). Retinal development is impaired in chimeric Sey/Sey mice (Collinson et al., Dev Biol 2003)
and PAX6 mutations in humans leads to aniridia and numerous eye abnormalities (reviewed in Georgala
et al., 2011). Similarly, defects in retinal proliferation and proper differentiation of rod photoreceptors are
seen with conditional loss of Rb in retinal progenitors (Donovan and Dyer, 2004).
We have evidence that Rb and Pax6 interact genetically during cortical development, and that
this interaction occurs, at least in part, through cell-autonomous mechanisms. We observed a strong
correlation of high Rb expression in Pax6 cortical progenitors. Furthermore, we observed increased Pax6
expression in Pax6+ progenitors with loss of Rb. An indirect mechanism by which Rb family members
could affect Rb function is through direct regulation of Pax6 expression. We showed that there is a
conserved E2F site within the Pax6 P1 promoter, and that Rb family members can bind to the Pax6
promoter in E14.5 cortical extracts, using primers that flank this conserved E2F site. Pax6 levels increase
with loss of E2f1, E2f2, and E2f3a within the lens (Wenzel et al. 2011), indicating that E2F regulation of
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Figure 5-1: Pax6 and Rb function in similar tissues in both mouse and humans
The expression of Pax6 and Rb, as determined by in situ hybridization, overlap during the
development of the mouse cortex (A). The loss of function of Pax6 or Rb leads to defects in
many of the same tissues, both in humans and in mouse (B), indicating that they may be
functioning within the same genetic pathways. In situ hybridization images from Allen Developing
Mouse Brain Atlas [Internet]. Seattle (WA): Allen Institute for Brain Science. ©2009.
Available from: http://developingmouse.brain-map.org.
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Pax6 indeed may be occurring. Then again, the presence of a Pax6 binding site within 30bp of this
conserved E2F site raises the intriguing possibility that Rb family members could be directly interacting
with Pax6 (see below) to regulate Pax6 expression. To determine whether Rb family members regulate
Pax6 transcriptionally, analysis of Pax6 mRNA by either RT-PCR or in-situ hybridization in the Rb family
deficiencies would be required.
Alternatively, the strong expression of Rb in Pax6+ progenitors may be part of a mechanism by
which pRB regulates Pax6 transcriptional activity through a protein-protein interaction. Many Pax family
members, including Pax6, contain a paired-like homeodomain, which can mediate an interaction with Rb
family members. All three pocket proteins can bind with Pax3 and Pax8 (Wiggan et al., 1998; Miccadei et
al., 2005), while pRB can bind Pax5 (Eberhand and Busslinger, 1999). Complexes of Pax6 and
hypophosphorylated pRB were shown in chicken lens extracts by co-immunoprecipitation as well as in
vitro pull down assays (Cvekl et al., 1999). These interactions are thought to modulate Pax transcriptional
activity, so that pRB acts as a repressor of Pax3- (Wiggan et al., 1998), Pax2- (Yuan et al., 2002), and
Pax6- (Cvekl et al., 2004) mediated gene activation. Interestingly, activation of the alpha-A-crystallin
promoter by Pax6, which is needed for proper lens development, is repressed by the addition of pRB
(Cvekl et al., 2004). If a similar interaction is seen within cortical precursors, then as the expression of Rb
is turned on during corticogenesis, pRB may be able to modulate Pax6 transcriptional activity.
Regulation of Rb expression already is known to be important for the regulation of cell cycle exit
and developmental genes during myogenesis. The bHLH factor, MyoD, induces Rb expression during
myogenesis, and Rb promotes MyoD activation of genes necessary for late stages of muscle
differentiation (Novitch et al., 1996). Additionally, high levels of hypophosphorylated Rb are postulated to
bind HDACs, and therefore displace MyoD and HDAC complexes (Puri et al., 2001). This, in turn, allows
MyoD to interact with histone acetyltransferases and SWI/SNF complexes to activate genes needed for
differentiation. There may be a similar situation in cortical progenitors, where as Rb expression is turned
on in Pax6 progenitors, interactions between Rb and Pax6 modulates Pax6 transcriptional activity. This,
in turn, may promote the activation of genes needed for neurogenesis, which are known targets of Pax6
(reviewed in Osumi et al., 2008).
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Similar to pRB, Pax6 is a regulator of genes necessary for development, as well as cell cycle
progression. Since Pax6 controls the maintenance of the progenitor state as well as promoting
neurogenesis, it has both positive and negative effects on the cell cycle.

Pax6 deficiency leads to

decreases in p27, p21, and p57 in the E12.5 cortex, and directly regulates p27 expression (Duparc et al.,
2007), indicating that Pax6 negatively regulates the cell cycle. Alternatively, overexpression of Pax6 in the
E14.5 cortex leads to increased expression of the positive cell cycle regulators Cdk4, Ccnd2, and Ccne1
(Sansom et al., 2009). Both the loss of Pax6 activity in the Pax6 Sey/Sey mouse, and the overexpression
of Pax6 in the Pax77 mouse, lead to a decrease in cortical size. This is due to increased cell cycle exit of
progenitor cells, although the loss of Pax6 affects early progenitors at E12.5, while overexpression of
Pax6 affects late progenitors at E15.5 (Quinn et al., 2007, Manuel et al., 2007). The binary functions of
Pax6 in cell cycle control and differentiation are context specific, so while loss of Pax6 reduces the
neurogenic potential of radial glial cells taking from E14 cortex (Heins et al., 2002), Pax6 is required for
proliferation of progenitors at E12.5 (Quinn et al. 2007). Since RbP-LacZ expression increases as
corticogenesis progresses in the embryo and neurogenesis advances in primary cultures, it would be
interesting to know if the timing of the Rb expression modulates how Pax6 regulates cell cycle exit and
Pax6+ progenitor decisions to renew or differentiate. Since Pax6 can regulate both positive and negative
upstream regulators of pRB function, regulation of Rb at the transcriptional level, as well as posttranslational level, is most likely occurring in Pax6+ progenitors.
Rb Family Members Vary in Function During Neuronal Development
At the initiation of the this work, we expected that loss of the Rb family members would lead to an
increase in expression of the RbP-LacZ reporter, since Rb family members are traditionally known to
function as repressors. The opposing effects of Rb loss vs. dual loss of p107 and p130 on RbP-LacZ
activity underscores the fact that the functions of the pocket proteins within the developing nervous
system are not completely redundant. Uncovering how pocket protein antagonism occurs could lead to a
better understanding of the different functions of these pocket proteins. Interestingly, a similar result has
been seen using a GFP BAC reporter of Rb expression (RbP-eGFP contains ~50kb upstream and 100kb
downstream of the Rb start site, where loss of Rb or p107 led to an increase and loss of p130 led to a
decrease of Rb-eGFP activity in adult myeloid cells (Burkhart et al., 2010a). Interestingly, there was no

138

change in other hematopoietic cell types, like B cells and T cells, similar to our study where we see
changes in RbP-LacZ activity restricted to Pax6 progenitors.
There is some evidence that the pocket proteins do not share all functions. For example, while Rb
loss has been found to inhibit adipogenic differentiation of 3T3 cells, loss of p107 and p130 actually
increases differentiation (Classon et al., 2000a), indicating that, although structurally similar, these
proteins have distinct cellular functions. We see similar differences in neuronal development, where loss
of p107 or p130 leads to decreased proliferation while loss of Rb leads to increased proliferation. The
decrease in proliferation in the p107- or p130-deficient cortex also contrasts with the accepted roles of
these pocket proteins in cell cycle control from tissue culture experiments. A decrease in proliferation
could be due to cell cycle arrest or to an inability of cells to divide. Alternatively, a decrease in proliferation
could be a result of a decreased progenitor pool due to increased cell cycle exit. It has been reported that
loss of p107 is important for maintenance of neuronal progenitors (Vanderluit et al., 2007), although in
that study an increase in the proliferation was found. Although we did not see differences in proliferation
in primary cortical culture with loss of p107, p130, or dual loss of p107 and p130, monitoring proliferation
in Pax6 progenitors specifically might have revealed differences that were not seen in the culture as a
whole. Furthermore, our results were obtained in the absence of FGF or serum, and with conditions
optimized to avoid 3-dimensional neurosphere growth.

Either FGF or 3-dimensional growth would

change the proliferative index, and could change the effect of inactivation of various Rb family members
on proliferation.
Loss of p107, p130, or dual loss of p107 and p130 led to decreased apoptosis in embryonic
cortex, while conditional loss of Rb had little to no effect on apoptosis in the developing cortex. Whether
this is due to a cell-autonomous increase in cell death or to non-cell-autonomous changes in the proper
formation of the cortex is not known. Although we did not find any differences in p53 members at the
transcriptional level, specific p53 family isoforms may fluctuate with the various Rb family deficiencies,
resulting in decreased apoptosis. Another possibility for decreased apoptosis is that loss of p107 and/or
p130 destabilizes E2F4 levels leading to abnormal E2F family regulation and developmental defects in
the embryonic cortex, and indeed, we detected decreased E2f4 expression with loss of p107. In fact,
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E2f4-deficient mice display defects in telencephalon development and self-renewal of neuronal
progenitors (Ruzhynsky et al., 2007).
Rb family members have both redundant and specific functions during development. The distinct
functions of the pocket proteins may be due to differences in structure, association with different E2F
family members or other interactors, and/or differences in the timing and localization of their expression
during development. Clearly, the opposing roles of p107 and p130 vs. pRB in the developing cortex
deserve further study.
Increase in Nuclear Size and Polyploidy with Rb-Deficiency
Why RB acts as such a potent tumor suppressor while p107 and p130 do not has been a
pressing question since all three pocket proteins can repress the expression of genes necessary for cell
cycle progression. Interestingly, we found that the nuclei of Rb-deficient cortical neurons were
consistently larger, and this was not seen with loss of p107 and/or p130. While we did not measure DNA
content, this increase in nuclear area may be an outcome of increased ploidy with Rb loss.
In normal development, decreased expression of RB is an important part of the endoreduplication
process that has been found in plants, Drosophila, and mammals (Sabelli et al., 2009). In the mouse
placenta, Rb levels are significantly decreased as giant trophoblast cells undergo endocycles that are
required for differentiation (Soloveva and Linzer, 2004). In cell culture, loss of Rb is known to lead to
polyploidy in certain contexts. Induction of p21 in wild type MEFs leads to a cell cycle arrest in G1, but in
Rb-deficient MEFs, p21 induction leads to a G2/M arrest with many cells containing 4n and 8n DNA
content (Niculescu et al., 1998). Similarly, polyploidy is seen with Rb loss in mouse adult fibroblasts
(MAFs) with time in culture (Mayhew et al., 2004), in which increased expression of pre-replication factors
(e.g. Cdc6 and PCNA) and formation of pre-replication complexes (Srinivasan et al., 2007), lead to
multiple rounds of DNA replication per cell cycle. Many of the components involved in formation of the
pre-replication complex (Cdc6) as well as regulators of complex formation (CcnE1) are E2F targets, and
thus, likely Rb regulated. We know that loss of Rb in E14.5 cortical extracts leads to an increase in E2f1
levels, which on its own has been shown to increase polyploidy in MAF cells (Srinivasan et al., 2007).
Interestingly, polyploidy which occurs with knockdown of pRB appears to be specific to cells
undergoing senescence (Chicas et al., 2010) or differentiation (Novitch et al., 1996), and not in actively

140

dividing cells, implicating that pRB may regulate different target genes during different cellular states. The
increase in ploidy during RAS-induced senescence is RB specific, and does not occur with knockdown of
p107 or p130 (Chicas et al., 2010). In muscle differentiation, Rb-deficient myocytes positive for the MHC,
a marker of early muscle differentiation, display an increase in DNA content at a greater frequency than
non-differentiating myocytes (Novitch et al., 1996). This would be a similar situation to the primary cortical
culture, where many of the cell types express markers of neuronal differentiation, but also display an
increase in nuclear size. Although we did see an increase in EdU incorporation in Rb-deficient cortical
cultures on Day 2, this difference is gone by Day 4 in culture. Whether this is due to cell cycle arrest,
senescence, or differentiation with time in culture is not known. Morphologically, Rb-deficient neurons
develop longer axons and express mature neuron markers with time in culture, indicating that Rbdeficient neurons can differentiate, even with an increase in ploidy.
Protection against polyploidy could be part of how RB protects against tumorigenesis. Retinomas,
a benign retinal tumor found in retinoblastoma patients, show loss of both copies of RB as well as a low
level of chromosomal instability, but still express markers of retinal differentiation and senescent markers
like p21 (Dimaras et al., 2008). Even though additional mutational events are required for tumorigenesis,
the loss of RB is an initiating step in the formation of retinoblastoma. The protection against polyploidy by
RB could explain why loss of RB function occurs so frequently during tumorigenesis, but loss of p107 or
p130 is rare.
Future Directions
To further understand how loss of p107 and p130 leads to a decrease in RbP-LacZ activity within
Pax6 progenitors, a more comprehensive examination of the potential changes at the Rb promoter is
required. Using ChIP to look for potential silencing marks at histones, such as trimethylation of lysine 27
of histone H3, we could determine if the observed decrease in RbP-LacZ activity we see is due to direct
changes at the Rb promoter. Additionally, an investigation of promoter occupancy by the Rb family
independent E2F family members (E2F6, E2F7, and E2F8), could help determine if the additional
recruitment of a repressor leads to a decrease in Rb expression in the p107-/-;p130-/- cortex. Finally, to
determine the DNA methylation status of the Rb promoter, bisulfite sequencing of DNA from wild type and
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various Rb family member deficient cortices could be used to test if changes in Rb promoter methylation
could be contributing to the decrease in RbP-LacZ activity with p107 and p130 loss.
Loss of p107 and/or p130 led to very different effects in the cortex than loss of Rb, suggesting
that they may regulate different target genes within the cortex. We measured changes in gene expression
of only a small set of potential E2F targets in the various Rb family member deficiencies. A non-biased
analysis of gene expression in the various Rb family deficient cortices by microarray analysis could
uncover genes that are differentially regulated by Rb, p107, and p130. This could help delineate how loss
of Rb and dual loss of p107 and p130 can have opposing effects on RbP-LacZ activity as well as
opposing effects on cortical development. Additionally, since Pax6 is potentially an E2F target, RT-PCR
analysis to examine changes in Pax6 expression in cortex from the various Rb family deficiencies would
be necessary.
Importantly, the determination of DNA content in Rb-deficient neurons would be essential to
confirm that increased nuclear size is truly a phenotype of increased ploidy. Analysis by flow cytometry,
by treatment with propidium iodide, would allow us to look for increases in DNA content with Rb
deficiency. One potential obstacle for this approach is that dissociation of the mature neurons in primary
cortical culture to create single cell suspensions may be unfeasible. A potential solution to this problem
would be to perform the experiments on dissociated cortices using embryos at a later embryonic time
point, after most neurogenesis has occurred. Alternatively, we could use the DAPI fluorescent signal
intensity as a measure of DNA content from images of wild type and Rb-deficient neurons.
Since Rb and Pax6 mutant mice share many similar phenotypes, it is possible that they work
within the same genetic pathway. To test if Rb and Pax6 interact genetically, crosses between conditional
Rb mutant mice and conditional Pax6 mutant mice can be performed to test if loss of Pax6 can rescue
any of the neuronal, retinal, and lens defects of the Rb-deficient mouse. Rescue of these phenotypes
would suggest that Pax6 and Rb act antagonistically in the same genetic pathway within these tissues.
Compound loss of Pax6 and Rb may rescue the differentiation defects in the Rb-deficient retina and lens,
but it may not affect the ectopic proliferation seen within the Rb-deficient cortex since it occurs within
regions where Pax6 is not expressed. However, the conditional loss of Rb in the cortex may rescue the
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decreased cortical size and increased cell cycle exit of neuronal progenitors seen within the Pax6
(Sey/Sey) if they are acting within the same pathway.
Additionally, immunohistochemical analysis of Pax6 in parallel with Xgal analysis of adjacent
sections of T157 embryos and brains at various developmental time points could pinpoint when Rb
expression is turned on in Pax6 progenitors, and whether it is maintained within the adult brain. Since
potential pRB and Pax6 protein-protein interactions have been shown in the literature, it would be
interesting to know if this relationship occurs within the developing cortex. Cortical extracts can be used to
perform co-immunoprecipitation experiments to see if Pax6 and pRB interact. Additional coimmunoprecipitations with both p107 and p130 would be performed to see if it is a specific interaction with
pRB.
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Summary
Our lab has previously shown that loss of the E2F site within the critical cassette of the Rb
promoter leads to deregulation of the Rb promoter in the CNS (Agromayor et al., 2006). Therefore, we
proposed that Rb family members act as repressors of Rb expression in vivo, but what we found was
more complicated. We discovered that RbP-LacZ activity increased in conditionally Rb-deficient
backgrounds, but decreased in a p107;p130-deficient background, suggesting that these family members
were working in opposing ways to regulate Rb expression during corticogenesis (Chapter 1).
Using ChIP, we found evidence that Rb family members (particularly pRB and p130) occupy the
Rb promoter in the E14.5 cortex, and thus directly regulate Rb expression in vivo (Aim 2). We found
modest shuffling of E2F and pRB family members within the various mutant cortices, although this did not
adequately explain the differences in RbP-LacZ activity in the Rb family mutant deficiencies.
We also found that loss of Rb family members leads to changes in neuronal development that
may indirectly affect RbP-LacZ activity (Aim 2). Analysis of conditionally Rb-deficient cortex led to many
expected results based on the known role of Rb in regulating cell cycle progression. For instance,
increased cortical size and ectopic proliferation could lead to the appearance of increased RbP-LacZ
activity within the Rb-deficient cortex. Unexpectedly, loss of p107 or p130 alone led to decreases in
proliferation within the ventricular and sub-ventricular zones of the cortex, which is counter to the known
roles of p107 and p130 as repressors of cell cycle progression. Additionally, we found that loss of p107
and/or p130 leads to decreased apoptosis within the developing cortex, suggesting that these proteins
are needed for proper cortical development. While we did not find major changes in the expression of
classical neuronal regulators or E2F targets in the various Rb family mutant cortices, we did find modest
deregulation of E2f family members, which could indirectly lead to changes in Rb expression (Aim 2).
Using primary cortical neuron cultures, we identified the subsets of cells expressing the RbPLacZ reporter as either Pax6+ progenitors (the majority) or mature differentiated neurons (the minority,
including calretinin+/reelin+ or calbindin+ or GAD67+ neurons) (Aim 3). The strong association between
RbP-LacZ activity and Pax6+ progenitors is especially interesting due to the overlapping functions of Rb
and Pax6 in cortical and retinal development. While we determined that neither the frequency nor the
intensity of RbP-LacZ expressing cells changes within the total cell population in the various Rb family
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mutant cultures, both the frequency and intensity of RbP-LacZ activity decreases within the Pax6+
population with dual loss of p107 and p130. Therefore, there is a cell-autonomous decrease in RbP-LacZ
activity in p107- and p130-deficient Pax6+ progenitors, suggesting that p107 and p130 act together to
activate Rb expression. Interestingly, we found that Rb loss leads to increased nuclear size in cortical
cultures, which presumably indicates increased DNA content. However, the larger nuclei of Rb-deficient
neurons would require higher RbP-LacZ activity to produce similar Xgal intensity, which may explain why
we did not detect increased RbP-LacZ activity in Pax6+ progenitors from Rb-deficient primary cortical
cultures.
Therefore, we conclude that regulation of the Rb promoter by Rb family members occurs in a celltype specific fashion within the developing cortex, and is particularly important in Pax6+ progenitors
(Figure 5-2). The surprising role of p107 and p130 as activators of Rb expression highlights the
importance of understanding the tissue- or cell-type specific functions of proteins during development,
which can be overlooked in tissue culture systems. The de-regulation of the Rb promoter in Pax6+
progenitors with loss of p107 and p130 indicates that there is a complex and antagonistic relationship
between Rb family members. This suggests that regulation of Rb expression may be especially important
in certain cell types during neuronal development, similar to what is seen within myogenesis. More careful
analysis of the phenotypes within these Rb family member deficiencies may uncover how the functions of
these proteins diverge in vivo and help explain how pRB, and not p107 and p130, plays such an
prominent role in tumorigenesis.
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Figure 5-2: A model of the complex interactions of Rb family members in Pax6+
progenitors

Based on our results, we found that p107 and p130 are acting upstream of pRB

and are necessary for the activation of Rb expression, by either leading to direct activation of the
Rb promoter, or by indirectly affecting the Pax6 radial glia populations. pRB can repress its own
activation through direct autoregulation of its own promoter. pRB is also required for the
maintenance of Pax6 progenitors, at least in our primary cortical culture system, as Rb-deficient
cultures contain less Pax6+ cells. Additionally, pRB acts to repress Pax6 function, by repressing
the expression of Pax6, possibly through direct regulation of the Pax6 promoter (our data), and
potentially through a direct interaction between Pax6 and pRB (Cvekl et al., 2004).
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Materials and Methods
Generation of Mice:
T157 RbP-LacZ mice were generated previously by Agromayor et al. (2006) and maintained on a
C57BL/6 background. p107 (M.H. Lee et al., 1996) and p130 (Cobrinik et al., 1996) germline knockouts
were maintained on a mixed 129Sv/ C57BL/6 background. For RbP-LacZ analysis, p107 and p130 lines
were crossed once to T157 line to generate T157;p107+/-, T157;p130+/-, and T157; p107+/-;p130-/- mice
respectively. T157;p107 and T157;p130 homozygous animals were generated by crossing T157;p107+/and T157;p130+/- mice to p107+/- and p130+/- mice respectively. Double deficient p107-/-; p130-/embryos were generated by crossing T157;p107+/- p130-/- mice to p107+/-;p130-/- mice. All comparisons
for double deficient mice crosses were done in a p130 deficient background.
RbLoxP/LoxP (FVB; 129/OLA-Rb1tm2Brn) mice were generated by Marino et al. (2000). Mice
were obtained on a FVB x129/OLA background. FVB/129 experiments were done by directly mating
RbLoxP/LoxP mice to T157 RbP-LacZ mice to generate T157; RbLoxP/LoxP mice. Alternatively,
RbLoxP/LoxP mice backcrossed to C57BL/6 background at either 6 or 10 generations and then crossed
to T157 line to generate C57BL/6 T157;RbLoxP/LoxP line. The Meox2Cre line developed by Tallquist and
Soriano (1999) was obtained from Jackson laboratories (B6.129S4-Meox2CreSor ) and maintained on a
C57BL/6 background. We generated Meox2Cre;RbLoxP/+ mice by crossing Meox2Cre heterozygotes to
the RbLoxP/LoxP line either on the FVB/129 background or C57BL/6 background. Generation of T157;
Meox2-Cre;RbLoxP/LoxP embryos was done by crossing the

Meox2-Cre;RbLoxP/+ line to

T157;RbLoxP/LoxP line, either on a FVB/129 or C57BL/6 background.
Nestin-Cre mice (B6.Cg-Tg(Nes-cre)1Kln/J) generated by Tronche et al. (1999) were obtained
from Jackson Laboratory and were maintained by crossing to C57BL/6 wild type animals. Nestin-Cre
mice were crossed to C57BL/6 RbLoxP/LoxP line to generate NestinCre;RbLoxP/+ line. Generation of
neuronal specific conditional Rb null embryos were done by crossing NestinCre;RbLoxP/+ to
T157;RbLoxP/LoxP mice and testing for excision by PCR analysis. The ROSA26Cre reporter R26R
developed by Soriano(1999) was obtained from Jackson Laboratories and maintained on a C57BL/6
background. R26R homozygotes were crossed to either Meox2Cre
Meox2Cre;R26R and NestinCre;R26R heterozygous embryos.

or Nestin-Cre lines to generate
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For E12.5 analysis, the constitutive Rb model generated by Jacks et al. (1992) was used and we
generated embryos by crossing Rb+/- heterozygous mice on the C57BL/6 background.
Genotyping by PCR analysis
Animals used for breeding and mating were genotyped at weaning using genomic tail DNA.
Embryos were genotyped from DNA acquired from the inner yolk sacs for all crosses. Midbrain DNA or
dissociated cortical cells were used to look for excision from the RbLoxP locus. Genotyping for Nestin-Cre
and RbLoxP alleles were multiplexed with primers specific to the wildtype Dp1 locus to assess the
abundance of genomic DNA (loading control). The T157 RbP-LacZ transgene PCR was multiplexed with
primers specific for the wild type E2f1 locus or Dp1 locus to assess the abundance of genomic DNA.
Primers and programs are listed in Table 6-1. Product sizes are as follows: T157: LacZ L410/L119 225bp; ROSA26R: LoxStopLox L275/L276 –1146bp, Wildtype L275/L277 – 374bp; Meox2Cre: Wildtype
L278/L280 – 411bp, Cre L279/L280 –311bp; NestinCre: Cre L274/L335 - 300bp; RbLoxP: Rb18L/Rb19EL
– Wildtype 230bp, LoxP 290bp; Rb18L/Rb212 – Wildtype 660bp, LoxP 730bp, Excised 260bp; p107:
Wildtype L330/L331 – 280bp, Mutant L330/L340 –220bp; p130: Wildtype L415/L326 –249bp, Mutant
L415/L327 –338bp; Zfy1: Wildtype Zfy1/L355 –140bp; Dp1: Wildtype L75/L78 –180bp; Wildtype E2f1 –
L31/L38 –290bp.
Genotyping was performed using QIAGEN Multiplex PCR Kit (#206143). p107 and p130 PCRs
were multiplexed for analysis of p107; p130 mice and embryos. Reactions consisted of common primers
at 0.5pmol/ µl, unique primers at 0.25 pmol/µl, loading control primers at 0.1 pmol/ µl, and 1x Master Mix.
1X Q solution was added to the primer/mastermix stock solution for T157 reactions to improve
amplification. Primers specific to the Zfy1 gene specific to the Y chromosome were added to PCRs for
Meox2Cre, Nestin-Cre and p107; p130 multiplex PCRS at 0.1 pmol/ µl for sex determination of embryos.
Multiplex PCR reactions were run on high percentage 1x Tris Acetate EDTA (TAE) agarose gels, with
3%-4% agarose, for one (p107;p130, Meox2Cre, NestinCre, T157) or two (RbLoxP) hours using 1x TAE
buffer. Genotypes were determined by visualization using 5 µg/ml ethidium bromide and band sizes were
determined by comparison to a 100bp ladder (NEB N3231S). Examples of genotyping of the various lines
are shown in Figure 6-1.
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Figure 6-1: Determination of genotypes for T157, p107, and p130 embryos.
DNA from the inner yolk sacs of embryo litters was extracted and used for PCR analysis. Each gel
represents one litter, with each embryo represented by a letter. The first lane of each gel contains
100bp ladder as a marker for DNA band size. DNA samples from the parents were used as
controls. Crosses shown are for p130(A), p107 (B), p107;p130(C), and RbP-LacZ. p130 (A) and
p107 (B) are run with primers for wild type p107 and p130 respectively to act as internal loading
controls. Sex determination was performed by the addition of primers for Zfy, a Y-chromosome
specific gene, into p107, p130, and p107;p130 PCR reactions. T157 status (D) was determined
by the presence of RbP-LacZ using primers specific to E2f1 to act as a loading control.
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Primer

Line

5'-GGAGGTATGGAGTACATGAGGATG-3'
5#-GACACGTCTGATTGTTGTGAAT-3#
5#-ACTGGGGTGGGGGTGCTCACCC-3#
5#-GCTGGAATGGTGT CAGCACAGCG 3#
5’-CCCCACAGCTGGGAAACCAAGGT-3’

5'-ACGGATGTCAGTGTCACG-3'
5'-TACATGGTTTCCTTCAGCGG-3'
5'-AGACACAGTCCCATGCATAGACG-3'
5’GAGTAGACATGTCTTAACATCTGTCC-3'

5'-GGTTGGCGCTACCGGTGGATGTG-3'

5'-TCGCTGGCAGTCTGAGTCAG-3'
5'-TGTCCTGAGCATGAACAGAC-3'

5'-GGCGTGTGCCATCAATG-3'
5'-CCTCTCAAGAGCTCAGACTCATGG-3'
5'-GAAAGGAAAGTCAGGGACATTGGG-3'

5'-GTGAAACAGCATTGCTGTCACTT
5'-GACATGTTCAGGGATCGCCAGGCG-3'

5'-AAGATGTGGAGAGTTCGGGGTAG-3'
5'-GGGACCACCTTCTTTTGGCTTC-3'
5'-CCAGATCCTCCTCAGAAATCAGC-3'

5'-GGCTTAAAGGCTAACCTGATGTG-3'
5'-GCGAAGAGTTTGTCCTCAACC-3'
5'-GGAGCGGGAGAAATGGATATG-3'

5'-AAGGGGGATGTGCTGCAAGGCGAT-3'
5'-TTGTAACGGGAGTCGGGTGAGG-3'

Sequence

Graus-Porta et al 2001

Modified from

94!C 1min, 60!C 1min 30 cycles,
72!C 1min
94!C 1min, 58!C 1min 35 cycles,
72!C 1min

Kohn et al, 2003
Yamasaki et al 1998

Control for T157 RbP-LacZ

S. Leung and M. Kohn

Cobrinik et al 1996

Modified from

Lee et al 1996

Modified from

Control for NestinCre and RbloxP

Varied

94!C 1min, 56!C 1min 35 cycles,
72!C 1min

94!C 1min, 56!C 1min 35 cycles,
72!C 1min

Tallquist & Soriano
1999

94!C 1min, 64!C 1min 36 cycles,
72!C 1min

Marino et al 2000

Soriano 1999

Agromayor et al 2006

Modified from

Reference

94!C 30sec, 62!C 1min 36 cycles,
72!C 90sec

Protocol
94!C 1min, 54!C 90sec 40 cycles,
72!C 1min

Table 1: Primers used for genotyping
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Embryo Collection
Stud males were mated with mature females overnight and the presence of a vaginal plug was
determined as Day 0.5. Pregnant females were sacrificed on embryonic days E14.5, and E16.5.
Euthanasia was performed by carbon dioxide exposure for two minutes followed by cervical dislocation.
Embryos were removed from the uterine horn and inner yolk sacs were taken for genotyping. Embryos
were dissected into PBS pH 7.4 (phosphate buffered saline, Invitrogen# 21600010) and directly placed in
3.7% formaldehyde in PBS pH 7.4 for one hour prior to Xgal processing.
Tissue Collection
Adult brains were dissected out at 8 and 12 weeks from T157 wild type mice. Stud males were mated
either overnight (to generate E12.5 and E14.5 embryos) or for 4-6 hours (to generate E15 embryos) to
mature females. The presence of vaginal plug was assumed to be either 0.5 days (overnight mating) or
Day 0 (short mating). Embryos were removed of their extra embryonic membranes and either processed
for whole mount analysis or brains were micro-dissected prior to fixation. For E12.5 analysis, both the
telencephalic and diencephalic regions were collected. For E14.5 analysis, the two lobes of the cortex
were removed from the remaining developing brain.
Xgal Staining of Whole Mount Embryos
E14.5 embryos were fixed in 3.7% formaldehyde in 1x PBS pH 7.4 for 1 hour at 4°C. Embryos
were washed three times in PBS pH7.4 and then stained in Xgal solution at 30°C overnight for 14-18
hours. Xgal solution consisted of 1mg/ml of Xgal (5-bromo-4-chloro-indolyl-β-D-galactopyranoside, Roche
10745740001) dissolved in DMSO, 2 mM MgCl2, 0.02% NP-40, 5 mM K3Fe(CN)6, and 5 mM K4Fe(CN)6
dissolved in PBS pH7.4. Embryos were washed three times in PBS after staining and post-fixed in 3.7%
formaldehyde in 1x PBS for > 24hours. Embryos were transferred to PBS and photographed for analysis.
To test for excision from the RbLoxP locus, brains were removed after photography and genomic DNA
was obtained for PCR analysis.
Xgal Staining of Whole Mount Brains
Adult brains were dissected out and sliced into 3mm coronal slices using a 1mm brain matrix.
Slices were fixed in in 3.7% formaldehyde in 1x PBS at 4°C for 30 minutes, washed with PBS, and
stained in Xgal solution at 37°C for 3 hours. Photos were taken after washing and post fixation in 3.7%
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formaldehyde in 1x PBS for 72 hours. Embryonic brains were micro-dissected out and fixed on ice in
3.7% formaldehyde in 1x PBS for 20 minutes. Brains were washed with PBS and stained for 4 hours
(E15.5 and E16.5) or 6 hours (E13.5 and E14.5) in Xgal solution at 30°C. Brains were washed with PBS,
post fixed in 3.7% formaldehyde in 1x PBS, and cortices were removed from the midbrain for
photographic analysis. Xgal solution consisted of 1 mg/ml of Xgal (dissolved in either DMSO or DMF),
0.02% NP40, 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, and 2 mM MgCl2 in PBS pH 7.4.
BrdU Incorporation
Pregnant females were intraperitoneally injected with of 10 mg/ml of 5-bromo-2'-deoxyuridine
(BrdU Sigma B9285) and 0.6 mg/ml 5-Fluoro-2′-deoxyuridine (Sigma F-0503) in PBS. Females were
sacrificed 1 hour after injection by carbon dioxide exposure for 2 minutes followed by cervical dislocation,
and embryos were removed from extraembryonic tissues and fixed in 3.7% formaldehyde in PBS for four
hours. Embryos were processed and embedded in paraffin blocks. Fifty 5-micron double sagittal sections
were taken of each embryo with analysis done on at least every 5th section using a BrdU staining kit
(Invitrogen 93-3943). Sections were de-paraffinized in xylene, and endogenous peroxidase activity was
quenched by a 10 minute treatment in 3% H2O2 in methanol. Embryonic sections from the p130 and
p107;p130 lines were brought to a boil three times in 10 mM citrate buffer pH 6.0 to improve antigen
retrieval. Tissues were then treated as per kit’s instructions. Tissues were trypsinized for 10 minutes and
denatured for 30 minutes. Tissues were blocked and the biotinylated anti-BrdU antibody was applied for
1 hour. Antibody was omitted on adjacent sections to act as a negative control. Streptavidin-peroxidase
was applied for 10 minutes and chromagen detection was performed using 3,3'-Diaminobenzidine (DAB)
for 10 minutes and hematoxylin counterstain for 30 seconds. Sections were dehydrated through ethanol
and mounted in Permount (Fisher Scientific SP15-100) for analysis by light microscopy. All washes were
done using PBS.
TUNEL Analysis
The TUNEL assay for apoptosis was performed on every 4th section of 50 5-micron double
sagittal sections using the Roche In Situ Cell Death Detection Kit (Cat. No. 11684817910). Sections were
deparaffinized in xylene and proteinase K digestion at 5mg/ml in PBS was performed for 15 minutes.
Endogenous peroxidase activity was quenched by 15 minute treatment in 3% H2O2 in methanol.
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Embryonic sections from the p130 and p107; p130 lines were brought to a boil three times in 10mM
citrate buffer pH 6.0 to improve signal. Tissues were blocked using 3% bovine serum albumin (BSA)
(Sigma A9418) in PBS for 20 minutes. Sections were incubated in TdT enzyme solution for 1 hour at
30°C, with enzyme omitted from the adjacent section to use as a negative control. Tissues were then
incubated with the Converter-POD peroxidase for 30 minutes at 30°C, and chromagen detection was
performed using DAB (10min) and hematoxylin counterstain (30 seconds). Sections were dehydrated
through ethanol and mounted in Permount for analysis by light microscopy.
Quantitative RT-PCR Analysis
Total RNA was isolated from E12.5 brains and E14.5 neocortex using Trizol reagent (Invitrogen
15596-026). cDNA was reverse transcribed from 5 µg of total RNA using Moloney murine leukemia virus
reverse transcriptase at 200 units per reaction (Promega M170A) for one hour. Real-time reverse
transcription-PCR (RT-PCR) was performed using specific RT-PCR primer pairs that are commercially
available from Qiagen (actin, Rb, p107, p130, E2f1, E2f2, E2f3, E2f4, E2f5, E2f6, E2f7, E2f8,Fgf1, Fgf2,
Fgfr1, Fgfr2, Fgfr3, Fgfr4, Hes5, Hes6, p63, p73, Bbc3(PUMA), Mcl1) or from Superarray (Dp1, Dp2,
E2f1, Hes1, p53) (Table 6-2). Reactions were run using QuantiTect SYBR Green PCR Kit (Qiagen) on
the Chromo4 Real-Time PCR System. The efficiency of amplification was established for each primer set
using 10-fold serial dilutions of cDNA, and each sample was run in triplicate at a 1:10 cDNA dilution.
Amplification was performed using the following program: 95°C 15 minutes, Denaturation: 94°C 15
seconds, Annealing: 55°C 30 seconds, Extension: 72°C 30 seconds, 40 cycles. Analysis was done by
comparison to a standard curve established for each primer set. Values were calculated by normalizing
copy number to an endogenous actin control. To compare genotypes, data was expressed as a ratio of
Rb family member(s) deficient/wild type. Significance testing was performed using the student’s t-test.
Chromatin Preparation from Embryonic Cortex
Pregnant females were sacrificed on E14.5 by carbon dioxide exposure for two minutes, followed
by cervical dislocation. Embryos were removed from the uterine horn and dissected into PBS pH7.4.
Brains were removed from the embryos, and the cortical lobes were separated from the rest of the
midbrain structure. Cortices were dissociated in 500 µl dissociation medium with papain as will be
described for neuronal culture. Papain digestion was inhibited by addition of 500 µl of DMEM
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Table 6-2 Primers for quantitative RT-PCR
Target
Actin
Rb1

Amplified Region
Exons 1/2
Exons 18/19

Company
Qiagen
Qiagen

Catalog #
QT01136772
QT00164255

Rbl1 (p107)
Rbl2 (p130)

Exons 19/20
Exons 8/9

Qiagen
Qiagen

QT00153258
QT00143780

E2f1

Exon 4

Qiagen

QT01079106

E2f1
E2f2

Exon 7 (Ref. Position 2362)
Exons 5/6

SuperArray
Qiagen

PPM02892A
QT00163457

E2f3
E2f4

Exons 2/3
Exons 7/8/9

Qiagen
Qiagen

QT01566054
QT00118545

E2f5

Exons 4/5/6

Qiagen

QT00136829

E2f6
E2f7

Exons 5/6
Exons 5/6

Qiagen
Qiagen

QT00106974
QT00103446

E2f8
Dp1

Exons 2/3
Exon 11 (Ref. Position 1626)

Qiagen
SuperArray

QT01063538
PPM03468A

Dp2
Fgf1

Exon 8 (Ref. Position 857)
Exons 3/4

SuperArray
Qiagen

PPM03462A
QT00149296

Fgf2

Exons 2/3

Qiagen

QT00128135

Fgfr1
Fgfr2

Exons 8/9
Exons 2/3

Qiagen
Qiagen

QT00198548
QT00109172

Fgfr3
Fgfr4

Exons 5/6
Exons 11/12

Qiagen
Qiagen

QT00107828
QT00164346

Hes1
Hes5

Exon 4 (Ref. Position 986)
Exon 3

SuperArray
Qiagen

PPM05647A
QT00268044

Hes6

Exon 4

Qiagen

QT00295960

p53
p63
p73

Exon 11 (Ref. Position 1522)
Exons 11/12
Exons 3/4

SuperArray
Qiagen
Qiagen

PPM02931A
QT00197904
QT00123487

Bbc3 (PUMA)
Mcl1

Exons 2/3
Exons 3/4

Qiagen
Qiagen

QT00106638
QT00107436

Ref. Position refers to a position contained within the sequence
of the amplicon based on the transcript sequence.
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(Invitrogen 11960-044) with 10% fetal bovine serum. Cells were filtered through 35 µm filter cap tube (BD
352235). Cells were put on ice and cell counts using trypan blue exclusion were performed.
6

6

Approximately, 7x10 – 9x10 cells were obtained from each E14.5 cortex. Cells were transferred to a
1.5ml tube and spun at 1000rpm for 5 minutes to remove media. Cells were suspended in cold
4

DMEM/10% fetal bovine serum at 1.64x10 cells/µl and left on ice for 10 minutes. Volumes for each
cortex were maintained between 500 and 1000 µl. The crosslinking protocol was modified from Ren and
Dynlacht (2003). Crosslinking solution (11% formaldehyde, 0.1 M NaCl, 1 mM Na-EDTA, 0.5 mM NaEGTA, 50 mM HEPES, pH 8.0) was added to each dissociated cortex at one-tenth volume and cells were
lightly shaken for 10 minutes at 4°C. The reaction was stopped by addition of one-twentieth volume of
2.5 M glycine. Cells were washed twice in 1 ml of cold phosphate buffered saline with protease inhibitor
cocktail (Sigma P8340). Dry pellets were kept at -80°C until immunoprecipitation was performed.
4

Thawed cell pellets were suspended in SDS lysis buffer (Millipore 20-163) at 1.3x10 cells/µl
(approximately 700-900µl per cortex) and incubated on ice for 10 minutes. Cells were sonicated at 65%
output for 2 minutes in 20-second pulses using a Branson Sonifier 450 with cup horn attachment. Cells
were pulsed for 20 seconds followed by 30 seconds on ice. The chromatin concentration was adjusted
4

6

with SDS lysis buffer to 1.0x10 cells/µl. Chromatin was cleared by centrifugation and 1.0x10 cells/ml
were used per each immunoprecipitation, which was approximately 1ml per immunoprecipitation.
Chromatin size post-sonication was determined by removing 50 µl of the sheared chromatin from
the total cortex sample and reversing crosslinks by addition of 0.2 M NaCl and heating at 65°C for at least
4 hours. Chromatin was precipitated using isoproponal and resuspended in 50 µl 1x Tris-EDTA. Dilutions
of chromatin were run on a 1% TAE agarose gel for 60 minutes and gels were visualized by ethidium
bromide as previously described. The range of chromatin size was determined by use of both a 100bp
marker and µl DNA-BstEII Digest marker (NEB N3014S), and optimization of sonication was performed
so that the chromatin size was between 200bp - 1000bp.
Chromatin Preparation from Adult Cortex
Animals were sacrificed by carbon dioxide exposure for five minutes followed by thoracotomy.
Each four to six week cortex was removed from the rest of the brain tissues and dissected into PBS.
Cortical lobes were minced with a razor blade for 90 seconds and transferred into a 5 ml tube with 4ml of
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DMEM with 10% fetal bovine serum. Tissue was further dissociated by trituration through progressively
smaller bore 1ml plastic pipette tips. Crosslinking solution was added at one-tenth volume and cells were
lightly shaken for 10 minutes at 4°C. The reaction was stopped by addition of one-twentieth volume of 2.5
M glycine. Cells were washed twice in 1 ml of cold phosphate buffered saline with protease inhibitor
cocktail (Sigma P8340). Cells were suspended in 500 µl of SDS lysis buffer and incubated on ice for 10
minutes. Cells were sonicated at 80% output for 4 minutes in 20 second pulses using a Branson Sonifier
450 with cup horn attachment. Cells were kept on ice for 30 seconds in between pulses. Chromatin was
cleared by centrifugation and one-fifth of a cortex was used per each immunoprecipitation. Shearing of
chromatin was analyzed as described for embryonic cortex.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation was performed using the Chromatin Immunoprecipitation (ChIP)
Assay Kit (Millipore 17-295) with modifications from the given protocol. Chromatin was diluted ten fold in
ChIP dilution buffer with protease inhibitor cocktail (1/100) and one-hundreth volume was removed for
input samples (50-70 µl). Chromatin was precleared using Protein A Agarose/Salmon Sperm DNA beads
for one hour at 4°C. Supernatant was removed and chromatin was divided for individual
immunoprecipitations. Antibody was added at 2 µg and immunoprecipitation was performed overnight at
4°C for 14-17 hours. Antibodies are provided in Table 6-3. Antibody/chromatin complexes were collected
by addition of 20 µL of Protein A Agarose/Salmon Sperm DNA (50% Slurry) for one hour. Agarose pellets
were washed with Low Salt Immune Complex Wash Buffer, High Salt Immune Complex Wash Buffer,
LiCL Immune Complex Wash Buffer, and two TE buffer washes for 5 minutes at 4°C. Immunoprecipitated
chromatin complexes were eluted by two successive additions of fresh 1% SDS/ 0.1M NaHCO3 and
shaking for 15 minutes at room temperature.

Crosslinks were reversed by addition of NaCl to a final

concentration of 0.2 M and incubation at 65°C for four hours. Protein was removed by addition of 5 mg/ml
proteinase K in TE (pH 6.0) to a final concentration of 0.3 mg/ml and incubation at 45°C for one hour.
DNA was isolated by phenol chloroform extraction followed by ethanol precipitation with addition of 0.5 µl
glycogen (Sigma G8751). DNA was suspended in 20 µl of TE and left overnight at 4°C.
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Table 6-3: Antibodies used for ChIP
Antibody
rIgG
Rb-1 (C-15)
Rb-2 (M-153)
p107 (C-18)
p130 (C-20)
E2F1(C-20)
E2F2(C-20)
E2F4(C-21)
E2F6(M-40)
Acetyl Histone H3
Histone H3 (trimethyl K9)
Histone H3 (trimethyl K4)

Host
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit
Rabbit

Company Catalog #
Santa Cruz sc-2027
Santa Cruz sc-50x
Santa Cruz sc-7905
Santa Cruz sc-318x
Santa Cruz sc-317x
Santa Cruz sc-193x
Santa Cruz sc-633x
Santa Cruz sc-866x
Santa Cruz sc-22824
Millipore
06-699
Abcam
ab8898
Abcam
ab8580

Table 6-4: Primers and protocols used for ChIP analysis
Promoter

Rb

Intron 3

Cdc2

Dhfr

p107

Pax6

Primers

Sequence(5'-3')

RbChIP 5

GAGAAACCATTATGAAAGGAGGC

RbChIP 6

GCCATTGGTGGCCTTCTGGAGA

RbChIP 8

AGCCGCGGCCTCTGGGAGAACG

RbChIP10

TCTCCAGAAGGCCACCAATGG

L356
L360
Cdc2ChIP1
Cdc2ChIP2
dhfrChIP1
dhfrChIP2
p107 ChIP1
p107ChIP3
Pax6ChIP3
Pax6ChIP4

Protocol

Reference

95°C 1min,
57°C 1min 36-42 cycles,
72°C 1min

Yamasaki Lab

95°C 1min,
60°C 1min 36 cycles,
GTCCACGGGTACAAGCCAGGGATC
72°C 1min
95°C 1min,
ACAGAGCTCAAGAGTCAGTTGGC
57°C 1min 36 cycles,
CGCCAATCCGATTGCACGTAGA
72°C 1min
95°C 1min,
GCCTAAGCTGCGCAAGTGGT
57°C 1min 36 cycles,
GTCTCCGTTCTTGCCAATCC
72°C 1min
95°C 1min,
GGTCCATCTTCTTATCCCATTCCG
60°C 1min 36-42 cycles,
GGCTTCGGGGTTTTCTTTTCCCTC
72°C 1min
95°C 1min,
CCCGGCGCTGCTTTGCATAAAGCA
57°C 1min 36 cycles,
CCTCGCCTCCACCGCTCCTCACTG
72°C 1min
CTCTGCTGGGATCAGTTAATGCTT

Developed by S.Leung

Rayman et al. 2002

Daury et a.l 2006

Burkhart et al. 2010

Yamasaki Lab
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Amplification of ChIP DNA
Conventional PCR analysis was performed on ChIP samples as follows. Precipitated chromatin
recovered from each input sample was diluted ten fold. For Rb promoter and p107 promoter, one tenth of
precipitated chromatin from each IP was added per each reaction (2 µl). For Intron3, Cdc2, Dhfr, and
Pax6 promoters, 1/20 of precipitated chromatin was added to each reaction (1 µl). PCR reactions were
run using QIAGEN Multiplex PCR Kit (#206143) and 0.5 pmol/ µl of each primer. Q solution(Qiagen) was
added at 1x to Rb and p107 reactions because of the high GC content of the amplified regions. PCR
primers and protocols are provided in Table 6-4. PCR products were run on a 1.6% TAE agarose gel for
40 minutes at 110 volts and bands were visualized by ethidium bromide as described. Band sizes for the
various reactions are as follows: Rb promoter: RbChIP5/RbChIP6 – 250bp, RbChIP8/RbChIP10 - 145bp;
Rb Intron 3: L356/L360 – 208bp; Cdc2 promoter: Cdc2ChIP1/Cdc2ChIP2 – 150bp; Dhfr promoter:
dhfrChIP1/dhfrChIP2 – 170bp; p107 promoter: p107ChIP1/p107ChIP3 – 189bp; Pax6 promoter:
Pax6ChIP3/Pax6ChIP4 – 208bp.
Primary Cortical Neuron Culture
Pregnant females were sacrificed on E14.5 as previously described. Embryos were removed from
the uterine horn and washed in PBS pH7.4. Inner yolk sacs were removed for genotyping as previously
described. To determine gender of embryos, testes or ovaries were micro-dissected at E14.5. Brains
were micro-dissected and the cortical lobes were removed from the rest of the midbrain. To confirm RbPLacZ status, midbrains were placed in Xgal solution and stained at 37°C for > 1 hour. Cortical lobes were
rinsed in sterile PBS pH7.2 and placed in 250 µl of Dissociation medium prior to separation. Dissociation
medium (Hutton and Pevny, 2008) consisted of: 98 mM Na2SO4, 30 mM K2SO4, 5.8 mM MgCl2, 0.25 mM
CaCl2, 1 mM HEPES(pH 7.4), 20 mM glucose, and 0.001% Phenol Red. Media was adjusted to pH ~7.4
with NaOH and 0.2 µm sterile filtered before use.
Papain solution was made fresh for each dissection and consisted of 0.32 mg/ml of L-cysteine
(SIGMA C7352) dissolved in dissociation media (pH readjusted to pH 7.4), 0.001 mg/ml (0.03 Units)
papain (Roche #10108014001), and 0.33 µg/ml of DNAse (Sigma D4513 3198 kunitz/mg). Two hundred
and fifty microliters of papain solution was added to the cortices and they were incubated at 37°C for 5
minutes. Cortices were triturated through a cut P200 micropipette tip 15 times and incubated for 5
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minutes at 37°C. Trituration was repeated two more times using an uncut P200 micropipette tip followed
by 37°C incubation for 5 minutes, for a total incubation time of 20 minutes. After a final trituration, 50 µl of
trypsin inhibitor (10 mg/ml BSA (Sigma A9418) and 1 mg/ml Trypsin inhibitor (Sigma T6522), was added
to inhibit digestion. Dissociated cortical cells were filtered using a 35 µm filter cap tube (BD Bioscience
352235) and 500µl of Neurobasal complete media was added to wash through remaining cells.
Neurobasal complete media consists of Neurobasal Media (Invitrogen 21103-049), 1x B27 supplement
(Invitrogen 17504-044), 200 mM L-glutamine, and penicillin/streptomycin at 1x (Invitrogen 15140-163).
Live cells were counted using trypan blue (Invitrogen 15250-061) and cells were diluted in Neurobasal
Complete media to 80,000 cells/150 µl. Cells were then plated on top of Poly-D-Lysine/Mouse Laminin
12mm coverslips (BD Bioscience 354087) by pipetting 150µl of cells onto each coverslip and incubating
at 37°C for 4 hours to allow attachment. Three coverslips per cortex were then inverted in sterile 35 mm
poly-styrene dishes (BD Bioscience 351008) and 2.25 ml of Neurobasal complete media was added to
each dish. Cells were maintained at 37°C and 5% CO2 until day of analysis. Only cells that attached to
the inverted coverslip were used for analysis. Cells were monitored for differentiation on Days 2, 4, and 6
and images were taken using a digital camera on an inverted microscope.
Xgal Staining of Cortical Cultures
To harvest the primary cultures, coverslips were inverted into 24 well culture plates with the
addition of 500 µl of cultured media from the culture dish, so that the cells faced away from the dish. Five
hundred microliters of 4% paraformaldehyde in PBS was added to each coverslip and cells were fixed for
10 minutes. Cells were then washed one time with PBS. A solution of 0.02% NP-40 in PBS was added for
2 minutes and then washed 2 times with PBS. Coverslips were again inverted and Xgal solution was
added. Xgal solution was modified to contain no NP-40, 1 mg/ml Xgal dissolved in Dimethylformamide
(DMF), 1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6, and 2 µM MgCl2 in PBS pH 7.4. Cells were incubated at 30°C
for 15-18 hours. Cells were washed with PBS and photographed at 20x for analysis. Cell counts were
done using ImageJ 1.45 (NIH). Saturation on all images was increased 50% to improve visualization. All
cells that showed saturation of Xgal stain, defined as overexposure of Xgal stain as determined by visual
inspection, were designated strong or high intensity. All other blue cells were designated as Xgal positive.
The percentage of positive cells included all positive cells divided by the total amount of cells in a 20x
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field multiplied by 100. The percentage of intense Xgal+ cells included all intense cells divided by the total
number of positive cells multiplided by 100 in a 20x field. Counts were done from at least three different
20x fields. T157 RbP-LacZ negative cultures from the same dissection were stained concurrently as
negative controls for staining.
EdU Proliferation Assay
To quantify proliferation in primary cultures, EdU uptake was monitored using the Click-iT® EdU
Alexa Fluor® 488 Imaging Kit (Invitrogen C10337). Coverslips were inverted into 24 well plates with
700 µl of the media from the cortical culture dish. EdU was added to a final concentration of 10 µM. A
coverslip of each embryo with no EdU added was also included as a negative control. Cells were pulsed
for 2 hours at 37°C. Media was then removed, and cells were fixed for 15 minutes with 4%
paraformaldehyde in PBS. Cells were washed with 3%BSA diluted in PBS and permeabilized for 2
minutes with 0.02% NP-40 in PBS. Click-it® reaction buffer was added to all coverslips following product
instructions. Cells were washed with PBS 3 times. Coverslips were either taken for co-staining
immunofluorescent experiments as will be descrbed or stained with 4',6-diamidino-2-phenylindole (DAPI)
(Invitrogen D1306 5µg/ml) diluted in PBS for 10 minutes. Coverslips were washed and mounted using
ProLong® Gold (Invitrogen P36930). Analysis was done using fluorescent microscopy. Three separate
20x fields were counted using ImageJ (NIH) and all experiments were done in duplicate and averaged.
Immunofluorescence
To examine the different neuronal subtypes present in primary cortical culture, coverslips were
inverted into 24 well plates with 700 µl of the media from the cortical culture dish. Coverslips were
washed 1x with PBS, fixed for 15 minutes in 4% paraformaldehyde in PBS, and then washed and
permeabilized with 0.1% NP-40 in PBS for 2 minutes. Primary and secondary antibodies used are listed
in Table 6-5. For PC1/3, Pax6 (rabbit), and Sox2, cells were treated with 3.3% DMF diluted in PBS for 15
minutes to increase antigen exposure. Cells were blocked for 20 minutes. For rabbit polyclonal
antibodies, cells were blocked using CAS block (Invitrogen 00-8020) and for mouse monoclonal
antibodies cells were blocked in 3% BSA diluted in PBS. Primary antibodies were incubated for 1 hour at
room temperature. Cells were washed and secondary antibodies were added for 20 minutes followed by
DAPI nuclear stain for 10 minutes at 5 µg/ml diluted in PBS. Coverslips were washed and mounted using
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ProLong® Gold (Invitrogen P36930). Analysis was performed using digital photography and fluorescent
microscopy. Counts were done using ImageJ (NIH) and percentage of positive cells for each marker was
calculated using the formula: Marker+/DAPI+ multiplied by 100. For combination with EdU staining,
immunofluorescent staining began with the block step after the EdU reaction and washes.
Double immunostaining of mouse and rabbit Pax6 antibodies was performed to ensure specificity
of the Pax6 antibodies. Double Pax6 immunostaining was performed using the protocol for rabbit
antibodies with the following changes. Both rabbit and mouse primary antibodies were incubated
simultanesouly as well as both secondary antibodies.
Co-Xgal/Immunofluorescence Staining
Day 6 cultures were treated for β-galactosidase activity as previously described for Xgal staining
of primary cortical cultures except that the staining time was reduced to 4 - 4.5 hours.
Immunofluorescence was performed as described with the following small changes. Coverslips were
washed 1x with PBS, again inverted so that cells faced away from the culture plate, followed by two
additional washes in PBS. Cells were fixed for 15 minutes in 4% paraformaldehyde in PBS, and then
washed and permeabilized with 0.1% NP-40 in PBS for 2 minutes. No DMF treatment was added for
PC1/3, Pax6 (rabbit), and Sox2 antibodies. Cells were blocked for 20 minutes and primary antibodies
were incubated for 1 hour at room temperature. Cells were washed three times in PBS and secondary
antibodies were added for 20 minutes followed by DAPI muclear stain for 10 minutes at 5 µg/ml in PBS.
Secondary antibodies for mouse monoclonal antibodies were changed to Alexa Fluor 555 rabbit antimouse IgG from AlexaFluor 488 goat anti-mouse IgG, due to background fluorescence created by Xgal
staining. Cell numbers were counted using ImageJ (NIH) where the total number of cells was calculated
by counting the number of DAPI positive cells. Double positive cells for both Xgal and marker staining
was determined by overlaying photos from AlexaFluor 555, DAPI, and light images using GIMP Image
Manipulation Program. The percentage of double positive cells was calculated as follows: Percent of
double positive cells within the Xgal+ population = ((Marker+Xgal+) / Xgal+) multiplied by 100; Percent of
double positive cells within the marker population = ((Marker+Xgal+) / Marker+) multiplied by 100.
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Table 6-5: Primary and secondary antibodies used for immunofluorescence

Primary Antibody
mIgG
Nestin(Rat-401)
Pax6
Tuj1
Map2a,b(AP-20)
GFAP (GA-5)
Gad67 (1G10.2)
Reelin(G10)
NeuN (A60)
IgM
O4 (81O4)
PC1/3
Sox2
Pax6
Calretinin
Calbindin D-28K
rIgG
Tbr2

Antigen
IgG
Nestin
Pax6
!-tubulin III
Map2a / Map2b
GFAP
Gad67
Reelin
Fox-3
IgM
O4
PC1 / PC3
Sox2
Pax6
Calretinin
Calbindin
IgG
Tbr2

Host
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
mouse
rabbit
rabbit
rabbit
rabbit
rabbit
rabbit
rabbit

Company
Catalog #
Concentration
Zymed
86599
1µg/ml
Millipore
MAB353
1µg/ml
DSHB
Pax6(aachick1-223)
1µg/ml
Covance
MMS-435P
1µg/ml
Neomarkers
MS-249
1µg/ml
Abcam
AB11267
1µg/ml
Millipore
MAB5406
1µg/ml
Millipore
MAB5364
1µg/ml
Millipore
MAB377
1µg/ml
Sigma
M5909
1µg/ml
Millipore
MAB345
1µg/ml
Millipore
AB10553
2µg/ml
Millipore
AB5603
2µg/ml
Covance
PRB-278P
2µg/ml
Chemicon
AB5054
2µg/ml
Chemicon
AB1778
2µg/ml
Santa Cruz
sc-2027
1µg/ml
Millipore
AB2283
1µg/ml

Secondary Antibodies (Invitrogen)
Catalog #
Alexa Fluor® 555 goat anti-rabbit IgG (H+L)
A-21429
Alexa Fluor® 555 rabbit anti-mouse IgG (H+L)
A-21427
Alexa Fluor® 488 goat anti-mouse IgG (H+L)
A-11029
Alexa Fluor® 555 goat anti-mouse IgM (! chain) A-21426

Dilution
1/1500 or 1/3000
1/1000
1/1000
1/1000
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Determination of Saturation in Co-Xgal/Immunofluoresence Stained Cultures
Intensity of RbP-LacZ activity was determined by measuring RGB (Red-Green-Blue) levels of
cells which showed Xgal positivity as determined by presence of blue precipitate in bright field images.
RGB levels were measured using ImageJ from the NIH and then converted to saturation levels by
converting RGB data to HSV (Hue-Saturation-Value) data using models developed for graphics analysis
(Agoston, 2005). The hue of all cells is designated as blue. Saturation measures the departure from
white and is defined as the (Max (RGB) value – Min (RGB) value) / Max (RGB) value. Since the blue hue
was held constant, the calculation becomes (Blue(RGB)- Min(RGB)) / Blue(RGB). This was confirmed as
all cells had Blue (RGB) as the max value. Saturation distribution plots were generated by sorting
saturation values into bins and the frequency of occurrence of each bin was plotted on the y-axis.
Measurement of Nuclear Area in Primary Neuron Culture
Nuclear area was calculated from 40x DAPI images of either Day 6 images taken after combined
Xgal and immunofluorescent experiments or from Day 4 single immunofluorescent experiments. DAPI
stained nuclei were selected using the NIH ImageJ program and the total amount of pixels within each
nucleus was measured using the measure function. Area counts were taken from at least three or more
separate images. Determination of Xgal status and antibody status was confirmed by overlaying light
images and fluorescent images.

163

REFERENCES
Abali, E. E., Skacel, N. E., Celikkaya, H., & Hsieh, Y.-C. (2008). Regulation of human dihydrofolate
reductase activity and expression. Vitamins and Hormones, 79, 267-292. doi:10.1016/S00836729(08)00409-3
Agoston, M. K. (2005). Computer graphics and geometric modeling: implementation and algorithms.
London: Springer.
Agromayor, M., Wloga, E., Naglieri, B., Abrashkin, J., Verma, K., & Yamasaki, L. (2006). Visualizing
dynamic E2F-mediated repression in vivo. Molecular and Cellular Biology, 26(12), 4448-4461.
doi:10.1128/MCB.02101-05
Aleem, E., Kiyokawa, H., & Kaldis, P. (2005). Cdc2-Cyclin E complexes regulate the G1/S phase
transition. Nature Cell Biology, 7(8), 831-836. doi:10.1038/ncb1284
Apostolova, M. D., Ivanova, I. A., Dagnino, C., D’Souza, S. J. A., & Dagnino, L. (2002). Active nuclear
Import and export pathways regulate E2F-5 subcellular localization. Journal of Biological
Chemistry, 277(37), 34471 -34479. doi:10.1074/jbc.M205827200
Balciunaite, E., Spektor, A., Lents, N. H., Cam, H., Te Riele, H., Scime, A., . . . Dynlacht, B. D. (2005).
Pocket protein complexes are recruited to distinct targets in quiescent and proliferating cells.
Molecular and Cellular Biology, 25(18), 8166-8178. doi:10.1128/MCB.25.18.8166-8178.2005
Balk, S. P., & Knudsen, K. E. (2008). AR, the cell cycle, and prostate cancer. Nuclear Receptor Signaling,
6, e001. doi:10.1621/nrs.06001
Bani-Yaghoub, M., Tremblay, R. G., Lei, J. X., Zhang, D., Zurakowski, B., Sandhu, J. K., . . . Sikorska, M.
(2006). Role of Sox2 in the development of the mouse neocortex. Developmental Biology, 295(1),
52-66. doi:10.1016/j.ydbio.2006.03.007
Barinka, F., & Druga, R. (2010). calretinin expression in the mammalian neocortex: a review.
Physiological Research / Academia Scientiarum Bohemoslovaca, 59(5), 665-677.
Bates, B., Rios, M., Trumpp, A., Chen, C., Fan, G., Bishop, J. M., & Jaenisch, R. (1999). Neurotrophin-3
is required for proper cerebellar development. Nature Neuroscience, 2(2), 115-117.
doi:10.1038/5669

164

Beijersbergen, R. L., Carlée, L., Kerkhoven, R. M., & Bernards, R. (1995). Regulation of the
retinoblastoma protein-related p107 by G1 Cyclin complexes. Genes & Development, 9(11),
1340-1353. doi:10.1101/gad.9.11.1340
Beijersbergen, R. L., Kerkhoven, R. M., Zhu, L., Carlée, L., Voorhoeve, P. M., & Bernards, R. (1994).
E2F-4, a new member of the E2F gene family, has oncogenic activity and associates with p107 in
vivo. Genes & Development, 8(22), 2680-2690.
Benevolenskaya, E. V., Murray, H. L., Branton, P., Young, R. A., & Kaelin, W. G., Jr. (2005). Binding of
pRB to the PHD protein RBP2 promotes cellular differentiation. Molecular Cell, 18(6), 623-635.
doi:10.1016/j.molcel.2005.05.012
Berman, S. D., West, J. C., Danielian, P. S., Caron, A. M., Stone, J. R., & Lees, J. A. (2009). Mutation of
p107 exacerbates the consequences of Rb loss in embryonic tissues and causes cardiac and
blood vessel defects. Proceedings of the National Academy of Sciences, 106(35), 14932 -14936.
doi:10.1073/pnas.0902408106
Blain, S. W., Montalvo, E., & Massagué, J. (1997). Differential interaction of the Cyclin-dependent kinase
(Cdk) inhibitor p27Kip1 with Cyclin A-Cdk2 and Cyclin D2-Cdk4. The Journal of Biological
Chemistry, 272(41), 25863-25872. doi:10.1074/jbc.272.41.25863
Blais, A., van Oevelen, C. J. C., Margueron, R., Acosta-Alvear, D., & Dynlacht, B. D. (2007).
Retinoblastoma tumor suppressor protein–dependent methylation of histone H3 lysine 27 is
associated with irreversible cell cycle exit. The Journal of Cell Biology, 179(7), 1399 -1412.
doi:10.1083/jcb.200705051
Blake, M. C., & Azizkhan, J. C. (1989). Transcription factor E2F is required for efficient expression of the
hamster dihydrofolate reductase gene in vitro and in vivo. Molecular and Cellular Biology, 9(11),
4994-5002. doi:10.1128/MCB.9.11.4994
Bookstein, R., Rio, P., Madreperla, S. A., Hong, F., Allred, C., Grizzle, W. E., & Lee, W. H. (1990).
Promoter deletion and loss of retinoblastoma gene expression in human prostate carcinoma.
Proceedings of the National Academy of Sciences, 87(19), 7762-7766.

165

Borghi, L., Gutzat, R., Fütterer, J., Laizet, Y., Hennig, L., & Gruissem, W. (2010). Arabidopsis
RETINOBLASTOMA-RELATED is required for stem cell maintenance, cell differentiation, and
lateral organ production. The Plant Cell Online, 22(6), 1792 -1811. doi:10.1105/tpc.110.074591
Botz, J., Zerfass-Thome, K., Spitkovsky, D., Delius, H., Vogt, B., Eilers, M., . . . Jansen-Dürr, P. (1996).
Cell cycle regulation of the murine Cyclin E gene depends on an E2F binding site in the promoter.
Molecular and Cellular Biology, 16(7), 3401-3409.
Brehm, A., Miska, E. A., McCance, D. J., Reid, J. L., Bannister, A. J., & Kouzarides, T. (1998).
Retinoblastoma protein recruits histone deacetylase to repress transcription. Nature, 391(6667),
597-601. doi:10.1038/35404
Brewer, G. J., Torricelli, J. R., Evege, E. K., & Price, P. J. (1993). Optimized survival of hippocampal
TM

neurons in B27-supplemented neurobasal , a new serum-free medium combination. Journal of
Neuroscience Research, 35(5), 567-576. doi:10.1002/jnr.490350513
Brooks, J. D., Bova, G. S., & Isaacs, W. B. (1995). Allelic loss of the retinoblastoma gene in primary
human prostatic adenocarcinomas. The Prostate, 26(1), 35-39.
Buchkovich, K., Duffy, L. A., & Harlow, E. (1989). The retinoblastoma protein is phosphorylated during
specific phases of the cell cycle. Cell, 58, 1097-1105. doi:10.1016/0092-8674(89)90508-4
Burek, M. J., & Oppenheim, R. W. (1996). Programmed cell death in the developing nervous system.
Brain Pathology, 6(4), 427-446.
Burke, J. R., Deshong, A. J., Pelton, J. G., & Rubin, S. M. (2010). Phosphorylation-induced
conformational changes in the retinoblastoma protein inhibit E2F transactivation domain binding.
Journal of Biological Chemistry, 285(21), 16286 -16293. doi:10.1074/jbc.M110.108167
Burkhart, D. L., Ngai, L. K., Roake, C. M., Viatour, P., Thangavel, C., Ho, V. M., . . . Sage, J. (2010a).
Regulation of RB transcription in vivo by RB family members. Molecular and Cellular Biology,
30(7), 1729 -1745. doi:10.1128/MCB.00952-09
Burkhart, D. L., Viatour, P., Ho, V. M., & Sage, J. (2008). GFP reporter mice for the retinoblastomarelated cell cycle regulator p107. Cell Cycle, 7(16), 2544-2552.

166

Burkhart, D. L., Wirt, S. E., Zmoos, A. F., Kareta, M. S., & Sage, J. (2010b). Tandem E2F binding sites in
the promoter of the p107 cell cycle regulator control p107 expression and its cellular functions.
PLoS Genetics, 6(6), e1001003. doi:10.1371/journal.pgen.1001003
Caputi, M., Russo, G., Esposito, V., Mancini, A., & Giordano, A. (2005). Role of cell-cycle regulators in
lung cancer. Journal of Cellular Physiology, 205(3), 319-327. doi:10.1002/jcp.20424
Cavallaro, M., Mariani, J., Lancini, C., Latorre, E., Caccia, R., Gullo, . . . Nicolis, S. K. (2008). Impaired
generation of mature neurons by neural stem cells from hypomorphic Sox2 mutants.
Development, 135(3), 541-557. doi:10.1242/dev.010801
Cavenee, W. K., Dryja, T. P., Phillips, R. A., Benedict, W. F., Godbout, R., Gallie, B. L., . . . White, R.L.
(1983). Expression of recessive alleles by chromosomal mechanisms in retinoblastoma. Nature,
305(5937), 779-784. doi:10.1038/305779a0
Chang, Y. C., Illenye, S., & Heintz, N. H. (2001). Cooperation of E2F-p130 and Sp1-pRb complexes in
repression of the Chinese hamster dhfr gene. Molecular and Cellular Biology, 21(4), 1121-1131.
doi:10.1128/MCB.21.4.1121-1131.2001
Chen, D., Livne-bar, I., Vanderluit, J. L., Slack, R. S., Agochiya, M., & Bremner, R. (2004). Cell-specific
effects of RB or RB/p107 loss on retinal development implicate an intrinsically death-resistant
cell-of-origin in retinoblastoma. Cancer Cell, 5(6), 539-551. doi:10.1016/j.ccr.2004.05.025
Chen, G., Guy, C. T., Chen, H. W., Hu, N., Lee, E. Y. H. P., & Lee, W. H. (1996). Molecular cloning and
developmental expression of mouse p130, a member of the retinoblastoma gene family. Journal
of Biological Chemistry, 271(16), 9567 -9572. doi:10.1074/jbc.271.16.9567
Chen, P. L., Riley, D. J., Chen, Y., & Lee, W. H. (1996). Retinoblastoma protein positively regulates
terminal adipocyte differentiation through direct interaction with C/EBPs. Genes & Development,
10(21), 2794-2804.
Chen, P. L., Scully, P., Shew, J. Y., Wang, J. Y., & Lee, W. H. (1989). Phosphorylation of the
retinoblastoma gene product is modulated during the cell cycle and cellular differentiation. Cell,
58(6), 1193-1198.

167

Chicas, A., Wang, X., Zhang, C., McCurrach, M., Zhao, Z., Mert, O., . . . Lowe, S. W. (2010). Dissecting
the unique role of the retinoblastoma tumor suppressor during cellular senescence. Cancer Cell,
17(4), 376-387. doi:10.1016/j.ccr.2010.01.023
Chinnam, M., & Goodrich, D. W. (2011). RB1, development, and cancer. Current Topics in
Developmental Biology, 94, 129-169. doi:10.1016/B978-0-12-380916-2.00005-X
Christensen, J., Cloos, P., Toftegaard, U., Klinkenberg, D., Bracken, A. P., Trinh, E., . . . Helin, K. (2005).
Characterization of E2F8, a novel E2F-like cell-cycle regulated repressor of E2F-activated
transcription. Nucleic Acids Research, 33(17), 5458-5470. doi:10.1093/nar/gki855
Clarke, A. R., Maandag, E. R., van Roon, M., van der Lugt, N. M., van der Valk, M., Hooper, M. L., . . . Te
Riele, H. (1992). Requirement for a functional Rb-1 gene in murine development. Nature,
359(6393), 328-330. doi:10.1038/359328a0
Classon, M, & Dyson, N. (2001). p107 and p130: versatile proteins with interesting pockets. Experimental
Cell Research, 264(1), 135-147. doi:10.1006/excr.2000.5135
Classon, M., Kennedy, B. K., Mulloy, R., & Harlow, E. (2000a). Opposing roles of pRB and p107 in
adipocyte differentiation. Proceedings of the National Academy of Sciences, 97(20), 10826 10831. doi:10.1073/pnas.190343597
Classon, M., Salama, S., Gorka, C., Mulloy, R., Braun, P., & Harlow, E. (2000b). Combinatorial roles for
pRB, p107, and p130 in E2F-mediated cell cycle control. Proceedings of the National Academy of
Sciences, 97(20), 10820-10825. doi:10.1073/pnas.190343497
Cobrinik, D., Lee, M. H., Hannon, G., Mulligan, G., Bronson, R. T., Dyson, N., . . . Jacks, T. (1996).
Shared role of the pRB-related p130 and p107 proteins in limb development. Genes &
Development, 10(13), 1633-1644.
Collinson, J. M., Quinn, J. C., Hill, R. E., & West, J. D. (2003). The roles of Pax6 in the cornea, retina, and
olfactory epithelium of the developing mouse embryo. Developmental Biology, 255(2), 303-312.
Connell-Crowley, L., Harper, J. W., & Goodrich, D. W. (1997). Cyclin D1/Cdk4 regulates retinoblastoma
protein-mediated cell cycle arrest by site-specific phosphorylation. Molecular Biology of the Cell,
8(2), 287-301.

168

Coppola, J. A., Lewis, B. A., & Cole, M. D. (1990). Increased retinoblastoma gene expression is
associated with late stages of differentiation in many different cell types. Oncogene, 5(11), 17311733.
Cvekl, A., Kashanchi, F., Brady, J. N., & Piatigorsky, J. (1999). Pax-6 interactions with TATA-box-binding
protein and retinoblastoma protein. Investigative Ophthalmology & Visual Science, 40(7), 1343 1350.
Cvekl, A., Yang, Y., Chauhan, B. K., & Cveklova, K. (2004). Regulation of gene expression by Pax6 in
ocular cells: a case of tissue-preferred expression of crystallins in lens. The International Journal
of Developmental Biology, 48(8-9), 829-844. doi:10.1387/ijdb.041866ac
Dahiya, A., Gavin, M. R., Luo, R. X., & Dean, D. C. (2000). Role of the LXCXE binding site in Rb function.
Molecular and Cellular Biology, 20(18), 6799-6805.
Dahlstrand, J., Lardelli, M., & Lendahl, U. (1995). Nestin mRNA expression correlates with the central
nervous system progenitor cell state in many, but not all, regions of developing central nervous
system. Developmental Brain Research, 84(1), 109-129. doi:10.1016/0165-3806(94)00162-S
Dannenberg, J. H., Schuijff, L., Dekker, M., van der Valk, M., & Te Riele, H. (2004). Tissue-specific tumor
suppressor activity of retinoblastoma gene homologs p107 and p130. Genes & Development,
18(23), 2952 -2962. doi:10.1101/gad.322004
Daury, L., Chailleux, C., Bonvallet, J., & Trouche, D. (2006). histone H3.3 deposition at E2F-regulated
genes is linked to transcription. EMBO Rep, 7(1), 66-71. doi:10.1038/sj.embor.7400561
de Bruin, A., Maiti, B., Jakoi, L., Timmers, C., Buerki, R., & Leone, G. (2003a). Identification and
characterization of E2F7, a novel mammalian E2F family member capable of blocking cellular
proliferation. Journal of Biological Chemistry, 278(43), 42041 -42049.
doi:10.1074/jbc.M308105200
de Bruin, A., Wu, L., Saavedra, H. I., Wilson, P., Yang, Y., Rosol, T. J., . . . Leone, G. (2003b). Rb
function in extraembryonic lineages suppresses apoptosis in the CNS of Rb-deficient mice.
Proceedings of the National Academy of Sciences, 100(11), 6546 -6551.
doi:10.1073/pnas.1031853100

169

DeCaprio, J. A. (2009). How the Rb tumor suppressor structure and function was revealed by the study of
Adenovirus and SV40. Virology, 384(2), 274-284. doi:10.1016/j.virol.2008.12.010
DeCaprio, J. A., Ludlow, J. W., Lynch, D., Furukawa, Y., Griffin, J., Piwnica-Worms, H., . . . Livingston, D.
M. (1989). The product of the retinoblastoma susceptibility gene has properties of a cell cycle
regulatory element. Cell, 58(6), 1085-1095.
DeGregori, J., Leone, G., Miron, A., Jakoi, L., & Nevins, J. R. (1997). Distinct roles for E2F proteins in cell
growth control and apoptosis. Proceedings of the National Academy of Sciences, 94(14), 7245 7250.
Dehay, C., & Kennedy, H. (2007). Cell-cycle control and cortical development. Nature Reviews
Neuroscience, 8(6), 438-450. doi:10.1038/nrn2097
Dehmelt, L., & Halpain, S. (2005). The MAP2/Tau family of microtubule-associated proteins. Genome
Biology, 6(1), 204. doi:10.1186/gb-2004-6-1-204
Deléhouzée, S., Yoshikawa, T., Sawa, C., Sawada, J. I., Ito, T., Omori, . . . Handa, H. (2005). GABP,
HCF-1 and YY1 are involved in Rb gene expression during myogenesis. Genes to Cells: Devoted
to Molecular & Cellular Mechanisms, 10(7), 717-731. doi:10.1111/j.1365-2443.2005.00873.x
Di Stefano, L., Jensen, M. R., & Helin, K. (2003). E2F7, a novel E2F featuring DP-independent repression
of a subset of E2F-regulated genes. EMBO Journal, 22(23), 6289-6298.
doi:10.1093/emboj/cdg613
Dimaras, H., Khetan, V., Halliday, W., Orlic, M., Prigoda, N. L., Piovesan, B., . . . Gallie B. L. (2008). Loss
of RB1 induces non-proliferative retinoma: increasing genomic instability correlates with
progression to retinoblastoma. Human Molecular Genetics, 17(10), 1363 -1372.
doi:10.1093/hmg/ddn024
Donovan, S. L., & Dyer, M. A. (2004). Developmental defects in Rb-deficient retinae. Vision Research,
44(28), 3323-3333. doi:10.1016/j.visres.2004.08.007
Dunaief, J. L., Strober, B. E., Guha, S., Khavari, P. A., Alin, K., Luban, J., . . . Goff, S. P. (1994). The
retinoblastoma protein and BRG1 form a complex and cooperate to induce cell cycle arrest. Cell,
79(1), 119-130.

170

Dunn, J., Phillips, R., Becker, A., & Gallie, B. (1988). Identification of germline and somatic mutations
affecting the retinoblastoma gene. Science, 241(4874), 1797 -1800.
doi:10.1126/science.3175621
Duparc, R. H., Abdouh, M., David, J., Lépine, M., Tétreault, N., & Bernier, G. (2007). Pax6 controls the
proliferation rate of neuroepithelial progenitors from the mouse optic vesicle. Developmental
Biology, 301(2), 374-387. doi:10.1016/j.ydbio.2006.11.006
Dynlacht, B. D., Brook, A., Dembski, M., Yenush, L., & Dyson, N. (1994a). DNA-binding and transactivation properties of Drosophila E2F and DP proteins. Proceedings of the National Academy of
Sciences, 91(14), 6359-6363.
Dynlacht, B. D., Flores, O., Lees, J. A., & Harlow, E. (1994b). Differential regulation of E2F transactivation
by Cyclin/cdk2 complexes. Genes & Development, 8(15), 1772 -1786. doi:10.1101/gad.8.15.1772
Dyson, N., Howley, P. M., Münger, K., & Harlow, E. (1989). The human papilloma virus-16 E7
oncoprotein is able to bind to the retinoblastoma gene product. Science, 243(4893), 934-937.
Eberhard, D., & Busslinger, M. (1999). The partial homeodomain of the transcription factor Pax-5 (BSAP)
is an interaction motif for the retinoblastoma and TATA-binding proteins. Cancer Research, 59(7
Supplement), 1716s -1725s.
Englund, C., Fink, A., Lau, C., Pham, D., Daza, R. A. M., Bulfone, A., . . . Hevner, R. F. (2005). Pax6,
Tbr2, and Tbr1 are expressed sequentially by radial glia, intermediate progenitor cells, and
postmitotic neurons in developing neocortex. The Journal of Neuroscience, 25(1), 247-251.
doi:10.1523/JNEUROSCI.2899-04.2005
Ewen, M. E., Faha, B., Harlow, E., & Livingston, D. M. (1992). Interaction of p107 with Cyclin A
independent of complex formation with viral oncoproteins. Science, 255(5040), 85-87.
Ewen, M. E., Sluss, H. K., Sherr, C. J., Matsushime, H., Kato, J., & Livingston, D. M. (1993). Functional
interactions of the retinoblastoma protein with mammalian D-type Cyclins. Cell, 73(3), 487-497.
Ferguson, K. L., McClellan, K. A., Vanderluit, J. L., McIntosh, W. C., Schuurmans, C., Polleux, F., &
Slack, R. S. (2005). A cell-autonomous requirement for the cell cycle regulatory protein, Rb, in
neuronal migration. The EMBO Journal, 24(24), 4381-4391. doi:10.1038/sj.emboj.7600887

171

Ferguson, K. L., Vanderluit, J. L., Hébert, J. M., McIntosh, W. C., Tibbo, E., MacLaurin, J. G., . . . Slack,
R. S. (2002). Telencephalon-specific Rb knockouts reveal enhanced neurogenesis, survival and
abnormal cortical development. The EMBO Journal, 21(13), 3337-3346.
doi:10.1093/emboj/cdf338
Ferreira, R, Magnaghi-Jaulin, L., Robin, P., Harel-Bellan, A., & Trouche, D. (1998). The three members of
the pocket proteins family share the ability to repress E2F activity through recruitment of a histone
deacetylase. Proceedings of the National Academy of Sciences, 95(18), 10493 -10498.
Ferreira, R., Naguibneva, I., Mathieu, M., Ait-Si-Ali, S., Robin, P., Pritchard, L. L., & Harel-Bellan, A.
(2001). Cell cycle-dependent recruitment of HDAC-1 correlates with deacetylation of histone H4
on an Rb-E2F target promoter. EMBO Reports, 2(9), 794-799. doi:10.1093/embo-reports/kve173
Friend, S. H., Bernards, R., Rogelj, S., Weinberg, R. A., Rapaport, J. M., Albert, D. M., & Dryja, T. P.
(1986). A human DNA segment with properties of the gene that predisposes to retinoblastoma
and osteosarcoma. Nature, 323(6089), 643-646. doi:10.1038/323643a0
Fujita, T., Ohtani-Fujita, N., Sakai, T., Rapaport, J. M., Dryja, T. P., Kato, M. V., . . . Minoda, K. (1999).
Low frequency of oncogenic mutations in the core promoter region of the RB1 gene. Human
Mutation, 13(5), 410-411. doi:10.1002/(SICI)1098-1004(1999)13:5
Gaubatz, S., Lees, J. A., Lindeman, G. J., & Livingston, D. M. (2001). E2F4 is exported from the nucleus
in a CRM1-dependent manner. Molecular and Cellular Biology, 21(4), 1384 -1392.
doi:10.1128/MCB.21.4.1384-1392.2001
Geng, Y., Eaton, E. N., Picón, M., Roberts, J. M., Lundberg, A. S., Gifford, A., . . . Weinberg, R. A. (1996).
Regulation of Cyclin E transcription by E2Fs and retinoblastoma protein. Oncogene, 12(6), 11731180.
Georgala, P. A., Carr, C. B., & Price, D. J. (2011a). The role of Pax6 in forebrain development.
Developmental Neurobiology, 71(8), 690-709. doi:10.1002/dneu.20895
Georgala, P. A., Manuel, M., & Price, D. J. (2011b). The generation of superficial cortical layers is
regulated by levels of the transcription factor pax6. Cerebral Cortex, 21(1), 81-94.
doi:10.1093/cercor/bhq061

172

Gill, R. M., Hamel, P. A., Zhe, J., Zacksenhaus, E., Gallie, B. L., & Phillips, R. A. (1994). Characterization
of the human RB1 promoter and of elements involved in transcriptional regulation. Cell Growth &
Differentiation, 5(5), 467-474.
Gill, R. M., Slack, R., Kiess, M., & Hamel, P. A. (1998). Regulation of expression and activity of distinct
pRB, E2F, D-type Cyclin, and CKI family members during terminal differentiation of P19 cells.
Experimental Cell Research, 244(1), 157-170. doi:10.1006/excr.1998.4197
Gilyarov, A. V. (2008). Nestin in central nervous system cells. Neuroscience and Behavioral Physiology,
38(2), 165-169. doi:10.1007/s11055-008-0025-z
Godbout, R., Dryja, T. P., Squire, J., Gallie, B. L., & Phillips, R. A. (1983). Somatic inactivation of genes
on chromosome 13 is a common event in retinoblastoma. Nature, 304(5925), 451-453.
doi:10.1038/304451a0
Gonzalo, S., Garcia-Cao, M., Fraga, M. F., Schotta, G., Peters, A. H. F. M., Cotter, S. E., . . . Blasco, M.
A. (2005). Role of the RB1 family in stabilizing histone methylation at constitutive
heterochromatin. Nature Cell Biology, 7(4), 420-428. doi:10.1038/ncb1235
Graus-Porta, D., Blaess, S., Senften, M., Littlewood-Evans, A., Damsky, C., Huang, Z., . . . Müller U.
(2001). β1-Class integrins regulate the development of laminae and folia in the cerebral and
cerebellar cortex. Neuron, 31(3), 367-379. doi:10.1016/S0896-6273(01)00374-9
Guan, K. L., Jenkins, C. W., Li, Y., Nichols, M. A., Wu, X., O’Keefe, C. L., . . . Xiong, Y. (1994). Growth
suppression by p18, a p16INK4/MTS1- and p14INK4B/MTS2-related CDK6 inhibitor, correlates
with wild-type pRb function. Genes & Development, 8(24), 2939 -2952.
doi:10.1101/gad.8.24.2939
Hamel, P. A., Gill, R. M., Phillips, R. A., & Gallie, B. L. (1992). Transcriptional repression of the E2containing promoters EIIaE, c-myc, and RB1 by the product of the RB1 gene. Molecular and
Cellular Biology, 12(8), 3431-3438.
Harbour, J. W., Luo, R. X., Dei Santi, A., Postigo, A. A., & Dean, D. C. (1999). Cdk phosphorylation
triggers sequential intramolecular interactions that progressively block Rb functions as cells move
through G1. Cell, 98(6), 859-869.

173

Harlow, E, Whyte, P., Franza, B. R., Jr, & Schley, C. (1986). Association of adenovirus early-region 1A
proteins with cellular polypeptides. Molecular and Cellular Biology, 6(5), 1579-1589.
Harper, J. W., Adami, G. R., Wei, N., Keyomarsi, K., & Elledge, S. J. (1993). The p21 Cdk-interacting
protein Cip1 is a potent inhibitor of G1 Cyclin-dependent kinases. Cell, 75(4), 805-816.
Hateboer, G., Wobst, A., Petersen, B. O., Le Cam, L., Vigo, E., Sardet, C., & Helin, K. (1998). Cell cycleregulated expression of mammalian CDC6 is dependent on E2F. Molecular and Cellular Biology,
18(11), 6679-6697.
Hebert, J. M., & Fishell, G. (2008). The genetics of early telencephalon patterning: some assembly
required. Nature Reviews Neuroscience, 9(9), 678-685. doi:10.1038/nrn2463
Heins, N., Malatesta, P., Cecconi, F., Nakafuku, M., Tucker, K. L., Hack, M. A., Chapouton, P., et al.
(2002). Glial cells generate neurons: the role of the transcription factor Pax6. Nat Neurosci, 5(4),
308-315. doi:10.1038/nn828
Helin, K., Lees, J. A., Vidal, M., Dyson, N., Harlow, E., & Fattaey, A. (1992). A cDNA encoding a pRBbinding protein with properties of the transcription factor E2F. Cell, 70(2), 337-350.
Hevner, R. F., Hodge, R. D., Daza, R. A. M., & Englund, C. (2006). Transcription factors in glutamatergic
neurogenesis: conserved programs in neocortex, cerebellum, and adult hippocampus.
Neuroscience Research, 55(3), 223-233. doi:10.1016/j.neures.2006.03.004
Hijmans, E. M., Voorhoeve, P. M., Beijersbergen, R. L., van ’t Veer, L. J., & Bernards, R. (1995). E2F-5,
a new E2F family member that interacts with p130 in vivo. Molecular and Cellular Biology, 15(6),
3082 -3089.
Hill, R. E., Favor, J., Hogan, B. L., Ton, C. C., Saunders, G. F., Hanson, I. M., Prosser, J., et al. (1991).
Mouse small eye results from mutations in a paired-like homeobox-containing gene. Nature,
354(6354), 522-525. doi:10.1038/354522a0
Hinds, P W, Mittnacht, S., Dulic, V., Arnold, A., Reed, S. I., & Weinberg, R. A. (1992). Regulation of
retinoblastoma protein functions by ectopic expression of human Cyclins. Cell, 70(6), 993-1006.
Hirai, H., Roussel, M. F., Kato, J. Y., Ashmun, R. A., & Sherr, C. J. (1995). Novel INK4 proteins, p19 and
p18, are specific inhibitors of the Cyclin D-dependent kinases CDK4 and CDK6. Molecular and
Cellular Biology, 15(5), 2672 -2681.

174

Hsiao, K. M., McMahon, S. L., & Farnham, P. J. (1994). Multiple DNA elements are required for the
growth regulation of the mouse E2F1 promoter. Genes & Development, 8(13), 1526 -1537.
doi:10.1101/gad.8.13.1526
Huang, S., Shin, E., Sheppard, K. A., Chokroverty, L., Shan, B., Qian, Y. W., . . . Yee, A. S. (1992). The
retinoblastoma protein region required for interaction with the E2F transcription factor includes the
T/E1A binding and carboxy-terminal sequences. DNA and Cell Biology, 11(7), 539-548.
Huang, Z. (2009). Molecular regulation of neuronal migration during neocortical development. Molecular
and Cellular Neurosciences, 42(1), 11-22. doi:10.1016/j.mcn.2009.06.003
Hurford, R. K., Cobrinik, D., Lee, M. H., & Dyson, N. (1997). pRB and p107/p130 are required for the
regulated expression of different sets of E2F responsive genes. Genes & Development, 11(11),
1447 -1463. doi:10.1101/gad.11.11.1447
Hutton, S. R., & Pevny, L. H. (2008). Isolation, culture, and differentiation of progenitor cells from the
central nervous system. Cold Spring Harbor Protocols, 2008(11), pdb.prot5077.
doi:10.1101/pdb.prot5077
Ikeda, M. A., Jakoi, L., & Nevins, J. R. (1996). A unique role for the Rb protein in controlling E2F
accumulation during cell growth and differentiation. Proceedings of the National Academy of
Sciences, 93(8), 3215-3220.
Irwin, M., Marin, M. C., Phillips, A. C., Seelan, R. S., Smith, D. I., Liu, W., . . . Kaelin, W. G., Jr. (2000).
Role for the p53 homologue p73 in E2F-1-induced apoptosis. Nature, 407(6804), 645-648.
doi:10.1038/35036614
Isaac, C. E., Francis, S. M., Martens, A. L., Julian, L. M., Seifried, L. A., Erdmann, N., . . . Dick, F. A.
(2006). The retinoblastoma protein regulates pericentric heterochromatin. Molecular and Cellular
Biology, 26(9), 3659-3671. doi:10.1128/MCB.26.9.3659-3671.2006
Ishida, S., Huang, E., Zuzan, H., Spang, R., Leone, G., West, M., & Nevins, J. R. (2001). Role for E2F in
control of both DNA replication and mitotic functions as revealed from DNA microarray analysis.
Molecular and Cellular Biology, 21(14), 4684-4699. doi:10.1128/MCB.21.14.4684-4699.2001

175

Ivey-Hoyle, M., Conroy, R., Huber, H. E., Goodhart, P. J., Oliff, A., & Heimbrook, D. C. (1993). Cloning
and characterization of E2F-2, a novel protein with the biochemical properties of transcription
factor E2F. Molecular and Cellular Biology, 13(12), 7802-7812.
Iwata, T., & Hevner, R. F. (2009). Fibroblast growth factor signaling in development of the cerebral cortex.
Development, Growth & Differentiation, 51(3), 299-323. doi:10.1111/j.1440-169X.2009.01104.x
Jacks T., Fazeli, A., Schmitt, E. M., Bronson, R. T., Goodell, M. A., & Weinberg, R. A. (1992). Effects of
an Rb mutation in the mouse. Nature, 359(6393), 295-300. doi:10.1038/359295a0
Ji, Y., & Studzinski, G. P. (2004). Retinoblastoma protein and CCAAT/enhancer-binding protein β are
required for 1,25-dihydroxyvitamin D3-induced monocytic differentiation of HL60 cells. Cancer
Research, 64(1), 370 -377. doi:10.1158/0008-5472.CAN-03-3029
Jiang, Z, Guo, Z., Saad, F. A., Ellis, J., & Zacksenhaus, E. (2001). Retinoblastoma gene promoter directs
transgene expression exclusively to the nervous system. The Journal of Biological Chemistry,
276(1), 593-600. doi:10.1074/jbc.M005474200
Jiang, Z, Zacksenhaus, E., Gallie, B. L., & Phillips, R. A. (1997). The retinoblastoma gene family is
differentially expressed during embryogenesis. Oncogene, 14(15), 1789-1797.
doi:10.1038/sj.onc.1201014
Johnson, D. G., Ohtani, K., & Nevins, J. R. (1994). Autoregulatory control of E2F1 expression in response
to positive and negative regulators of cell cycle progression. Genes & Development, 8(13), 15141525.
Johnson, D. G., Schwarz, J. K., Cress, W. D., & Nevins, J. R. (1993). Expression of transcription factor
E2F1 induces quiescent cells to enter S phase. Nature, 365(6444), 349-352.
doi:10.1038/365349a0
Kaelin, W. G., Ewen, M. E., & Livingston, D. M. (1990). Definition of the minimal simian virus 40 large T
antigen- and adenovirus E1A-binding domain in the retinoblastoma gene product. Molecular and
Cellular Biology, 10(7), 3761–3769.
Kageyama, R., Ohtsuka, T., & Kobayashi, T. (2008). Roles of Hes genes in neural development.
Development, Growth & Differentiation, 50 Suppl 1, S97-103. doi:10.1111/j.1440169X.2008.00993.x

176

Kansara, M., & Thomas, D. M. (2007). Molecular pathogenesis of osteosarcoma. DNA and Cell Biology,
26(1), 1-18. doi:10.1089/dna.2006.0505
Kiess, M., Gill, R. M., & Hamel, P. A. (1995). Expression and activity of the retinoblastoma protein (pRB)family proteins, p107 and p130, during L6 myoblast differentiation. Cell Growth & Differentiation,
6(10), 1287-1298.
Kim, H. Y., Ahn, B. Y., & Cho, Y. (2001). Structural basis for the inactivation of retinoblastoma tumor
suppressor by SV40 large T antigen. The EMBO Journal, 20(1-2), 295-304.
doi:10.1093/emboj/20.1.295
Kim, H. Y., & Cho, Y. (1997). Structural similarity between the pocket region of retinoblastoma tumour
suppressor and the Cyclin-box. Nature Structural Biology, 4(5), 390-395.
Kim, K. K., Adelstein, R. S., & Kawamoto, S. (2009). Identification of Neuronal Nuclei (NeuN) as Fox-3, a
New Member of the Fox-1 Gene Family of Splicing Factors, 284(45), 31052-31061.
Knight, L. A., Gardner, H. A., & Gallie, B. L. (1978). Segregation of chromosome 13 in
retinoblastoma. Lancet, 1(8071), 989.
Knudsen, E. S., & Wang, J. Y. (1997). Dual mechanisms for the inhibition of E2F binding to RB by Cyclindependent kinase-mediated RB phosphorylation. Molecular and Cellular Biology, 17(10), 57715783.
Knudson, A. G., Jr. (1971). Mutation and cancer: statistical study of retinoblastoma. Proceedings of the
National Academy of Sciences, 68(4), 820-823.
Kohn, M. J., Leung, S. W., Criniti, V., Agromayor, M., & Yamasaki, L. (2003). Dp1 is largely dispensable
for embryonic development. Molecular and Cellular Biology, 24(16), 7197-7205.
doi:10.1128/MCB.24.16.7197-7205.2004
Kovesdi, I., Reichel, R., & Nevins, J. R. (1986). Identification of a cellular transcription factor involved in
E1A trans-activation. Cell, 45(2), 219-228.
Kozar, K., Ciemerych, M. A., Rebel, V. I., Shigematsu, H., Zagozdzon, A., Sicinska, E., . . . Sicinski, P.
(2004). Mouse development and cell proliferation in the absence of D-Cyclins. Cell, 118(4), 477491. doi:10.1016/j.cell.2004.07.025

177

Laurie, N. A., Donovan, S. L., Shih, C. S., Zhang, J., Mills, N., Fuller, C., . . . Dyer, M. A. (2006).
Inactivation of the p53 pathway in retinoblastoma. Nature, 444(7115), 61-66.
doi:10.1038/nature05194
LeCouter, J. E., Kablar, B., Hardy, W. R., Ying, C., Megeney, L. A., May, L. L., & Rudnicki, M. A. (1998a).
Strain-dependent myeloid hyperplasia, growth deficiency, and accelerated cell cycle in mice
lacking the Rb-related p107 gene. Molecular and Cellular Biology, 18(12), 7455-7465.
LeCouter, J. E., Kablar, B., Whyte, P. F., Ying, C., & Rudnicki, M. A. (1998b). Strain-dependent
embryonic lethality in mice lacking the retinoblastoma-related p130 gene. Development, 125(23),
4669 -4679.
Lee, C., Chang, J. H., Lee, H. S., & Cho, Y. (2002). Structural basis for the recognition of the E2F
transactivation domain by the retinoblastoma tumor suppressor. Genes & Development, 16(24),
3199-3212. doi:10.1101/gad.1046102
Lee, E. Y., Cam, H., Ziebold, U., Rayman, J. B., Lees, J. A., & Dynlacht, B. D. (2002). E2F4 loss
suppresses tumorigenesis in Rb mutant mice. Cancer Cell, 2(6), 463-472. doi:10.1016/S15356108(02)00207-6
Lee, E. Y., Chang, C. Y., Hu, N., Wang, Y. C., Lai, C. C., Herrup, K., . . . Bradley, A. (1992). Mice deficient
for Rb are nonviable and show defects in neurogenesis and haematopoiesis. Nature, 359(6393),
288-294. doi:10.1038/359288a0
Lee, J. O., Russo, A. A., & Pavletich, N. P. (1998). Structure of the retinoblastoma tumour-suppressor
pocket domain bound to a peptide from HPV E7. Nature, 391(6670), 859-865. doi:10.1038/36038
Lee, M. H., Reynisdóttir, I., & Massagué, J. (1995). Cloning of p57KIP2, a Cyclin-dependent kinase
inhibitor with unique domain structure and tissue distribution. Genes & Development, 9(6), 639 649. doi:10.1101/gad.9.6.639
Lee, M. H., Williams, B. O., Mulligan, G., Mukai, S., Bronson, R. T., Dyson, N., . . . Jacks, T. (1996).
Targeted disruption of p107: functional overlap between p107 and Rb. Genes & Development,
10(13), 1621 -1632. doi:10.1101/gad.10.13.1621

178

Lee, M. K., Tuttle, J. B., Rebhun, L. I., Cleveland, D. W., & Frankfurter, A. (1990). The expression and
posttranslational modification of a neuron-specific beta-tubulin isotype during chick
embryogenesis. Cell Motility and the Cytoskeleton, 17(2), 118-132. doi:10.1002/cm.970170207
Lee, W. H., Bookstein, R., Hong, F., Young, L. J., Shew, J. Y., & Lee, E. Y. (1987a). Human
retinoblastoma susceptibility gene: cloning, identification, and sequence. Science, 235(4794),
1394-1399.
Lee, W. H., Shew, J. Y., Hong, F. D., Sery, T. W., Donoso, L. A., Young, L. J., . . . Lee, E. Y. (1987b). The
retinoblastoma susceptibility gene encodes a nuclear phosphoprotein associated with DNA
binding activity. Nature, 329(6140), 642-645. doi:10.1038/329642a0
Lees, J. A., Buchkovich, K. J., Marshak, D. R., Anderson, C. W., & Harlow, E. (1991). The retinoblastoma
protein is phosphorylated on multiple sites by human cdc2. The EMBO Journal, 10(13), 42794290.
Lees, J. A., Saito, M., Vidal, M., Valentine, M., Look, T., Harlow, E., Dyson, N., et al. (1993). The
retinoblastoma protein binds to a family of E2F transcription factors. Molecular and Cellular
Biology, 13(12), 7813-7825.
Leone, G., DeGregori, J., Yan, Z., Jakoi, L., Ishida, S., Williams, R. S., & Nevins, J. R. (1998). E2F3
activity is regulated during the cell cycle and is required for the induction of S phase. Genes &
Development, 12(14), 2120 -2130. doi:10.1101/gad.12.14.2120
Leone, G., Nuckolls, F., Ishida, S., Adams, M., Sears, R., Jakoi, L., . . . Nevins, J. R. (2000). Identification
of a novel E2F3 product suggests a mechanism for determining specificity of repression by Rb
proteins. Molecular and Cellular Biology, 20(10), 3626-3632. doi:10.1128/MCB.20.10.36263632.2000
Leung, S. W., Wloga, E. H., Castro, A. F., Nguyen, T., Bronson, R. T., & Yamasaki, L. (2004). A dynamic
switch in Rb+//- mediated neuroendocrine tumorigenesis. Oncogene, 23(19), 3296-3307.
Lindeman, G. J., Gaubatz, S., Livingston, D. M., & Ginsberg, D. (1997). The subcellular localization of
E2F-4 is cell-cycle dependent. Proceedings of the National Academy of Sciences, 94(10), 50955100.

179

Linzer, D. I., & Levine, A. J. (1979). Characterization of a 54K dalton cellular SV40 tumor antigen present
in SV40-transformed cells and uninfected embryonal carcinoma cells. Cell, 17(1), 43-52.
Logan, N., Graham, A., Zhao, X., Fisher, R., Maiti, B., Leone, G., & La Thangue, N. B. (2005). E2F-8: an
E2F family member with a similar organization of DNA-binding domains to E2F-7. Oncogene,
24(31), 5000-5004. doi:10.1038/sj.onc.1208703
Lohmann, D. R. (1999). RB1 gene mutations in retinoblastoma. Human Mutation, 14(4), 283-288.
doi:10.1002/(SICI)1098-1004(199910)14:4<283::AID-HUMU2>3.0.CO;2-J
Lohmann, D. R. (2010). Retinoblastoma. In S. I. Ahmad (Ed.), Diseases of DNA Repair (Vol. 685, pp.
220-227). New York, NY: Springer New York.
Lohmann, D. R., Brandt, B., Höpping, W., Passarge, E., & Horsthemke, B. (1994). Distinct RB1 gene
mutations with low penetrance in hereditary retinoblastoma. Human Genetics, 94(4), 349-354.
Lohmann, D. R., & Gallie, B. L. (Updated June 10, 2010). Retinoblastoma. In: GeneReviews at
GeneTests: Medical Genetics Information Resource (database online). Copyright, University of
Washington, Seattle. 1997-2011. Available at http://www.genetests.org. Accessed October 2011.
Lopez-Bigas, N., Kisiel, T. A., DeWaal, D. C., Holmes, K. B., Volkert, T. L., Gupta, S., . . .
Benevolenskaya E. V. (2008). Genome-wide analysis of the H3K4 histone demethylase RBP2
reveals a transcriptional program controlling differentiation. Molecular Cell, 31(4), 520-530.
doi:10.1016/j.molcel.2008.08.004
Lu, X., & Horvitz, H. R. (1998). lin-35 and lin-53, two genes that antagonize a C. elegans Ras pathway,
encode proteins similar to Rb and its binding protein RbAp48. Cell, 95(7), 981-991.
doi:10.1016/S0092-8674(00)81722-5
Ludlow, J. W., Shon, J., Pipas, J. M., Livingston, D. M., & DeCaprio, J. A. (1990). The retinoblastoma
susceptibility gene product undergoes cell cycle-dependent dephosphorylation and binding to and
release from SV40 large T. Cell, 60(3), 387-396.
Lukaszewicz, A., Savatier, P., Cortay, V., Kennedy, H., & Dehay, C. (2002). Contrasting effects of basic
fibroblast growth factor and neurotrophin 3 on cell cycle kinetics of mouse cortical stem cells. The
Journal of Neuroscience, 22(15), 6610-6622. doi:20026666

180

Lundberg, A. S., & Weinberg, R. A. (1998). Functional inactivation of the retinoblastoma protein requires
sequential modification by at least two distinct Cyclin-cdk complexes. Molecular and Cellular
Biology, 18(2), 753-761.
Luo, R. X., Postigo, A. A., & Dean, D. C. (1998). Rb interacts with histone deacetylase to repress
transcription. Cell, 92(4), 463-473.
Lyons, T. E., Salih, M., & Tuana, B. S. (2006). Activating E2Fs mediate transcriptional regulation of
human E2F6 repressor. American Journal of Physiology - Cell Physiology, 290(1), C189 -C199.
doi:10.1152/ajpcell.00630.2004
Macaluso, M., Cinti, C., Russo, G., Russo, A., & Giordano, A. (2003). pRb2/p130-E2F4/5-HDAC1SUV39H1-p300 and pRb2/p130-E2F4/5-HDAC1-SUV39H1-DNMT1 multimolecular complexes
mediate the transcription of estrogen receptor-alpha in breast cancer. Oncogene, 22(23), 35113517. doi:10.1038/sj.onc.1206578
MacPherson, D., Sage, J., Crowley, D., Trumpp, A., Bronson, R. T., & Jacks, T. (2003). Conditional
mutation of Rb causes cell cycle defects without apoptosis in the central nervous system.
Molecular and Cellular Biology, 23(3), 1044 -1053. doi:10.1128/MCB.23.3.1044-1053.2003
MacPherson, D., Sage, J., Kim, T., Ho, D., McLaughlin, M. E., & Jacks, T. (2004). Cell type-specific
effects of Rb deletion in the murine retina. Genes & Development, 18(14), 1681-1694.
doi:10.1101/gad.1203304
Magenta, A., Cenciarelli, C., De Santa, F., Fuschi, P., Martelli, F., Caruso, M., & Felsani, A. (2003). MyoD
stimulates RB promoter activity via the CREB/p300 nuclear transduction pathway. Molecular and
Cellular Biology, 23(8), 2893-2906.
Magnaghi-Jaulin, L, Groisman, R., Naguibneva, I., Robin, P., Lorain, S., Le Villain, J. P., . . . Harel-Bellan
A. (1998). Retinoblastoma protein represses transcription by recruiting a histone deacetylase.
Nature, 391(6667), 601-605. doi:10.1038/35410
Maiti, B., Li, J., de Bruin, A., Gordon, F., Timmers, C., Opavsky, R., . . . Leone, G. (2005). Cloning and
characterization of mouse E2F8, a novel mammalian E2F family member capable of blocking
cellular proliferation. The Journal of Biological Chemistry, 280(18), 18211-18220.
doi:10.1074/jbc.M501410200

181

Malumbres, M., Sotillo, R., Santamaría, D., Galán, J., Cerezo, A., Ortega, S., . . . Barbacid, M. (2004).
Mammalian cells cycle without the D-type Cyclin-dependent kinases Cdk4 and Cdk6. Cell,
118(4), 493-504. doi:10.1016/j.cell.2004.08.002
Mancini, D., Singh, S., Ainsworth, P., & Rodenhiser, D. (1997). Constitutively methylated CpG
dinucleotides as mutation hot spots in the retinoblastoma gene (RB1). American Journal of
Human Genetics, 61(1), 80-87.
Mantela, J., Jiang, Z., Ylikoski, J., Fritzsch, B., Zacksenhaus, E., & Pirvola, U. (2005). The retinoblastoma
gene pathway regulates the postmitotic state of hair cells of the mouse inner ear. Development,
132(10), 2377-2388. doi:10.1242/dev.01834
Manuel, M., Georgala, P. A., Carr, C. B., Chanas, S., Kleinjan, D. A., Martynoga, B., . . . Price, D. J.
(2007). Controlled overexpression of Pax6 in vivo negatively autoregulates the Pax6 locus,
causing cell-autonomous defects of late cortical progenitor proliferation with little effect on cortical
arealization. Development, 134(3), 545 -555. doi:10.1242/dev.02764
Marino, Silvia, Vooijs, M., van der Gulden, H., Jonkers, J., & Berns, A. (2000). Induction of
medulloblastomas in p53-null mutant mice by somatic inactivation of Rb in the external granular
layer cells of the cerebellum. Genes & Development, 14(8), 994 -1004. doi:10.1101/gad.14.8.994
Markey, M. P., Bergseid, J., Bosco, E. E., Stengel, K., Xu, H., Mayhew, C. N., . . . Knudsen, E. S. (2007).
Loss of the retinoblastoma tumor suppressor: differential action on transcriptional programs
related to cell cycle control and immune function. Oncogene, 26(43), 6307-6318.
Marquardt, T., Ashery-Padan, R., Andrejewski, N., Scardigli, R., Guillemot, F., & Gruss, P. (2001). Pax6 is
required for the multipotent state of retinal progenitor cells. Cell, 105(1), 43-55.
doi:10.1016/S0092-8674(01)00295-1
Martelli, F., Cenciarelli, C., Santarelli, G., Polikar, B., Felsani, A., & Caruso, M. (1994). MyoD induces
retinoblastoma gene expression during myogenic differentiation. Oncogene, 9(12), 3579- 3590.
Mason, I. (2007). Initiation to end point: the multiple roles of fibroblast growth factors in neural
development. Nature Reviews Neuroscience, 8(8), 583-596. doi:10.1038/nrn2189

182

Mayhew, C. N., Perkin, L. M., Zhang, X., Sage, J., Jacks, T., & Knudsen, E. S. (2004). Discrete signaling
pathways participate in RB-dependent responses to chemotherapeutic agents. Oncogene,
23(23), 4107-4120.
Mayol, X., Graña, X., Baldi, A., Sang, N., Hu, Q., & Giordano, A. (1993). Cloning of a new member of the
retinoblastoma gene family (pRb2) which binds to the E1A transforming domain. Oncogene, 8(9),
2561-2566.
McBurney, M. W. (1993). P19 embryonal carcinoma cells. The International Journal of Developmental
Biology, 37(1), 135-140.
McCabe, M. T., Davis, J. N., & Day, M. L. (2005). Regulation of DNA methyltransferase 1 by the
pRb/E2F1 pathway. Cancer Research, 65(9), 3624 -3632. doi:10.1158/0008-5472.CAN-04-2158
McClellan, K. A., Vanderluit, J. L., Julian, L. M., Andrusiak, M. G., Dugal-Tessier, D., Park, D. S., & Slack,
R. S. (2009). The p107/E2F pathway regulates fibroblast growth factor 2 responsiveness in
neural precursor cells. Molecular and Cellular Biology, 29(17), 4701-4713.
doi:10.1128/MCB.01767-08
Menezes, J., & Luskin, M. (1994). Expression of neuron-specific tubulin defines a novel population in the
proliferative layers of the developing telencephalon. The Journal of Neuroscience, 14(9), 5399 5416.
Miccadei, S., Provenzano, C., Mojzisek, M., Giorgio Natali, P., & Civitareale, D. (2005). Retinoblastoma
protein acts as Pax 8 transcriptional coactivator. Oncogene, 24(47), 6993-7001.
Mihara, K., Cao, X. R., Yen, A., Chandler, S., Driscoll, B., Murphree, A. L., . . . Fung, Y. K. (1989). Cell
cycle-dependent regulation of phosphorylation of the human retinoblastoma gene product.
Science, 246(4935), 1300-1303.
Miller, R. H. (2002). Regulation of oligodendrocyte development in the vertebrate CNS. Progress in
Neurobiology, 67(6), 451-467.
Moberg, K., Starz, M. A., & Lees, J. A. (1996). E2F-4 switches from p130 to p107 and pRB in response to
cell cycle reentry. Molecular and Cellular Biology, 16(4), 1436-1449.
Mullen, R. J., Buck, C. R., & Smith, A. M. (1992). NeuN, a neuronal specific nuclear protein in vertebrates.
Development, 116(1), 201-211.

183

Müller, H., Bracken, A. P., Vernell, R., Moroni, M. C., Christians, F., Grassilli, E., . . . Helin, K. (2001).
E2Fs regulate the expression of genes involved in differentiation, development, proliferation, and
apoptosis. Genes & Development, 15(3), 267-285. doi:10.1101/gad.864201
Müller, H., Moroni, M. C., Vigo, E., Petersen, B. O., Bartek, J., & Helin, K. (1997). Induction of S-phase
entry by E2F transcription factors depends on their nuclear localization. Molecular and Cellular
Biology, 17(9), 5508-5520.
Nakayama, J., Rice, J. C., Strahl, B. D., Allis, C. D., & Grewal, S. I. (2001). Role of histone H3 lysine 9
methylation in epigenetic control of heterochromatin assembly. Science, 292(5514), 110 -113.
doi:10.1126/science.1060118
Neuman, E., Flemington, E. K., Sellers, W. R., & Kaelin, W. G., Jr. (1995). Transcription of the E2F-1
gene is rendered cell cycle dependent by E2F DNA-binding sites within its promoter. Molecular
and Cellular Biology, 15(8), 4660.
Nevins, Joseph R. (2001). The Rb/E2F pathway and cancer. Human Molecular Genetics, 10(7), 699 -703.
doi:10.1093/hmg/10.7.699
Niculescu, A. B., Chen, X., Smeets, M., Hengst, L., Prives, C., & Reed, S. I. (1998). Effects of
p21Cip1/Waf1 at both the G1/S and the G2/M cell cycle transitions: pRb is a critical determinant
in blocking DNA replication and in preventing endoreduplication. Molecular and Cellular Biology,
18(1), 629 -643.
Nielsen, S. J., Schneider, R., Bauer, U. M., Bannister, A. J., Morrison, A., O’Carroll, D., . . . Kouzarides, T.
(2001). Rb targets histone H3 methylation and HP1 to promoters. Nature, 412(6846), 561-565.
doi:10.1038/35087620
Novitch, B. G., Mulligan, G. J., Jacks, T., & Lassar, A. B. (1996). Skeletal muscle cells lacking the
retinoblastoma protein display defects in muscle gene expression and accumulate in S and G2
phases of the cell cycle. The Journal of Cell Biology, 135(2), 441-456.
Novitch, B. G., Spicer, D. B., Kim, P. S., Cheung, W. L., & Lassar, A. B. (1999). pRb is required for MEF2dependent gene expression as well as cell-cycle arrest during skeletal muscle differentiation.
Current Biology, 9(9), 449-459. doi:10.1016/S0960-9822(99)80210-3

184

Ohtani-Fujita, N., Dryja, T. P., Rapaport, J. M., Fujita, T., Matsumura, S., Ozasa, K., . . . Sakai, T. (1997).
Hypermethylation in the retinoblastoma gene is associated with unilateral, sporadic
retinoblastoma. Cancer Genetics and Cytogenetics, 98(1), 43-49. doi:10.1016/S01654608(96)00395-0
Ohtani-Fujita, N, Fujita, T., Takahashi, R., Robbins, P. D., Dryja, T. P., & Sakai, T. (1994). A silencer
element in the retinoblastoma tumor-suppressor gene. Oncogene, 9(6), 1703-1711.
Ohtani, K., DeGregori, J., & Nevins, J. R. (1995). Regulation of the Cyclin E gene by transcription factor
E2F1. Proceedings of the National Academy of Sciences, 92(26), 12146 -12150.
Okano, H. J., Pfaff, D. W., & Gibbs, R. B. (1993). RB and Cdc2 expression in brain: correlations with 3Hthymidine incorporation and neurogenesis. The Journal of Neuroscience, 13(7), 2930-2938.
Onadim, Z., Hogg, A., Baird, P. N., & Cowell, J. K. (1992). Oncogenic point mutations in exon 20 of the
RB1 gene in families showing incomplete penetrance and mild expression of the retinoblastoma
phenotype. Proceedings of the National Academy of Sciences, 89(13), 6177 -6181.
Osumi, N., Shinohara, H., Numayama-Tsuruta, K., & Maekawa, M. (2008). Concise review: Pax6
transcription factor contributes to both embryonic and adult neurogenesis as a multifunctional
regulator. Stem Cells, 26(7), 1663-1672. doi:10.1634/stemcells.2007-0884
Pevny, L. H., & Nicolis, S. K. (2010). Sox2 roles in neural stem cells. The International Journal of
Biochemistry & Cell Biology, 42(3), 421-424. doi:10.1016/j.biocel.2009.08.018
Philips, G. T., Stair, C. N., Young Lee, H., Wroblewski, E., Berberoglu, M. A., Brown, N. L., & Mastick, G.
S. (2005). Precocious retinal neurons: Pax6 controls timing of differentiation and determination of
cell type. Developmental Biology, 279(2), 308-321. doi:10.1016/j.ydbio.2004.12.018
Pinto, L., & Götz, M. (2007). Radial glial cell heterogeneity--the source of diverse progeny in the CNS.
Progress in Neurobiology, 83(1), 2-23. doi:10.1016/j.pneurobio.2007.02.010
Polager, S., & Ginsberg, D. (2008). E2F – at the crossroads of life and death. Trends in Cell Biology,
18(11), 528-535. doi:10.1016/j.tcb.2008.08.003
Polyak, K., Lee, M. H., Erdjument-Bromage, H., Koff, A., Roberts, J. M., Tempst, P., & Massagué, J.
(1994). Cloning of p27Kip1, a Cyclin-dependent kinase inhibitor and a potential mediator of
extracellular antimitogenic signals. Cell, 78(1), 59-66.

185

Puri, P. L., Iezzi, S., Stiegler, P., Chen, T.-T., Schiltz, R. L., Muscat, G. E. ., . . . Sartorelli, V. (2001). Class
I histone deacetylases sequentially interact with MyoD and pRb during skeletal myogenesis.
Molecular Cell, 8(4), 885-897. doi:10.1016/S1097-2765(01)00373-2
Quinn, J. C., Molinek, M., Martynoga, B. S., Zaki, P. A., Faedo, A., Bulfone, A., . . . Price, D. J. (2007).
Pax6 controls cerebral cortical cell number by regulating exit from the cell cycle and specifies
cortical cell identity by a cell autonomous mechanism. Developmental Biology, 302(1), 50-65.
doi:10.1016/j.ydbio.2006.08.035
Rabinovich, A., Jin, V. X., Rabinovich, R., Xu, X., & Farnham, P. J. (2008). E2F in vivo binding specificity:
Comparison of consensus versus nonconsensus binding sites. Genome Research, 18(11), 1763 1777. doi:10.1101/gr.080622.108
Rayman, J. B., Takahashi, Y., Indjeian, V. B., Dannenberg, J. H., Catchpole, S., Watson, R. J., . . .
Dynlacht, B. D. (2002). E2F mediates cell cycle-dependent transcriptional repression in vivo by
recruitment of an HDAC1/mSin3B corepressor complex. Genes & Development, 16(8), 933 -947.
doi:10.1101/gad.969202
Ren, B., Cam, H., Takahashi, Y., Volkert, T., Terragni, J., Young, R. A., & Dynlacht, B. D. (2002). E2F
integrates cell cycle progression with DNA repair, replication, and G(2)/M checkpoints. Genes &
Development, 16(2), 245-256. doi:10.1101/gad.949802
Ren, B., & Dynlacht, B. D. (2003). Use of chromatin immunoprecipitation assays in genome-wide location
analysis of mammalian transcription factors. Chromatin and Chromatin Remodeling Enzymes,
Part B (Vol. 376, pp. 304-315). Academic Press.
Reynolds, B. A., & Weiss, S. (1992). Generation of neurons and astrocytes from isolated cells of the adult
mammalian central nervous system. Science, 255(5052), 1707-1710.
Robanus-Maandag, E., Dekker, M., van der Valk, M., Carrozza, M.-L., Jeanny, J.-C., Dannenberg, J.-H., .
. . Te Riele, H. (1998). p107 is a suppressor of retinoblastoma development in pRbdeficient mice. Genes & Development, 12(11), 1599 -1609. doi:10.1101/gad.12.11.1599
Robson, E. J. D., He, S. J., & Eccles, M. R. (2006). A PANorama of PAX genes in cancer and
development. Nature Reviews Cancer, 6(1), 52-62. doi:10.1038/nrc1778

186

Rossi, F., MacLean, H. E., Yuan, W., Francis, R. O., Semenova, E., Lin, C. S., . . . Cobrinik, D. (2002).
p107 and p130 coordinately regulate proliferation, Cbfa1 expression, and hypertrophic
differentiation during endochondral bone development. Developmental Biology, 247(2), 271-285.
doi:10.1006/dbio.2002.0691
Rowe, D. T., & Graham, F. L. (1983). Transformation of rodent cells by DNA extracted from
transformation-defective adenovirus mutants. Journal of Virology, 46(3), 1039-1044.
Rubin, S. M., Gall, A. L., Zheng, N., & Pavletich, N. P. (2005). Structure of the Rb C-terminal domain
bound to E2F1-DP1: a mechanism for phosphorylation-induced E2F release. Cell, 123(6), 10931106. doi:10.1016/j.cell.2005.09.044
Ruzhynsky, V. A., McClellan, K. A., Vanderluit, J. L., Jeong, Y., Furimsky, M., Park, D. S., . . . Slack, R. S.
(2007). Cell cycle regulator E2F4 is essential for the development of the ventral telencephalon.
The Journal of Neuroscience, 27(22), 5926 -5935. doi:10.1523/JNEUROSCI.1538-07.2007
Sabelli, P. A., & Larkins, B. A. (2009). Regulation and function of retinoblastoma-related plant genes.
Plant Science, 177(6), 540-548. doi:10.1016/j.plantsci.2009.09.012
Sakai, T., Ohtani, N., McGee, T. L., Robbins, P. D., & Dryja, T. P. (1991a). Oncogenic germ-line
mutations in Sp1 and ATF sites in the human retinoblastoma gene. Nature, 353(6339), 83-86.
doi:10.1038/353083a0
Sakai, T., Toguchida, J., Ohtani, N., Yandell, D. W., Rapaport, J. M., & Dryja, T. P. (1991b). Allele-specific
hypermethylation of the retinoblastoma tumor-suppressor gene. American Journal of Human
Genetics, 48(5), 880-888.
Salgia, R., & Skarin, A. T. (1998). Molecular abnormalities in lung cancer. Journal of Clinical Oncology,
16(3), 1207-1217.
Sansom, S. N., Griffiths, D. S., Faedo, A., Kleinjan, D.-J., Ruan, Y., Smith, J., . . . Livesey, F. J. (2009).
The level of the transcription factor Pax6 is essential for controlling the balance between neural
stem cell self-renewal and neurogenesis. PLoS Genetics, 5(6), e1000511.
doi:10.1371/journal.pgen.1000511

187

Santamaría, D., Barrière, C., Cerqueira, A., Hunt, S., Tardy, C., Newton, K., . . . Barbacid, M. (2007).
Cdk1 is sufficient to drive the mammalian cell cycle. Nature, 448(7155), 811-815.
doi:10.1038/nature06046
Santos-Rosa, H., Schneider, R., Bannister, A. J., Sherriff, J., Bernstein, B. E., Emre, N. C. T., . . .
Kouzarides, T. (2002). Active genes are tri-methylated at K4 of histone H3. Nature, 419(6905),
407-411. doi:10.1038/nature01080
Sardet, C., Vidal, M., Cobrinik, D., Geng, Y., Onufryk, C., Chen, A., & Weinberg, R. A. (1995). E2F-4 and
E2F-5, two members of the E2F family, are expressed in the early phases of the cell cycle.
Proceedings of the National Academy of Sciences, 92(6), 2403-2407.
Schneider, J. W., Gu, W., Zhu, L., Mahdavi, V., & Nadal-Ginard, B. (1994). Reversal of terminal
differentiation mediated by p107 in Rb-/- muscle cells. Science, 264(5164), 1467-1471.
Sears, R., Ohtani, K., & Nevins, J. (1997). Identification of positively and negatively acting elements
regulating expression of the E2F2 gene in response to cell growth signals. Molecular and Cellular
Biology, 17(9), 5227-5235.
Seelan, R. S., Irwin, M., van der Stoop, P., Qian, C., Kaelin, W. G., Jr., & Liu, W. (2002). The human p73
promoter: characterization and identification of functional E2F binding sites. Neoplasia, 4(3), 195203. doi:10.1038/sj/neo/7900237
Sellers, W. R., Novitch, B. G., Miyake, S., Heith, A., Otterson, G. A., Kaye, F. J., . . . Kaelin, W. G., Jr.
(1998). Stable binding to E2F is not required for the retinoblastoma protein to activate
transcription, promote differentiation, and suppress tumor cell growth. Genes & Development,
12(1), 95-106.
Serrano, M., Hannon, G. J., & Beach, D. (1993). A new regulatory motif in cell-cycle control causing
specific inhibition of Cyclin D/CDK4. Nature, 366(6456), 704-707. doi:10.1038/366704a0
Shan, B., Chang, C. Y., Jones, D., & Lee, W. H. (1994). The transcription factor E2F-1 mediates the
autoregulation of RB gene expression. Molecular and Cellular Biology, 14(1), 299-309.
Sherr, C. J., & McCormick, F. (2002). The RB and p53 pathways in cancer. Cancer Cell, 2(2), 103-112.
doi:10.1016/S1535-6108(02)00102-2

188

Singh, P., Coe, J., & Hong, W. (1995). A role for retinoblastoma protein in potentiating transcriptional
activation by the glucocorticoid receptor. Nature, 374(6522), 562-565. doi:10.1038/374562a0
Skapek, S. X., Pan, Y. R., & Lee, E. Y. H. P. (2006). Regulation of cell lineage specification by the
retinoblastoma tumor suppressor. Oncogene, 25(38), 5268-5276. doi:10.1038/sj.onc.1209710
Slack, R. S., Hamel, P. A., Bladon, T. S., Gill, R. M., & McBurney, M. W. (1993). Regulated expression of
the retinoblastoma gene in differentiating embryonal carcinoma cells. Oncogene, 8(6), 15851591.
Smith, A. E., Smith, R., & Paucha, E. (1979). Characterization of different tumor antigens present in cells
transformed by simian virus 40. Cell, 18(2), 335-346.
Smith, E. J., Leone, G., DeGregori, J., Jakoi, L., & Nevins, J. R. (1996). The accumulation of an E2Fp130 transcriptional repressor distinguishes a G0 cell state from a G1 cell state. Molecular and
Cellular Biology, 16(12), 6965-6976.
Smith, E. J., Leone, G., & Nevins, J. R. (1998). Distinct mechanisms control the accumulation of the Rbrelated p107 and p130 proteins during cell growth. Cell Growth & Differentiation, 9(4), 297-303.
Soloveva, V., & Linzer, D. I. H. (2004). Differentiation of placental trophoblast giant cells requires
downregulation of p53 and Rb. Placenta, 25(1), 29-36. doi:10.1016/S0143-4004(03)00215-7
Soriano, P. (1999). Generalized lacZ expression with the ROSA26 Cre reporter strain. Nature Genetics,
21(1), 70-71. doi:10.1038/5007
Sparkes, R. S., Sparkes, M. C., Wilson, M. G., Towner, J. W., Benedict, W., Murphree, A. L., & Yunis, J.
J. (1980). Regional assignment of genes for human esterase D and retinoblastoma to
chromosome band 13q14. Science, 208(4447), 1042-1044.
Srinivasan, S. V., Mayhew, C. N., Schwemberger, S., Zagorski, W., & Knudsen, E. S. (2007). RB loss
promotes aberrant ploidy by deregulating levels and activity of DNA replication factors. The
Journal of Biological Chemistry, 282(33), 23867-23877. doi:10.1074/jbc.M700542200
Stiegler, P., De Luca, A., Bagella, L., & Giordano, A. (1998). The COOH-terminal region of pRb2/p130
binds to histone deacetylase 1 (HDAC1), enhancing transcriptional repression of the E2Fdependent Cyclin A promoter. Cancer Research, 58(22), 5049-5052.

189

Strober, B. E., Dunaief, J. L., Guha, & Goff, S. P. (1996). Functional interactions between the
hBRM/hBRG1 transcriptional activators and the pRB family of proteins. Molecular and Cellular
Biology, 16(4), 1576-1583.
Sun, H., Chang, Y., Schweers, B., Dyer, M. A., Zhang, X., Hayward, S. W., & Goodrich, D. W. (2006). An
E2F binding-deficient Rb1 protein partially rescues developmental defects associated with Rb1
nullizygosity. Molecular and Cellular Biology, 26(4), 1527-1537. doi:10.1128/MCB.26.4.15271537.2006
Takahashi, Y, Rayman, J. B., & Dynlacht, B. D. (2000). Analysis of promoter binding by the E2F and pRB
families in vivo: distinct E2F proteins mediate activation and repression. Genes & Development,
14(7), 804-816.
Tallquist, M. D., & Soriano, P. (2000). Epiblast-restricted Cre expression in MORE mice: A tool to
distinguish embryonic vs. extra‐embryonic gene function. Genesis, 26(2), 113-115.
doi:10.1002/(SICI)1526-968X(200002)26:2<113::AID-GENE3>3.0.CO;2-2
Taylor, M., Dehainault, C., Desjardins, L., Doz, F., Levy, C., Sastre, X., . . . Gauthier-Villars, M. (2007).
Genotype-phenotype correlations in hereditary familial retinoblastoma. Human Mutation, 28(3),
284-293. doi:10.1002/humu.20443
Thalmeier, K., Synovzik, H., Mertz, R., Winnacker, E. L., & Lipp, M. (1989). Nuclear factor E2F mediates
basic transcription and trans-activation by E1a of the human MYC promoter. Genes &
Development, 3(4), 527 -536. doi:10.1101/gad.3.4.527
Thomas, D. M., Carty, S. A., Piscopo, D. M., Lee, J.-S., Wang, W.-F., Forrester, W. C., & Hinds, P. W.
(2001). The Retinoblastoma Protein Acts as a Transcriptional Coactivator Required for
Osteogenic Differentiation. Molecular Cell, 8(2), 303-316. doi:10.1016/S1097-2765(01)00327-6
Toyoshima, H., & Hunter, T. (1994). p27, a novel inhibitor of G1 Cyclin-Cdk protein kinase activity, is
related to p21. Cell, 78(1), 67-74.
Trimarchi, J. M., Fairchild, B., Verona, R., Moberg, K., Andon, N., & Lees, J. A. (1998). E2F-6, a member
of the E2F family that can behave as a transcriptional repressor. Proceedings of the National
Academy of Sciences, 95(6), 2850-2855.

190

Trimarchi, J. M., & Lees, J. A. (2002). Sibling rivalry in the E2F family. Nature Reviews Molecular Cell
Biology, 3(1), 11-20. doi:10.1038/nrm714
Tronche, F., Kellendonk, C., Kretz, O., Gass, P., Anlag, K., Orban, P. C., . . . Schütz, G. (1999).
Disruption of the glucocorticoid receptor gene in the nervous system results in reduced anxiety.
Nature Genetics, 23(1), 99-103. doi:10.1038/12703
Trouche, D., Le Chalony, C., Muchardt, C., Yaniv, M., & Kouzarides, T. (1997). RB and hbrm cooperate
to repress the activation functions of E2F1. Proceedings of the National Academy of Sciences,
94(21), 11268-11273.
Vairo, G., Livingston, D. M., & Ginsberg, D. (1995). Functional interaction between E2F-4 and p130:
evidence for distinct mechanisms underlying growth suppression by different retinoblastoma
protein family members. Genes & Development, 9(7), 869-881.
Vandel, L., Nicolas, E., Vaute, O., Ferreira, R., Ait-Si-Ali, S., & Trouche, D. (2001). Transcriptional
repression by the retinoblastoma protein through the recruitment of a histone methyltransferase.
Molecular and Cellular Biology, 21(19), 6484-6494. doi:10.1128/MCB.21.19.6484-6494.2001
Vanderluit, J. L., Wylie, C. A., McClellan, K. A., Ghanem, N., Fortin, A., Callaghan, S., . . . Slack, R. S.
(2007). The Retinoblastoma family member p107 regulates the rate of progenitor commitment to
a neuronal fate. The Journal of Cell Biology, 178(1), 129-139. doi:10.1083/jcb.200703176
Verona, R., Moberg, K., Estes, S., Starz, M., Vernon, J. P., & Lees, J. A. (1997). E2F activity is regulated
by cell cycle-dependent changes in subcellular localization. Molecular and Cellular Biology,
17(12), 7268-7282.
Vooijs, M., van der Valk, M., Te Riele, H., & Berns, A. (1998). Flp-mediated tissue-specific inactivation of
the retinoblastoma tumor suppressor gene in the mouse. Oncogene, 17(1), 1-12.
doi:10.1038/sj.onc.1202169
Weinmann, A. S., Yan, P. S., Oberley, M. J., Huang, T. H.-M., & Farnham, P. J. (2002). Isolating human
transcription factor targets by coupling chromatin immunoprecipitation and CpG island microarray
analysis. Genes & Development, 16(2), 235-244. doi:10.1101/gad.943102

191

Wells, J., Yan, P. S., Cechvala, M., Huang, T., & Farnham, P. J. (2003). Identification of novel pRb
binding sites using CpG microarrays suggests that E2F recruits pRb to specific genomic sites
during S phase. Oncogene, 22(10), 1445-1460.
Wenzel, P. L., Chong, J.-L., Sáenz-Robles, M. T., Ferrey, A., Hagan, J. P., Gomez, Y. M., . . . Leone, G.
(2011). Cell proliferation in the absence of E2F1-3. Developmental Biology, 351(1), 35-45.
doi:10.1016/j.ydbio.2010.12.025
Whyte, P., Buchkovich, K. J., Horowitz, J. M., Friend, S. H., Raybuck, M., Weinberg, R. A., & Harlow, E.
(1988). Association between an oncogene and an anti-oncogene: the adenovirus E1A proteins
bind to the retinoblastoma gene product. Nature, 334(6178), 124-129. doi:10.1038/334124a0
Wiggan, O., Taniguchi-Sidle, A., & Hamel, P. A. (1998). Interaction of the pRB-family proteins with factors
containing paired-like homeodomains. Oncogene, 16(2), 227-236. doi:10.1038/sj.onc.1201534
Windle, J. J., Albert, D. M., O’Brien, J. M., Marcus, D. M., Disteche, C. M., Bernards, R., & Mellon, P. L.
(1990). Retinoblastoma in transgenic mice. Nature, 343(6259), 665-669. doi:10.1038/343665a0
Wirt, S. E., Adler, A. S., Gebala, V., Weimann, J. M., Schaffer, B. E., Saddic, L. A., Sage, J. (2010). G1
arrest and differentiation can occur independently of Rb family function. The Journal of Cell
Biology, 191(4), 809-825. doi:10.1083/jcb.201003048
Wu, L., de Bruin, A., Saavedra, H. I., Starovic, M., Trimboli, A., Yang, Y., . . . Leone, G. (2003). Extraembryonic function of Rb is essential for embryonic development and viability. Nature, 421(6926),
942-947. doi:10.1038/nature01417
Wu, L., Timmers, C., Maiti, B., Saavedra, H. I., Sang, L., Chong, G. T., . . . Leone, G. (2001). The E2F1-3
transcription factors are essential for cellular proliferation. Nature, 414(6862), 457-462.
doi:10.1038/35106593
Wyrzykowska, J., Schorderet, M., Pien, S., Gruissem, W., & Fleming, A. J. (2006). Induction of
differentiation in the shoot apical meristem by transient overexpression of a retinoblastomarelated protein. Plant Physiology, 141(4), 1338-1348. doi:10.1104/pp.106.083022
Xiao, B., Spencer, J., Clements, A., Ali-Khan, N., Mittnacht, S., Broceño, C., . . . Gamblin, S. J. (2003).
Crystal structure of the retinoblastoma tumor suppressor protein bound to E2F and the molecular

192

basis of its regulation. Proceedings of the National Academy of Sciences, 100(5), 2363 -2368.
doi:10.1073/pnas.0436813100
Yamasaki, L., Bronson, R., Williams, B. O., Dyson, N. J., Harlow, E., & Jacks, T. (1998). Loss of E2F-1
reduces tumorigenesis and extends the lifespan of Rb1(+/-)mice. Nature Genetics, 18(4), 360364. doi:10.1038/ng0498-360
Yan, Z., DeGregori, J., Shohet, R., Leone, G., Stillman, B., Nevins, J. R., & Williams, R. S. (1998). Cdc6
is regulated by E2F and is essential for DNA replication in mammalian cells. Proceedings of the
National Academy of Sciences, 95(7), 3603-3608.
Yuan, S. S., Yeh, Y. T., & Lee, E. Y. (2002). Pax-2 interacts with RB and reverses its repression on the
promoter of Rig-1, a Robo member. Biochemical and Biophysical Research Communications,
296(4), 1019-1025. doi:10.1016/S0006-291X(02)02032-6
Yunis, J. J., & Ramsay, N. (1978). Retinoblastoma and subband deletion of chromosome 13. American
Journal of Diseases of Children (1960), 132(2), 161-163.
Zacksenhaus, E., Gill, R. M., Phillips, R. A., & Gallie, B. L. (1993). Molecular cloning and characterization
of the mouse RB1 promoter. Oncogene, 8(9), 2343-2351.
Zhang, J., Gray, J., Wu, L., Leone, G., Rowan, S., Cepko, C. L., . . . Dyer, M. A. (2004a). Rb regulates
proliferation and rod photoreceptor development in the mouse retina. Nature Genetics, 36(4),
351-360. doi:10.1038/ng1318
Zhang, J., & Schweers, B. (2004b). The first knockout mouse model of retinoblastoma. Cell Cycle, 3, 950957. doi:10.4161/cc.3.7.1002
Zheng, J. B., Zhou, Y. H., Maity, T., Liao, W. S., & Saunders, G. F. (2001). Activation of the human PAX6
gene through the exon 1 enhancer by transcription factors SEF and Sp1. Nucleic Acids
Research, 29(19), 4070 -4078. doi:10.1093/nar/29.19.4070
Zhu, L., Zhu, L., Xie, E., & Chang, L. S. (1995). Differential roles of two tandem E2F sites in repression of
the human p107 promoter by retinoblastoma and p107 proteins. Molecular and Cellular Biology,
15(7), 3552-3562.

193

Zimmerman, L., Parr, B., Lendahl, U., Cunningham, M., McKay, R., Gavin, B., . . . McMahon, A.
(1994). Independent regulatory elements in the nestin gene direct transgene expression to neural
stem cells or muscle precursors. Neuron, 12(1), 11-24.
Zini, N., Trimarchi, C., Claudio, P. P., Stiegler, P., Marinelli, F., Maltarello, M. C., . . . Cinti C. (2001).
pRb2/p130 and p107 control cell growth by multiple strategies and in association with different
compartments within the nucleus. Journal of Cellular Physiology, 189(1), 34-44.
doi:10.1002/jcp.1135

194

Appendix
Quantification of Rb family member binding at the Rb Promoter using quantitative RT-PCR
We analyzed chromatin derived from ChIP in wild type C57BL/6 cortex at E14.5 using
quantitative

RT-PCR and found enrichment of RB family members at the Rb promoter that was absent

at Rb intron 3 (Figure A-1). Protocols for amplification between quantitative RT-PCR and PCR were
modified due to difficulty in obtaining amplification in quantitative RT-PCR. Amplification was performed
using Qiagen QuantiTect SYBR Green RT-PCR Kit (Qiagen 204141) at 60° C for 40 cycles. Input
samples at 1:5, 1:25, and 1:125 were run concomitantly to ensure that the amplification was linear. We
saw differences in results between conventional and quantitative RT-PCR methods and this was most
likely due to our inability of using Q solution in quantitative RT-PCR, which was essential for amplification
of the highly GC rich region in conventional PCR. Additionally, melting curves showed potential
secondary peaks, particularly for the Rb Intron 3 amplification, which indicated possible secondary
product formation.
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Figure A-1: Quantification of ChIP of Rb family members at the Rb promoter.
Quantification of DNA from ChIP at the Rb promoter and Rb Intron 3 shown in figure 3-2 was
performed using quantitative RT-PCR. We found enrichment of Rb family members at the Rb
promoter as compared to IgG and we saw no similar enrichment at Rb Intron 3 (A). Calculations
for enrichment at the Rb promoter are shown (B). Briefly, the CT values of the input sample
(CT

Input)

were subtracted from the CT of the samples to derive !CT. The difference between the

!CT of samples and the !CT of the IgG were then used to determine the fold increase over Igg
(2^!!CT), where levels of IgG are designated 1.0. Fragmentation of DNA by sonication showed
that all DNA was between 200 and 100 bp (C).
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Figure A-2: Increase in the intensity of Pax6 staining in Rb deficient cortical culture on
Day 4

Immunocytochemical analysis of primary cortical cultures from E14.5 wild type

(RbLoxP/+) and Rb mutant (NestinCre;RbLoxP/LoxP) cortices was performed with a monoclonal
antibody against Pax6. There was an increase in the intensity, as well as a decrease in
frequency, of Pax6+ cells with Rb deficiency (H) as compared to a litter mate control (F).

