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Abstract 
 

Single-stranded DNA binding proteins (SSBs) are critical for binding, protecting and 

sequestering single-stranded DNA intermediates during multiple cellular transactions, 

including DNA replication, repair and transcription. The canonical SSB in eukaryotes, 

Replication Protein A (RPA), is a heterotrimeric protein essential for numerous cellular 

processes, including DNA repair by homologous recombination (HR). Recently, 

Richard et al. (2008) identified a novel human SSB, designated human Single-Stranded 

DNA Binding protein 1 (hSSB1), critical to DNA repair and the maintenance of 

genomic stability. siRNA-mediated depletion of hSSB1 led to attenuation of ATM 

signalling in response to DNA damage by ionizing radiation (IR), impairment of DNA 

repair by HR, and overall genetic instability. Moreover, hSSB1 was subsequently 

shown to itself function in a heterotrimeric complex in a manner analogous to RPA, 

with Integrator complex subunit 3 (INTS3), and a small, uncharacterised acidic protein 

C9Orf80/MISE/SSBIP1. siRNA-mediated depletion of these components led to similar 

DNA damage-related phenotypes to what has been observed for hSSB1 depletion alone, 

suggesting that complex formation may be important for hSSB1 functioning. Moreover, 

hSSB2, a homolog of hSSB1, was shown to be able to form a similar complex with 

INTS3 and C9Orf80 in place of hSSB1, suggesting an element of functional 

redundancy in the roles of hSSB1 and hSSB2. 

 

In order to further define the functional role of Ssb1, we employed a transgenic mouse 

model in which exons 3 – 6 of murine Ssb1 could be deleted upon Cre-mediated 

excision, in order to generate Ssb1
-/-

 knockout mice. Attempts to recover Ssb1
-/-

 mice 

from Ssb1
+/-

 intercrosses at 12 days post-partum failed to yield any mice of an Ssb1
-/-

 

genotype, suggesting its deletion may cause lethality during the embryonic or early 

postnatal period. Surprisingly, Ssb1
-/-

 embryos were not embryonically lethal at early or 

mid-gestational stages, as has been reported for targeted ablation of a number of factors 

critical for DNA repair by HR. However, Ssb1
-/-

 embryos were growth retarded at late-

gestational stages and exhibited perinatal lethality within 20 minutes of birth due to 

severe respiratory failure and lung atelectasis.  

 

Investigation of mouse embryonic fibroblasts (MEFs) cultured from Ssb1
+/+

 and Ssb1
-/-

 

E13.5 embryos revealed that Ssb1 deletion caused a mild proliferative defect, consistent 

with the growth retardation of Ssb1
-/-

 embryos. Surprisingly, although we observed 
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stabilisation of Ssb1 in response to IR, we were unable to recapitulate the major DNA 

repair and signalling phenotypes observed in human studies with hSSB1 depletion, as 

Ssb1
-/-

 MEFs were not hypersensitive to IR, did not exhibit cell-cycle defects, had no 

abrogation of ATM signalling and did not exhibit a delayed or attenuated response to 

IR-induced DNA Double-strand breaks assessed by -H2AX focus kinetics. However, 

we noted stabilisation of the Ssb2 protein in Ssb1
-/-

 MEFs, suggesting that some element 

of functional compensation may occur between these two proteins.  

 

To further investigate the cause of perinatal death in Ssb1
-/-

 embryos, we performed 

detailed analysis on the lungs and skeletons of Ssb1
-/-

 embryos. Ssb1
-/-

 lungs were 

smaller in size than their control (Ssb1
+/+

, Ssb1
+/-

) counterparts, but were correctly 

lobulated. However, late-stage lung differentiation was impaired in Ssb1
-/-

 lungs, with 

mesenchymal hypercellularity and poor differentiation of alveolar lumens. Moreover, 

alveolar epithelial type I and type II cells were aberrantly differentiated in these lungs.  

Analysis of the skeletons of Ssb1 control and Ssb1
-/-

 embryos revealed a wide spectrum 

of defects, including craniofacial dysmorphology with tympanic ring malformation, 

micrognathia (recessed mandible), and variably penetrant palate clefting. Furthermore, 

we observed a striking lack of ossification in the rib cages of Ssb1
-/-

 embryos, providing 

a lack of structural support which would have significantly contributed to the 

respiratory failure of Ssb1
-/-

 embryos at birth. Additionally, we observed defects in the 

outgrowth of long bones of the limbs in Ssb1
-/-

 embryos, with severe retardation and 

mispatterning of the hindlimb. To determine the molecular causes underpinning these 

skeletal phenotypes, we performed a qRT-PCR screen of 84 genetic regulators of 

osteogenesis on limb buds isolated from E12.5 Ssb1
+/-

 and Ssb1
-/-

 embryos. We 

observed a striking down-regulation of a number of early markers of chondrogenesis, 

suggesting that the skeletal defects in Ssb1
-/-

 embryos manifest at the early stages of 

chondrogenic differentiation. Together, these results illustrate a critical role of Ssb1 in 

embryonic skeletal patterning.  

 

In conclusion, our studies using a genetically abrogated mouse model provide valuable 

insight into the functions of the novel Single-Stranded DNA binding protein Ssb1, and 

have highlighted critical and unexpected roles of this protein during embryonic 

development.  
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A note on the structure of this thesis: 

 
At the commencement of the project, the known roles of Ssb1 revolved solely around 

the field of DNA repair. However the unexpected findings within this project 

significantly expanded the understanding of the biological roles of Ssb1, implicating the 

protein in not only DNA repair, but also the mechanisms of lung and skeletal 

development – biological disciplines that have not traditionally been studied in concert. 

 As a result, the structure of this thesis has been adapted to best preserve the historical 

and chronological accuracy regarding the existing body of knowledge for Ssb1 while 

highlighting the protein's potential roles in DNA repair and developmental biology.   

 

The introductory literature review focuses solely on the molecular pathways and 

mechanisms that govern DNA repair – the only field in which Ssb1 was implicated in at 

the start of the project. Each results chapter then independently introduces and discusses 

the findings in the context of their specific field – DNA repair, lung development, and 

skeletogenesis, respectively. The final discussion then extrapolates these discipline-

specific findings in the context of the broader DNA repair field.   
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A note on nomenclature: 

 
Within this thesis, genes and proteins are named according to standard nomenclature. 

Human gene symbols are all in uppercase and italicised (SSB1), and human gene 

products are all uppercase, without italicisation (SSB1). Mouse gene symbols are all 

italicised, with only the first letter in uppercase (Ssb1) and mouse gene products are 

non-italicised, with only the first letter in uppercase (Ssb1). 
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1 Literature Review 

1.1 DNA damage and genomic stability 

1.1.1 The DNA Damage Response 

Genotoxic stress from both exogenous and endogenous sources poses a constant threat 

to DNA; as a result, the cell is equipped with an intricate molecular network poised to 

respond to damage when it occurs, collectively termed the DNA damage response 

(DDR) (Figure 1.1) (Jackson & Bartek, 2009; Khanna & Jackson, 2001). It is estimated 

that upwards of 10
4
 DNA damaging events occur in the genome of every mammalian 

cell each day, with the majority of these lesions caused by oxidative damage and the by-

products of cellular respiration (Table 1.1) (Lindahl, 1993).  

 

Table 1.1. DNA lesions generated by exogenous and endogenous DNA damage.  
DNA damage can be caused by a plethora of both exogenous and endogenous 
sources, causing a variety of lesion types [from (Ciccia & Elledge, 2010)].  
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When left unrepaired, DNA damage can result in disastrous consequences to the cell, 

leading to apoptosis, cellular senescence, and in some cases, tumorigenesis (Figure 1.1) 

(Jackson & Bartek, 2009; Negrini et al). As the majority of these damage events can 

lead to mutations during DNA replication, it is imperative that a mechanism is in place 

to address this inherent genomic instability. This review will outline some of the 

mechanisms in which the mammalian DDR is co-ordinated, and our current 

understanding of the field.  

 

 

 

             

 
 
Figure 1.1. The DNA Damage Response. 
The DNA damage response consists of sensors of the damage followed by the 
recruitment of mediators, transducers, effectors and downstream cellular responses 
[from (Jackson & Bartek, 2009)]. 
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1.2 DNA repair pathways 

Given the heterogeneity between the types of DNA damage the genome can encounter, 

a number of evolutionarily conserved, partially overlapping pathways exist to repair the 

damage when it occurs (Figure 1.2) (Jackson & Bartek, 2009; Khanna & Jackson, 

2001). These pathways include base excision repair (BER), which targets lesions mostly 

caused by endogenous oxidative stress, Nucleotide Excision Repair (NER) which 

repairs a host of bulky adducts distorting the DNA helix, and Double-Strand Break 

(DSB) Repair, which addresses damage affecting both strands of the DNA helix 

(Hoeijmakers, 2001; Jackson & Bartek, 2009). The following section will discuss the 

co-ordination and actions of these repair pathways in greater detail.  

 

 

 

Figure 1.2. Types of DNA lesions and their associated repair pathways.  
DNA lesions can be caused by a number of DNA damaging agents from both 
endogenous and exogenous sources. Damage induced by these agents leads to 
different repair pathway choices by the cell. Cis-pt, Cisplatin; MMC, Mitomycin C; (6-
4)PP, 6-4 photoproduct; HR, Homologous Recombination; EJ, End-Joining [from 
(Hoeijmakers, 2001)]. 
 

1.2.1 Base Excision Repair  
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Oxidative DNA lesions induced from the by-products of endogenous cellular respiration 

are the most common form of DNA damage within human cells (Lindahl, 1993). These 

endogenous lesions, as well as those caused by nitrosative stress resulting in 

deamination of bases, are repaired by the BER pathway (Figure 1.3) (Lindahl, 1974; 

Lindahl, 1979; Lindahl, 1993). In addition, BER responds to damage caused by 

exogenous agents, such as OH radicals generated by Ionizing Radiation (IR) and 

alkylating agents (e.g. some chemotherapy agents) (Robertson et al, 2009; Sedgwick et 

al, 2007). Moreover, single-strand DNA nicks are also repaired by a subset of the BER 

machinery (Caldecott, 2008).  

 

Given the high incidence of oxidative lesions within cells, the BER pathway is crucial 

in the prevention of genomic mutations; consequently, genomic instability resulting 

from faulty BER machinery has been associated with a number of human disorders 

associated with neurodegeneration, premature ageing, and tumorigenesis (Garinis et al, 

2008; Hegde et al, 2012; Hoeijmakers, 2009). At its most basic level, the BER pathway 

senses a plethora of damage types through the actions of lesion-specific DNA 

glycosylases, followed by replacement of the damaged nucleotide with a new one 

(Dianov & Hubscher, 2013; Hegde et al, 2008).  



  Chapter 1: Literature Review 

 

 5 

Figure 1.3. Mechanisms of Base Excision Repair.  
DNA-damage is sensed by the actions of bi-functional (left) or mono-functional (middle) 
DNA glycosylases, dependent upon the nature of the damage, and the lesion further 
processed by one or a number of additional processing factors. The lesion is then 
repaired by one of two mechanisms, Short-Patch/Single-Nucleotide BER (SN-BER) or 
Long-Patch BER (LP-BER) [from (Hegde et al, 2012)]. 

 

 

The upstream events which take place during BER are typified by the nature of the 

DNA lesion before convergence of the repair response at the end-processing stage 

(Hegde et al, 2012). DNA glycosylases are monomeric proteins which sense the lesion, 

bind to the minor groove of the DNA backbone, and cleave the N-glycosidic bond 

between the sugar phosphate backbone and DNA base (Hegde et al, 2008; Sampath et 

al, 2012). This results in the formation of an Apurinic/Apyrimidinic (AP) site, which 

requires further processing to form a single-stranded break containing a 5’- deoxyribose 
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and 3’ hydroxyl group at each end as an optimal substrate for repair and ligation (Svilar 

et al, 2011). To reach this stage a number of additional processing factors are required, 

dependent upon the functionality of the glycosylase in play, and the chemical 

intermediate it produces (Dianov & Hubscher, 2013; Svilar et al, 2011).  

 

The monofunctional glycosylases include the uracil-DNA glycosylases and 

methylpurine/alkyladenine-DNA glycosylases which excise uracil, and alkylated bases, 

respectively (Bessho et al, 1993; Chakravarti et al, 1991; Hegde et al, 2012). After 

cleavage of the N-glycosidic bond, the AP intermediates are hydrolysed to produce 

SSBs with 3’OH and 5’deoxyribophosphate ends by the AP endonuclease 1 (APE1) 

protein (Hegde et al, 2012; Mol et al, 2000; Robson & Hickson, 1991; Wilson et al, 

1995). In contrast, the bifunctional glycosylases exhibit inherent lyase capabilities 

which are able to remove the AP site, leaving behind a nick with a 3’,-unsaturated 

aldehyde (in the case of the glycosylases OGG1 and NTH1), or a 3’-phosphate 

containing nick (such as the glycosylases NEIL1 and NEIL2) (Svilar et al, 2011; 

Wiederhold et al, 2004). Each of these end-products from mono- or bi-functional 

glycosylases are not directly amenable to simple SSB break repair and require the 

actions of additional processing factors individually or in combination, to clean the 

DNA ends in preparation for DNA synthesis and ligation. These processing factors 

include Pol, APE1, Polynucleotide Kinase Phosphatase (PNKP), Aprataxin, and 

tyrosyl DNA phosphodiesterase (TDP1) (Ahel et al, 2006; Cortes Ledesma et al, 2009; 

Matsumoto & Kim, 1995; Mol et al, 2000; Weinfeld et al, 2011).    

 

The following stages of BER can be subclassified into two types of repair: Short Patch 

BER (SP-BER), and Long Patch BER (LP-BER) (Robertson et al, 2009). SP-BER 

machinery is engaged when a simple SSB with 5’-deoxyribose and 3’-hydroxyl groups 

has been successfully generated by the individual or concerted actions of the 

aforementioned end-processing factors (Dianov & Hubscher, 2013). In this case, Pol 

fills the missing nucleotide, followed by ligation of the structure by the X-ray Cross 

Complementation 1 (XRCC1)- Ligase III (LigIII) complex (Cappelli et al, 1997; 

Matsumoto & Kim, 1995; Nash et al, 1997). In contrast, LP-BER is thought to be 

engaged when processing enzymes are not able to sufficiently process the lesion for 

repair (Dianov & Hubscher, 2013; Hegde et al, 2012). In these circumstances, a repair 

patch 2-8 nucleotides prior to the lesion site is formed, and lagging-strand replication 

proteins including Polymerases  and , Proliferating Cell Nuclear Antigen (PCNA) and 
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replication factor-C (RF-C) are recruited to displace the strand and fill in the gap 

(Fortini et al, 1998; Klungland & Lindahl, 1997; Levin et al, 2004; Matsumoto, 2001). 

The displaced strand is then removed by Flap-endonuclease 1 (FEN1), and the 

remaining nick sealed by Ligase I (LigI) (Levin et al, 2000; Prasad et al, 2000).  

 

1.2.1.1 Single-Strand Break Repair 

Single-strand break repair (SSBR) represents a sub-category of BER, and responds to 

simple single-stranded DNA breaks (also known as single-stranded nicks) (Caldecott, 

2008). Single-stranded breaks are detected by members of the Poly [ADP-ribose] 

polymerase family, predominantly PARP-1 (Ame et al, 2004). PARP-1 modifies a 

number of substrates – including itself – with branched poly (ADP-ribose) moieties. 

The activity of PARP-1 is tightly regulated within the cell; it associates with DNA in a 

transient manner and is rapidly de-ribosylated to its inactive state by poly (ADP-ribose) 

glycohydrolase (PARG), allowing it to undergo successive rounds of repair (Ame et al, 

2004; Davidovic et al, 2001). PARP-1 is a multifunctional protein, which participates in 

SSBR through the recruitment of multiple factors involved in co-ordinating repair, 

including XRCC1 and chromatin remodelling factors (Chou et al, 2010; Odell et al, 

2013; Timinszky et al, 2009).  

 

1.2.2 Nucleotide Excision Repair  

The Nucleotide Excision Repair (NER) pathway is the most versatile of repair pathways 

due to the variety of lesion types it must address. NER responds to damage arising from 

predominantly exogenous sources which cause distortions of the DNA helix, such as 

bulky adducts, alkylation products and cisplatin-induced intrastrand crosslinks, as well 

as 6-4 photoproducts and pyrimidine dimers induced by UV damage (Figure 1.4) (Costa 

et al, 2003; Hoeijmakers, 2001). 

 

The major proteins involved in the NER pathway have been associated with the 

autosomal recessive genetic disorders Xeroderma Pigmentosum (XP), Cockayne 

syndrome (CS) and Trichothydystrophy, caused by mutations in the Xeroderma 

Pigmentosum A through G (XPA through XPG) proteins or the Cockayne Syndrome A 

and B (CSA and CSB) proteins, respectively (Cleaver et al, 2009; Friedberg, 2001). 

Given that these proteins participate in the same global repair pathway, their associated 

disorders are surprisingly diverse in their phenotypes; patients with XP exhibit acute 
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photosensitivity and a markedly increased predisposition to skin cancer, whereas those 

with CS exhibit impaired mental and physical development and premature ageing, with 

no significant increase in the risk of cancer development (Cleaver et al, 2009; Fortini et 

al, 1998; Klungland & Lindahl, 1997; Levin et al, 2004; Matsumoto, 2001). 

Trichothydystrophy is a separate class of disease, where the major symptoms include 

brittle nails and hair, scaly skin as well as physical and mental retardation (Berneburg & 

Lehmann, 2001; Cleaver et al, 2009).  

 

NER can be sub-divided into two categories, Global-Genome Repair (GGR) which 

addresses genome-wide damage and Transcription-Coupled Repair (TCR), which 

specifically repairs lesions blocking RNA polymerase II (RNA Pol II) progression 

during transcription (Figure 1.4) (Hoeijmakers, 2001). Whilst the initiation mechanisms 

of these two pathways are divergent, they share common repair machinery at the end 

stages of repair. 

 

1.2.2.1 Global Genome Nucleotide Excision Repair  

Global Genome Nucleotide Excision Repair (GGR) begins with the sensing of the 

lesion by the XPC - RAD23 Homolog B (HR23B) - Centrin, EF-hand protein 2 

(CETN2) and UV-DNA Damage Binding (DDB) complexes (in the case of UV-induced 

lesions), followed by dissociation of XPC after DNA binding (Figure 1.4A) (Masutani 

et al, 1994; Nishi et al, 2005; Yeh et al, 2012). In order for repair factors to access the 

lesion, the DNA helix must be unwound to form a “bubble” surrounding the damage 

site. This is accomplished by the multi-protein complex Transcription factor IIH 

(TFIIH) in co-ordination with the Cyclin-Dependent Kinase (CDK) activating kinase 

(CAK) complex, as well as XPG (Egly & Coin, 2011; Kamileri et al, 2012; Oksenych et 

al, 2009). XPB and XPD, which are both components of the TFIIH complex are further 

responsible for stabilisation of the unwound DNA bubble in co-ordination with XPA 

and the single-stranded DNA binding protein Replication Protein A (RPA) (Coin et al, 

2007; Kamileri et al, 2012; Oksenych et al, 2009; Overmeer et al, 2011). RPA is able to 

catalyse the activity of the Excision Repair Cross Complementation Rodent Repair 

Deficiency complement protein 1 (ERCC1)- XPF complex to then excise the fragment 

containing the lesion, allowing subsequent gap-filling to repair the missing sequence by 

DNA polymerases  and  or , stimulated by PCNA, Replication Factor C (RFC) and 

Replication Factor A (RFA) (Araujo et al, 2000; Kamileri et al, 2012; Matsunaga et al, 
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1996). Finally, the replaced fragment is ligated by X-Ray Cross Complementing 1 

(XRCC1)-LigIII to complete the repair process (Moser et al, 2007). 

 

 

 

 
 
 
 
Figure 1.4. Mechanisms of Global Genome and Transcription-Coupled Nucleotide 
Excision Repair. 
(A) In GGR, lesions are sensed by the XPC-RAD23-CETN2 complex in association 
with UV-DDB. (B) In TCR, lesions stalling RNA-polymerase II are sensed by the CSA 
and CSB proteins, which couple transcription with repair. (C) Both GGR and TCR 
converge and use common mechanisms at the end stages of repair [from (Kamileri et 
al, 2012)].  
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1.2.2.2 Transcription-Coupled Nucleotide Excision Repair 

When a helix-distorting lesion is encountered by RNA pol II during active transcription, 

a separate form of NER, termed “transcription-coupled repair” (TCR) is engaged. TCR 

requires a different subset of proteins than GGR for sensing the lesion, but shares 

common machinery for the end stages of repair. (Figure 1.4B) (Cleaver et al, 2009; 

Tornaletti, 2009). When RNA pol II encounters a lesion, the Cockayne Syndrome A 

(CSA) and Cockayne Syndrome B (CSB) proteins co-localise with RNA pol II to 

couple transcription stalling with repair (Citterio et al, 1998; Tornaletti, 2009; Troelstra 

et al, 1992; van Gool et al, 1997). Additionally, the UV-sensitive syndrome A (UVSSA) 

protein binds with RNA pol II and stabilises CSB in the case of UV-induced lesions 

(Nakazawa et al, 2012; Schwertman et al, 2012). These two factors also serve a primary 

role in the recruitment of additional repair factors including high mobility group 

nucleosome binding domain 1 (HMGN1), XPA binding protein 2 (XAB2), and 

Transcription Factor IIS (TFIIS), as well core NER machinery to finalise repair of the 

lesion in a manner similar to GGR (Birger et al, 2003; Fousteri et al, 2006; Nakatsu et 

al, 2000; Tornaletti, 2009; Tornaletti et al, 1999).  

 

1.2.3 Double-Strand break repair 

The DNA double-strand break (DSB) is the most cytotoxic form of DNA damage, as a 

single break left unrepaired can lead to cellular apoptosis (Khanna & Jackson, 2001). 

DNA DSBs can be caused by a number of exogenous factors including Ionizing 

Radiation (IR) and radiomimetic drugs (Hoeijmakers, 2009; Jackson & Bartek, 2009). 

Additionally, they pose a threat during replication fork stalling and collapse during S 

phase of the cell cycle, when the expanding fork encounters a lesion (Branzei & Foiani, 

2005). DSBs are also purposefully generated during a number of endogenous cellular 

processes such as through the generation of genetic variability in meiosis during 

crossover events, and also with the diversification of immune system genes during 

V(D)J and Class-switch recombination (Jackson & Bartek, 2009; Khanna & Jackson, 

2001). Evolutionarily, two major pathways have evolved to co-ordinate DSB repair: 

Non-Homologous End-Joining (NHEJ) and Homologous Recombination (HR) 

(Hartlerode & Scully, 2009).  

 

 



  Chapter 1: Literature Review 

 

 11 

1.2.3.1 Homologous Recombination 

Homologous Recombination (HR) is the most accurate form of DNA DSB repair, as it 

uses the sister chromatid (and in rare cases, the homologous chromosome) as a template 

for repair (Filippo et al, 2008). Consequently, HR most commonly occurs during the S 

and G2 phases of the cell cycle, where a sister chromatid exists as a template for repair 

(Jackson & Bartek, 2009).  

 

HR begins with the initial resection of the DSB to form long, single-stranded DNA 

intermediates which will later invade the sister chromatid template (Figure 1.5) (Krejci 

et al, 2012). The formation of these structures is critical for the commitment and 

progression of HR, and several pathways can serve this functionality in eukaryotes 

(Grabarz et al, 2012; Symington & Gautier, 2011). However, although these pathways 

have been well elucidated from studies in yeast models, their specific actions in higher 

eukaryotes remain to be comprehensively determined (Symington & Gautier, 2011).  

Central to end resection and activation of signalling in response to DNA DSBs is the 

MRE11-RAD50-NBS1/NBN1 (MRN) complex (Lee & Paull, 2007; Mimitou & 

Symington, 2009; Williams et al, 2008). The MRN complex acts in co-operation with 

C-terminal region of adenovirus E1A-binding protein, [CtBP] interacting protein (CtIP), 

which is able to stimulate the nuclease activity of the Mre11 endonuclease component 

of MRN to perform 5’ – 3’ end resection of DNA at the DSB site (Lengsfeld et al, 

2007; Sartori et al, 2007). Following initial resection the protein Exonuclease 1 

(EXO1), stimulated by Bloom’s helicase (BLM) is able to resect to generate longer 

tracts (Gravel et al, 2008; Mimitou & Symington, 2008; Symington & Gautier, 2011). 

An alternative pathway, consisting of BLM with the endonuclease DNA2, is also able 

to perform this function (Nimonkar et al, 2011; Symington & Gautier, 2011). The 

requirement of these resection pathways is thought to depend upon the nature of the 

DSB; simple DSBs (such as those generated by restriction endonucleases with free 5’ 

phosphate and 3’ hydroxyl groups) can be repaired independently by BLM-EXO1 in co-

operation with BLM-DNA2. However, more complicated DSBs (e.g. those generated 

by chemotherapy agents or IR) require prior processing by MRN-CtIP (Symington & 

Gautier, 2011). In addition to these factors, chromatin organisation also plays a role in 

governing end resection, and the yeast SWI/SNF chromatin remodeller Fun30 (and its 

human counterpart SMARCAD1) have recently been implicated in stimulation of 

EXO1-mediated end resection (Chen et al, 2012; Costelloe et al, 2012; Eapen et al, 

2012).  
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Once the ssDNA intermediates are formed by resection, strand coating with the 

heterotrimeric ssDNA binding protein RPA protects the 3’ intermediate and prevents 

strand invasion from occurring prematurely (Sakaguchi et al, 2009). The subsequent 

recruitment and replacement of RPA by RAD51 aided by RAD52, as well as the 

RAD51 paralogues (Rad51B, C, D, XRCC2 and XRCC3), Deleted in Split Hand/Foot 1 

(DSS1) and Breast Cancer Associated 2 (BRCA2) allows formation of the synaptic 

filament and invasion of the sister chromatid to form an intermediate known as a ‘D-

loop’ (Ciccia & Elledge, 2010; Kristensen et al, 2010; Suwaki et al, 2011). BRCA2, in 

association with Partner and Localiser of BRCA2 (PALB2) is of particular importance 

to the formation of the synaptic filament and modulates the loading of RAD51 

specifically onto ssDNA (Jensen et al, 2010; Shivji et al, 2006). Following these events, 

repair can progress through a number of pathways. The first, Synthesis-Dependent 

Strand annealing (SDSA) involves extension of the invading strand by polymerases 

followed by displacement of Rad51, dissociation of the D-loop and religation of the 

extended strand back to the processed break site (Adelman & Boulton, 2010). In the 

second form, extension by polymerases and capture of the other DSB end (second-end 

capture) forms a cruciform-structure, commonly known as a Holliday junction (Heyer, 

2004; Heyer et al, 2003; McIlwraith & West, 2008). Resolution of the Holliday junction 

is dependent on a number of proteins including BLM/Topoisomerase III (TOPOIII), 

Gen Endonuclease 1 (GEN1), MUS81 homolog (MUS81)/Essential meiotic 

endonuclease 1 homolog 1 (EME1) and Structure Specific Endonucleases 1 and 4 

(SLX1/SLX4) and can result in crossover events (favoured during meiosis) or non-

crossover events (favoured in somatic cells) (Ciccia & Elledge, 2010; Helleday et al, 

2007; Heyer, 2004). Whilst crossover events generally have negligible effects when the 

sister chromatid is used as a template, if the sister chromosome is inappropriately used 

crossover events can result in loss of heterozygosity (Ciccia & Elledge, 2010).  

 

In addition to canonical HR, an alternative error-prone form of HR called single-strand 

annealing (SSA), can occur (Ciccia & Elledge, 2010; Thompson, 2012). SSA pairs 

regions of homology after resection from the initiation of HR, resulting in the deletion 

of sequence in between the two regions of homology through cleavage of the 

extraneous, non-homologous sequence by ERCC1 and XPF (Adair et al, 2000; Sargent 

et al, 2000). SSA relies on the actions of RAD52 and occurs independently of RAD51 

(Van Dyck et al, 2001). Moreover, SSA has been shown to be the preferential pathway 
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of repair in the absence of RAD54, where RAD54 promotes repair by SDSA (Bugreev 

et al, 2007; Dronkert et al, 2000).  

 

 

 
Figure 1.5. Simplified schematic of Double-strand break repair by Homologous 
Recombination. 
(A, B) DNA DSB repair by HR begins with the binding of the MRE11-RAD50-NBS1 
(MRN) complex, initiation of resection through MRE11 and activation of ATM signalling. 
(C) Nucleolytic processing to form 3’ ssDNA intermediates is performed by EXO1 and 
or DNA2, followed by binding of the ssDNA binding protein RPA. Replacement of RPA 
by RAD51 with the aid of the RAD52, the RAD51 paralogs, BRCA1 and BRCA2 then 
ensues to form the nuclefilament (D). (E) Strand invasion of the sister chromatid and 
DNA synthesis (F) by polymerases follows. (G) Resolution of the intermediate occurs to 
finalise repair. Note that Synthesis-Dependent Strand Annealing without crossover is 
shown. [adapted from (van Gent et al, 2001)]. 
 



  Chapter 1: Literature Review 

 

 14 

 

1.2.3.2 Non Homologous End-Joining 

Unlike HR, Non-Homologous End Joining (NHEJ) is an inherently error-prone process 

where in its most basic form, the two broken DNA ends are re-ligated with or without 

processing occurring (Mahaney et al, 2009). NHEJ is the predominant form of DNA 

repair throughout the cell cycle, although traditionally it was only thought to play a 

major role during the G0 and G1 stages (Mao et al, 2008; Pardo et al, 2009). In addition 

to their function in general DNA DSB repair, the core components of NHEJ play an 

important role in the maturation of immune system genes during class switch and V(D)J 

recombination and many cases of severe combined immunodeficiency disorder have 

been identified to be caused by mutations in core NHEJ components (Schwarz et al, 

2003; Soulas-Sprauel et al, 2007). 

 

Canonical NHEJ commences with the sensing of the DSB by the KU70/86 heterodimer, 

which binds to each free end of the DNA DSB with high efficiency and without 

sequence specificity (Figure 1.6) (Ciccia & Elledge, 2010; Downs & Jackson, 2004). 

The catalytic subunit of the DNA-protein kinase (DNA-PKcs) has a high affinity for 

DNA-bound KU86, with both proteins interacting through their C-termini, and its 

attachment to KU forms the DNA-PK holoenzyme (Gell & Jackson, 1999; Mahaney et 

al, 2009; Singleton et al, 1999; Svejstrup, 2002). In subsequent steps, DNA-PK 

autophosphorylates across the break site and is involved in recruitment of other NHEJ 

proteins which include, but are not limited to: the Ligase IV (LigIV)- X-ray 

complementation group 4 (XRCC4) proteins which ligate across the break site, 

XRCC4-like factor (XLF, also known as Cernunnos) (involved in catalysing the ligase 

activity of the LigIV-XRCC4 complex), and Artemis, a processing enzyme which may 

be necessary for a subset of NHEJ events [reviewed in (Mahaney et al, 2009; Weterings 

& Chen, 2008)]. In addition to the proteins discussed, a multitude of proteins may be 

involved in a subset of NHEJ break repairs, particularly those requiring processing 

before ligation (Weterings & Chen, 2008). These include the helicase Werner’s 

syndrome protein (WRN) (Cooper et al, 2000; Karmakar et al, 2002; Li & Comai, 

2001), Poly-nucleotide kinase (PNK) (Cooper et al, 2000; Karmakar et al, 2002; Li & 

Comai, 2001), Polymerases  and  (Nick McElhinny & Ramsden, 2004), Metnase 

(Hromas et al, 2008; Iles et al, 2007), and Aprataxin- and PNK-like Factor (APLF), 

which was recently shown to facilitate LIGIV-XRCC4 and XLF to the break site 

through its association with Ku80 (Grundy et al, 2013; Iles et al, 2007).  In addition to 
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these factors, a number of proteins involved in single-strand break repair may also play 

a role in canonical, as well as alternative mechanisms of NHEJ [reviewed in (Iliakis, 

2009)].  

 

 

 

 
 
 
 
 
 
Figure 1.6. Simplified schematic of Double-strand break repair by Non-
Homologous End-Joining. 
(A, B) NHEJ begins with the binding of KU70/KU86 to the DSB. (C) DNA-PKcs has a 
high affinity for KU-bound DNA, and binds, followed by autophosphorylation in trans to 
juxtapose the DNA ends. (D) End processing depending on the nature of the break can 
occur through a number of processing factors. (E). Ligation by the LigIV/XRCC4 
complex completes repair, catalysed by XLF [adapted from (van Gent et al, 2001)]. 
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1.2.3.3 Alternative End-Joining 

In addition to canonical end-joining, additional back-up pathways of end-joining exist 

which are able to function in the absence of core NHEJ proteins (Iliakis, 2009). The 

single-strand break repair protein PARP-1 has been shown to compete with KU for the 

binding of DNA DSBs, which occurs at an approximate 10-fold lower affinity (Wang et 

al, 2006). In the absence of KU, DNA-PKcs or XRCC4, PARP-1 is able to co-ordinate 

an alternative end-joining pathway, dependent upon the actions of the BER ligases LigI 

or III (Audebert et al, 2008; Liang et al, 2008; Wang et al, 2005; Wang et al, 2006). In 

addition, several studies have implicated the actions of the MRN complex in this 

alternative end-joining process (Rass et al, 2009; Xie et al, 2009). Alternative end-

joining is more error-prone than canonical NHEJ, with additions and deletions across 

the break site commonplace (Symington & Gautier, 2011). Moreover, this process often 

relies on small regions of microhomology of 2 – 8 nucleotides which preferentially 

anneal (also known as Microhomology-Mediated End-Joining; MMEJ) (Iliakis, 2009). 

Additionally, this pathway appears to be physiologically relevant as an alternative 

NHEJ mechanism during class-switch recombination (Jolly et al, 2008; Yan et al, 

2007).  

 

1.2.3.4 Regulation of DSB repair pathway choice 

Recent studies have yielded considerable insight into the molecular mechanisms 

governing DSB repair pathway choice, with p53 binding protein 1 (53BP1) and Breast 

Cancer Associated 1 (BRCA1) identified as playing pivotal antagonistic roles in the 

regulation of this process (Chapman et al, 2012; Daley & Sung, 2013). Through the use 

of targeted mouse models, these studies showed that the chromosomal translocations 

and tumorigenesis caused by Brca1 knockout in the mouse were due to inappropriate, 

toxic NHEJ during S and G2. Rescue of these phenotypes was observed upon 

concomitant deletion of 53bp1, which acts to protect DNA ends from resection and 

inhibits Brca1 activity to promote repair via NHEJ in G1 (Bothmer et al, 2010; 

Bouwman et al, 2010; Bunting et al, 2010; Cao et al, 2009; Daley & Sung, 2013) 

(Bouwman et al, 2010; Bunting et al, 2010; Cao et al, 2009). These actions of 53BP1 

were recently shown to be mediated through the protein Rap1-interacting factor 1 

(RIF1), which interacts with ATM-phosphorylated 53BP1 to inhibit BRCA1 

accumulation in G1 and end resection (Chapman et al, 2013; Di Virgilio et al, 2013; 

Escribano-Diaz et al, 2013; Feng et al, 2013; Zimmermann et al, 2013). However, in the 

S and G2 phases, Cyclin Dependent Kinase 1 (CDK1; see section 1.3.3) phosphorylates 
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CtIP on multiple residues to stimulate its activity and interaction with BRCA1, which 

promotes end resection (Huertas & Jackson, 2009; Symington & Gautier, 2011; Yu & 

Chen, 2004). Moreover, BRCA1 antagonises the formation of RIF1 foci in response to 

IR in S and G2, completing the circuit to regulate DSB repair pathway choice 

(Chapman et al, 2013; Escribano-Diaz et al, 2013; Sartori et al, 2007).  

 

1.3 DNA damage Signalling 

Signal transduction of the DDR largely relies on phosphorylation of downstream 

targets, allowing a highly efficient and reversible response to DNA damage (Jackson & 

Bartek, 2009). At the crux of DNA repair signalling cascades lie three members of the 

phosphoinositol-3-kinase-related family of Serine/Threonine protein kinases (PIKKs), 

Ataxia-Telangiectasia Mutated (ATM), Ataxia-Telangiectasia and Rad3 Related (ATR) 

and DNA-dependent Protein Kinase Catalytic Subunit (DNA-PKcs). Whilst ATM and 

DNA-PKcs respond to DSBs, ATR is primarily involved in responding to ssDNA 

generated during DNA processing or at stalled replication forks (Lovejoy & Cortez, 

2009). These three kinases share common domain architecture, with the kinase domain 

flanked by FRAP, ATM, TRRAP (FAT) and FAT-C terminal (FATC) domains, each 

comprised of Huntingtin, Elongation factor 3, A subunit of protein phosphatase 3A, 

TOR1 (HEAT) repeats in the amino terminus, which likely play a role in the modulation 

of kinase activation (Bosotti et al, 2000; Lovejoy & Cortez, 2009; Perry & Kleckner, 

2003). These PIKKs are unable to respond to damage alone and each requires the 

actions of a co-factor for their activation: NBS1 for ATM, Ataxia Telangiectasia-

related-Interacting Protein (ATRIP) for ATR and KU70 for DNA-PKcs. All of these co-

factors have been identified to interact with the N-terminal HEAT repeat of their 

respective kinase through a common C-terminal motif (Lovejoy & Cortez, 2009).  

 

1.3.1 The role of the ATM, ATR and DNA-PK kinases 

1.3.1.1 ATM 

Ataxia-Telangiectasia (AT) is a debilitating disorder characterised by 

neurodegeneration, radiosensitivity, immune dysfunction and significantly increased 

cancer predisposition (Lavin, 2008). After an extensive positional cloning effort the 

gene mutated in AT, named Ataxia Telangiectasia Mutated (ATM) was identified in 

1995 (Savitsky et al, 1995). ATM was later shown to be responsible for the induction of 
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a number of important cellular responses to DNA DSBs through the recruitment of 

repair factors, to halt cell-cycle progression until the lesion is repaired and induce 

apoptosis or senescence in the event that the damage cannot be corrected (Lavin, 2008; 

Lovejoy & Cortez, 2009).  

 

Prior to DNA damage, ATM exists in a dimeric or multimeric form but following DNA 

damage it is autophosphorylated on Serine 1981 (ser1981), and converts to a 

monomeric, active form (Bakkenist & Kastan, 2003; Bhatti et al, 2011). This activated 

form of ATM is responsible for the phosphorylation of a number of downstream 

signalling proteins, typically on serine or threonine adjacent to glutamate residue (S/T-

Q) consensus sites (Bakkenist & Kastan, 2003; Lee et al, 2003b; Lovejoy & Cortez, 

2009). ATM autophosphorylation on ser1981 is one of the earliest responses to DNA 

damage and is a commonly used marker for ATM activation, along with the 

phosphorylation of one of its canonical downstream targets, Checkpoint Kinase 2 

(CHK2) or p53 (Bakkenist & Kastan, 2003; Kozlov et al, 2003). 

 

ATM relies on early responses to the DNA DSB for its activation. The MRN complex is 

critically important for DSB recognition, and is necessary for ATM activation under 

most circumstances (Kanaar & Wyman, 2008). MRN is a heterotetrameric complex, 

comprised of RAD50 (an ATPase), MRE11 (a nuclease) and NBS1 (Lavin, 2007). Of 

particular importance to ATM activation is the interaction between ATM and NBS1. 

NBS1 is a target of ATM, but is also necessary for its activation as disruption of the 

interaction site between NBS1 and ATM abrogates the ATM-dependent response to 

DNA DSBs, and NBS1-deficient cells have impaired ATM signalling (Carson et al, 

2003; Gatei et al, 2000; Horejsi et al, 2004; Lim et al, 2000; Uziel et al, 2003; Wu et al, 

2000). Although NBS1 is not strictly required for ATM activation it appears to be 

necessary for its optimal activation following IR, and the MRN complex serves as an 

adaptor at sites of DNA damage to modulate this response (Horejsi et al, 2004; Kanu & 

Behrens, 2007). The functional relevance of this interaction is also illustrated through a 

number of phenotypically similar disorders caused by the presence of homozygous 

hypomorphic alleles in Ataxia-Telangiectasia-Like Disorder (ATLD, caused by MRE11 

mutations), and Nijmegen Breakage syndrome (caused by NBS1 mutations) (Carney et 

al, 1998; Stewart et al, 1999; Varon et al, 1998). Additionally, a patient with a 

hypomorphic RAD50 allele has been identified and also exhibits similar symptoms to 

these disorders (Waltes et al, 2009).   
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In addition to the role of the MRN complex in governing ATM activation, acetylation of 

ATM has also been shown to play a critical role in its activation (Sun et al, 2005; Sun et 

al, 2007). The acetyltransferase TIP60 (also known as KAT5) recognises Histone H3 

trimethylated at lysine 9 (H3K9me3) and acetylates ATM at lysine3016, potentiating its 

activation (Sun et al, 2009). This effect was recently shown to be mediated through 

tyrosine phosphorylation of TIP60 by the tyrosine kinase c-Abl, allowing accumulation 

of TIP60 at sites of DNA damage and subsequent acetylation of ATM (Kaidi & 

Jackson, 2013).    

 

Two of the major downstream effectors of ATM are p53 and the Checkpoint Kinase 

CHK2. p53, a master cell cycle and apoptosis regulator was one of the earliest identified 

ATM phosphorylation targets, where ATM phosphorylates p53 on ser15 after DNA 

damage by IR (Banin et al, 1998; Canman et al, 1998a; Kastan et al, 1991; Khanna et al, 

1998). In addition to p53, the checkpoint regulator CHK2 is phosphorylated by ATM on 

Threonine 68 (Thr68), allowing the interaction of phosphorylated CHK2 molecules 

(Ahn et al, 2002; Ahn et al, 2000; Matsuoka et al, 2000; Xu et al, 2002). This 

dimerisation leads to transautophosphorylation and the release of active CHK2 

monomers, that are able to phosphorylate a number of protein targets including the cell 

division cycle proteins CDC25A, CDC25C and p53 (see section 1.3.3) (Ahn et al, 2004; 

Chaturvedi et al, 1999; Falck et al, 2001; Hirao et al, 2000; Musgrove, 2006). 

 

Although ATM appears to be important for a plethora of functional activations and 

downstream responses to the DNA DSB (as well as a number of other roles), knocking 

out Atm in the mouse does not cause embryonic lethality, a somewhat surprising result 

given the widespread and important targets of this protein (Barlow et al, 1996; 

Borghesani et al, 2000; Elson et al, 1996; Xu et al, 1996; Xu & Baltimore, 1996). Atm
-/-

 

mice are viable but exhibit growth retardation and infertility, as well as cerebellar 

dysfunction, a reduction in mature T lymphocytes, X-ray sensitivity and a 

predisposition to thymic lymphomas (Barlow et al, 1996; Borghesani et al, 2000; Elson 

et al, 1996; Westphal et al, 1997; Xu et al, 1996; Xu & Baltimore, 1996). This 

phenotype is in discordance with knockout models of Mre11, Rad50 or Nbs1, or mouse 

models expressing nuclease-deficient Mre11, all of which lead to embryonic lethality 

and marked radiosensitivity (Buis et al, 2008; Luo et al, 1999; Zhu et al, 2001). These 

results suggest a degree of functional redundancy between PIKKs, as targeted ablation 
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of both Atm and DNA-PKcs is embryonically lethal (Gurley & Kemp, 2001). Indeed, 

ATM and DNA-PKcs can share downstream phosphorylation targets (Stiff et al, 2004). 

Moreover, recent reports on catalytically-inactive mouse mutants of Atm and a DNA-

PKcs Thr2605 phosphorylation cluster mutant mouse demonstrate more severe 

phenotypes than for deletion of these proteins alone. These results demonstrate the 

importance of dynamicity of PIKK signalling in the DDR (Daniel et al, 2012; 

Yamamoto et al, 2012; Zhang et al, 2011). 

1.3.1.2 ATR 

In addition to ATM, the ATR kinase also plays a major role in DNA damage signalling 

and is able to respond to a wide variety of damage types, including UV damage and 

lesions from alkylating agents (Cimprich & Cortez, 2008). Moreover, ATR is of 

particular importance in the response to replication stress (Cimprich & Cortez, 2008). In 

contrast with ATM, a heritable syndrome caused by homozygous ATR functional 

disruption has not been identified. However, mutated alleles in heterozygous form have 

been shown to cause the extremely rare Seckel syndrome (O'Driscoll et al, 2003).  

 

Unlike ATM’s transient association with its co-factor NBS1 in response to DNA 

damage, ATR is always observed in a complex with its co-factor ATRIP (Cortez et al, 

2001). Evidence suggests ATR activation occurs in response to ssDNA, a common 

intermediate of many repair pathways, including during replication stalling as well as 

DSB repair by HR (Zou & Elledge, 2003). Most ssDNA in the cell is coated by the 

single-stranded DNA binding complex RPA, and ATRIP interacts with the large RPA 

subunit (Cortez et al, 2001; Zou & Elledge, 2003). Although the presence of ssDNA is 

enough to recruit ATR-ATRIP to the damage site, other factors are required for its 

activation, including the 9-1-1 complex and Topoisomerase II Binding Protein 1 

(TopBP1). 9-1-1 is a heterotrimeric protein complex comprised of the RAD9-RAD1-

HUS1 proteins in vertebrates, with structural similarity to the replicative sliding clamp 

PCNA (Griffith et al, 2002; Parrilla-Castellar et al, 2004; Venclovas & Thelen, 2000). 

9-1-1 loads onto the 5’ end of single-stranded DNA-double-stranded DNA (ssDNA-

dsDNA) junctions with the aid of the RAD17-RFC complex, which independently 

localises to sites of damage through its recognition of RPA-bound ssDNA (Ellison & 

Stillman, 2003; Kim & Brill, 2001; Zou et al, 2003). In vertebrates, the co-localisation 

of 9-1-1 and ATR-ATRIP alone is not sufficient to activate ATR as the involvement of 

the ATR activator TopBP1 is also required (Garcia et al, 2005; Yamane et al, 1997). 

TopBP1 is recruited to sites of DNA damage through an interaction with 
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phosphorylated RAD9 (Delacroix et al, 2007; Lee et al, 2007; Takeishi et al, 2010). 

Moreover, TopBP1 recognises autophosphorylation of ATR on thr1989 that occurs in 

trans, activating full ATR function and serving as a scaffold for the activation of 

downstream ATR targets (Liu et al, 2011).  

 

The checkpoint kinase CHK1 is one of the major effector targets of ATR signalling. 

The CHK1 protein contains two ATR phosphorylation sites on ser317 and ser345, and 

phosphorylation at these sites is a necessary event for its checkpoint function (Liu et al, 

2000; Zhao & Piwnica-Worms, 2001). ATR-mediated activation of CHK1 requires the 

Claspin protein, an adaptor protein differing to TopBP1 in that it functions specifically 

in the activation of CHK1, but not for all functions of ATR (Jeong et al, 2003; Kumagai 

& Dunphy, 2003; Lee et al, 2003a; Liu et al, 2006). Claspin is likely maintained at 

replication forks through its association with RAD17, which is phosphorylated by ATR 

(Bermudez et al, 2003; Kumagai & Dunphy, 2003). The CHK1 effector kinase plays an 

important role in activating the intra-S checkpoint in response to DNA damage and its 

functions will be further addressed in section 1.3.3. 

 

In contrast with ATM, ATR is essential for viability as its ablation in the mouse is 

embryonic lethal pre-gastrulation (Brown & Baltimore, 2000; de Klein et al, 2000). 

Recently, a tamoxifen-inducible knockout model of ATR was created to study the 

effects of ATR abrogation in the adult mouse (Ruzankina et al, 2007). This model 

illustrated a fundamental role of ATR in tissue regenerative capability, with the loss of 

progenitor cells in knockout mice. As a result, these mice exhibited symptoms of rapid 

ageing, skeletal degeneration, hair greying and loss, and thymic involution (Ruzankina 

et al, 2007). 

 

1.3.1.3 DNA-PKcs 

The DNA-PKcs protein, in contrast with ATM and ATR, largely plays a role in DNA 

repair and not signalling, with a critical function during NHEJ repair of DSBs 

(Weterings & Chen, 2007). DNA-PKcs has a high affinity for DNA-bound KU70/86 

and one molecule interacts with each heterodimer, juxtaposing the two DNA ends. 

DNA-PKcs bound with KU70/86 forms the DNA-PK holoenzyme, and possesses 

kinase activity in this form (Mahaney et al, 2009; van Gent & van der Burg, 2007; 

Weterings & Chen, 2008). Intriguingly, the critical phosphorylation targets of DNA-PK 

largely remain an enigma; although in-vitro experiments indicate it may phosphorylate a 
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number of NHEJ proteins such as KU70/86, XRCC4, Artemis and p53, only one 

phosphorylation event thus far appears to be physiologically relevant in-vivo which is 

the autophosphorylation of DNA-PK in trans (Chan et al, 2002; Weterings & Chen, 

2007).  

 

Several autophosphorylation events occur for DNA-PKcs in trans and act 

synergistically in its functioning (Thompson, 2012). Autophosphorylation of the 

Thr2609-2647 “ABCDE” cluster as well as the Ser2023-2056 “PQR” cluster are 

important for DNA-PKcs function (Meek et al, 2007). Whilst the ABCDE 

phosphorylation event is important for releasing DNA termini for subsequent 

processing and ligation, the function of the PQR cluster appears to be keeping end 

processing in check (Block et al, 2004; Ding et al, 2003; Reddy et al, 2004). Moreover, 

a third autophosphorylation site Thr3950 appears to also be important for DNA-PKcs 

activity (Douglas et al, 2007). 

 

Knockout of DNA-PKcs in the mouse, or inactivation mutants [present in Severe 

Combined Immunodeficiency Disorder (SCID) mice] is not embryonic lethal, but does 

lead to radiosensitivity. This has been attributed to the important role DNA-PKcs plays 

in the maturation of immune system genes during class-switch and V(D)J 

recombination (Abbas & Dutta, 2009; Gao et al, 1998a; Taccioli et al, 1998). At least 

one other phosphorylation target of DNA-PKcs that is shared with ATM is the 

phosphorylation of H2AX (Stiff et al, 2004). Other DNA-PK phosphorylation targets 

may indeed exist, perhaps relevant in the case of ATM inactivation given the 

synthetically lethal phenotype of Atm/DNA-PKcs double knockout mice (Gurley & 

Kemp, 2001).  

 

1.3.2 H2AX as a scaffold for repair protein recruitment 

One of the earliest responses to DNA damage is the large-scale induction of 

phosphorylation on the C-terminal tail of Histone H2AX on Ser139 to form the so-

called -H2AX (Kinner et al, 2008). Phosphorylation of H2AX occurs for up to 2 

megabases flanking the break site in eukaryotes (Rogakou et al, 1999). This event is 

visible via immunofluorescence microscopy as the formation of discrete structures 

known as nuclear foci, and this phosphorylation event is a commonly used marker for 

DSB damage (Kinner et al, 2008).  
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The phosphorylation of H2AX acts as a molecular scaffold to recruit and anchor repair 

proteins (Paull et al, 2000; Ward et al, 2003). In particular, recruitment of mediator of 

DNA damage checkpoint 1 (MDC1) is critical for the accumulation of BRCA1 and 

53BP1 at nuclear foci (Bekker-Jensen et al, 2005; Lou et al, 2003; Lou et al, 2006; 

Stucki et al, 2005). ATM-phosphorylated MDC1 is recognised by the E3 ubiquitin 

ligase Ring Finger Protein 8 (RNF8) which, in association with UBC13, ubiquitylates 

histones H2A and H2AX with lysine 63 (K63) chains (Huen et al, 2007; Kolas et al, 

2007; Mailand et al, 2007). This event is critical for the localisation of 53BP1 and 

BRCA1 to sites of DNA DSBs (Huen et al, 2007; Huen et al, 2008; Mailand et al, 2007; 

Wang & Elledge, 2007). In addition, the E3 ubiquitin ligase Ring Finger Protein 168 

(RNF168), acts downstream of RNF8 and MDC1 and recognises RNF8/UBC13-

dependent ubiquitylation of H2A and H2AX (Doil et al, 2009; Stewart et al, 2009). 

RNF168 also associates with UBC13 to ubiquitylate histones with K63 chains (Doil et 

al, 2009; Stewart et al, 2009). Both RNF8 and RNF168 are necessary for sustaining 

BRCA1 and 53BP1 at nuclear foci, the latter of which has recently been shown to 

recruit to DSB sites through both its recognition of histone H4 lysine 20 methylation, as 

well as its recognition of RNF168 mediated H2A ubiquitylation on lysine 15 (Botuyan 

et al, 2006; Doil et al, 2009; Fradet-Turcotte et al, 2013; Huyen et al, 2004; Stewart et 

al, 2009). Interesting, biallelic mutations in RNF168 have also been associated with the 

disorder RIDDLE (Radiosensitivity, Immunodeficiency, dysmorphic facial features and 

learning difficulties) syndrome, characterised by an inability of patient cells to recruit 

53BP1 to DSB sites (Stewart et al, 2009; Stewart et al, 2007).  

 

1.3.3 Cell cycle checkpoint modulation 

Regulation of the cell cycle is a well-characterised process controlled primarily through 

Cyclin proteins, the levels of which oscillate throughout the cell cycle to orchestrate cell 

cycle progression. Cyclin proteins associate with Cyclin-Dependent Kinases (CDKs), a 

family of serine/threonine kinases, and progression through the phases of the cell cycle 

is associated with the formation of particular Cyclin-CDK complexes which are subject 

to strict temporal regulation [reviewed in (Satyanarayana & Kaldis, 2009)].  

 

In the instance of persisting DNA damage, it is important for the cell to halt progression 

through the cell cycle until the lesion(s) are repaired, through the activation of cell cycle 
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checkpoints. Three major checkpoints exist: one to ensure the integrity of the genome 

before DNA replication (G1/S checkpoint), one which may be engaged during DNA 

replication (intra-S checkpoint) and one which determines whether the cell can progress 

into mitosis (G2/M) (Satyanarayana & Kaldis, 2009).  

 

1.3.3.1 G1/S checkpoint 

During the G1 stage of the cell cycle, the G1 Cyclins (D-type) are present in low levels, 

and the G1 CDKs (CDK4 and CDK6) are inactive due to their association with INK4 

proteins (Chan et al, 1995; Guan et al, 1994; Hannon & Beach, 1994; Hirai et al, 1995; 

Serrano et al, 1993). In addition, the retinoblastoma tumour suppressor (Rb) represses 

the activity of E2F transcription factors which control the expression of S phase 

progression proteins (Chellappan et al, 1991; Nevins, 1992). Upon stimulus to progress 

through the cell cycle (such as from mitogenic stimuli) Cyclin D1 expression is 

induced, and CDK4 and CDK6 form active Cyclin D-CDK4/CDK6 complexes. These 

complexes promote phosphorylation of Rb (to form p-Rb) which alleviates repression 

of E2F to allow transcription of S phase initiation and progression genes (namely the 

Cyclins E and A) as well as DNA polymerase (Buchkovich et al, 1989; Fisher & 

Morgan, 1994; Kato et al, 1993; Polager & Ginsberg, 2008). Cyclin E and A can both 

independently form complexes with CDK2, which become fully active upon 

dephosphorylation by the phosphatase CDC25A (Blomberg & Hoffmann, 1999; 

Hoffmann et al, 1994; Jinno et al, 1994). Whilst the Cyclin E-CDK2 complex is 

important for initial S phase progression (and further activates E2F through 

phosphorylation of Rb), the Cyclin A-CDK2 complex takes over to stimulate origin 

firing, and Cyclin E is targeted for proteolytic degradation (Dowell et al, 1994; Girard et 

al, 1991; Glotzer et al, 1991; Jiang et al, 1999; Walker & Maller, 1991). Both the Cyclin 

E-CDK2 and Cyclin A-CDK2 complexes are important for the phosphorylation of a 

plethora of DNA replication factors, including the minichromosome maintenance 

complex (MCM) proteins (Malumbres & Barbacid, 2005; Montagnoli et al, 2006; 

Nasheuer et al, 1991; Voitenleitner et al, 1997).  

 

In the event of DNA damage during G1, the G1/S checkpoint is initiated, a cell cycle 

delay which serves the primary purpose of halting progression until the damage is 

corrected. Two phases constitute the G1/S checkpoint: the rapid and delayed phases, 

which are responsible for initiating and maintaining the checkpoint, respectively 

[reviewed in (Bartek & Lukas, 2001; Niida & Nakanishi, 2006)]. The overlapping 
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actions of the PIKKs ATM and ATR, and their downstream phosphorylation targets 

CHK2 and CHK1, respectively, are important for mediating the rapid phase of the G1/S 

checkpoint (Figure 1.7) (Liu et al, 2000; Matsuoka et al, 1998; Niida & Nakanishi, 

2006; Sancar et al, 2004). Of particular importance is the phosphorylation of CDC25A 

by CHK2 and CHK1, which targets it for degradation and inhibits activation of CDK2. 

This results in the incomplete activation of Rb, and consequently inhibits E2F1 

transcriptional activity (Falck et al, 2001; Jin et al, 2003; Sorensen et al, 2003). It is 

important to note that research has shown not every lesion will result in the activation of 

ATM and ATR, as the constant threat of DNA lesions would result in permanent cell 

cycle checkpoints. Instead, it has been postulated that intermediates of repair may be 

important for activating these PIKKs, and a “threshold” point would activate signalling 

(Niida & Nakanishi, 2006).  

 

The delayed phase of the G1/S checkpoint largely involves the transcription factor and 

“genome guardian” p53. p53 controls a large network of proteins and regulates a 

diverse range of processes including cell cycle regulation, apoptosis and cell migration 

[reviewed in (Laptenko & Prives, 2006)]. DNA damage is one of many factors able to 

induce the p53 response, which is normally suppressed by the murine double-minute 

(MDM2) protein that targets it for proteosomal degradation (Haupt et al, 1997; 

Kubbutat et al, 1997). Upon DNA damage, p53 undergoes PIKK phosphorylation on 

ser15 (either by ATM/ATR or DNA-PK), as well as phosphorylation by CHK2 and a 

number of other post-translational modifications (Canman et al, 1998b; Chehab et al, 

2000; Gu & Roeder, 1997; Sykes et al, 2006; Tibbetts et al, 1999). These events 

activate p53 in preventing its association with MDM2 (el-Deiry et al, 1994; Macleod et 

al, 1995). Moreover, MDM2 is also phosphorylated by ATM to target it for self-

ubiquitylation, contributing to p53 activation (Maya et al, 2001). Consequently, p53 

transactivates p21, which inhibits CDK2 and CDK4 complexes, thus inhibiting G1/S 

progression (el-Deiry et al, 1994; el-Deiry et al, 1993; Harper et al, 1993; Harper et al, 

1995; Xiong et al, 1993).  
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Figure 1.7. ATM and ATR-dependent Cell Cycle Checkpoints.  
Phosphorylation of CHK1/CHK2 by ATM/ATR stimulates specific effects on Cyclin/CDK 
complexes dependent upon the stage of the cell cycle to mediate cell cycle checkpoint 
activation [from (Curtin, 2012)]. 
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1.3.3.2 Intra S Checkpoint 

During DNA replication, the presence of DNA damage or replication fork collapse 

induces an Intra-S phase checkpoint, which halts DNA synthesis by preventing firing of 

new origins until the damage is corrected (Paulsen & Cimprich, 2007). The majority of 

these lesions are responded to by the ATR kinase, with the exception of ATM, which 

responds to DSBs occurring as a result of replication fork collapse (Shrivastav et al, 

2008). At large, the ATM response to replication fork collapse progresses in a similar 

nature as outlined for the rapid phase G1/S checkpoint above, with ATM, CHK2 and 

CDC25A play important roles for inhibiting replication origin firing (Falck et al, 2001). 

In addition, a number of other proteins are involved in this arrest, including SMC1 and 

BRCA1, which are phosphorylated by ATM (Cortez et al, 1999; Kim et al, 2002). The 

ATR activation in response to damage during S phase progresses as previously 

discussed (See section 1.3.1.2). Additionally, ATR is able to respond to ssDNA 

intermediates created during HR repair at the collapsed replication fork (Jazayeri et al, 

2006; Sartori et al, 2007). Activated ATR-CHK1 suppresses Cyclin E-CDK2 function, 

in addition to other factors (Heffernan et al, 2007; Kim et al, 2008; Yanow et al, 2003). 

 

1.3.3.3 G2/M Checkpoint 

Cellular progression into mitosis depends largely on the actions of the Cyclin B-CDK1 

complex. During G1 and S phase, Cyclin B levels are maintained at low levels, but 

Polo-like kinase 1 (PLK1) phosphorylation stabilises Cyclin B as the cell enters G2 

(Hagting et al, 1998; Toyoshima et al, 1998; Toyoshima-Morimoto et al, 2001; Yang et 

al, 1998; Yuan et al, 2002). During G2, the Cyclin B-CDK1 complex remains inactive 

due to its phosphorylation by the WEE1 and MYT1 kinases (Mueller et al, 1995; Parker 

& Piwnica-Worms, 1992; Russell & Nurse, 1987). Dephosphorylation of CDK1 is 

therefore required for entry into mitosis, a role served by the CDC25 phosphatases 

[reviewed in (Deckbar et al, 2011; Kiyokawa & Ray, 2008)].  

 

The G2/M checkpoint is a mechanism in place to ensure no DNA damage remains 

before the cell enters mitosis. Similar to other DNA damage checkpoints, G2/M arrest 

can rely on both ATM and ATR through multiple mechanisms [reviewed in (Deckbar et 

al, 2011)]. For ATM- and ATR-mediated checkpoint activation, CHK2 or CHK1 

phosphorylation of CDC25 phosphatases leads to their export from the nucleus. This 

renders these CDC25 phosphatases unable to de-phosphorylate CDK1, which leads to 

the accumulation of the phosphoryated (and inactive) form of CDK1, halting 
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progression into mitosis (Peng et al, 1997; Sanchez et al, 1997). In addition, ATM can 

induce checkpoint activation through effects on mitotic kinases. ATM-mediated 

phosphorylation of PP1 following DNA damage activates its phosphatase activity, 

allowing it to dephosphorylate, and inactivate Aurora B kinase (Tang et al, 2008). In 

addition, ATM activation also leads to inactivation of Polo-like kinase 1 (PLK1), a 

mitosis-promoting factor (Bassermann et al, 2008; van Vugt et al, 2001).  
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1.4 Single-Stranded DNA binding proteins 

Single-stranded DNA binding proteins (SSBs) play an important role during the DDR in 

binding to, protecting and sequestering DNA during repair. The archetypal SSB in 

mammals is Replication Protein A (RPA), which plays an important role during HR. 

Recently, two additional human SSB proteins were described: human SSB1 (hSSB1) 

and human SSB2 (hSSB2) which also play a role in the DDR (Figure 1.8) (Richard et 

al, 2009).  

 
 
 
 
Figure 1.8. Structural comparison of Single-stranded DNA binding proteins in the 
three domains of life. 
Comparison of the domain architecture of Single-stranded DNA binding proteins from 
Bacteria, Archaea, and Eukaryota [from (Richard et al, 2009)]. 
 

s2566871
Typewritten Text
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1.4.1 RPA 

RPA is a heterotrimeric protein comprised of three subunits: one large subunit (70kD) 

and two smaller ones (34kD and 14kD) (Wold, 1997; Zou et al, 2006). RPA is an 

Oligosaccharide-Oligonucleotide (OB)-fold binding domain containing protein, an 

evolutionary conserved single-stranded DNA-binding mechanism that is preserved in 

many DNA repair proteins. Although all subunits of RPA contain these domains, the 

OB folds of RPA70 appear to be most important for mediating protein-DNA 

interactions. In contrast, RPA34 appears to be more important for mediating protein-

protein interactions (Bochkarev & Bochkareva, 2004; Bochkarev et al, 1999; Gomes et 

al, 1996). RPA interacts with a number of proteins important for several different repair 

pathways, including during NER through association with XPA (Fisher et al, 2011; 

Krasikova et al, 2010; Saijo et al, 2011). However, the most comprehensively 

characterised role of RPA is in protecting 3’ ssDNA extensions from premature strand 

invasion during HR, and during ATR-ATRIP signalling, as described in section 1.3.1.2 

(Sakaguchi et al, 2009). Phosphorylation of RPA throughout the cell cycle is critical for 

its functioning. During G1, RPA is phosphorylated by CDK2 to inhibit its binding to a 

number of proteins including ATM and DNA-PK (Nuss et al, 2005; Oakley et al, 2003). 

Although RPA32 can be phosphorylated by both DNA-PK and ATM in response to 

DSBs, it is the dephosphorylation by Protein Phosphatase 4 (PP4) that is necessary for 

efficient loading onto chromatin at the break, and subsequent Rad51 focus formation 

(Anantha et al, 2007; Lee et al, 2010; Wang et al, 2001).  

1.4.2 hSSB1 and hSSB2 

In humans, RPA was thought to be the sole homolog of the bacterial SSBs. However, 

Richard et al. recently described the presence of two additional SSB proteins, smaller in 

size than RPA, and bearing more resemblance to the archaeal SSB from Sulfolobus 

sulfataricus (Richard et al, 2009). These two proteins were named human Single-

stranded DNA binding protein 1 [also known as Nucleic Acid Binding Protein 2 

(NABP2) or Sensor of Single-Stranded DNA subunit B1 (SOSS-B1)] and human 

Single-Stranded DNA Binding Protein 2 [also known as Nucleic Acid Binding Protein 1 

(NABP1) or Sensor of Single-Stranded DNA subunit B2 (SOSS-B2)] (Richard et al, 

2008). In response to IR, hSSB1 is phosphorylated at Thr117 by ATM after DNA 

damage, preventing it from proteosomal-mediated degradation. In turn, hSSB1 is 

reciprocally necessary for the activation of ATM signalling in response to DNA damage 
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by IR, as siRNA-mediated depletion studies in neonatal human foreskin fibroblasts 

show attenuated ATM activation and activity as evidenced by defective 

autophosphorylation site ser1981 and defective CHK2 phosphorylation on Thr68 

(Richard et al, 2008). Moreover, hSSB1-deficient cells exhibit defective recruitment of 

RPA, MRE11, NBS1 and MDC1, and are markedly radiosensitive, exhibit cell cycle 

checkpoint defects, and increased chromosomal aberrations in response to IR when 

compared with control cells (Richard et al, 2008). Although hSSB1 forms irradiation-

induced foci at all stages of the cell cycle, hSSB1-depleted cells exhibit significant 

decreases in RAD51 foci formation, and diminished HR capacity as measured by HR 

reporter assays (Richard et al, 2008). hSSB1 has also been shown to interact with NBS1 

of the MRN complex by immunoprecipitation and in-vitro pull-down assays (Richard et 

al, 2011a; Richard et al, 2011b). In addition, deficiency of hSSB1 has also been shown 

to abrogate MRE11 nuclease activity during resection occurring in HR (Richard et al, 

2011a; Richard et al, 2011b).  

 

hSSB1 and hSSB2 can both form a heterotrimeric complex with Integrator Subunit 3 

[IntS3; also known as Sensor of Single-Stranded DNA subunit A (SOSS-A)], as well as 

a small, previously uncharacterised acidic protein [(C9Orf80), also known as Sensor of 

Single-Stranded DNA subunit C (SOSS-C), Minute IntS3/hSSB1 element (MISE) or 

SSB1- binding protein 1 (SSBIP1) (Huang et al, 2009; Li et al, 2009; Skaar et al, 2009; 

Zhang et al, 2009a). Interestingly, IntS3 is also a component of the Integrator Complex, 

a large, multi-subunit complex that interacts with RNA pol II and processes the 3’ end 

of U1 and U2 small nuclear RNA (snRNA) prior to its incorporation into the 

spliceosome (Baillat et al, 2005). Interestingly, the interaction between INTS3 and 

hSSB1 was proposed to occur independently of other integrator subunits, and to form 

irrespective of DNA damage status (Skaar et al, 2009). Moreover, INTS3 depletion 

leads to decreased levels of hSSB1. Although this was proposed by Li et al. and Huang 

et al. to be due to effects on protein stability of the complex, Skaar et al. proposed this 

to be due to transcriptional regulation of hSSB1 levels through a positive-feedback 

mechanism (Huang et al, 2009; Li et al, 2009; Skaar et al, 2009).  

 

There remains considerable contention as to the specific roles of hSSB1 and INTS3 

during the DDR. Whilst hSSB1 foci rapidly form in response to DNA damage, and 

remain for extended periods of time, INTS3 foci do not form until 4 - 6 hours after 

damage (Li et al, 2009). In addition, whilst some reports suggest SSB1 is necessary for 



  Chapter 1: Literature Review 

 

 32 

MRN recruitment, others propose it acts downstream of this complex (Richard et al, 

2011a; Richard et al, 2011b). Interestingly, a recent in-vitro study suggested that SSB1-

INTS3-C9Orf80 acts independently of the MRN complex to inhibit KU binding, and 

promote DNA end resection by EXO1 (Yang et al, 2013). Moreover, hSSB1 depletion 

leads to abrogation of ATM signalling in some reports, but ATR signalling defects in 

others (Li et al, 2009; Richard et al, 2008; Skaar et al, 2009). Therefore, further 

investigation is required to better understand the specific role that hSSB1 and its 

associated complex plays in the response to DNA damage.  

 

1.5 Mouse models to investigate the DDR 

To date, more than 200 mouse mutants of DDR pathway components, including 

signalling molecules, mediators, transducers and effectors have been generated to 

functionally investigate the in-vivo role of these proteins (Friedberg & Meira, 2006). 

These studies have highlighted both essential, and redundant functions of these proteins 

in mediating the DDR. Moreover, mouse models of DNA-repair associated proteins 

involved in human disease have aided our understanding of the physiological role of 

these proteins, and the generation of cell lines with true ablation or mutation of the 

protein of interest through the generation of targeted Embryonic Stem (ES) cells and 

mouse embryonic fibroblasts (MEFs) have assisted in our understanding of the 

functions of these proteins.  

 

Interestingly, targeted ablation of proteins involved in the DDR often leads to the 

manifestation of common phenotypic themes, highlighting the physiological 

consequences of an abrogated DDR. For example, targeted deletion of genes with a 

critical role in either the signalling (e.g. Atr, Nbs1, Rad50, Brca1) or repair of DNA 

DSBs by HR (e.g. Rad51, Rad52, the Rad51 paralogues, Brca2) often lead to early- or 

mid-gestational embryonic lethality in mice, due to a crucial role of these proteins in 

responding to replication stress (Brown & Baltimore, 2000; Lim & Hasty, 1996; 

Ludwig et al, 1997; Luo et al, 1999; Zhu et al, 2001). On the other hand, ablation of 

genes critical for repair by NHEJ (e.g. Ku70, Ku86, Artemis, DNA-PKcs) often exhibit a 

comparatively mild phenotype, usually with some degree of immunodeficiency due to 

defective class-switch or V(D)J recombination (Gao et al, 1998a; Gu et al, 1997; 

Nussenzweig et al, 1996; Rooney et al, 2002; Taccioli et al, 1998). Neurological (e.g. 

LigIV
-/-

, Xrcc4
-/-

) and fertility defects (e.g. Atm
-/-

, Rnf8
-/-

, Rnf168
-/-

) are also 
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commonplace, given the high levels of oxidative stress in the brain, and critical role of 

repair proteins in meiosis, respectively (Bohgaki et al, 2011; Li et al, 2010). In targeted 

mice that survive embryogenesis, an increased predisposition to tumorigenesis is often 

observed over time, given the increased genomic instability as a consequence of a 

dysfunction DDR (Friedberg & Meira, 2006). Moreover, this predisposition is often 

exacerbated on a p53
-/-

 background, which can sometimes also rescue some of the 

apoptotic phenotypes which occur in response to DNA damage protein ablation 

(Donehower et al, 1992; Friedberg & Meira, 2006). 

 

Double Targeted ablation studies of DDR components have also facilitated our 

understanding of functionally redundant members of this complex pathway. For 

example, these studies have highlighted the redundancy between PIKK signalling (e.g. 

embryonic lethality of the Atm
-/-

;Dna-PKcs
-/-

 mouse), as well as downstream critical 

signalling molecules (eg. embryonic lethality of the Atm
-/-

;H2ax
-/-

, Atm
-/-

;Parp1
-/-

 or 

Parp1
-/-

;H2ax
-/-

 mice) (Gurley & Kemp, 2001; Menisser-de Murcia et al, 2001; Orsburn 

et al, 2010; Sekiguchi et al, 2001; Zha et al, 2008). In addition, they have allowed 

identification of redundancy between repair pathway components (e.g. embryonic 

lethality of the Ku70
-/-

;Parp1
-/-

 mouse) (Henrie et al, 2003).  
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1.6 Aims and Significance 

Proper co-ordination of the DDR is of the utmost importance to the maintenance of 

genomic integrity and cellular viability. Consequently, aberrant DDR responses have 

been associated with a wide variety of physiological consequences, including cellular 

apoptosis, neurodegeneration, and tumorigenesis. Our laboratory recently described an 

essential role for the human single-stranded DNA binding protein 1 (hSSB1) in the co-

ordination of DNA repair by HR and the activation of ATM signalling in response to 

IR. However, despite a number of studies being published on the functions of this 

protein, there remains considerable contention as to its precise mechanism of action and 

role within these processes. Moreover, in-vivo characterisation of the functional role of 

this protein had not been performed at the commencement of this PhD.   

 

Given the invaluable insight mouse models allow for the investigation of functional and 

physiological roles of DDR proteins, we sought to utilise this approach to further 

delineate the role of the single-stranded DNA binding protein Ssb1 using a targeted 

knockout mouse model.  

 
The specific aims of this thesis were: 

 

1) To assess the effect of Ssb1 deletion on viability in a constitutive Ssb1 gene-targeted 

mouse model 

 

2) To generate and assess the DNA repair and signalling capacity of Ssb1-depleted 

Mouse Embryonic Fibroblast cell lines in response to DNA damage  

 

3) To comprehensively characterize the physiological consequences of Ssb1 ablation in 

the mouse 
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2 Materials and Methods 

2.1 Animal Husbandry 

2.1.1 Ethics 

All animal work was approved by the Queensland Institute of Medical Research Animal 

Ethics Committee and performed in accordance with their guidelines. 

2.1.2 Generation of Ssb1 gene-targeted mice 

Ssb1 gene-targeted (floxed-neo) mice were generated on a C57BL/6J background by 

Ozgene, Pty Ltd (Bentley, WA) as described in chapter 3, and maintained on a pure 

C57BL/6J background for all experiments. Ssb1 gene-targeted mice were crossed 

against C57BL/6J-CMV-Cre transgenic male mice, kindly provided by Dr. Graham Kay 

of the QCF transgenic laboratory. Cre
+
:Ssb1

+/-
 mice were subsequently backcrossed 

onto the C57BL6/J background to remove the Cre transgene. Resulting Ssb1
+/-

 

heterozygous mice were further intercrossed to generate Ssb1
-/-

 embryos. Litters were 

ear clipped for identification and genotyping at postnatal day 12 (P12).  

2.1.3 Animal Housing 

All mice were housed at the Queensland Institute of Medical Research Animal Facility 

in optiMICE® caging (Centennial, Colorado) on a 12 h light/dark cycle at 25°C. All 

animal handling was performed under sterilised airflow conditions.  

2.1.4 Timed Matings and Embryo Dissections 

Mouse pregnancy was assessed by the presence of a copulation plug the morning after 

timed mating, designated as embryonic day 0.5 (E0.5). For embryo dissections, 

pregnant dames were anaesthetised with AttaneTM Isofluorane (Biomac Pty Ltd, 

Hornsby, NSW) and killed by cervical dislocation. Uterine horns were isolated, washed 

in ice-cold Phosphate Buffered Saline (PBS), and embryos carefully dissected into petri 

dishes in ice-cold PBS and processed accordingly. Embryos younger than E13.5 were 

dissected with the aid of a Nikon SMZ45 stereo dissecting microscope (Nikon Inc, 

Tokyo, Japan). Yolk sac, head, or tail DNA was isolated for genotyping of embryos. 

Ssb1
+/+

 and Ssb1
+/-

 embryos were identical at the phenotypic level, and were combined 

as control specimens for some experiments as explicitly stated throughout the text.  
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2.2 Cell Biology 

2.2.1 Tissue Culture 

Unless otherwise stated, cells were incubated at 37°C with 20 % oxygen levels and 5 % 

CO2. All tissue culture plasticware was purchased from Corning (flasks and plates) 

and Costar (plastic pipettes).  

2.2.2 Generation of Mouse Embryonic Fibroblasts 

To generate mouse embryonic fibroblasts (MEFs), uterine horns from E13.5 pregnant 

Ssb1
+/-

 females from Ssb1
+/-

 intercrosses were isolated into sterile, ice-cold PBS. 

Embryos were dissected into individual dishes and washed 2 X with ice-cold, sterile 

PBS. Embryo heads were isolated for PCR genotyping and internal viscera of the 

embryo was removed, including the liver. Eviscerated embryos were placed into 1 mL 

of trypsin-EDTA (Sigma Aldrich, St Louis, USA) and manually dispersed into small 

pieces using a sterile scalpel blade. Dispersed tissues were allowed to digest at 37C/20 

% oxygen/5 % CO2 for 20 minutes and the digested cell lysate was transferred to a 10 

mL falcon tube. Undigested tissue was separated from the cellular suspension through 

two rounds of sedimentation and collection of the supernatant. Cells were seeded into 

25cm
2
 flasks and allowed to adhere overnight. Primary MEFs were maintained in 

Dulbecco’s Modified Eagle’s Medium (DMEM) (Life Technologies, Carlsbad, CA) 

containing 20 % Foetal Bovine Serum (SAFC Biosciences, Lenexa, USA) and 1 % 

penicillin-streptomycin (Life Technologies). Primary MEFs prior to passage 6 were 

used for all MEF experiments, with the exception of the 3T3 cellular proliferation assay 

(see section 2.2.4.2). 

2.2.3 Induction of DNA damage 

2.2.3.1 Gamma-Irradiation 

Gamma-irradiation was performed on a Gammacell 40 Exactor (Kirloskar 

Technologies, New Delhi, India) with a 
137

Cs source at 108 cGy/min at doses as 

indicated in the figure legend text.  

2.2.3.2 Ultraviolet C Irradiation 

Ultraviolet C (UVC) irradiation was performed using a Bio-Rad Stratalinker UV 

crosslinker (BioRad, Hercules, CA) at doses as indicated in the figure legend text. 

 



  Chapter 2: Materials and Methods 

 

 37 

2.2.4 Proliferation Assays 

2.2.4.1 MTS assay 

MTS proliferation assays were performed using the CellTiter 96 AQueous one cell 

proliferation assay reagent (Promega, WI, USA) for 3 biological replicates per genotype 

in triplicate. Briefly, MEFs were plated at a density of 1000 cells per well on a 96-well 

tissue-culture plate (BD Falcon). The following day, 100 L of media containing 20 

% MTS reagent was added, left to incubate for 4 hours, and read at 490 nm on a Biotek 

Powerwave XS2 microplate spectrophotometer (Winooski, VT, USA). Readings were 

collected each day for 5 consecutive days.  

2.2.4.2 3T3 proliferation assay 

For 3T3 cellular proliferation assays, primary MEFs at passage 2 were plated at a 

density of 5 x 10
5
 cells in a 10 cm plate in duplicate for three biological replicates per 

genotype. Every three days, cells were trypsinised, counted using the Countess 

automated cell counter (Life Technologies) and re-plated at a density of 5 x 10
5
 cells 

per dish. The additive change in rate of growth was calculated as a function of passage 

number.  

2.2.5  Cell cycle analysis 

For cell cycle analysis, two Ssb1
+/+

 cell lines and three Ssb1
-/-

 MEF cell lines at passage 

3 were harvested by cell scraping, and resuspended in 200 L PBS. 50 L of 50 mg/mL 

propidium iodide (Sigma Aldrich) and 15 mg/mL RNAse A was added and the 

suspension incubated for 30 minutes. Cell fluorescence was assessed by Fluorescence 

Activated Cell Sorting (FACS) on a FACSCalibur Flow Cytometer (BD Biosciences, 

Franklin Lakes, USA) using CellQuest Pro v 5.1.1 (BD Biosciences). Analysis was 

performed using WinMDI v 2.9 Software (http://facs.scripps.edu/software.html). 

2.2.6 DNA damage sensitivity assays 

For DNA damage sensitivity assays, primary MEF cell lines (3 biological replicates per 

genotype) were plated at a density of 1000 cells/well of a 96-well dish in triplicate, and 

sensitivity assayed by the MTS proliferation assay as described in section 2.2.4.1. For 

induction of DNA damage, plates were treated with the indicated doses of IR or UVC, 

and the medium immediately changed to MTS media as described in section 2.2.4.1 for 

the day 1 reading. The final reading was taken on the 6
th

 day after induction of DNA 

damage, and the change in growth plotted as a function of DNA damage dose.   
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2.2.7 Immunofluorescence  

For immunofluorescence assays, cells were grown to approximately 70 percent 

confluency on sterilised glass coverslips, and treated with the appropriate doses of IR as 

described. Cells were washed once in PBS, and treated with ice-cold extraction buffer 

(20 mM Hepes, 20 mM NaCl, 5 mM MgCl2, 1 mM ATP, 0.1 mM sodium 

orthovanadate, 1 mM sodium fluoride, protease inhibitor mixture (Sigma Aldrich) and 

0.5% IGEPAL, pH 7.5) for 10 minutes. Following extraction, cells were washed (PBS, 

1 X), fixed for 15 minutes in 4 % paraformaldehyde (PFA) (Sigma Aldrich), washed 

again (PBS, 1 X) and permeabilised in 0.2 % TritonX-100 for 10 minutes at room 

temperature. Coverslips were blocked in filtered 2 % bovine serum albumin (Sigma 

Aldrich) in PBS for 1 hour at room temperature prior to incubation with primary 

antibody diluted in blocking buffer for 1 hour in a humidified chamber at room 

temperature. Antibodies used for immunofluorescence are detailed in table 2.1 

Following primary antibody incubation, cells were washed (PBS, 3 X) and incubated in 

secondary antibody as well as DAPI nuclear stain diluted in blocking buffer (1:1000) 

for 1 hour at room temperature in a humidified chamber in the dark. Following 

secondary antibody incubation, coverslips were washed (PBS, 3 X) and mounted on 

glass coverslips using ProLong gold anti-fade mounting medium (Life 

Technologies). 
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Table 2.1 Antibodies used for Immunoblot, Immunohistochemistry, and 
Immunofluorescence 
 

Name Supplier Species Application Dilution 

hSSB1 In-house Sheep IB 1:500 

OBFC2B 
(hSSB1)  

Sigma Aldrich 

Prestige Antibodies 

Rabbit IB 1:1000 

p-ATM s1981 Cell 
SignalingSignalling 

Technology 

Mouse IB 1:1000 

p-p53 s53 Cell 
SignalingSignalling 

Technology 

Rabbit IB 1:1000 

-H2AX Millipore Mouse IF 1:750 

-Actin BD Biosciences Mouse IB 1:5000 

Sox9 Chemicon Rabbit IHC 1:800 

Ki67 DAKO cytomation Rat IHC 1:50 

Cytokeratin 
Wide-spectrum 

screening 

DAKO cytomation Rabbit IHC 1:100 

SMA Biocare Medical Mouse IHC 1:800 

Mouse-488 LifeTechnologies Donkey IF 1:200 

Rabbit-594 Life Technologies Donkey IF 1:200 

Mouse-HRP Sigma Aldrich Goat IB 1:3000 

Rabbit-HRP Sigma Aldrich Goat IB 1:8000 

Mouse-
IRDye800CW 

Li-Cor Biosciences Goat IB 1:8000 

Rabbit-
IRDye680RT 

Li-Cor Biosciences Goat IB 1:8000 
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2.2.8 Microscopy 

Immunofluorescence assays were analysed and imaged using a Delta-Vision 

personalDV deconvolution microscope (Applied Precision, GE Healthcare, Issaquah, 

WA). Cells were imaged using the 40 X or 60 X oil objective using the softWoRx v 

3.7.0 suite. For -H2AX foci analysis of MEFs, at least 100 cells for each genotype per 

timepoint were imaged across randomly chosen, non-overlapping fields of view. Cells 

with more than 10 foci/cell were scored manually from the images.   

2.3 Molecular Biology 

2.3.1 Genomic DNA extraction 

Mouse ear clips were digested in DirectPCR tail lysis buffer (Viagen Biotech Inc, Los 

Angeles, CA) containing 0.25 mg/mL Proteinase K overnight at 55°C with agitation. 

The following day, samples were heated to 85°C for 45 minutes to denature the 

proteinase K activity and inhibit further digestion. 1 L of crude lysate was used for 

genotyping polymerase chain reaction. 

2.3.2 Polymerase Chain Reaction (PCR) 

Genotyping PCR primer sequences are described in table 2.2. Genotyping PCR was 

performed on ear extracted DNA in a final volume of 25 L with the following 

components:  0.3 L AmpliTaq® Gold Polymerase (Applied Biosystems, Foster City, 

USA), 2.5 L of AmpliTaq® Gold PCR buffer, 2 mM MgCl2, 0.2 mM dNTPs (dATP, 

dUTP, dCTP and dGTP) and 10 picomoles of each primer. Reaction specificity was 

determined by a water-only negative control for each genotyping reaction. PCR 

reactions were cycled on a GeneAmp PCR System 9700 (Applied Biosystems) or 

BioRad T100 thermal cycler (BioRad) PCR machine with one cycle of 95°C for 12 

minutes, followed by 35 cycles of the following: 95°C for 30 seconds, 55°C for 30 

seconds and 72°C for 30 seconds, and a final elongation step of 72°C for 4 minutes. 

PCR products were electrophoresed in Tris-Acetate EDTA on a 1.5 % agarose gel at 

100 V, and viewed on a Bio-Rad Molecular Imager Gel Doc XR system 

transilluminator (BioRad) using Quantity One 1-D analysis software (BioRad).  
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Table 2.2 PCR primers used for mouse genotyping 
 
 

Primer Sequence Application 

 

Ssb1_WT_For 

 

5’-GCTTTGCTTCTGTTCCTTTACCT-3’ 

 

Forward primer  

Detects: Ssb1 wild-type, 
targeted (floxneo) and 
deleted alleles 

 

Ssb1_WT_Rev 

 

5’-ACAACCTTTGAACACTGAAGC-3’ 
Reverse primer 

Detects: Ssb1 wild-type 
allele 

 

Ssb1_mut_Rev 

 

5’-TAGTGAAGGGCGAGCTTGAG-3’ 

 

Reverse primer  

Detects: Ssb1 flox-neo 
(targeted) allele  

 

Ssb1_del_Rev 

 

5’-GAAATGGATTCCGAGCTCAA-3’ 
Reverse primer 

Detects: Cre-deleted (null) 
allele  

 

Cre_For 

 

5’-CACCCTGTTACGTATAGC-3’ 
Forward primer 

Detects: Cre transgene 

 

Cre_Rev 

 

5’-CTAATCGCCATCTTCCAG-3’ 
Reverse primer 

Detects: Cre transgene 

 

2.3.3 RNA extraction and Reverse Transcription 

RNA was extracted using the QIAgen RNeasy kit (Valencia, CA) according to the 

manufacturer’s instructions. For RNA extraction from cell lines and E12.5 limb buds, 

cells were lysed using a 21 gauge needle. For RNA extraction from embryonic lungs, 

the right lobes of E18.5 lungs were homogenised in 3 x the approximate tissue volume 

of buffer RLT (supplied with kit) at 4°C on a Precellys® tissue homogeniser at 6500 

RPM for 2 x 30 second cycles followed by further cell lysis with a 21 gauge needle. A 

DNAse digestion step was performed immediately following RNA extraction to remove 

contaminating genomic DNA and NaAC/EtOH precipitated and resuspended in sterile 

H2O. RNA quality and quantity was assessed on a Nanodrop ND-1000 

spectrophotometer (Thermo-Scientific, Waltham, MA). 

Reverse transcription was performed using Superscript
®

III Reverse Transcription First 

Strand synthesis (Life Technologies) according to the manufacturer’s instructions. 
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Briefly, 2 g RNA (for lung tissue) or 1 g RNA (for E12.5 limb buds), 150 ng random 

hexamers (Life Technologies) and 2 L of 10mM dNTPs (Promega) were incubated 

at 65°C for 5 minutes (total reaction volume, 26 L). Reactions were incubated on ice 

for 1 minute, followed by the addition of 1 L of Superscript
®

III (200 U), 4 L of 5X 

Superscript
®

III buffer, 2 L 0.1 M DTT, 1 L RNasin (Promega) and 1 L H20 (total 

reaction volume of 40 L) for one cycle of 25°C for 5 minutes, 60°C for 60 minutes and 

70°C for 15 minutes. Appropriate controls without template or reverse transcriptase 

were included for each cDNA synthesis run. cDNA was diluted 1:8 (for lung tissue) or 

1:2 (for E12.5 limb bud tissue) in sterile H20 prior to Quantitative Reverse Transcriptase 

analysis. 

 

cDNA synthesis for the SA Biosciences Osteogenesis screen was performed according 

to the manufacturer’s instructions using the SA biosciences RT
2
 first strand kit 

(SABioscience, Frederick, MD). Genomic DNA elimination was performed with 400 

ng of RNA, 2 L of Buffer GE and sterile H20 to a total volume of 10 L for 5 minutes 

at 42°C. Following genomic DNA elimination, reactions were placed on ice for 1 

minute, followed by the addition of 4 L Buffer BC3, 1 L Control P2, 2 L RE3 

Reverse Transcription mix and 3 L of RNAse-free H20 at 42°C for 15 minutes 

followed by 95°C for 5 minutes for cDNA synthesis. 91 L of RNAse-free H20 was 

added prior to quantitative RT-PCR setup.  

2.3.4 Quantitative Reverse Transcriptase PCR (qRT-PCR) 

Quantitative Reverse-Transcriptase PCR (qRT-PCR) was performed in a 384-well 

Roche LightCycler plate (Roche Diagnostics, Mannheim, Germany) in a 10 L 

reaction containing the following: 1X SYBR green mastermix (Roche), 1 mM each 

primer, 2 L diluted cDNA and 2 L H2O for three biological replicates performed in 

triplicate. Reactions were cycled on a Roche
®
 Light Cycler 480 under the following 

conditions: 95°C for 5 minutes, followed by 40 cycles of 95°C for 10 seconds, 58°C for 

10 seconds and 72°C for 5 seconds. Ct values were calculated using the accompanying 

Light Cycler 480 software, version 1.5.0.39. Calculations were performed using the 

∆∆Ct method, with values normalised to ß-actin as a housekeeping gene. Ct values more 

than 35 were considered failed reactions, and were not used for analysis. For each 

cDNA sample analysed, an accompanying cDNA reaction without reverse transcriptase 

was included to ensure no contaminating genomic DNA was present. In addition, a 
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negative control containing H2O was included for each primer set. Melt curves were 

assessed for each reaction to ensure the presence of a single PCR product. Primers used 

for qRT-PCR analysis are outlined in table 2.3 and 2.4. 

 

For the quantitative RT-PCR RT
2
 Profiler Mouse Osteogenesis PCR array, 102 L of 

the RT
2
 cDNA synthesis reaction was mixed with 650 L of 2X RT

2
 Sybr Green 

mastermix and 548 L of RNAse-free H20. 10 L of the mastermix was aliquoted into 

each well of the RT
2
 profiler mouse osteogenesis PCR array and cycled on a Roche

®
 

Light Cycler 480 with the following conditions: 1 cycle of 95°C for 5 minutes, followed 

by 45 cycles of 95°C for 15 seconds and 60°C for one minute. Ct values were exported 

and analysed using the RT
2
 Profiler PCR Array Data Analysis tool v 3.5 

(SABioscience).  
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Table 2.3. Primers used for quantitative RT-PCR analysis of lung differentiation 
 

Gene Sequence Source 

FoxJ1 F: 5’-AAGGCCACCAAGATCACTC-3’ 

R: 5’-ATGGAATTCTGCCAGGTG-3’ 

(Bird et al, 2011) 

Cc10 F: 5’-GCTCAGCTTCTTCGGACA-3’ 

R: 5’-CAGACTCTGATTCCATGAGGA-3’ 

(Bird et al, 2011) 

Aqp5 F: 5’-CTGCGGTGGTCATGAATC-3’ 

R: 5’-CTACCCAGAAGACCCAGTGA-3’ 

Roche Probe Library 
Design Tool 

Pdpn F: 5’-AGGTACAGGAGACGGCATGGT-3’ 

R: 5’-CCAGAGGTGCCTTGCCAGTA-3’ 

(O'Brien et al, 2010) 

Sftpa F: 5’-AGGCAGACATCCACACAGCTT-3’ 

R: 5’-ACTTGATGCCAGCAACAACAGT-3’ 

(O'Brien et al, 2010) 

Sftpb F: 5’-ACGTCCTCTGGAAGCCTTCA-3’ 

R: 5’-TGTCTTCTTGGAGCCACAACAG-3’ 

(O'Brien et al, 2010) 

Sftpc F: 5’-CCGTGCACCTCAAACGCCTTCTCA-3’ 

R: 5’-GCCGCTGGTAGTCATACACAACGA-3’ 

(O'Brien et al, 2010) 

Sftpd F: 5’-ACAGCGTCTAGAGGTTGCCTTCT-3’ 

R: 5’-CAGCTGTCCTCCAGCCTGTT-3’ 

(O'Brien et al, 2010) 

Cd31 F: 5’-ACGATGCGATGGTGTATAAC-3’ 

R: 5’-ACCTTGGGCTTGGATACG-3’ 

(Hegeman et al, 2009) 

Sox9 F: 5’-ACGTGTGGATGTCGAAGCAG-3’ 

R: 5’-ACTGGTTGTTCCCAGTGCTG-3’ 

(Okubo, 2005) 

-Actin F: 5’-GGCTGTATTCCCCTCCATCG-3’ 

R: 5’-CCAGTTGGTAACAATGCCATGT-3’ 

(Reitinger et al, 2007) 
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Table 2.4 Primers used for quantitative RT-PCR analysis of chondrogenesis 
 

Gene Sequence Source 

Sox9 F: 5’-GTACCCGCATCTGCACAAC-3’ 

R: 5’-CTCCTCCACGAAGGGTCTCT-3’ 

Roche Probe Library 
Design Tool 

Col2a1 F: 5’-AATGGGCAGAGGTATAAAGATAAGGA-3’ 

R: 5’-CATTCCCAGTGTCACACACACA-3’ 

(Cormier et al, 2003) 

Col10a1 F: 5’-CAAACGGCCTCTACTCCTCTGA-3’ 

R: 5’-CGATGGAATTGGGTGGAAAG-3’ 

(Cormier et al, 2003) 

Ihh F: 5’-CCCCAACTACAATCCCGACA-3’ 

R: 5’-TCATGAGGCGGTCGGC-3’ 

(Cormier et al, 2003) 

Pthrp-r F: 5’-GAAAGAATAAAGCAAAAGCGAGACA-3’ 

R: 5’-AGGGAGCTCTGACATCGGG-3’ 

(Cormier et al, 2003) 

Bmp2 F: 5’-CCTCAAGTCCAGCTGCAAGAG-3’ 

R: 5’-GGTGCCACGATCCAGTCATT-3’ 

(Cormier et al, 2003) 

 

2.3.5 Immunoblotting 

2.3.5.1 Cell and Tissue lysis 

For cell lysis, adherent cells were washed once in ice-cold PBS, and harvested in PBS 

by scraping. Cells were pelleted by centrifugation at 5000 RPM for 3 minutes, and 

resuspended in Universal Immunoprecipitation (UIP) buffer (50 mM Tris, pH 7.4; 150 

mM NaCl; 2 mM EGTA; 2 mM EDTA; 25 mM β-glycerol phosphate; 0.2% Triton X-

100 (v/v); 0.3% NP-40 (v/v); 0.1 mM Na3VO4; 25 mM NaF) with 1X Roche cOmplete 

protease inhibitor cocktail (Roche Diagnostics). Samples were incubated in lysis buffer 

on ice for 15 minutes, and sonicated for 10 seconds on a Branson Sonifier 450 (Branson 

Ultrasonics Corporation, Danbury, CT). Cell debris was removed by centrifugation at 

4°C for 15 minutes at 13 000 RPM, and 1X SDS sample buffer was added. 

 

For lung tissue protein extraction, the right lobes of E18.5 embryonic lungs were 

homogenised in 3 x the approximate tissue volume of phosphorylation buffer  (0.2 M 

Tris pH 8.0, 0.1 M NaCl, 1 mM EDTA, 0.5 % NP-40 v/v, 10 % Glycerol v/v) with 1X 

Roche cOmplete protease inhibitor cocktail (Roche) and 1X PhosSTOP phosphatase 

inhibitor cocktail (Roche) at 4°C on a Precellys® tissue homogeniser at 6500 RPM for 
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2 x 30 second cycles. Tissue debris was removed by centrifugation at 4°C for 15 

minutes at 13 000 RPM, and 1X SDS sample buffer was added.  

2.3.5.2 Protein concentration determination 

Protein concentration was determined using the Bradford assay with Bio-Rad Protein 

Assay Dye Reagent (Bio-Rad Laboratories Inc, Hercules, USA). Protein lysates were 

prepared in SDS sample buffer (2% SDS; 62.5 mM Tris; 7.5% Glycerol; 7% β-

mercaptoethanol) heated to 95°C for 5 minutes prior to SDS-PAGE.  

2.3.5.3 Polyacrylamide gel electrophoresis 

Samples were electrophoresed by SDS-PAGE using the Bio-Rad Mini-PROTEAN
®

 

Tetra system at 100 V in SDS running buffer (25 mM Tris; 192 mM Glycine; 0.1% 

SDS (v/v) on Bio-Rad mini-PROTEAN
®
 TGX

TM
 4 – 15 % gradient gels. Gel transfer 

onto Amersham Hybond C nitrocellulose membrane (GE healthcare, Waukesha, WI) or 

Immobilon FL PVDF (Millipore corporation, Billerica, USA) was performed using the 

Invitrogen Xcell SureLock
TM

 transfer system in 1X transfer buffer (50 mM Tris; 40 mM 

Glycine; 20% MeOH) at 35 V for 90 minutes. Membranes were blocked in BLOTTO (5 

% Skim milk powder (Diploma Brand) in TBS containing 0.5 % Tween-20), or 

Odyssey Blocking Buffer (Licor Biosciences, Lincoln, NE, USA) for 1 hour on a 

shaker at room temperature. Blocked membranes were incubated with primary 

antibodies (Table 2.1) overnight at 4°C. The following day, membranes were washed 3 

X in TBS-T, followed by secondary antibody incubation (Table 2.1) for 1 hour on a 

shaker at room temperature. Detection was performed on FujiFilm LAS-3000 imaging 

system (Fuji Photo Film, Tokyo, Japan) using Millipore Immobilon Western 

chemiluminescent HRP substrate or using the LiCor Odyssey Classic Infrared 

Imaging System equipped with Odyssey Infrared Imaging System Application Software 

v  3.0.30. 

2.3.5.4 Western-blot analysis 

Protein band intensity was determined using the “analyse gels” quantitation function of 

ImageJ v 1.43 (rsb.info.nih.gov/ij/) or Multigauge software (Fujifilm).  

2.4 Histology 

2.4.1 Skeletal Preparations  

For skeletal preparations, E18.5 embryos were carefully cleared of skin and eviscerated 

prior to fixation in 100 % EtOH overnight at 4°C on a platform rocker. The following 
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day, embryos were stained in 0.3 mg/ml Alcian Blue 8GX (BDH Poole Laboratory 

Supplies, UK) in 20 % acetic acid/80 % EtOH for 48 hours with gentle agitation at 

room temperature to stain cartilage. Following Alcian Blue incubation, embryos were 

briefly washed in 95 % EtOH and placed in 2 % potassium hydroxide (KOH) for 24 

hours at room temperature to remove remaining soft tissue. Embryos were then placed 

in 75 g/mL Alizarin red S (Fisher Scientific, Pittsburgh, PA) in 1 %  KOH for 24 

hours to stain mineralised bone. After alizarin red staining, specimens were cleared in 1 

% KOH / 20 % for approximately two weeks and stored in 50 % Glycerol/ 50 % EtOH. 

Preparations were imaged on a Nikon SMZ45 stereo dissecting microscope with NIS 

Elements V 4.00.06 software (Nikon). 

 

Skeletal preparations to analyse limb patterning were performed separately on limbs 

isolated from E18.5 embryos according to the above described protocol.  

2.4.2 Fixation for histology 

Embryos or embryonic tissues were fixed in 4 % PFA in PBS for 24 – 48 hours 

(depending on sample size), washed once in 70 % EtOH and stored in 70 % EtOH prior 

to histological processing. 

2.4.3 Paraffin Processing  

Paraffin processing was performed with assistance from the QIMR histotechnology 

facility. PFA-fixed samples were paraffin processed in the Excelsior ES auto tissue 

processor (Thermo Fischer Scientific, Walthem, USA) followed by embedding using 

the Sakura Tissue-Tek  TEC TM embedding station (Sakura Finetek, Tokyo, 

Japan). Paraffin-embedded sections were de-waxed with a Leica Autostainer XL with 

transfer station prior to staining described below. 

2.4.4 Haematoxylin and eosin staining 

Haematoxylin and eosin (H&E) staining of paraffin-embedded samples was performed 

using a Leica Autostainer XL following standard protocols. 

2.4.5 Immunohistochemistry 

Immunohistochemistry was performed with assistance from the QIMR Histotechnology 

facility. Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) 

analysis of Apoptosis was performed using the ApopTag peroxidase in-situ apoptosis 
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detection kit (Millipore), according to the manufacturer’s instructions. 

Immunohistochemistry for Ki67 and Sox9 was performed using the antibodies and 

dilutions outlined in table 2.1.  For immunohistochemistry, de-waxed, paraffin-

embedded samples were first incubated in 30 % Hydrogen Peroxide for 10 minutes to 

inhibit endogenous peroxidase activity, followed by three washes in Tris-buffered saline 

(TBS) for 5 minutes per wash. Antigen retrieval was performed by incubating samples 

in 10 mM citrate buffer (pH 6.0) in a decloaking chamber for 5 minutes at 125°C. After 

cooling for 20 minutes, samples were washed (TBS, 3 X 5 minutes) and blocked with 

background Sniper (Biocare Medical, Concord, USA) for 30 minutes at room 

temperature. After primary antibody incubation for 1 hour, sections were washed (3 X, 

TBS, 5 minutes) before secondary antibody labelling with Rabbit HRP polymer 

(Biocare Medical) for 30 minutes. Samples were washed (3 X, TBS, 5 minutes) and 

peroxidase activity detected by staining with 3,3’-Diaminobenzidine for 10 minutes, 

followed by counterstaining with Haematoxylin (Leica Autostainer XL). 

2.4.6 Coverslipping 

Slides were coverslipped using the Leica CV5030 glass coverslipper and Shandon 

Consul-Mount mounting media (Thermo Fischer).  

2.4.7 Microscopy and Analysis 

Slides were scanned with a 20 X or 40 X objective on the Aperio Scanscope XT 

(Aperio, Vista, USA) with ScanScope console software v 101.0.0.18. Images were 

viewed with Aperio ImageScope software v 10.0.36.1805. Quantitation of 

immunohistopositive cells for Ki67 or ApopTag analysis of lungs was performed using 

the Positive Pixel Count  v 9 algorithm to score immunopositive cells across whole lung 

lobes from Ssb1 control (Ssb1
+/+

, Ssb1
+/-

, n = 3) and Ssb1
-/-

 lungs (n = 4). 

For analysis of alveolar lumen and septa formation, images of H&E stained lung 

sections from Ssb1 control (Ssb1
+/+

, Ssb1
+/-

, n = 3) and Ssb1
-/-

 lungs (n = 4) were 

analysed using Image J software (rsbweb.nih.gov/ij/) on four representative images for 

each lung, with care taken not to use images including conducting airways. Images were 

converted to greyscale and thresholded equally across images from control and Ssb1
-/-

 

lungs to highlight the alveolar septa. The average area percentage occupied by septa and 

airspace was calculated using this function. 
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2.5 In-silico Analysis 

2.5.1 Sequence Alignment 

Mouse and Human Ssb1 and Ssb2 protein sequences were aligned using sequences 

obtained from the Ensembl database (www.ensembl.org) using the Clustal W alignment 

tool for global pairwise alignment (http://www.ebi.ac.uk/Tools/msa/clustalw2/). 

2.5.2 In-silico analysis of qPCR array targets 

Protein interaction mapping of osteogenesis qPCR array targets was performed using 

the GNC Pro Gene Network Pro online analysis tool 

(http://gncpro.sabiosciences.com/gncpro/gncpro.php).  

2.6 Statistical Analysis 

All statistical analysis was performed using GraphPad Prism 5, using the student’s t-test 

(two-tailed) unless otherwise stated. Error bars in all figures represent mean + standard 

error of the mean (SEM). p values of < 0.05 were considered statistically significant. 

Statistical significance is designated with an asterisk (*), where *p < 0.05, **p < 0.01 

and ***p < 0.001.  

  

http://www.ensembl.org/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
http://gncpro.sabiosciences.com/gncpro/gncpro.php
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3 Generation of an in-vivo mouse model 
for targeted ablation of Ssb1 

3.1 Introduction  

3.1.1 Single-stranded DNA binding proteins 

Single-stranded DNA binding proteins (SSBs) are critical components for a number of 

cellular transactions, including during DNA replication, repair and transcription 

(Broderick et al, 2010; Richard et al, 2009). Recently, two additional human SSBs have 

been described by our laboratory, hSSB1 and hSSB2, which exhibit structural similarity 

to the archaeal SSB of Sulfolobus sulfataricus (Richard et al, 2008). Surprisingly, these 

proteins are not conserved in yeast, but are present in higher eukaryotes, including 

drosophila, zebrafish, mice and humans (Figure 3.1). hSSB1 was shown to be essential 

for DNA DSB repair by HR, ATM kinase activation in response to DNA damage by IR 

and in the maintenance of genomic stability (Richard et al, 2008). Moreover, these roles 

were recently shown to be mediated through the complexing of hSSB1 with IntS3 and 

C9Orf80 (Huang et al, 2009; Li et al, 2009; Skaar et al, 2009; Zhang et al, 2009a). 

Interestingly, hSSB2, a homolog of hSSB1, is also able to substitute in this complex in 

place of hSSB1 (Huang et al, 2009; Li et al, 2009; Skaar et al, 2009).  
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Figure 3.1. Ssb1 conservation in higher eukaryotes.  
Ssb1 is conserved among multiple species including drosophila but not in yeast 
(Richard et al, 2008). 

 

Despite multiple investigations into the cellular roles of hSSB1, delineation of how this 

evolutionarily conserved protein is critical to cellular function and genome stability 

protection has not been determined in detail. In addition, the limitations of cell culture 

assays have restricted the thorough investigation of the role of this protein. To 

overcome the short-comings of cellular based assays, we sought to employ a transgenic 

“knockout” mouse model system to further investigate and characterise the role of Ssb1 

in-vivo.  

3.1.2 Use of targeted mouse models to investigate protein function 

The use of knockout mouse model systems has a number of advantages over traditional 

cell-based assays. First, they allow targeting of the protein at the genetic level, in 

contrast with siRNA-based depletion studies, where the timing of experimentation and 

protein half-life may critically affect the outcome of the investigation (Davey & 

MacLean, 2006; Hall et al, 2009; Ventura, 2004). Most notably, this approach enables 

the investigation of a protein’s function in a physiological context (Hall et al, 2009; van 
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der Weyden et al, 2002). Furthermore, as the mouse and human share a high level of 

homology at the protein level, transgenic studies in the mouse in many cases give an 

accurate model and representation of human disease (Majzoub & Muglia, 1996; 

Makalowski & Boguski, 1998; Waterston et al, 2002).  

 

Several methods exist for the generation of transgenic “knockout” mice. These include 

homologous gene-targeting methods, or through chemical-induced mutagenesis or 

random insertion gene trapping, which will not be discussed here [for review, see (Hall 

et al, 2009; van der Weyden et al, 2002)]. 

 

3.1.2.1 Generation of gene-targeted mouse models by homologous recombination 

To generate knockout mice via HR, a construct is created containing a selectable 

marker, or “cassette”, flanked by regions of homology to the target gene of interest 

(Figure 3.2) (Hall et al, 2009; Melton, 2002; Morrow & Kucherlapati, 1993). The 

construct can then be electroporated into mouse ES cells, and spontaneous HR occurs at 

a low frequency between the target gene flanking regions and the corresponding 

endogenous gene within the ES cells (Morrow & Kucherlapati, 1993; Vasquez et al, 

2001). Selection for the neomycin (neo) resistance cassette with G418 drug treatment 

allows enrichment of potentially recombinant clones (Hall et al, 2009; Majzoub & 

Muglia, 1996; van der Weyden et al, 2002).  

 

After identification and validation of bona-fide targeted ES cell clones by Southern blot 

analysis, these cells are subsequently injected into mouse blastocysts and implanted into 

pseudo-pregnant females (Longenecker & Kulkarni, 2009). The resulting chimeric 

offspring, containing cells from both the blastocyst host, as well as the transgenic ES 

cells, are then outcrossed onto the parental strain. If the transgenic cells transmit to the 

germline of the chimeras, offspring heterozygous for the transgene of interest are 

obtained. These mice are further bred through subsequent steps to generate 

homozygous, gene-targeted offspring (Bradley et al, 1992; Hall et al, 2009; Majzoub & 

Muglia, 1996; van der Weyden et al, 2002).  
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Figure 3.2. Generation of genetically targeted mice.  
A targeting vector containing regions of homology to the endogenous gene of interest 
and an antibiotic selection cassette (neor) is electroporated into mouse embryonic stem 
(ES) cells and undergoes HR into the genome in a low proportion of cells. Cells which 
contain the cassette survive under selection with neomycin and are assessed for 
correct integration into the genome by Southern blot. These cells are subsequently 
injected into a blastocyst and implanted into the uterus of a pseudopregnant female, of 
a different coat colour to the mouse from which the ES cells originated. Offspring 
containing the recombinant cells are chimeric, with colour variation in their coat colour 
representative of a mixture of the blastocyst and recombinant cells. If the transgene 
has integrated into the germ cells of the chimeric mice, crossing these mice to the 
parental strain will yield mice of the parental strain coat colour. These mice contain a 
single copy of the transgene and will undergo further breeding steps to generate 
homozygous gene-targeted mice.  
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3.1.2.2 Constitutive gene-targeting 

In the most basic form of gene-targeting, the selectable or reporter cassette serves both 

as a tool to select for or identify cells that have undergone recombination, as well as to 

disrupt the reading frame of the gene being targeted (Hall et al, 2009; van der Weyden 

et al, 2002). However, this method has a limited investigative scope, as it only allows 

for ablation of a gene in a ubiquitous and constitutive manner (Hall et al, 2009; Kwan, 

2002). In addition, extraneous effects of the selection cassette can occur, such as in the 

case of PGK-neo, which has been shown to disrupt the reading frame of surrounding 

genes in some circumstances (Scacheri et al, 2001).  

 

3.1.2.3 The Cre-LoxP method 

A more sophisticated method of generating knockout mouse models exploits the 

recombination activity of the P1 bacteriophage enzyme Cre with its target consensus 

sequence loxP, a short 34 base-pair sequence containing an 8 bp core sequence and two 

13 bp flanking inverted repeats (Lakso et al, 1992; Orban et al, 1992). Upon recognition 

of the loxP sequence, the Cre enzyme can excise or invert genetic sequences flanked by 

loxP sites, dependent upon the orientation of the sites (Abremski et al, 1983). As the 

Cre and loxP sequences are not native to the mouse genome, they allow accurate and 

precise genetic targeting where the region to be inverted or deleted is flanked by loxP 

sites. Moreover, this recombination occurs at high efficiency and without the 

requirement for additional co-factors (Abremski & Hoess, 1984; Abremski et al, 1983).  

To generate gene-targeted mice using the Cre-LoxP method, a transgenic construct is 

engineered so that the genetic region for deletion (often one, or several protein-coding 

exons) is flanked by loxP sites (called “floxed”). In addition, a selectable cassette is 

incorporated for selection of the ES cells containing the transgene (Kwan, 2002). In 

some cases this cassette is also flanked by sites allowing selectable removal of the 

neomycin cassette due to the effects described earlier (Meyers et al, 1998; Nagy et al, 

1998; Scacheri et al, 2001). These sites may be additional loxP sites, or FRT sites, 

which recombine in an analogous manner to loxP sites upon the addition of the FLP 

recombinase (Farley et al, 2000; Gu et al, 1994; Rodriguez et al, 2000).  

 

Upon breeding of mice containing the “floxed” allele to transgenic mice expressing the 

Cre recombinase, targeted deletion of the loxP flanked region of interest ensues (Lakso 

et al, 1992; Orban et al, 1992). A major advantage of this method lies in its versatility of 

use. Specifically, variations in the promoter under which Cre expression is controlled 
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can allow targeted ablation of a gene ubiquitously (using a ubiquitously expressed Cre), 

in a tissue or timing-specific manner (using a promoter that is only active during a 

specific developmental stage or in a particular tissue type) or in an inducible manner 

(e.g. doxycycline- or tamoxifen- inducible Cre) (Bockamp et al, 2008; Kwan, 2002; 

Zhang et al, 2012). Therefore, this system allows precise control over the context in 

which a gene’s function is being investigated.  

 

3.1.3 Generation of gene-deleted cell lines to investigate cellular 
function 

The use of genetically targeted mouse models also allows cellular investigation of 

protein function through blastocyst culture (in the case of models with early embryonic 

lethality) and mouse embryonic fibroblasts (MEFs) for biochemical and cellular-based 

assays of genetic function (Garfield, 2010). In the DNA repair field, more than 200 

transgenic mouse models have allowed elucidation of specific protein functions in DNA 

repair (Friedberg & Meira, 2006).  

 

Given that these cell lines have complete ablation of the protein of interest, a multitude 

of studies using MEFs have revealed integral roles of proteins as well as unexpected 

redundancies in protein signalling. Therefore, the use of these cell lines provides an 

invaluable tool for the investigation of protein function.  

 

3.1.4 Use of a gene-targeted mouse model to investigate the 
physiological and cellular functions of Ssb1 in the mouse 

In this chapter, we describe the use of Cre-loxP transgenic knockout mouse model to 

investigate the physiological role of the protein Ssb1. This chapter describes the design 

of the targeting construct, breeding strategy to generate Ssb1 knockout mice, and 

preliminary characterisation of the physiological consequences of Ssb1 ablation in-vivo. 

In addition, this chapter details cellular characterisation of Ssb1-deleted MEF cell lines. 
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3.2 Results 

3.2.1 Comparison of Human and Mouse SSB1/NABP2 

The human and mouse SSB1/NABP2 are comprised of 211 and 212 amino acids, 

respectively. Both human and mouse SSB1 exhibit a high level of similarity at the 

protein level, with local pair-wise alignment revealing a 92.9 % identity score and a 

95.8 % similarity score, with predicted molecular weights of 22.3 kDa and 22.6 kDa, for 

the human and mouse proteins, respectively (Figure 3.3A). The only identified 

functional domain in both proteins is the oligosaccharide/oligonucleotide binding (OB)-

fold domain, responsible for the DNA binding capacity of this protein, and its 

interaction with INTS3 (Huang et al, 2009; Skaar et al, 2009). Comparison of the OB-

fold of the human and mouse SSB1 proteins revealed almost identical identity and 

similarity scores (99.1 % and 100 %, respectively), with the most variation occurring in 

the C-terminal and spacer regions of the protein (84.8 % identity and 90.2 % similarity) 

(Figure 3.3B). These results suggest a very high level of conservation between the 

human and mouse SSB1 proteins, indicating that investigations into functions of Ssb1 

in the mouse may represent functional parallels to the protein in humans. 
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Figure 3.3 Comparison of Human and Mouse SSB1.  
(A) Amino acid alignment of Human and Mouse SSB1. (B) Comparison of properties of 
Human and Mouse SSB1 including gene locus and exon composition, protein length, 
mass, pI, and amino acid alignment identity and similarity scores between human and 
mouse SSB1. 
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3.2.2 Generation of a targeting construct to delete Ssb1 in the mouse 

The mouse Ssb1 gene spans seven exons on the reverse strand of chromosome 10 

(ENSMUSG00000025374). The translational start site of Ssb1 begins in exon 2. A 

targeting strategy was designed to ablate exons 3 – 6 of the mouse Ssb1 gene (Figure 

3.4A). This was deemed to be the optimal strategy due to the small size and close 

proximity of these exons, in addition to deleting the majority of the protein coding 

region of this gene, including the critical OB-fold.   

 

To target deletion of Ssb1, a targeting construct comprising the Fsniper plasmid 

backbone and incorporating a lox-P arm containing exons 3 – 6 of Ssb1 flanked by lox-

P sites, as well as both a 3’ and 5’ homology arm for correct HR targeting of the vector 

into the genome was generated. The generation and validation of Ssb1 gene-targeted 

mice (as detailed in section 3.2.2 – 3.2.3) was performed as a contracted service by 

Ozgene WA.  

 

3.2.2.1 Generation of the lox-P arm 

To generate the lox-P arm, exons 3 – 6 of mouse Ssb1 were PCR amplified from 

C57BL/6 genomic DNA and cloned into the pPCR vector with PacI and ScaI restriction 

endonuclease sites, to allow flanking of these exons with loxP sites contained within the 

pPCR vector. The loxP flanked exons 3 – 6 were then subcloned into the final targeting 

vector, following a PGK-neomycin resistance cassette in the reverse orientation flanked 

by Flip-recombinase target (FRT) sites. 

 

3.2.2.2 Generation of the 3’ and 5’ homology arm 

The 3’ and 5’ homology arms of the targeting vector construct containing exon 7 of the 

mouse Ssb1 gene were amplified from C57BL/6 genomic DNA, cloned into the pPCR 

vector and subcloned by restriction digest into the destination targeting vector.  
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Figure 3.4. Generation of a targeting strategy to delete Ssb1 in the mouse.  
(A) Schematic diagram showing gene architecture of wild-type Ssb1 (WT), the targeted 
Ssb1 floxedneo allele (Flneo), Ssb1 floxed allele (Fl) and Ssb1 deleted (null) allele. (B) 
Southern blot showing correct targeting of the Ssb1 targeting construct with ScaI 
digestion and using an endogenous probe (enP). (C) Southern blot showing genetic 
integration of the targeting construct using a neomycin probe (neoP).  
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3.2.3 Generation of transgenic Ssb1 gene-targeted mice 

The targeting vector containing loxP flanked exons 3 - 6 of mouse Ssb1 was 

electroporated into C57BL/6 ES cells, with genetically targeted clones enriched by 

G418 selection. Targeted clones were microinjected into blastocysts and implanted into 

pseudopregnant females. The resulting chimeric mice were crossed onto the C57BL/6 

strain and offspring screened via southern blot for Floxed-neomycin (Flneo) mice with 

correct germline targeting of the transgene (Figure 3.4B, C). A diagnostic ScaI 

restriction endonuclease site present in both the wild-type Ssb1 allele and also in the 

targeted construct allowed correct determination of a single construct integration site 

using an endogenous probe (enP) (Figure 3.4B). In addition, a neomycin probe, 

detecting the neomycin resistance cassette, was used to further validate correct 

transgene targeting (Figure 3.4C). Generation of Ssb1 gene-targeted mice was 

performed as a contracted service by Ozgene, WA.  

 

3.2.4 Breeding strategy to generate Ssb1 deleted mice 

To generate Ssb1 gene-deleted mice, Ssb1 targeted mice were first bred against 

transgenic mice expressing the Cre recombinase protein under the control of a CMV 

promoter (TgN(CMV-cre)1Cgn) allowing ubiquitous recombination between the loxP 

sites to remove exons 3-6 of Ssb1, as well as the FRT-flanked neomycin resistance 

cassette (Figure 3.5). The Cre
+
; Ssb1

+/-
 offspring from this cross were subsequently 

back-crossed onto the C57BL/6 line to remove the Cre transgene, as high levels of Cre 

expression can lead to the generation of unwanted DNA DSBs, and has confounded 

some genetic studies (Loonstra et al, 2001; Naiche & Papaioannou, 2007; Schmidt et al, 

2000; Schmidt-Supprian & Rajewsky, 2007). The resulting Ssb1
+/-

 heterozygotes were 

intercrossed to generate Ssb1
-/-

 offspring at an expected frequency of 25%.  
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Figure 3.5. Breeding strategy for the generation of Ssb1-/- mice.  
Ssb1Flneo/+ mice were bred against transgenic Cre mice to generate Cre+: Ssb1+/- mice. 
These offspring were then backcrossed onto the wild-type (+) strain to remove the Cre 
transgene, and resulting Cre-: Ssb1+/- offspring intercrossed to product Ssb1-/- offspring 
at an expected ratio of 25 percent. 
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In addition to Ssb1 gene targeting crosses, Ssb1 flneo mice were also crossed to mice 

expressing the FLPe recombinase transgene to selectively remove the neomycin 

resistance cassette (flanked by FRT sites), and subsequently back-crossed onto the 

C57BL/6 line to remove the FLPe transgene. This cross was performed as PGK-neo in 

many targeting cassettes has been observed to itself disrupt protein expression the gene 

of interest, and in some cases surrounding genes (Scacheri et al, 2001). The resulting 

Ssb1 floxed mice were maintained as a homozygous breeding line to allow conditional 

studies of Ssb1 deletion which was not within the scope of this thesis.  

 

3.2.5 Development of a PCR genotyping strategy to identify Ssb1 
deleted mice 

To identify mice of the correct genotypes for the genotyping strategy outlined in Figure 

3.5, a genotyping strategy was developed using a three-primer approach. This was 

chosen due to the presence of an internal control in every reaction; i.e. at least one PCR 

product will be present for each genotype possibility. For the wild-type (+), allele, 

primers (P1 and P2) were designed flanking exons 2 and 6 of mouse Ssb1, with an 

expected product size of 360 bp (Figure 3.6A, B, first lane). In addition, P1 and P2 were 

able to detect the Ssb1 floxed allele with a 411 bp band, due to the presence of loxP and 

FRT sites slightly increasing the amplified band size (Figure 3.6A, B, third lane). To 

identify Ssb1 targeted mice, a third primer (P3) was also designed within the FRT-

flanked neomycin region to detect the presence of the transgene, with an expected 

product size of 212 bp (Figure 3.6A, B). Therefore, a combination of P1, P2 and P3 was 

able to successfully detect Ssb1
flneo/+

 mice (Figure 3.6A, B, second lane). To identify the 

Ssb1 null (-) allele after Cre recombination, a fourth primer (P4) was designed to be 

used in combination with P1, with an expected product size of 121 bp following 

deletion of exons 3-6 (Figure 3.6A, B, fourth lane). 
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Figure 3.6. A three-primer PCR genotyping strategy for the genotyping of Ssb1-/- 
offspring.  
(A) Primer 1 (P1) and Primer 2 (P2) can be used to detect a wild-type PCR product of 
360 bp or the neomycin-deleted Fl allele with an expected product size of 482 bp. A 
third primer (P3) detects only the targeted (Flneo) allele in combination with P1. A 
fourth primer (P4) detects the Ssb1 deleted (null) allele in combination with P1. (B) 
Agarose Gel showing PCR genotyping of Ssb1+/+ (P1 and P2), Ssb1flneo/+ (P1 + P2 + 
P3), Ssb1fl/+ (P1 + P2) and Ssb1+/- (P1 + P2 + P4) mice.   
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3.2.6 Impact of Ssb1 deletion of embryonic and postnatal mouse 
survival 

To generate Ssb1
-/-

 offspring, Ssb1
+/-

 heterozygous mice were intercrossed, with the 

expectation that approximately 25 percent of the offspring would be of an Ssb1
-/-

 

genotype. Ssb1
+/-

 heterozygotes were viable and fertile, and showed no apparent 

physiological abnormalities over a period of two years. However, from multiple Ssb1
+/-

 

heterozygote intercrosses and more than 120 offspring genotyped, we were never able 

to observe the presence of viable Ssb1
-/-

 offspring at 12 days post-partum (P12) (Table 

3.1). Deletion of a number of DDR genes, including Rad51 (Tsuzuki et al, 1996), Rad50 

(Luo et al, 1999), Nbs1 (Kang et al, 2002; Zhu et al, 2001), Xrcc2 (Deans et al, 2000), 

Rad51d (Pittman & Schimenti, 2000), Brca1 (Gowen et al, 1996; Liu et al, 1996; 

Sharan et al, 1997; Shen et al, 1998) and Brca2 (Sharan et al, 1997; Suzuki et al, 1997) 

have been shown to result in early or mid-gestational embryonic lethality. To assess the 

possibility that Ssb1 deletion may result in embryonic lethality, we performed timed 

intercrosses between Ssb1
+/-

 mice, assessed by the presence of a vaginal plug at E0.5 the 

morning after mating. However, dissection of pregnant females at multiple time-points, 

including E10.5 (mid-gestation), E13.5 and E18.5 revealed the presence of viable Ssb1
-/-

 

offspring at these stages, at near-Mendelian ratios.  
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Table 3.1. Impact of Ssb1 deletion on embryonic survival 
 
 

 

 
 
 

3.2.7 Ssb1 deletion causes late-embryonic growth retardation  

Although we were able to recover Ssb1
-/-

 offspring at these time-points, at the latter 

stage (E18.5) they were severely retarded in terms of both body-weight and length, 

when compared to both wild-type (Ssb1
+/+

) and heterozygote (Ssb1
+/-

) littermates 

(Figure 3.7A – C, *P < 0.001). Notably, no differences in size were observed between 

Ssb1
+/+

 and Ssb1
+/-

 embryos. The growth retardation in Ssb1
-/-

 embryos manifested late 

during gestation, as only slight growth retardation was observed in E14.5 Ssb1
-/-

 

embryos measured by crown-rump length (Figure 3.7C). In addition to growth 

retardation, we noted a number of physiological abnormalities in E18.5 embryos, 

including a misshapen and pointed snout, recessed jaw/mandible (micrognathia), 

shortened limb-outgrowth, and prominent retardation of the hindlimb with missing 

digits (oligodactyly) (Figure 3.7A, arrows).  
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Figure 3.7. Ssb1 deletion leads to late-embryonic growth retardation.  
(A) Representative images of Ssb1+/+, Ssb1+/- and Ssb1-/- littermates at E14.5 (top) and 
E18.5 (bottom). Arrows denote craniofacial dysmorphology and retarded hindlimb 
development. Scale = 2mm (B) Weight comparison of Ssb1+/+, Ssb1+/- and Ssb1-/- 
embryos at E14.5 (n = 3 embryos of each genotype) and E18.5 (n = >6 embryos of 
each genotype). (C) Crown-rump length comparison of E14.5 (n = 3 embryos of each 
genotype) and E18.5 (n = >6 embryos of each genotype). *p <0.05, **p <0.01, ***p< 
0.001, student’s t-test. 
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As E18.5 Ssb1
-/-

 embryos appeared physiologically viable, these embryos were fixed 

and stained with Haematoxylin and eosin (H&E) to assess organ morphology. 

Interestingly, independent assessment by a pathologist determined no major 

abnormalities in a number of organs, including the brain, heart, thymus, intestine, liver 

and muscle. However, slight immaturity was noted in the lungs of Ssb1
-/-

 embryos 

(Figure 3.8, 3.9).  

 

 

 

 

 

 

 
 
 
 
Figure 3.8. Comparison of E18.5 Ssb1+/+ and Ssb1-/- embryos.  
H&E staining of sagittal sections of Ssb1+/+ and Ssb1-/- embryos showing gross organ 
morphology.  
 
 
 
 
 
 
 
 
 



  Chapter 3: Generation of Ssb1
-/-

 mice 

 

 68 

 
 
 
 

 

 
 
 
Figure 3.9.  Organ Morphology of Ssb1-/- embryos.  
H&E staining of Ssb1+/+ and Ssb1-/- E18.5 embryos showing organ morphology. Scale 

= 100 m. 
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3.2.8 Ssb1-/- embryos die perinatally due to severe respiratory 
failure 

Given that Ssb1
-/-

 embryos were viable until late gestation, without major physiological 

abnormalities, we monitored pregnant females from Ssb1
+/-

 intercrosses to determine if 

Ssb1
-/-

 pups were dying in the perinatal period. In the litters examined, all Ssb1
+/+

 and 

Ssb1
+/-

 pups turned pink and established rhythmic breathing at birth (postnatal day 0; 

P0). However, Ssb1
-/-

 pups rapidly turned purple in colour and were cyanotic, indicating 

an inability to sufficiently oxygenate their tissues (Figure 3.10). Despite making 

sporadic attempts to breathe, and responding to toe-pinch stimulus, these mice died 

within 10~30 minutes of birth. These results indicate that Ssb1 deletion causes perinatal 

lethality due to severe respiratory distress at birth.   

 

 

Figure 3.10. Respiratory distress and Perinatal Lethality in Ssb1-/- embryos. 
Representative images of Ssb1+/+, Ssb1+/- and Ssb1-/- pups at the time of birth 
(Postnatal Day 0; P0).  
 
 

3.2.9 Impaired growth progression in Ssb1-/- Mouse Embryonic 
Fibroblasts 

Given that Ssb1
-/-

 embryos are viable until the late stages of gestation, we next sought to 

generate Ssb1-deleted cell lines to further characterise the function of this protein. We 

generated mouse embryonic fibroblasts (MEFs) from E13.5 Ssb1
+/+

, Ssb1
+/-

 and Ssb1
-/-

 

embryos and validated deletion of the Ssb1 protein in Ssb1
-/-

 lines by PCR genotyping 

and western blot (Figure 3.11). Ssb1
+/+

 and Ssb1
+/-

 MEFs exhibited comparable levels of 

Ssb1 protein, and therefore Ssb1
+/+

 and Ssb1
-/-

 cell lines were used for analyses detailed 

in this chapter (Figure 3.11C).  
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Figure 3.11. Generation and Validation of Ssb1-/- mouse embryonic fibroblasts.  
(A) PCR genotyping of Ssb1+/+, Ssb1+/- and Ssb1-/- MEF cell lines. (B) Western-blot 
showing Ssb1 protein levels in Ssb1+/+, Ssb1+/- and Ssb1-/- MEF cell lines. (C) 
Quantitation of Ssb1+/+, Ssb1+/- and Ssb1-/- protein levels in two independent MEF cell 
lines per genotype across two experimental replicates.  
 
 
 

To monitor the growth potential of Ssb1
+/+

 and Ssb1
-/-

 MEFs, we performed MTS 

proliferation assays on Ssb1
+/+

 and Ssb1
-/-

 MEFs, monitored over a period of 1 week 

(Figure 3.12A). We observed similar proliferative growth rates between the Ssb1
+/+

 and 

Ssb1
-/-

 MEF groups at early passages. However, when we performed 3T3 proliferation 

assays on Ssb1
+/+

 and Ssb1
-/-

 MEFs (in which we monitored proliferative potential over 

a number of passages) we observed consistently lower proliferation rates in Ssb1
-/-

 

MEFs, which became more pronounced at higher passage number (Figure 3.12B). In 

addition, Ssb1
-/-

 MEFs reached the plateau phase of growth more rapidly than their 

Ssb1
+/+

 counterparts, a phenotype consistent with the delayed growth in Ssb1
-/-

 embryos 

(Figure 3.12B).  
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Figure 3.12. Growth Comparison of Ssb1+/+ and Ssb1-/- Mouse Embryonic 
Fibroblasts. 
(A) Representative MTS proliferation assay of Ssb1+/+ and Ssb1-/- progressive growth. 
(B) 3T3 proliferation assay of Ssb1+/+ and Ssb1-/- MEFs showing proliferative potential 
as function of passage number (n = 3 independent MEF cell lines per genotype). 
 
 
 

3.2.10  Ssb1-/- MEFs do not exhibit cell cycle distribution changes 

Next, we performed cell cycle analysis on early passage MEFs, to determine if the 

proliferative defects may arise from defective cell cycle progression. However, 

Fluorescence Activated Cell Sorting (FACS) analysis revealed no differences in the cell 

cycle distribution of Ssb1
+/+

 and Ssb1
-/-

 MEFs, as assessed by propidium iodide staining 

(Figure 3.13A, B). These results suggest that Ssb1 deletion does not affect cell cycle 

progression in early passage MEFs. 
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Figure 3.13. Cell cycle comparison of Ssb1+/+ and Ssb1-/- Mouse Embryonic 
Fibroblasts.  
(A) Cell cycle profile of Ssb1+/+ and Ssb1-/- MEFs as assessed by propidium iodide 
staining and FACS analysis (B) Graphic representation of (A) across two independent 
Ssb1+/+ and three independent Ssb1-/- MEF cell lines.  

 

3.2.11  Ssb1-/- MEFs do not exhibit Atm signalling abrogation 

Previously, Richard et al. 2008 demonstrated an essential role of hSSB1 in the 

activation of ATM signalling in response to DNA damage by IR in siRNA depletion 

studies (Richard et al, 2008). To determine if deletion of Ssb1 in Ssb1
-/-

 fibroblasts 

would abrogate Atm signalling, we irradiated Ssb1
+/+

 and Ssb1
-/-

 MEFs and assessed 

autophosphorylation of Atm on ser1987 (ser1981 in humans) as well as phosphorylation 

of its downstream target p53 at ser18 (ser15 in humans) (Figure 3.14). Surprisingly, 

although we observed stabilisation of Ssb1 in response to IR, we did not observe 
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attenuation of Atm signalling in response to IR in Ssb1
-/-

 MEFs. Interestingly, we did 

however observe upregulation of Ssb2 in Ssb1
-/-

 MEFs, suggesting that Ssb2 may be 

able to substitute for some roles of Ssb1. Together, these results suggest that Ssb1 is 

dispensable for the activation of Atm signalling in response to IR in MEFs. 

 

 

 

 

Figure 3.14. Atm signalling activation in Ssb1-/- Mouse Embryonic Fibroblasts.  
(A) Western-blot of Ssb1+/+ and Ssb1-/- MEFs with indicated antibodies at 1 hour post 6 
Gy IR. (B) Quantitation of Ssb1, Ssb2, p-ATM and p-p53 protein levels across 3 
independent MEF cell lines per genotype at 1 hour post 6 Gy IR (n = 3 independent 
MEF cell lines per genotype). 
 
 
 

3.2.12  Ssb1-/- MEFs are not hypersensitive to IR or UV damage 

Given that Ssb1 was stabilised in response to IR (suggesting an involvement in the 

response to DNA damage), we analysed sensitivity of Ssb1
+/+

 and Ssb1
-/-

 MEFs to 

increasing doses of IR and UVC damage (Figure 3.15A, B). However, we did not 

observe increased sensitivity of Ssb1
-/-

 MEFs to these DNA damaging agents at multiple 

doses.  
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Figure 3.15. DNA damage sensitivity of Ssb1-/- MEFs.  
(A) Ionizing Radiation (IR) sensitivity of Ssb1+/+ and Ssb1-/- MEFs measured by MTS 
proliferation assay at indicated IR doses (n = 3 independent MEF cell lines per 
genotype). (B) Ultra-violet C (UVC) sensitivity of Ssb1+/+ and Ssb1-/- MEFs measured 
by MTS proliferation assay at indicated doses (n = 3 independent MEF cell lines per 
genotype).  
 
 
 

3.2.13  Ssb1-/- MEFs do not exhibit defects in the formation or 

clearance of -H2ax 

As Ssb1 has previously been implicated in the response to DNA DSBs, we next 

assessed -H2ax focus formation kinetics in Ssb1
+/+

 and Ssb1
-/-

 MEFs. Ssb1
-/-

 MEFs did 

not have increased baseline levels of -H2ax foci when compared with Ssb1
+/+

 MEFs, 

suggesting that Ssb1
-/-

 MEFs do not have increased levels of endogenous DNA DSBs 

(Figure 3.16A, B). In addition, we observed similar levels of induction and clearance of 

-H2ax foci in Ssb1
+/+

 and Ssb1
-/-

 MEFs, indicating that Ssb1 deletion does not affect 

the DNA DSB response in these cells (Figure 3.16A, B). Together, these data indicate 

that Ssb1 may be dispensable for the response to DNA DSBs in MEFs. 
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Figure 3.16. -H2ax response of Ssb1-/- Mouse Embryonic Fibroblasts in 
response to IR.  
(A) Representative immunofluorescence images of Ssb1+/+ and Ssb1-/- stained with an 

antibody directed against -H2ax showing DNA damage foci formation at the indicated 

timepoints. (B) Quantitation of -H2ax foci in Ssb1+/+ and Ssb1-/- MEFs at indicated 
timepoints scored across a minimum of 100 cells per genotype (n = 3 independent 
MEF cell lines per genotype).  
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3.3 Discussion 

In this chapter, we generated a transgenic mouse model to ubiquitously delete Ssb1 in 

the mouse to investigate its physiological role. Here, we demonstrated that Ssb1 

deletion leads to growth retardation, craniofacial and limb defects, and severe 

respiratory distress at birth causing perinatal death. We also demonstrate that Ssb1
-/-

 

MEFs do not recapitulate major DNA repair phenotypes that have been observed in 

studies of hSSB1-depleted human cells. 

 

Previously, our laboratory reported a critical role for hSSB1 in the activation of ATM 

signalling in response to IR, the recruitment of the MRN complex to sites of DNA 

DSBs, and in DNA DSB repair by HR (Richard et al, 2008; Richard et al, 2011a; 

Richard et al, 2011b). Due to the critical role that this protein plays in the DDR, we 

expected that targeted ablation of this protein may result in early embryonic lethality. 

Indeed, targeted ablation of a number of proteins involved in HR, including Rad51 

(Tsuzuki et al, 1996), Rad51b (Shu et al, 1999), Rad51d (Pittman & Schimenti, 2000), 

Brca1 (Gowen et al, 1996; Liu et al, 1996; Shen et al, 1998), Brca2 (Sharan et al, 1997; 

Suzuki et al, 1997), Xrcc1 (Tebbs et al, 1999) and Xrcc2 (Deans et al, 2000) leads to 

early or mid-gestational embryonic lethality, which is not unexpected due to the 

necessity for HR proteins in mediating the replicative stress response in highly 

proliferative embryonic tissue  (Tichy et al, 2010).  Surprisingly, although we had 

previously described a critical role for hSSB1 in HR repair of DNA DSBs, Ssb1
-/-

 mice 

did not mimic the phenotypes and embryonic lethality of other HR factors, suggesting 

that this protein may play a redundant role in some processes during development.  

 

Recovery of Ssb1
-/-

 embryos from timed Ssb1
+/-

 intercrosses revealed we were able to 

recover Ssb1
-/-

 embryos at near-Mendelian ratios until the time of birth. However, 

although Ssb1
-/-

 embryos were largely morphologically normal until late gestation, we 

observed significant growth retardation in these embryos, with an approximate 30 

percent reduction in body weight, and 15 percent reduction in body length, suggesting 

that this protein is critical for proper embryogenesis. This is consistent with a number of 

targeted knockout models of DNA repair genes, where growth retardation is observed 

either prenatally or after birth (Friedberg & Meira, 2006). Significantly, we did not 

observe gross morphological defects in the brains of Ssb1
-/-

 embryos, a prominent 

phenotype amongst DNA repair knockout models which survive until mid- or late-
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gestation (Deans et al, 2000; Frank et al, 1998; Frank et al, 2000; Gao et al, 1998b). 

Interestingly, in addition to growth retardation, we also observed a number of other 

morphological defects in Ssb1
-/-

 offspring, including mispatterning of the hindlimbs, a 

phenotype unique amongst DNA repair protein knockout mouse models known to date. 

In addition, we noted immaturity of the lungs of Ssb1
-/-

 E18.5 embryos, a phenotype 

consistent with the respiratory distress in Ssb1
-/-

 pups at birth, which is further 

investigated in the following chapter. 

 

The lack of similarity of phenotypes between Ssb1
-/-

 mice and other DNA repair factors 

gene-deleted models is interesting, as such a critical role of this protein in DNA DSB 

repair was shown in human cell studies. We also generated and characterised Ssb1
-/-

 

mouse embryonic fibroblasts (MEFs); however, these cell lines did not exhibit defects 

in Atm activation and activity in response to IR. Moreover, these cells were not 

hypersensitive to IR or UV damage (which repairs damage through the NER pathway), 

nor did they exhibit increased levels of endogenous DNA DSBs measured by -H2ax 

accumulation or a delayed or hyperactivated response to IR. Further supporting a non-

essential role of Ssb1 in DNA DSB repair was the absence of Class-switch 

recombination defects in conditional B-cell specific ablation of Ssb1 recently reported 

by us and others (Feldhahn et al, 2012; Shi et al, 2013). These results likely indicate 

redundancy in these processes with other DNA repair players. One possibility is Ssb2, a 

protein which shares 67.9 % similarity with Ssb1 in the mouse, and can independently 

participate in complex formation with IntS3 and C9Orf80 (Huang et al, 2009; Li et al, 

2009; Richard et al, 2008; Skaar et al, 2009; Zhang et al, 2009a). As we observe 

stabilisation of Ssb2 by western-blot in Ssb1
-/-

 MEFs, Ssb2 may be able to compensate 

for some repair functions of Ssb1. Alternatively, Ssb1 functions in DNA repair may 

only be required in a subset of tissue types in the mouse, but not be necessary for repair 

processes in MEFs. Indeed, MEFs have been shown to have a greater reliance upon 

DSB repair by NHEJ when compared with ES cells, and Ssb1 is thought to play a more 

critical role during HR (Richard et al, 2008; Serrano et al, 2011; Tichy et al, 2010). 

 

The apparent disparity between functions of Ssb1 in human and mouse is not unusual, 

and a number of cases have been observed in which targeted or transgenic mouse 

models do not phenocopy human syndromes or studies in cell culture. One primary 

example is the master repair regulator ATM, in which the neuronal defects in mouse 

models are much less severe than observed for human patients with A-T (Barlow et al, 
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1996; Borghesani et al, 2000; Elson et al, 1996; Xu et al, 1996). Another example is 

targeted mutation of Werner’s syndrome protein in a mouse model, which did not 

recapitulate the DNA repair defects observed from human fibroblasts with the same 

mutations (Dhillon et al, 2010). These discrepancies may reflect differences in the 

requirements for DNA repair proteins in the mouse.  

 

Although Ssb1 was non-essential for a role in DNA DSB repair in MEFs, other 

essential roles of this protein in embryogenesis were revealed. We observed facial 

dysmorphology and hindlimb patterning defects in Ssb1
-/-

 embryos, indicative of 

underlying developmental aberrations. In addition, we noted immaturity of the lungs of 

Ssb1
-/-

 embryos, a phenotype consistent with the respiratory distress and perinatal death 

observed in Ssb1
-/-

 newborn pups. Interestingly, targeted ablation of Pol leads to 

neonatal death due to respiratory failure, although this was attributed to neuronal defects 

causing an improper breathing response in these mice (Sugo et al, 2000). Similarly, 

neonatal respiratory failure occurs in the small proportion of Xrcc2
-/-

 mice that survive 

until birth, although the underlying cause of this phenotype was not further investigated 

by the authors (Deans et al, 2000). In the case of Ssb1
-/-

 mice, innervation of breathing 

appeared intact, as these mice made attempts to breathe. Moreover, we did not observe 

any gross morphological defects in the brains of Ssb1
-/-

 pups in comparison with their 

wild-type littermates, although more comprehensive analysis of the development of this 

organ would be interesting in future studies. Therefore, it is likely that the failure of 

Ssb1
-/-

 mice to breathe at birth may be representative of other developmental defects, 

independent of DNA repair related defects. 

 

In conclusion, this chapter has illustrated a critical role of Ssb1 in embryonic 

development, as Ssb1
-/-

 mice die at birth due to respiratory failure. Surprisingly, we 

have also demonstrated that Ssb1 is not essential for DNA damage repair of DSBs in 

MEFs.  
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4 Investigation of the role of Ssb1 in 
embryonic lung development 

4.1 Introduction 

4.1.1 Structure and function of the lung 

The mammalian lung serves a primary purpose of facilitating gaseous exchange with 

the environment to support respiration and consequently, cellular metabolism 

(Warburton et al, 2000). The high energy demands of vertebrates have resulted in a lung 

structure that has evolved to encompass a large, diffusible surface area, which is 

achieved by a complex branching network of airways. The airways of this respiratory 

tree terminate at the functional units of the lung, the alveoli, which develop in close 

apposition to a vast capillary network, allowing efficient gas exchange across a thin 

cellular barrier (Morrisey & Hogan, 2010; Rawlins, 2010; Warburton et al, 2000).  

 

From the trachea, air passes through an increasingly intricate system of airway 

subdivisions, beginning proximally with two primary bronchi, through further 

bronchiolar subdivisions and terminating at the saccules/alveoli, which form a thin air-

cell interface for efficient gas exchange (Figure 4.1A) (Rawlins, 2010; Warburton et al, 

2010; Warburton et al, 2000). The lung is asymmetrically structured, and in humans is 

comprised of two left and three right lobes, with both sides flanking the heart. In 

contrast, the mouse lung consists of a single left, and four right lobes (cranial, medial, 

caudal and accessory lobes) (Figure 4.1B) (Thiesse et al, 2010; Warburton et al, 2000). 

However, despite these differences, the morphogenesis of the human and mouse lung 

are largely comparable, and murine studies have contributed significantly to our 

understanding of human lung development.  
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Figure 4.1. Structure of the mouse lung.  
A. Internal structure of the mouse lung showing upper (proximal) respiratory bronchi 
and bronchioles and lower (distal) saccules and alveoli [from (Maeda et al, 2007)].  
(B) The mouse lung consists of a single left lobe and four right lobes [adapted from 
(Warburton et al, 2000)].  

 

4.1.2 Development of the mouse lung 

The mammalian lung is one of the last organs to mature during embryogenesis, to allow 

the critical transition to air breathing at birth. Lung development in humans and mice 

can be divided chronologically into five stages: embryonic, pseudoglandular, 

canalicular, saccular and alveolar (Warburton et al, 2010). The following section will 

discuss lung development in mice according to these stages.  

 
Table 4.1. Stages of Lung Development in human and mouse. [adapted from 
(Maeda et al, 2007)]. 
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4.1.2.1 The embryonic stage (E9.5 – E11.5) 

The embryonic stage of lung development spans from approximately 3 – 7 weeks in 

utero in humans, and from approximately E9.5 – E11.5 in mice, and marks the onset of 

lung development (Maeda et al, 2007; Warburton et al, 2010; Warburton et al, 2000). 

Mouse lung development begins with the formation of the larango-trachaeal groove at 

E9.5, which originates from the ventral side of the primitive foregut endoderm between 

the thyroid and the stomach (Figure 4.2A,B) (Kaufmann, 1992). Outgrowth from the 

larango-tracheal groove gives rise to the primitive trachea and to the bronchial buds. 

During this time, reciprocal signalling between the epithelium of the primitive lung tube 

and the surrounding mesenchyme of the splanchnic mesoderm is established, governing 

the outgrowth of the lung bud (Cardoso, 2006; Minoo & King, 1994; Morrisey & 

Hogan, 2010). 

 
Figure 4.2. Development of the mouse lung.  
(A) Primitive lung development occurs with the formation of an outbudding from the 
laryngo-tracheal groove (Maeda et al, 2007). (B) Proximo-distal development of the 
lung with matched developmental stages.  

 

4.1.2.2 The pseudoglandular stage (E11.5 – E16.5) 

The pseudoglandular stage begins at approximately E11.5 and is characterized by 

repeated rounds of dichotomous branching from the primitive bronchial buds 

(Warburton et al, 2010). This branching is asymmetrical, in that it gives rise to a single 

left lobe and four right lobes, which are established by E12. The outgrowth and 

branching of the primitive lung endoderm progresses into the surrounding splanchnic 

mesoderm, which is responsible for growth cues governing its differentiation (Rawlins, 

2010; Serls et al, 2005; White et al, 2006). In addition, vascularisation and angiogenesis 
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begins during this time to generate the pulmonary blood vessels, nerve formation occurs 

alongside the vascular structures and smooth muscle cells differentiate along the 

pulmonary airways (deMello & Reid, 2000; Mailleux et al, 2005).  

 

4.1.2.3 The canalicular stage (E16.5 – E17.5) 

During the canalicular (also known as vascular) stage, the respiratory tree further 

lengthens and develops, with additional branching of the distal epithelium, and the 

number of terminal sacs increases (Costa et al, 2001; Warburton et al, 2010). During 

this stage, the cuboidal type II cells of the alveoli contain an abundance of intracellular 

glycogen in preparation for surfactant secretion, and begin to flatten to form a thin air-

blood interface (Meyerholz et al, 2006; Ridsdale & Post, 2004; Warburton et al, 2000). 

The blood vessels surrounding these structures further progress and follow the path of 

the developing respiratory branching, with continued vascularisation and an increased 

number of capillaries (deMello et al, 1997). 

 

4.1.2.4 The saccular stage (E17.5 – P5) 

The saccular stage of lung development spans from 36 weeks to maturity and E17.5 to 

P5 in the mouse. During the saccular stage, the embryonic lung further develops to 

support the transition to gas exchange at birth, with thinning of the interstitium by 

apoptosis and differentiation of mesenchymal cells as well as expansion of the alveolar 

lumens to allow contact of the blood vessels with the alveoli (Scavo et al, 1998; 

Schittny et al, 1998; Warburton et al, 2010).  

 

During this period, maturation of the distal lung saccules occurs, where immature, 

cuboidal alveolar epithelial cells (AECs) further differentiate into mature, more rounded 

type II AECs or trans-differentiate to type I AECs (Flecknoe et al, 2000; Warburton et 

al, 2010; Wu & Wei, 2004). Type I AECs are the terminal lineage of lung epithelial 

differentiation, and are the predominant cell type to line the saccules of the mature lung 

(Crapo et al, 1982; Dobbs et al, 2010; Williams, 2003). During the saccular stage, type I 

cells become increasingly squamous in nature allowing close apposition to the 

surrounding blood vessels for efficient gas exchange (Dobbs et al, 2010; Warburton et 

al, 2010; Williams, 2003). Type II cells become more rounded and begin to 

manufacture surfactant, which creates an air-liquid interface to alleviate surface tension 

in the lung (Griese, 1999; Ten Have-Opbroek et al, 1988). Pulmonary surfactants are 
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phospholipoproteins, and are comprised of both lipid and protein (Floros et al, 1986; 

Griese, 1999; White et al, 1985). During the saccular stage of development, cuboidal 

type II AEC precursors diminish intracellular glycogen content, and exhibit increased 

lamellar bodies which secrete surfactant (Ten Have-Opbroek et al, 1988). Due to the 

importance of this late stage of development, immature lung development can result in 

respiratory distress syndrome (RDS), which can cause morbidity and mortality in 

preterm infants (Dani et al, 2009).  

  
Figure 4.3. Proximo-distal markers of cell populations of the lung.  
Diagram showing protein markers for different cell populations of the proximal and 
distal airway [adapted from (Maeda et al, 2007)].  

 

4.1.2.5 The alveolar stage 

The alveolar stage of lung development is the final stage of development, and occurs 

before embryonic maturation in humans, but not until approximately P30 in mice 

(Warburton et al, 2000). During the alveolar stage, further thinning of the lung 

interstitium occurs, type I and type II AECs become fully mature, and surfactant protein 

production increases (Morrisey & Hogan, 2010; Warburton et al, 2010).  
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4.1.3 Growth factors involved in embryonic lung development 

Studies of gene-targeted mice have allowed a more thorough understanding of the 

developmental pathways that govern lung morphogenesis (Maeda et al, 2007; 

Warburton et al, 2010). As is the paradigm for many developmental systems, outgrowth 

and differentiation of the lung is largely determined between reciprocal signalling 

between the epithelium of the outgrowing lung endoderm and the mesenchyme of the 

surrounding mesoderm (Warburton et al, 2000). A number of developmental pathways, 

including Fibroblast Growth Factors (FGFs), Wnt, Transforming Growth Factor   

(TGF-), Bone Morphogenetic Protein (BMP) and Hedgehog signalling have all been 

implicated in lung growth and differentiation, and form a complex network in the 

developing lung (Beers & Morrisey, 2011; Warburton et al, 2010; Warburton et al, 

2000).  

 

One of the earliest known regulators of lung formation is the Wnt signalling pathway, as 

targeted deletion of both Wnt2 and Wnt2b leads to complete lung agenesis with a failure 

of foregut separation, and lack of endoderm progenitor specification (Goss et al, 2009). 

Similarly, deletion of the canonical Wnt downstream effector -catenin in the anterior 

foregut endoderm leads to a similar phenotype (Goss et al, 2009; Harris-Johnson et al, 

2009). After the initiation of foregut separation, Fgf10 has been shown to play a critical 

role in stimulating outgrowth and budding of the lung bud (Bellusci et al, 1997; Park et 

al, 1998).  Targeted ablation of Fgf10 or its cognate receptor Fgfr2IIIb results in lung 

agenesis, but with tracheal separation, suggesting the critical requirement of Fgf 

signalling occurs after the onset of Wnt signalling (De Moerlooze et al, 2000; Sekine et 

al, 1999). Expression of Fgf-10 from the distal mesoderm occurs in localised patterns to 

stimulate Fgfr2IIIb in the endoderm (Affolter & Caussinus, 2008; Morrisey & Hogan, 

2010). The expression of Fgfr2IIIb is also tightly regulated by anterior-posterior and 

dorso-ventral genes to restrict it to small clusters of cells (Affolter & Caussinus, 2008; 

Morrisey & Hogan, 2010). It is these localised areas of expression which govern the 

stereotypic branching pattern of the lung with outgrowth occurring from these areas 

(Ohbuchi et al, 2012; Serls et al, 2005).  

 

The distal tip of outgrowth expressing Fgf10 serves as a signalling centre determining 

reciprocal signalling between the epithelium and surrounding mesoderm in the lung 

(Cardoso, 2006; Morrisey & Hogan, 2010). A number of developmental pathways 
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including Shh and Bmp4 and the cross-talk between these signalling cascades come into 

play regulating development of the lung from this signalling centre (Warburton et al, 

2010; Warburton et al, 2000). In addition to these proteins, numerous other growth 

factors play a role in the branching morphogenesis of the lung, including Wnt7b and 

Fgf9 in both the epithelium and mesoderm, and Fgf9 and Wnt2 in the mesoderm (del 

Moral et al, 2006; Pepicelli et al, 1998; Rajagopal et al, 2008; Shu et al, 2005). 

Furthermore, the actions of antagonists of these signalling factors, such as Hhip for 

sonic hedgehog, sprouty 1 and 2 for Fgf10, and noggin for BMP are all required for 

more subtle regulatory effects on restricting the signalling gradients of these growth 

factors (Chuang et al, 2003; Metzger et al, 2008; Que et al, 2006). 

 

During the later stages of mouse lung development, from the canalicular stage, 

patterning of the lung switches from branching morphogenesis to preparing for terminal 

saccule formation (Morrisey & Hogan, 2010; Prodhan & Kinane, 2002). In contrast to 

what is known about the growth factors governing branching morphogenesis, 

significantly less is understood about their roles in saccular development, partially due 

to the limits of constitutive knockout models, where only early functions of these 

proteins are revealed. However, tissue-specific and inducible mouse model systems are 

now allowing more thorough investigation of these proteins in a temporally and 

spatially restricted manner. In many cases, redundancies in signalling pathways have 

resulted in more nuanced effects on lung development that manifest late during 

gestation, such as for the case of Fgfr3/4, and the BMP antagonists Follistatin and 

Follistatin-like1, in which targeted ablation causes late-stage lung developmental 

defects (Geng et al, 2011; Matzuk et al, 1995; Weinstein et al, 1998).  

4.1.4 A potential role of Ssb1 in lung development 

In the previous chapter, we had identified that Ssb1
-/-

 mouse embryos did not survive 

post-partum. Further investigation determined that Ssb1 deletion was lethal at the time 

of birth due to severe respiratory failure of Ssb1
-/-

 pups. Investigation of the major 

organs, including the heart and brain, of Ssb1
-/-

 embryos at E18.5 revealed largely 

normal architecture, suggesting that these organs did not contribute to the perinatal 

death of these pups. However, histological analysis revealed abnormalities in the lung 

tissue of Ssb1
-/-

 pups, suggesting that lung morphogenesis may be affected by Ssb1 

deletion, warranting further investigation. This chapter will describe an investigation of 

the putative role of Ssb1 in regulating embryonic lung development.  
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4.2 Results 

4.2.1 Ssb1-/- neonates die perinatally due to severe respiratory 
distress 

To further investigate the respiratory distress observed in Ssb1
-/-

 neonates, and to 

determine that the birthing process was not adversely affecting the ability of Ssb1
-/-

 

embryos to respire at birth, we performed Caesarean recovery at E18.5 on litters from 

Ssb1
+/-

 heterozygote intercrosses, with an expected 25% frequency of Ssb1
-/-

 embryos. 

Upon recovery, the embryos were stimulated to breath by clearing of the facial orificies, 

and gentle stroking of the snout. Within minutes of birth, wild-type and heterozygote 

pups turned pink, established rhythmic breathing, and responded to toe-pinch stimulus. 

However, similar to what we had observed with natural birth of P0 Ssb1
-/-

 pups, E18.5 

Caesarean recovered Ssb1
-/-

 pups were cyanotic (Figure 4.4A). Despite responding to 

toe-pinch stimulus, these pups only made a few, sporadic attempts at breathing, and 

died within 20 minutes of birth.  
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Figure 4.4. Ssb1-/- embryos exhibit respiratory failure at birth and have smaller 
lungs than control counterparts.  
(A) Ssb1-/- E18.5 embryos recovered by Caesarian section exhibit cyanosis and acute 
respiratory distress, dying within 20 minutes of birth. (B) Ssb1-/- lungs are smaller than 
Ssb1+/+ and Ssb1+/- counterparts but are correctly lobulated. (C) Validation of protein 
deletion of Ssb1-/- lung tissue by immunoblot. (D, E) Ssb1-/- lungs are smaller than their 
control counterparts when measured by left lobe length and width (n = 4 Ssb1+/+, 6 
Ssb1+/- and 9 Ssb1-/- embryos ***p <0.001, student’s t-test).  

  



  Chapter 4: Ssb1 in lung development 

 

 90 

To more thoroughly investigate the cause of respiratory failure in Ssb1
-/-

 embryos, we 

dissected the lungs at E18.5 from Ssb1
+/+

, Ssb1
+/-

 and Ssb1
-/-

 embryos, and analysed the 

gross morphological structure of the lung by light microscopy (Figure 4.4B). Ssb1
-/-

 

lungs were correctly patterned in terms of lobular structure, with a single left-lobe and 

four right-hand lobes flanking the heart, indicating that early lung morphogenesis was 

intact. However, we noted a significant decrease in the overall lung size of these pups 

when measured in terms of left-lobe length (~18 percent decrease) and width (~25 

percent decrease), which was consistent with the overall growth retardation and 

reduction in body length in these pups of approximately 15 percent (Figure 4.4C, D). 

Notably, we did not observe any discernable differences in the size of Ssb1
+/+

 and 

Ssb1
+/-

 lungs, nor did we observe any differences in the Ssb1 protein level of the lung 

tissue from these embryos when measured by immunoblot (Figure 4.4C-E), suggesting 

that Ssb1
+/-

 heterozygote lung develop is similar to wild-type. Given these similarities, 

these lungs were used interchangeably as control specimens for future analyses.  

 

4.2.2 Ssb1-/- embryonic lungs exhibit diminished alveolar lumen 
formation at late embryonic development  

Next, we sought to analyse the cellular architecture of the lungs of Ssb1 control and 

Ssb1
-/-

 P0 pups by histological analysis with H&E staining. In Ssb1 control lungs we 

observed expansion and inflation of alveolar lumens, consistent with normal respiration 

in these pups. However, in Ssb1
-/-

 pups we observed an almost complete lack of alveolar 

lumen inflation and severe atelectasis (collapse of the lung) (Figure 4.5). The lack of 

alveolar lumen inflation was accompanied by an apparent overall thickening of the 

intra-alveolar septae in Ssb1
-/-

 lungs (Figure 4.5), suggesting that the lungs of Ssb1
-/-

 

neonates at birth were not mature enough to support respiration.  
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Figure 4.5 Ssb1-/- newborn embryos lack alveolar airspace inflation at birth.  

H&E staining of P0 control and Ssb1-/- lungs. Scale = 100 m.  

 

 

 

Development of the embryonic lung can be characterized into a number of distinct 

developmental stages: embryonic (E9.5–E11.5), pseudoglandular (E11.5–E14.5), 

canalicular (E16.5–E17.5) and saccular (E17.5–P5). To determine at which stage lung 

development may be arresting in Ssb1
-/-

 embryos, we performed histological analysis on 

lungs from E14.5 and E18.5 Ssb1 wild-type, heterozygote and null embryos. At E14.5, 

Ssb1
-/-

 lungs were largely comparable, in terms of both proximal and distal airway 

structure (Figure 4.6A). However, similar to what we had observed for Ssb1
-/-

 P0 pups, 

the morphology of Ssb1
-/-

 lungs at E18.5 before respiration were hypercellular, with an 

approximate 11 percent increase in interstitial area and a concomitant 11 percent 

decrease in alveolar lumen expansion (Figure 4.6A, B).  
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Figure 4.6. Ssb1-/- lungs exhibit interstitial hypercellularity during late 
development.  
(A) Comparison of Ssb1 control and Ssb1-/- lungs at E14.5 (top) and E18.5 (middle, 

bottom). Scale = 100 m. (B) Quantitation of alveolar lumen area from Ssb1 control 
and Ssb1-/- E18.5 lungs (n = 3 Ssb1 control and 4 Ssb1-/- embryos ***p< 0.001, 
student’s t-test). (C) Quantitation of interstitial septae area from Ssb1-/- E18.5 lungs (n 
= 3 Ssb1 control and 4 Ssb1-/- embryos ***p< 0.001, student’s t-test). 
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4.2.3 Ssb1-/- embryonic lungs exhibit mesenchymal hypercellularity 

We next sought to investigate the cause of the hypercellularity in Ssb1
-/-

 lungs. During 

the canalicular and saccular stages of lung development, the mesenchymal interstitium 

thins, in preparation for increased alveolar lumen expansion and respiration at birth 

(Warburton et al, 2010). To determine the cellular origin of the hypercellularity in Ssb1
-

/-
 P0 lungs, we performed immunostaining of coronal sections from Ssb1 control and 

Ssb1
-/-

 P0 lungs with a pan-cytokeratin antibody to label epithelial cells (Figure 4.7). In 

both control and Ssb1
-/-

 lungs, we observed comparable staining of cytokeratin, with 

immunopositive cells lining the alveolar lumens and conducting airways.  

 

 

 

Figure 4.7. Interstitial thickening of Ssb1-/- lungs is not epithelial in origin.  
Wide-spectrum cytokeratin staining of Ssb1 control and Ssb1-/- P0 lungs showing 
epithelial cell staining. 
 
 
 

As thinning of the interstitium occurs partially by apoptosis, as well as through 

differentiation of the mesenchymal septae (Scavo et al, 1998; Schittny et al, 1998; 

Warburton et al, 2010), we next performed Terminal deoxynucleotidyl tranferase dUTP 

nick end labeling (TUNEL) analysis on E14.5 and E18.5 sections from control and 

Ssb1
-/-

 lungs, to determine if a lack of appropriate apoptosis may contribute to the 

observed interstitial hypercellularity (Figure 4.8). At E14.5, we observed a very low 

proportion of apoptotic cells in both Ssb1 control and Ssb1
-/-

 cells (Figure 4.8A). 

However, at E18.5, although we observed a general trend of decreased apoptosis in 

E18.5 Ssb1
-/-

 lungs, this was not statistically significant, probably due to the low overall 

levels of positively stained cells (Figure 4.8A, B).  
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Figure 4.8. Apoptosis is not affected in E14.5 or E18.5 Ssb1-/- lungs.  
(A) Apoptag in-situ analysis of E14.5 (top) and E18.5 (bottom) Ssb1 control and Ssb1-/- 

lungs. Scale = 50 m. (B) Quantitation of apoptag staining in E18.5 Ssb1 control and 
Ssb1-/- lungs (n = 3 Ssb1 control and 4 Ssb1-/- embryos, ns, not significant). 
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In addition, we also addressed the possibility that the hypercellularity in Ssb1
-/-

 lungs 

may arise from increased proliferative capacity in Ssb1
-/-

 lungs. To investigate if this 

was the case, we stained Ssb1 control and Ssb1
-/-

 lungs with an antibody against Ki67, a 

nuclear antigen that is expressed in proliferative cells (Figure 4.9). Consistent with the 

rapid growth during the pseudoglandular stage of lung development, we observed a high 

proportion of Ki67-positive cells at E14.5 in both Ssb1 control and Ssb1
-/-

 lungs (Figure 

4.9A). Although this could not be accurately quantified at this stage due to the very high 

levels of immunopositive cells, the pattern of staining did not appear different between 

Ssb1 control and Ssb1
-/-

 lungs. At E18.5, less overall Ki67 staining was observed in both 

Ssb1 control and Ssb1
-/-

 lungs, and there were no statistically significant differences in 

the proportion of positive cells when quantitated by automated analysis (Figure 4.9A, 

B).  
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Figure 4.9. Proliferation is not affected in Ssb1-/- lungs.  
(A) Ki67 immunohistological staining of E14.5 (top) and E18.5 (bottom) control and 

Ssb1-/- lungs. Scale = 50 m. (B) Quantitation of Ki67 positive cells in Ssb1 control and 
Ssb1-/- lungs (n = 3 Ssb1 control and 4 Ssb1-/- embryos, ns, not significant). 
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4.2.4 Normal vascularisation in Ssb1-/- embryos 

During lung development, the blood vessel and capillary network develops in close 

apposition to the airways alongside branching morphogenesis to allow efficient 

respiration at birth. Consequently, improper development and apposition of this network 

can result in neonatal respiratory distress, such as is the case in the disorder alveolar 

capillary dysplasia (Bishop et al, 2011). To investigate if major vascular development 

was intact in Ssb1
-/-

 embryos, we stained section from E18.5 control and Ssb1
-/-

 lungs 

with an antibody directed against smooth muscle actin (SMA), a protein that lines both 

the conducting airways and large blood vessels. Similar to control lungs, we observed 

SMA staining lining the conducting airways and large blood vessels, suggesting that 

development of the conducting airways and larger vascular system is intact (Figure 

4.10A). In addition, we attempted to stain Ssb1 control and Ssb1
-/-

 lungs with an 

antibody directed against CD31, a marker of capillaries in the lung, but immunostaining 

with this antibody was unsuccessful (data not shown). Nonetheless, we did not observe 

any differences in Cd31 mRNA levels when analysed by qRT-PCR, suggesting that the 

microvasculature is formed due to comparable expression levels of this marker between 

control and Ssb1
-/-

 E18.5 lungs (Figure 4.10B). Furthermore, we observed comparable 

staining of red blood cells surrounding the alveolar lumens in both Ssb1 control and 

Ssb1
-/-

 P0 lungs with H&E analysis, suggesting that the capillary network had correctly 

formed in apposition to the saccular structures (Figure 4.10C).  
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Figure 4.10. Conducting airway and blood vessel development is unaffected in 
Ssb1-/- embryos.  
(A) Immunohistological staining of smooth muscle actin (SMA) in Ssb1 control and 

Ssb1-/- E18.5 lungs. Scale = 100 m.  (B) Cd31 mRNA expression levels in E18.5 Ssb1 
control and Ssb1-/- lungs as assessed by qRT-PCR (n = 3 Ssb1 control and 4 Ssb1-/- 
embryos). (C) H&E staining of P0 Ssb1 control and Ssb1-/- lungs showing red blood cell 

staining surrounding the alveolar lumens (arrows). Scale = 200 m. 
 

4.2.5 Ssb1-/- embryos do not exhibit differences in proximal lung 
differentiation 

Specialised epithelial cells, including neuroendocrine cells, ciliated epithelial cells and 

non-ciliated secretory (clara) cells line the proximal airways of the lung, which consists 

of the upper and conducting airways. During the canalicular and saccular stages of lung 

development, these cell types mature and express cell-type specific markers of 

differentiation (see Figure 4.3). Given that the early stages of lung development were 

intact in Ssb1
-/-

 lungs, we next sought to determine whether proximal airway 
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differentiation had occurred by examining mRNA levels of FoxJ1, a marker of ciliated 

epithelial cells and Clara Cell 10 (CC10; also known as CCSP/Scgb1a1), a marker of 

clara cells (Figure 4.11A). We used qRT-PCR to measure the levels of these markers in 

Ssb1 control and Ssb1
-/-

 lungs at E18.5, a stage at which both of these markers are 

expressed (Tichelaar et al, 1999; Zhou et al, 1996). However, we were unable to 

observe any differences in the mRNA levels of Cc10 or Foxj1, indicating that 

differentiation of the proximal airways is likely intact. These results also suggest that 

Ssb1
-/-

 lungs are able to progress past the canalicular stage of lung development, as the 

onset of these markers occurs at the time of, or after this stage of lung development.  

 

 

Figure 4.11. Ssb1 deletion affects distal but not proximal lung development late 
during gestation.  
(A) qRT-PCR of E18.5 lungs for mRNA levels of clara cell 10 (Cc10) and Foxj1. (B) 
qRT-PCR of E18.5 lungs for mRNA levels of podoplanin (Pdpn), Aquaporin 5 (Aqp5), 
and Surfactant proteins A, B, C and D (Sftpa-d) (n = 3 Ssb1 control and 4 Ssb1-/- 
embryos, *p < 0.05, **p < 0.01. ***p < 0.001, student’s t-test).  

 

4.2.6 Ssb1-/- embryos exhibit impaired distal lung differentiation 

During the late stages of lung development formation and differentiation of the distal 

saccules occurs in preparation for respiration at birth. During this time, type I and type 

II AECs mature to allow efficient gas exchange, and secrete surfactant protein to 

maintain surface tension, respectively (Warburton et al, 2010). Assessment of Ssb1 

control and Ssb1
-/-

 E20.5 lung sections by an independent veterinary pathologist 
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determined an increase in immature, cuboidal type II and a decrease in type I AECs in 

Ssb1
-/-

 lungs (data not shown). To further determine if distal lung differentiation may be 

aberrant in Ssb1
-/-

 lungs, we examined mRNA levels for markers of type I and type II 

AECs by qRT-PCR (Figure 4.11B). To determine if type I AEC differentiation was 

intact, we analysed mRNA levels of Aquaporin 5 (Aqp5), a water channel protein 

necessary for type I AEC function, as well as Podoplanin (Pdpn), an apical membrane 

protein required for type I AEC differentiation (Ramirez et al, 2003; Verkman et al, 

2000). Both of these markers have been well established as selectively marking type I 

cells in the lung (Williams, 2003). Interestingly, we observed a significant decrease (-

1.25 fold) in the mRNA levels of Pdpn in E18.5 Ssb1
-/-

 lungs ( p < 0.01), suggesting 

that differentiation of type I AECs was affected in these mice. We also noted a decrease 

in the levels of AqpV, another type I AEC marker, although this did not reach statistical 

significance (p = 0.11). In addition to decreased levels of type I AEC markers, we also 

examined the mRNA levels of the surfactant proteins Sftpa, Sftpb, Sftpc and Sftpd, 

markers of type II AECs. Whilst Sftpa and Sftpd levels remained unchanged, we 

observed a striking (-2.4  fold) decrease in Sftpb mRNA levels (p < 0.001). 

Additionally, we also noted a slight, but significant 1.3 fold increase in the mRNA 

levels of Sftpc (p < 0.05). Together, these results indicate that differentiation of both 

type I and type II AECs is impaired in Ssb1
-/-

 lungs.  

4.2.7 Ssb1-/- embryonic lungs differentiate past the canalicular stage 

Interestingly, investigation of mRNA levels of surfactant proteins revealed a slight, but 

statistically significant increase in the levels of Sftpc mRNA. Sftpc mRNA is expressed 

in the embryonic lung from approximately E16.5, and becomes restricted to type II cell 

precursors at approximately E17.5. Therefore, it is possible that increased levels of Sftpc 

may correlate with developmental immaturity in Ssb1
-/-

 lungs. To further investigate this 

possibility, we performed immunohistological staining of Ssb1 control and Ssb1
-/-

 lungs 

for Sex-Determining Region Y-box 9 (Sox9), a marker of epithelial progenitors in the 

lung. Sox9 is expressed from E11.5 in the developing epithelium, and becomes 

restricted to a small population of the distal epithelium at E17.5 (Figure 4.12) (Perl et al, 

2005). Analysis of Sox9 IHC revealed a similar pattern of immunostaining in Ssb1 

control and Ssb1
-/-

 lungs at E18.5, with staining present in a small proportion of cells in 

the distal epithelium (Figure 4.12A). Moreover, we did not observe differences in the 

mRNA levels of Sox9, suggesting that Ssb1
-/-

 lungs are able to progress past the 

canalicular stage of lung development (Figure 4.12B). 
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Figure 4.12. Ssb1 depletion does not affect Sox9 distribution or expression in 
E18.5 lungs.  
(A) Immunohistological staining of Sox9 distribution in Ssb1 control and Ssb1-/- lungs at 

E18.5. Scale = 100 m. (B) qRT-PCR of Sox9 mRNA levels in E18.5 lungs (n = 3 Ssb1 
control and 4 Ssb1-/- embryos; ns, not significant). 
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4.3 Discussion 

In the previous chapter, we described preliminary characterization of the phenotype of 

Ssb1
-/-

 mice, and showed that ablation of Ssb1 causes neonatal death due to respiratory 

failure. In this chapter we have further interrogated the functional cause underlying this 

defect. Analysis of Ssb1
-/-

 lungs at late, but not early stages of differentiation revealed 

hypercellularity which was not epithelial in origin, suggesting that thinning of 

mesenchymal septae which occurs during the normal course of lung maturation had not 

been sufficiently achieved in Ssb1
-/-

 lungs. Although this thickening did not correlate 

with decreased apoptosis or increased proliferative capacity at E14.5 or E18.5, the 

possibility cannot be ruled out that variation in these processes at other differentiation 

stages was the cause of this hypercellularity. In addition, we also examined the blood 

vessel formation and vascularisation of Ssb1
-/-

 lungs, but showed that both conducting 

airway and vascular development was largely intact in these lungs. Interestingly 

however, we observed defective Type I and Type II alveolar epithelial cell 

differentiation, demonstrating that Ssb1 deletion causes lung immaturity with a 

differentiation delay in the distal epithelium of the lung during the late stages of 

embryogenesis just prior to birth.  

 

Respiratory distress syndrome (RDS) is a common cause of morbidity and mortality in 

preterm infants (Mann & Early, 2012). This syndrome often results from an immature 

lung structure that is unable to support respiration, and a failure of efficient surfactant 

production (Dani et al, 2009; Mann & Early, 2012). Although all lung surfactants share 

a common lipid component, surfactants have been shown to play distinctive, but 

partially overlapping roles in the lung, dependent on their protein component 

(Johansson & Curstedt, 1997). SftpA and SftpD are similar in structure and function, 

and both are involved in the immune response (Wright, 2005). Targeted ablation studies 

support this finding, where deletion of SftpA or SftpD leads to impaired immunity 

(George et al, 2008; Korfhagen et al, 1998; Lawson & Reid, 2000; Wert et al, 2000; 

Wright, 2005). In contrast, SftpB and SftpC are small, hydrophobic proteins similar in 

structure, which are more required for the biophysical function of the lung (Weaver & 

Conkright, 2001). Both of these proteins are synthesised as pro-SPB and pro-SPC 

forms, and cleaved to form the mature peptide prior to secretion (Weaver & Conkright, 

2001). Interestingly, SftpB is the only surfactant protein truly required for life, as 

congenital deficiency in humans and ablation models in mice leads to lethal respiratory 
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failure (Clark et al, 1995; Melton et al, 2003; Nogee et al, 1993; Nogee et al, 1994; Yin 

et al, 2012). However, despite similarities in structure and function, SftpC deficiency is 

not lethal in mice, and deficiency of this protein in both humans and mice has been 

associated with gradual interstitial pneumonitis (Glasser et al, 2003; Markart et al, 

2007).  

 

In Ssb1
-/-

 mice, we observe Sftpb mRNA deficiency, in the absence of changes in Sftpa 

and Sftpd. Surprisingly, we also observed a slight, but statistically significant increase in 

surfactant protein C transcript levels, which may simply be representative of 

developmental immaturity, given that pro-SPC is expressed from an earlier stage than 

other surfactant proteins in epithelial progenitor cells (Wu & Wei, 2004). Interestingly, 

transgenic overexpression of mature SP-C has been shown to result in lethal neonatal 

respiratory distress (Conkright et al, 2002). An increase in SP-C levels was also 

observed in a targeted mouse model of the transcription factor Co-activator associated 

arginine methyltransferase 1 (Carm1) by immunohistochemistry, although changes were 

not observed at the transcript level (O'Brien et al, 2010). Interestingly, the interstitial 

septa hypercellularity in these mice appeared to consist of SftpC-positive cells, despite 

evidence of a lung maturation defect, suggesting that this hypercellularity may have 

consisted of immature, type II AECs. However, the hypercellularity in Ssb1
-/-

 lungs 

appears to be mesenchymal and not epithelial in origin, as determined by staining with 

the pan-cytokeratin marker. Nonetheless, immunohistological staining with a SftpC 

antibody would be required to definitively rule out an abundance of immature type II 

AECs as the cause of hypercellularity in Ssb1
-/-

 lungs.  

 

The disproportionate levels of SftpB and C that we observe upon Ssb1 ablation is 

interesting, as the two proteins commonly share regulatory mechanisms; for example 

SftpC protein processing is aberrant in SftpB deficient mice (Clark et al, 1995). 

However, SftpB deficiency has not been shown to affect SftpC mRNA abundance, 

suggesting that the increased levels of Sftpc we observe in Ssb1
-/-

 mice may occur 

independently of the changes in Sftpb levels (Clark et al, 1995). Although it would be 

expected that an arrest in the maturation of Type II AECs would result in a generalised 

decrease in all of the surfactant proteins, this is consistently not the case, and a number 

of genetically targeted mouse models with impaired AEII differentiation and perinatal 

lethality exhibit differentially affected surfactant protein mRNA levels. For example, in 

Cyclic AMP Response Element Binding Protein deleted (Creb1
-/-

) mice, Sftpd levels are 
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largely diminished, with only minor decreases in Sftpa and Sftpc, and no effect on Sftpb 

levels (Bird et al, 2011). In contrast, in Carm1
-/-

 mice, only Sftpa levels are significantly 

decreased (O'Brien et al, 2010). Corticotropin-releasing hormone deficient (CRH
-/-

) 

mice exhibit deficiencies in Sftpa and Sftpb mRNA levels, but not Sftpc or Sftpd levels 

at E17.5, but not at E18.5 (Muglia et al, 1999). Therefore, the decrease in SftpB mRNA 

in the absence of significant changes in the other surfactant protein mRNA levels is not 

unprecedented, and may be representative of subtle differences in the timing and 

regulation of surfactant protein induction, rather than a specific effect on the regulation 

of SftpB only.    

 

Further supporting the finding that type II AEC differentiation may be arresting was the 

observed decreases in the markers for type I AECs, PdpnI and AqpV (although in the 

latter case, this did not reach statistical significance). Type I cells are the terminal 

lineage of epithelial cells in the alveoli, and can trans-differentiate from type II cells 

(Flecknoe et al, 2000; Warburton et al, 2010; Wu & Wei, 2004). Therefore, the decrease 

in these type I markers may be a secondary effect, reflective of improper differentiation 

of type II cells.  

 

Despite the apparent defects in distal lung differentiation, Cc10 and Foxj1, markers of 

proximal differentiation, were unaffected in Ssb1
-/-

 lungs. As proximal differentiation 

occurs partially prior to distal differentiation during the canalicular stage, this would 

suggest that the lungs of Ssb1
-/-

 mice are able to progress past the canalicular stage of 

development (Warburton et al, 2010). Further supporting this, we observed Sox9 

localisation to the distal tips of the lungs, a process which is complete by E17.5 at the 

end of the canalicular stage (Perl et al, 2005). Together, these results support the notion 

that Ssb1
-/-

 lungs are arrested at the stage of surfactant secretion. However, future 

studies using Transmission Electron Microscopy are required to investigate the cellular 

architecture of these lungs to definitively make this conclusion. These studies would 

establish the immature status of type II cells in Ssb1
-/-

 lungs through the scoring of 

ultrastructural markers of type II AEC maturity, such as a comparison of lamellar body 

count and glycogen storage granule abundance (Ridsdale & Post, 2004).  

 

A wide spectrum of proteins have been implicated in lung development, ranging from 

transcription factors, hormones, growth factors and other regulatory proteins, spanning a 

number of signal transduction pathways (Warburton et al, 2010). However, the 
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molecular role that Ssb1 plays in lung development is largely unknown. Interestingly, 

there are only a few reports implicating bona fide DNA repair proteins in lung 

organogenesis. Targeted ablation of the base-excision repair protein Pol causes 

respiratory distress and neonatal lethality, although this has been attributed to 

neurological defects in these mice (Sugo et al, 2000). In contrast, the DNA repair 

protein ASCIZ is necessary for lung organogenesis, as targeted ablation leads to 

agenesis of the lung (Jurado et al, 2010). However, the role of ASCIZ in lung 

development has been attributed to the transcriptional activity of this protein (Jurado et 

al, 2010). Given the DNA binding properties of hSSB1, and the known RNA pol II 

interactions of its binding partner IntS3, it will be of interest to determine if the effects 

of Ssb1 ablation in the lung may result from a transcriptional role of this protein.   

 

A major caveat of the study at hand is the difficulty in definitively establishing whether 

the lung immaturity resulting from Ssb1 deletion is a consequence of the overall growth 

arrest observed on a whole-body scale in Ssb1
-/-

 embryos. Therefore, future analysis of 

the role of this protein in lung development should include the use of a lung-specific 

Cre such as SftpC-Cre or a lung-epithelial Cre such as Dermo1-Cre to unequivocally 

determine the discrete role of Ssb1 in lung differentiation. Furthermore, microarray 

analysis comparing the transcriptional profiles of Ssb1 control and Ssb1
-/-

 embryos in 

future studies could be utilized to allow us to determine more effectively which 

pathways are primarily being affected by Ssb1 ablation in the lung. These studies could 

then be translated to a cell-autonomous system using cell lines such as MLE-15 or C10, 

which exhibit many characteristics of type II AECs, and will allow us to further 

investigate the role that Ssb1 plays in embryonic lung development. 

 

In conclusion, the work in this chapter has established a critical role of Ssb1 in the late 

stages of lung development, as Ssb1
-/-

 lungs arresting at the saccular stage of 

development, affecting the differentiation of type I and type II AECs, just prior to birth. 

These results highlight a novel and unexpected role of Ssb1 in lung development that 

warrants further analysis in the future.  
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5 Investigation of the role of Ssb1 in 

skeletogenesis 

5.1 Introduction 

5.1.1 Structure and function of the skeleton 

The bones, joints, and cartilage that collectively form the vertebrate skeleton, are the 

fundamental defining features of higher-order vertebrate evolution (Wada, 2010). The 

skeleton has evolved as a support scaffold to protect vital organs (such as the brain 

within the skull, and heart and lungs within the thoracic cavity) as well as to facilitate 

mobility as an attachment site for muscle, tendons and ligaments (Lefebvre & 

Bhattaram, 2010). In addition to this structural role, the skeleton also regulates a 

number of molecular and developmental processes, including haematopoietic blood cell 

development, mineral storage and metabolism (Bianco, 2011; Quarles, 2008).  

 

At the cellular level, the vertebrate skeleton consists of three major cell types: 

chondrocytes which are responsible for cartilage formation, as well as osteoblasts and 

osteoclasts, involved in bone development and resorption, respectively (Lefebvre & 

Bhattaram, 2010; Zhang et al, 2009b). Whist chondrocytes and osteoblasts are derived 

from the embryonic mesoderm, osteoblasts originate from haematopoeitic precursors 

(Ducy et al, 1997; Karsenty & Wagner, 2002; Takahashi et al, 1988). The molecular 

processes governing skeletal development are complex, underpinned by the plethora of 

gene mutants implicated in skeletal-associated genetic disorders. To date, mutations in 

more than 200 genes have been implicated in disorders of the skeleton (Warman et al, 

2011).  

 

5.1.2 Early steps in skeletogenesis 

During early organogenesis in the embryo, three germ layers exist: the ectoderm, 

mesoderm and endoderm. These germ layers become the neural tube (derived from the 

ectoderm) as well as the notochord, paraxial mesoderm and lateral plate mesoderm 

(derived from the mesoderm) (Figure 5.1) (Wang & Steinbeisser, 2009). Whilst the 

majority of the craniofacial skeleton arises from the neural crest (a population of cells 

originating from the neural tube), the remainder of the craniofacial skeleton, as well as 
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the limb skeleton arise from the lateral plate mesoderm (Bronner-Fraser, 1994; Cohn & 

Tickle, 1996; Noden, 1991). In contrast, somites which differentiate into the 

dermomyotome and sclerotome are derived from the paraxial mesoderm and give rise to 

the ribs and vertebrae (Maroto et al, 2012; Tajbakhsh & Buckingham, 2000; Yang, 

2009).  

 

Figure 5.1 Early events in skeletal development 
At approximately E8.5 in the mouse, three germ layers exist: the ectoderm (in blue), 
mesoderm (in red) and endoderm (in orange) (seen as cross-section). The neural crest 
population of cells is ectodermally derived and gives rise to parts of the craniofacial 
skeleton. The mesoderm-derived lateral plate mesoderm also gives rise to other parts 
of the craniofacial skeleton, as well as to the limbs. The mesoderm-derived Paraxial 
mesoderm forms the somites, which further differentiate into the dermomyotome and 
Sclertome, which gives rise to the ribs and vertebrae [adapted from (Lefebvre & 
Bhattaram, 2010)]. 
 
 

Skeletogenesis can be subdivided into four approximate chronological stages: (1) 

migration of mesenchymal precursors to sites of skeletogenesis, (2) epithelial-

mesenchymal aggregations of mesenchymal precursors at sites of skeletogenesis, (3) 

mesenchymal condensation and (4) differentiation to chondrocytes or osteoblasts (Hall 

& Miyake, 2000; Lefebvre & Bhattaram, 2010). The following section will discuss the 

role of these processes in skeletal development. 

 

5.1.2.1 Migration of mesenchymal precursors to future sites of skeletal elements 

Mesenchymal cells derived from the neural crest, lateral plate or paraxial mesenchyme 

are multipotent with the ability to differentiate into a number of cell types; it is these 

cells which are the precursors to differentiated skeletal cell populations (Hall & Miyake, 

2000; Wang & Steinbeisser, 2009). Before differentiation, these cells must migrate to 
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reach their final sites of skeletal induction where appropriate skeletal elements will form 

(Hall, 2005). Of these populations, migration of cells delaminating from the neural crest 

are the most comprehensively studied as they must travel the furthest distance to their 

final sites (Bronner-Fraser, 1994; Hall, 2005). This process requires a complex interplay 

of growth and signalling cues controlled by multiple developmental pathways which 

will not be discussed here in detail [for review see (Bronner-Fraser, 1994; Kuriyama & 

Mayor, 2008)]. 

 

 After these cells have reached appropriate sites of skeletal induction, they begin to 

secrete a matrix rich in collagen 1, hyaluronan and fibronectin (Li et al, 2007; Shum et 

al, 2003). Survival of these mesenchymal progenitors has been shown to be dependent 

on the expression of the transcription factors Sox4, Sox11 and Sox12, which act in a 

redundant manner (Bhattaram et al, 2010; Dy et al, 2008). Moreover, a number of 

additional transcription factors have been implicated in regulating cellular proliferation, 

apoptosis and differentiation of these precursors in a temporal and spatial manner in the 

developing embryo (Hermanns & Lee, 2001).  

 

5.1.2.2 Precartilaginous condensation 

Following proliferation, mesenchymal skeletogenic precursors undergo precartilaginous 

condensation whereby cells condense and tightly aggregate into nodules (Hall & 

Miyake, 1995; Hall & Miyake, 2000; Karsenty et al, 2009). 
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Figure 5.2. Progressive differentiation of Osteoblasts and Chondrocytes. 
Both osteoblasts and chondrocytes originate from a common mesenchymal precursor, 
but undergo divergent differentiation pathways to reach their terminally differentiated 
state [from (Zhang et al, 2009b)]. 
 

 

 

Condensation is a defining event in the commitment of undifferentiated mesenchymal 

cells along the skeletogenic pathway, and this stage precedes both cartilage and bone 

formation (Hall & Miyake, 2000). Condensation (and subsequent skeletogenic 

differentiation) involves dramatic remodelling of the extracellular matrix (ECM), and 

cells undergoing this process downregulate collagen 1 expression and characteristically 

secrete a number of ECM and surface adhesion molecules including N-cadherin, 

Tenascin C, syndecan, and heparin and condroitin sulfate proteoglycans allowing them 

to aggregate (Haas & Tuan, 1999; Hall & Miyake, 2000; Lefebvre & Bhattaram, 2010; 

Mackie et al, 1987; Oberlender & Tuan, 1994; Seghatoleslami & Kosher, 1996). 

Expression of these proteins in turn is governed by spatio-temporal expression of a 

number of growth and differentiation factors from the extracellular environment, such 

as TGF- and WNT morphogens (Hall & Miyake, 2000; Lefebvre & Bhattaram, 2010; 

Shum et al, 2003). 

 

5.1.2.3 Commitment of mesenchymal condensations to cartilage or bone lineages 

Following the condensation stage, skeletogenic cells within mesenchymal 

condensations can remain as progenitor cells (which occurs at the periphery of the 

condensation, known as the perichondrium), or commit to a bone (osteoclast) lineage or 
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a cartilage (chondrocyte) lineage (Figure 5.2) (Karsenty et al, 2009; Lefebvre & 

Bhattaram, 2010). This fate commitment is determined by several key transcription 

factors. The runt-related transcription factor Runx2 (also known as Cbfa1) is necessary 

for commitment of mesenchymal condensations to an osteoblast lineage (Ducy et al, 

1997; Otto et al, 1997). Sox9, on the other hand, is required for and promotes 

commitment to the chondrocyte lineage, whilst reciprocally inhibiting Runx2 activity 

(Bi et al, 1999; Eames et al, 2004; Zhou et al, 2006).  

 

The adult skeleton has numerous cartilaginous elements which are maintained by 

chondrocytes, such as the costal cartilage of the ventral rib cage, articular cartilage of 

joints and in the cartilage of the trachea, larynx, bronchi and nose (Bobick et al, 2009). 

However, the remainder of the adult skeleton is comprised of bone, which forms 

following mesenchymal condensation of skeletogenic cells (Lefebvre & Bhattaram, 

2010). Formation of bone following mesenchymal condensation can occur via one of 

two mechanisms: endochondral ossification, where a cartilage template is laid down and 

later replaced by bone, or intramembranous ossification, where the condensations 

differentiate directly to bone (Mackie et al, 2008; Mackie et al, 2011; Olsen et al, 2000; 

Opperman, 2000).  

 

5.1.3 Endochondral Ossification 

The early embryonic skeleton is comprised completely of cartilage, and bone formation 

occurs at the later stages of embryonic development. Endochondral ossification is the 

process responsible for formation of bone within the majority of the appendicular 

skeleton during embryogenesis, where a cartilage anlagen forms a precursor structure 

that is later replaced by bone (Mackie et al, 2008; Mackie et al, 2011). In addition, it is 

the process responsible for expansion of the long bones to reach adult height (Mackie et 

al, 2011).  

 

During endochondral ossification, chondrocytes undergo a series of pre-defined 

differentiation events prior to bone formation, characterised by morphological changes 

and the differential secretion of a number of ECM components (Figure 5.2) (Gentili & 

Cancedda, 2009; Ortega et al, 2004).  

 

5.1.3.1 Proliferation stage 
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During the first stages of endochondral ossification, condensed skeletogenic cells 

differentiate into chondrocytes, where they resume proliferation, down-regulate 

adhesion molecules and begin to express ECM proteins including Collagen 2a (Col2a) 

and Aggrecan (Doege et al, 1991; Sandell et al, 1994; Schwartz et al, 1999). At this 

stage, where they are known as “proliferating” chondrocytes, these cells exhibit a 

flattened morphology, are organised into columns and divide within a single lacuna, 

then separate from each other by secretion of ECM components (Mackie et al, 2011; 

Mackie et al, 1987). Regulation of this process is dependent on a number of growth 

factors, including BMPs, WNTs and growth hormone (GH) (Hunziker et al, 1994; 

Mackie et al, 2008; Minina et al, 2001; Tuli et al, 2003; Yoon et al, 2006). At the 

downstream level, early chondrocyte differentiation is largely governed by the 

transcription factors Sox9 and Sox5/Sox6, which are both necessary and sufficient for 

early chondrocyte differentiation, and these transcription factors control expression of 

Col2a and Aggrecan, as well as a number of other minor collagen components such as 

Collagen 9 and Collagen 11 (Han & Lefebvre, 2008; Lefebvre & Bhattaram, 2010; 

Lefebvre et al, 1997; Lefebvre et al, 1998; Ng et al, 1997; Wright et al, 1995). 

5.1.3.2 Pre-hypertrophic stage 

Following the proliferative stage, chondrocytes undergo a pre-hypertrophic stage. This 

stage immediately precedes hypertrophy, where the cells enlarge in volume and 

eventually apoptose to prepare for bone deposition by osteoblasts (Lefebvre & 

Bhattaram, 2010). During this stage, chondrocytes characteristically express Collagen 

10, with expression of this marker continuing through to the hypertrophic stage of 

differentiation (Eames et al, 2003). Indian Hedgehog (Ihh) is a key regulator of 

chondrocyte differentiation that is expressed in pre-hypertrophic chondrocytes, and its 

expression is tightly regulated (Olsen et al, 2000; St-Jacques et al, 1999; Vortkamp et 

al, 1996). Interestingly, Ihh can both inhibit and promote chondrocyte hypertrophy, 

through parathyroid hormone related peptide-dependent and independent roles, 

respectively (Lefebvre & Bhattaram, 2010). Ihh signalling induces expression of 

PTHrP, which acts through its receptor PTHrP-r to prevent premature hypertrophy and 

maintain proliferation, as well as to negatively regulate Ihh expression (St-Jacques et al, 

1999). In addition, Ihh can also promote chondrocyte hypertrophy independently of 

PTHrP activity (Karp et al, 2000; Mackie et al, 2011; St-Jacques et al, 1999).  

 

5.1.3.3 Hypertrophic and terminal stage 
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During chondrocyte hypertrophy, chondrocytes exit the cell cycle, and undergo 

significant increases in size (Mackie et al, 2008). This change is accompanied by 

alterations in the secretion of ECM components, with downregulated Col2a, and 

upregulated Collagen 10a (Col10a) secretion, which provides the necessary platform for 

mineralisation of the ECM (Iyama et al, 1991; Lefebvre & Bhattaram, 2010; Mackie et 

al, 2011). As they are maturing to the terminal stage, hypertrophic chondrocytes also 

secrete Matrix Metalloprotease 13 (MMP13), which degrades collagen within the ECM, 

although this role is not strictly necessary for hypertrophy to occur (Inada et al, 2004; 

Johansson et al, 1997; Stickens et al, 2004). Major drivers of chondrocyte hypertrophy 

and terminal differentiation include the Runt-domain (Runx2/Runx3) and MADS-box 

(Mef2c/MEF2d) transcription factors (Lefebvre & Bhattaram, 2010; Mackie et al, 

2011). Runx2 can transcriptionally activate Ihh, Col10a1 and matrix-metalloprotease 13 

(MMP13), and MEf2c also transcriptionally activates Col10a1, as well as control 

expression of Runx2 (Selvamurugan et al, 2004; Yoshida et al, 2004; Zheng et al, 

2003). In addition, a critical role of canonical Wnt signalling has been implicated in this 

stage of chondrocyte differentiation (Dong et al, 2006; Tamamura et al, 2005).  

Hypertrophic chondrocytes progressing to the terminally differentiated stage mineralise 

their surrounding ECM, in preparation for osteoblast invasion (Lefebvre & Bhattaram, 

2010). In addition, they secrete angiogenic factors such as vascular endothelial growth 

factor (VEGF), to promote blood vessel invasion and development within the growth 

plate (Zelzer et al, 2001; Zelzer et al, 2004). Alongside blood vessel development, 

osteoclasts, osteoblasts and haematopoietic cells also invade the growth plate (Lefebvre 

& Bhattaram, 2010). These cells comprise what is termed the “ossification front” and 

they serve to degrade the collagen matrix, secrete bone and develop the bone marrow, 

respectively (Mackie et al, 2008; Mackie et al, 2011). Hypertrophic chondrocytes and 

invading osteoclasts secrete matrix metalloproteases, which partially degrade the 

collagenous matrix adjacent to the ossification front, leaving behind a vertical scaffold 

to serve as a matrix for trabecular bone formation by osteoblasts (Eames et al, 2003; 

Gentili & Cancedda, 2009). This is accompanied by cell death of hypertrophic 

chondrocytes directly adjacent to the ossification front (Adams & Shapiro, 2002; 

Gibson, 1998). Within the long bones two ossification fronts form, the primary 

(metaphysis) and secondary (diaphyses) in the centre and ends of the bone, respectively. 

These ossification fronts expand during development until they finally override the 

growth plate and fuse when adult height is achieved (Mackie et al, 2008).  
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5.1.3.4 Osteoblast development  

Osteoblasts are the major bone forming cells within the skeleton (Karsenty et al, 2009). 

During endochondral ossification, osteoblasts differentiate in the perichondrium and 

invade and mineralise the matrix scaffold produced by hypertrophic chondrocytes (Hojo 

et al, 2010).  In contrast, during intramembranous ossification no cartilage template is 

required (Olsen et al, 2000). In both cases, osteoblasts develop directly from 

mesenchymal condensations (Hall & Miyake, 2000).  

Osteoblast development progresses through two main steps from skeletal 

condensations- the laying down of a non-mineralised (osteoid) matrix, followed by 

mineralisation of the matrix (Lefebvre & Bhattaram, 2010). Three key transcription 

factors are involved in governing osteoblastogenesis: Runx2, Osterix (Osx) and Aft4 

(Figure 5.2) (Karsenty et al, 2009; Lefebvre & Bhattaram, 2010). The initial 

commitment of cells to an osteoblast lineage from skeletal condensations is governed 

through expression of Runx2, which is a major regulator of osteoblastogenesis in 

addition to its role in chondrocyte hypertrophy (Ducy et al, 1997; Komori et al, 1997). 

Runx2 transcriptionally activates expression of Osteocalcin, an osteoblast marker, as 

well as induces expression of including Collagen 1, Bone Sialoprotein and Osteopontin 

(Ducy et al, 1997; Komori, 2010; Komori et al, 1997). Another critical regulator of 

osteblastogenesis is Osx, a zinc-finger transcription factor expressed exclusively in 

osteoblasts, which appears to act downstream of Runx2, as Runx2
-/-

 mice lack Osx 

expression (Nakashima et al, 2002). Osx
-/-

 mice exhibit a complete lack of ossification 

of the skeleton, due to a failure of cartilage elements to ossify, and failure of formation 

of intramembranous bone formation (Nakashima et al, 2002). Finally, the transcription 

factor Aft4 (also known as Creb2) has been shown to be critical for bone formation in 

the late stages of osteoblastogenesis, due to its requirement for collagen synthesis (Yang 

et al, 2004). In addition to these master regulators, a number of signalling pathways 

converge in the regulation of osteoblastogenesis, including members of the Wnt, Notch, 

Ihh and BMP signalling pathways (Hojo et al, 2010; Lefebvre & Bhattaram, 2010). 

 

5.1.4 Intramembranous Ossification 

Intramembranous ossification is a process whereby mesenchymal precursor cells 

directly differentiate to bone without the formation of a cartilage template, and it is 

restricted to several bones within the skull, namely bones of the cranial vault, as well as 

the clavicle (Franz-Odendaal, 2011). During intramembranous ossification, 
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mesenchymal condensations form nodules at the sites of future skull bones (Olsen et al, 

2000). The majority of cells within these condensations differentiate to form 

osteoblasts, which first produce a non-mineralised matrix followed by production of 

mineralised bony spicules, which radiate from ossification centres in the middle of the 

nodule sites (Lefebvre & Bhattaram, 2010). Cranial sutures, structures analogous to the 

joints between long bones are present between the bones of the skull formed by 

intramembranous ossification (Opperman, 2000; Opperman et al, 1993). These sites 

serve as a source for new bone growth and contain undifferentiated cells with 

osteogenic potential (Opperman, 2000). These structures eventually fuse when skull 

bone growth is complete (Lefebvre & Bhattaram, 2010). Given that intramembranous 

ossification is a process driven by osteoblasts, many of the factors involved in 

osteoblastogeneis including Runx2 and Osx are critical for formation of the 

intramembranous bones of the skull (Ducy et al, 1997; Nakashima et al, 2002).  

5.1.5 Investigating a potential role of Ssb1 in skeletal development 

Given that we had previously observed craniofacial malformation and prominent 

hindlimb retardation in Ssb1
-/-

 embryos in Chapter 1, we sought to investigate whether 

Ssb1 may play a role in skeletogenesis. This chapter will detail an investigation of the 

potential role of Ssb1 in regulating skeletal development.  
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5.2 Results 

5.2.1 Impaired skull development in Ssb1-/- embryos 

To more comprehensively investigate the skeletal structure of Ssb1
-/-

 embryos we 

performed alcian blue and alizarin red whole-mount staining on Ssb1 control (Ssb1
+/+

, 

Ssb1
+/-

) and Ssb1
-/-

 embryos to stain glycosaminoglycans of the cartilage and 

mineralised bone, respectively. Given that we had previously noted craniofacial 

abnormalities in Ssb1
-/-

 embryos, we first examined the skull of E18.5 control and Ssb1
-

/-
 embryos. Development of major skull bone structures, including the parietal (pr), 

intraparietal (ip), frontal (fr) and supraoccipital (so) bones appeared largely normal 

(Figure 5.3A-D). However, we noted a modest elongation of the premaxillary bone in 

Ssb1
-/-

 embryos, consistent with the pointed snout observed in these embryos (Figure 

5.3A-D). In addition, the mandible was also shortened in Ssb1
-/-

 embryos 

(micrognathia), and set at a wider angle than control Ssb1
+/+

 and Ssb1
+/-

 counterparts 

(Figure 5.3E, F). Removal of the mandible to examine the skull ventrally also revealed 

hypoplasia of the tympanic ring (tr) supporting the eardrum, which was rudimentary and 

poorly developed in Ssb1
-/- 

embryos (Figure 5.3C, D).  
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Figure 5.3. Skull morphology of Ssb1 control and Ssb1-/- E18.5 embryos.  
(A, B) Representative images of skull view of Ssb1 control (Ssb1+/+, Ssb1+/-; left panel) 
and Ssb1-/- (right panel) E18.5 embryos. eo, exoccipital; so, supraoccipital; ip 
interparietal; pr, parietal; fr, frontal; mx, maxilla; md, mandible. (C, D) Ventral Skull view 
of Ssb1 control (left panel) and Ssb1-/- (right panel) embryos after removal of the 
mandibular bones. bo, basioccipital; ptg, pterygoid; pmx, premaxilla; ppmx, palatal 
process maxilla; ppp, palatal process palatine; p, palatine; tr, tympanic ring. (E, F) 
Mandibular bones from Ssb1 control (left panel) and Ssb1-/- (right panel) embryos. 
 

5.2.2 Ssb1-/- embryos exhibit variable cleft palate 

Given the malformation of the craniofacial structures of Ssb1
-/-

 embryos, we next 

investigated whether cleft palate may be present in some Ssb1
-/-

 embryos. Surprisingly, 

we observed cleft palate in a subset of Ssb1
-/-

 embryos examined (n = 2 of 5; Figure 5.4 

A – C). This was observed as incorrect closure of the palatine processes in Ssb1
-/-

 

skeletal preparations (Figure 5.4A, B). Interestingly, this phenotype exhibited only 

partial penetrance even between Ssb1
-/-

 embryos from the same litter (Figure 5.4C).   
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Figure 5.4. Partially penetrant cleft-palate in Ssb1-/- embryos. 
(A) Ventral skull view of skeletal preparation of E18.5 Ssb1+/- and Ssb1-/- embryos. (B) 
Higher magnification of (A). Note the lack of palatal shelf fusion (arrow) exposing the 
underlying presphenoid bone (arrowhead) in the Ssb1-/- skull. (C) Variably-penetrant 
cleft-palate between Ssb1-/- littermates.  
 

5.2.3 Severe rib cage patterning defects in Ssb1-/- embryos 

Next we examined the rib cages of Ssb1 control (Ssb1
+/+

 and Ssb1
+/-

) and Ssb1
-/-

 E18.5 

embryos to determine if other skeletal defects may be present in these embryos. 

Strikingly, alcian blue and alizarin red whole mount skeletal preparations revealed 

severe malformation of Ssb1
-/-

 rib cages, with an almost complete lack of ossification of 

the dorsal rib cages of Ssb1
-/-

 embryos in all but the first four rib pairs (Figure 5.5A - F). 

Rudimentary ossified elements could also be observed dorsally against the spine for the 

lower rib pairs, although they were not continuous with the ventral cartilaginous 

elements. This led to the appearance of “floating ribs” with the ventral cartilage 

elements of the rib cage appearing to not connect with the spine. Interestingly, this 
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patterning defect was highly consistent between Ssb1
-/-

 embryos with a similar level of 

ossification in all Ssb1
-/-

 skeletal preparations examined.  

 

Examination of the cartilaginous elements of the rib cage revealed thinly formed and 

incorrectly oriented ventral rib structures when compared with control littermate 

skeletons (Figure 5.5A – F). Moreover, although the ossification pattern of the sternum 

was comparable between Ssb1 control and Ssb1
-/-

 embryos the rib-sternum connections 

were incorrectly oriented, with horizontal rib-sternum alignments (Figure 5.5E, F). 

Furthermore, the entire rib cage structure was smaller overall in Ssb1
-/-

 embryos. 

Together, these results suggest extreme underdevelopment and mis-patterning of the 

embryonic rib cage resulted from Ssb1 ablation.   
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Figure 5.5. Rib cage structure of Ssb1 control and Ssb1-/- E18.5 embryos.  
(A, B) Side-view of Ssb1 control (Ssb1+/+, Ssb1+/-; left panel) and Ssb1-/- (right panel) 
E18.5 rib cages. Arrow designates absence of ossified rib structure (C, D) Dorsal view 
of Ssb1 control (left panel) and Ssb1-/- (right panel) rib cages. (E, F) Butterflied rib 
spread of Ssb1 control (left panel) and Ssb1-/- (right panel) E18.5 rib cages. Arrow 
designates horizontal rib-sternum attachments.  
 

5.2.4 Disruption of limb outgrowth caused by Ssb1 ablation 

Previously, we had observed limb outgrowth defects in Ssb1
-/-

 embryos, particularly 

severe for the hindlimbs. To determine if the underlying skeletal architecture of Ssb1
-/-

 

limbs was aberrantly formed, we examined the morphology and length of long bones, as 

well as the scapula of Ssb1
+/-

 and Ssb1
-/-

 fore- and hindlimbs. Development of Ssb1
-/-

 

forelimb bones including the scapula (Sc), humerus (H), radius (R) and Ulna (U) was 

largely normal when compared with Ssb1 control (Ssb1
+/+

, Ssb1
+/-

) counterparts, 
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although there was an overall shortening of these skeletal elements (Figure 5.6A). In 

comparison, skeletal elements of the hindlimb including the femur (F) and tibia (T) 

revealed severely shortened bones in terms of both length and width (Figure 5.6B). 

Moreover, we observed a spectrum of severity in hindlimb defects with apparently 

absent fibulas in some cases (Figure 5.6B, *).  

 

Quantitation of the length of forelimb long bones revealed modest, but significant 

shortening of the humerus and ulna with an approximate 10 – 15 percent decrease in 

length (Figure 5.6C; ***p < 0.001). The shortening of the humerus and scapula was 

more severe with an approximate 30 – 35 percent decrease in the length of these 

elements (***p < 0.001).  In the bones of the hindlimb, we observed severe shortening 

of the femur with a 35 percent decrease in length, and in the tibia an approximate 50 

percent reduction in length (Figure 5.6C; ***p < 0.001). These results were consistent 

with the severe runting of the hindlimbs of Ssb1
-/-

 embryos, and demonstrate that 

improper development of the underlying skeletal elements is likely a causal factor in 

this phenotype.  
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Figure 5.6. Bone outgrowth defects in E18.5 Ssb1-/- limbs.  
(A) Skeletal preparation of E18.5 Ssb1 control (Ssb1+/+, Ssb1+/-; left) and Ssb1-/- (right) 
forelimbs. Sc, Scapula; H, Humerus; R, Radius; U, Ulna.(B) Skeletal preparation of 
E18.5 Ssb1 control (left) and Ssb1-/- (right) hindlimbs. Fe, Femur; Fi, Fibula; T, Tibia. * 
designates missing fibula (n = 3 embryos per genotype, ***p < 0.001, student’s t-test). 
 

 

5.2.5 Aberrant hindlimb patterning in Ssb1-/- embryos  

Given the skeletal architecture was severely disrupted in Ssb1
-/-

 limbs, we next closely 

examined the fore- and hindlimbs of Ssb1 control and Ssb1
-/-

 embryos. Forelimbs of 

Ssb1
-/-

 embryos were correctly patterned as observed by whole-mount analysis, albeit 

smaller in size. However, close examination of Ssb1
-/-

 hindlimbs revealed severe mis-

patterning with oligodactly (missing digits) (Figure 5.7). This phenotype was variable in 

penetrance, with between two and four digits present and often showed variability 

between hindlimbs of either side within the one embryo (Figure 5.7). Moreover, 

examination of E14.5 hindlimbs revealed that this phenotype was present from an early 

stage suggesting that the underlying skeletal architecture was aberrant (Figure 5.7, top 
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panel). To further examine if this was the case, we performed alcian blue and alizarin 

red skeletal preparations of limbs isolated from E18.5 Ssb1 control and Ssb1
-/-

 embryos. 

These studies revealed severe mispatterning of the underlying skeletal architecture in 

Ssb1
-/-

 hindlimbs suggesting that mispatterning of the skeleton in hindlimbs of Ssb1
-/-

 

embryos was responsible for the hindlimb-specific oligodactyly observed in these 

embryos (Figure 5.7, bottom panel).  

 

 
 
Figure 5.7. Hindlimb-specific oligodactyly and underlying skeletal defects in 
Ssb1-/-  embryos.  
E14.5 embryonic forelimbs (FL) and hindlimbs (HL) from Ssb1 control (Ssb1+/+, Ssb1+/-) 
and Ssb1-/- embryos. L, left limb; R, right limb (top panel). E18.5 embryonic forelimbs 
and hindlimbs from Ssb1 control and Ssb1-/- embryos (middle panel). Alcian Blue and 
Alizarin Red staining of E18.5 limbs from Ssb1 control and Ssb1-/- forelimbs and 
hindlimbs showing underlying skeletal architecture.  
 

5.2.6 Analysis of genes affected by Ssb1 ablation in Ssb1-/- embryos 
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To examine the molecular changes underpinning the skeletal defects in Ssb1
-/-

 embryos, 

we next undertook a qRT-PCR screen of 84 gene transcripts critical to osteogenesis. 

The commercially-available screen identifies differentially regulated transcript involved 

in a wide range of pathways relevant to skeletal development, including cartilage and 

bone development factors, ECM proteins, cell-cell adhesion molecules, bone 

metabolism regulators, and growth factors. We chose to perform the screen on E12.5 

limb buds as they are amenable to studies of skeletogenesis due to their ease of 

isolation, and the dynamic signalling events they undergo at this timepoint. Moreover, 

this stage represents a timepoint just prior to when phenotypic differences between Ssb1 

control and Ssb1
-/-

 limb buds are evident.  

 

Quantitative RT-PCR analysis screening of hindlimb buds from E12.5 Ssb1
+/-

 and Ssb1
-

/-
 (n = 2 sets of paired limb buds from independent embryos per condition) revealed a 

number of candidates that were down-regulated in Ssb1
-/-

 hindlimbs using a cut-off of a 

2-fold difference to identify biologically relevant differences (Table 5.1). These 

candidates included a number of ECM molecule transcripts (Col1a1, Col2a1, Col3a1, 

Col5a1), transcription factors (Sox9, Smad4) and growth factor pathway proteins 

(Bmp2, Bmpr1b, Tgfbr1, Tgfb3). However, a number of targets from the array could not 

be accurately analysed from the screen due to low transcript abundance for markers not 

expressed at the time-point of analysis, including bone mineral metabolism and 

osteoblast development-related transcripts. 
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Table 5.1. Differentially regulated osteogenesis-related transcripts in E12.5 Ssb1-

/- hindlimbs. 

 

 

To determine if a common regulatory mechanism may exist between the targets isolated 

from the osteogenesis screen, we next performed in-silico analysis of our target sub-set 

using the SA biosiences Gene Network Pro online analysis tool (Figure 5.8). From these 

analyses we noted that Sox9, a critical transcription factor required during the onset of 

chondrogenesis, has been shown to transcriptionally regulate both Col2a1 and Bmp2. 

Therefore, the decrease in Sox9 transcript levels may be responsible for the decreases in 

Col2a1 and Bmp2 transcripts. Moreover, as it is an upstream regulator of early 

chondrogenesis, it may be responsible for some of the genetic changes observed in 

osteogenesis related genes in Ssb1
-/-

 limb buds, either through direct or indirect 

mechanisms.  
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Figure 5.8. In-silico analysis of identified genes from an E12.5 osteogenesis 
screen. 
Pathway mapping showing common regulatory mechanisms between identified genes 
that were misregulated more than 2-fold in E12.5 Ssb1-/- hindlimb buds. TF, 
Transcription factor. 

 

 

To further validate the results of the screen, we chose to investigate transcript levels for 

a subset of identified targets by qPCR using independent primer sets. We analysed the 

transcript levels of Sox9, Col2a1, Bmp2, Col10a1, Ihh, and Pthrp-r in Ssb1
+/-

 and Ssb1
-/-

 

E12.5 limb buds for both the fore- and hindlimbs (n = 3 sets of paired limb-buds from 

independent embryos). Consistent with the qPCR screen results, we observed a strong 

(2.4-fold) decrease in the levels of Sox9 in Ssb1
-/-

 hindlimbs (Figure 5.9A, ***p < 

0.001). In the forelimb however, we only observed a mild (1.25-fold) decrease in the 

levels of this transcript in Ssb1
-/-

 embryos (Figure 5.9A, **p < 0.01). Analysis of the 

levels of Col2a1 revealed a striking (6.25-fold) decrease in the levels of this transcript 

in the hindlimbs of Ssb1
-/-

 E12.5 embryos, when compared to their Ssb1
+/-

 counterparts 

(Figure 5.9B, ***p < 0.001). A significant (2-fold) decrease in the levels of Col2a1 was 

also observed in the forelimb, albeit to a lesser degree (Figure 5.9B, ***p < 0.001), 

consistent with the milder skeletal phenotype of the Ssb1
-/-

 forelimbs.  
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Figure 5.9 Validation of a subset of osteogenesis screen targets.  
(A) Transcript levels of Sox9, (B) Col2a1, (C) Ihh, (D) Pthrp-r and (E) Bmp2 in E12.5 
Ssb1+/- and Ssb1-/- Forelimbs and Hindlimbs. FL, Forelimb; HL, Hindlimb (n = 3 
embryos per genotype, *p < 0.05, **p < 0.01, ***p < 0.001, student’s t-test) 
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We also examined levels of Indian hedgehog (Ihh) and Parathyroid related protein 

receptor (Pthrp-r), as Ihh is expressed from approximately E12.0, and is important in 

the regulation of limb outgrowth (Bitgood & McMahon, 1995). Quantitative RT-PCR 

analysis of Ihh revealed a 7.5 fold decrease in the transcript levels of this gene in the 

hindlimb, (Figure 5.9C, **p < 0.005) in the absence of significant changes in the levels 

of this transcript in the forelimb. Transcript levels of Pthrp-r, a target induced by Ihh 

activity, were also significantly reduced with a 2.7-fold decrease in levels in the 

hindlimb (Figure 5.9D, *p = 0.05) and a 1.9-fold decrease in levels in the forelimb 

(Figure 5.9D, *p < 0.05). Moreover, Bmp2 transcript levels were decreased 4-fold in the 

hindlimb (Figure 5.9E, **p < 0.001) and 1.9-fold in the forelimb (Figure 5.9E, ***p < 

0.001), consistent with the decrease in this transcript observed in the screen. Although 

we also attempted to analyse Col10a1 transcript levels they were not expressed at levels 

allowing accurate quantitation, consistent with the developmental staging of these 

embryos (data not shown). Together, these results support a role for Ssb1 in the 

regulation of chondrogenesis.  

  



  Chapter 5: Ssb1 in skeletogenesis 

 

 130 

  



  Chapter 5: Ssb1 in skeletogenesis 

 

 131 

5.3 Discussion 

In this chapter, we have demonstrated a critical and novel role of Ssb1 in regulating 

development of the embryonic skeleton. Skeletal preparations of E18.5 Ssb1 control and 

Ssb1
-/-

 embryos revealed a spectrum of both axial and appendicular skeletal anomalies, 

including severe retardation and mispatterning of the hindlimbs, forelimb outgrowth 

defects, a lack of ossification of the dorsal rib cage and misalignment of the rib 

elements. In addition, we also observed hypoplasia of the tympanic ring, as well as 

craniofacial abnormalities including a misshapen mandible and micrognathia, and 

partially penetrant cleft-palate. Finally, we sought to characterise the molecular changes 

associated with this mispatterning, and showed that these skeletal defects correlated 

with the down-regulation of early chondrogenesis markers in isolated Ssb1 control and 

Ssb1
-/-

 E12.5 autopods, particularly in the hindlimb where the patterning defect was 

most severe. 

 

During the preparation of this thesis, another report on physiological consequences of 

Ssb1 ablation was published by Feldhahn et al., where the authors targeted deletion of 

the OB-fold domain of Ssb1 which was an approach similar to our study (Feldhahn et 

al, 2012). Strikingly, the authors described an almost identical phenotype to our 

observations, including a lack of ossification in the rib cage, severe hindlimb retardation 

and oligodactyly, tympanic ring hypoplasia, micrognathia and cleft palate in all 

observed cases. Interestingly, in our observations, clefting of the palate was a partially 

penetrant phenotype observed in some, but not all cases. However, although both mouse 

models were generated on a C57BL/6 background, craniofacial phenotypes can be 

occasionally affected by subtle strain differences (Dixon & Dixon, 2004). The authors 

correlated the severity of phenotypes with whole-mount in-situ analysis of Ssb1 mRNA 

expression in E10.5 embryos, where they observed strong expression across the distal 

limb paddle, moderate staining in portions of the forelimb paddle, as well as staining in 

the brachial arches, neural crest, and somites (Feldhahn et al, 2012).  

 

To further investigate the molecular causes underpinning the skeletal defects in Ssb1
-/-

 

embryos, we undertook a qPCR screen to analyse mRNA expression of 84 

osteogenesis-related genes in E12.5 hindlimb buds. Given that skeletal development is a 

dynamic process which is tightly regulated in both a spatial and temporal manner, we 

chose this developmental stage as it represented a stage just prior to when phenotypic 
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differences in sizes of the limb paddle between Ssb1 control and Ssb1
-/-

 mice could be 

determined. Moreover, this timepoint represents a stage where dynamic changes in a 

number of key osteogenic regulators are occurring (Shimizu et al, 2007). Interestingly, 

from our screen we identified a number of candidates that were differentially regulated 

more than 2-fold. These included TGF-/BMP-related genes (Tgfb3, Tgfbr1, Bmp2, 

Bmpr1b, Smad4), collagens (Col1a1, Col2a1, Col3a1, Col5a1) and transcription factors 

(Sox9, Smad4). We chose a subset of identified targets to further validate by qPCR, 

including Sox9, Col2a1, Bmp2, Ihh and Pthrp-r. Analysis of these markers revealed a 

striking downregulation of all transcripts in the hindlimb of Ssb1
-/-

 E12.5 embryos, 

consistent with where the phenotype is most severe. Interestingly, a subset of these 

transcripts were also significantly downregulated in the forelimb, including Col2a1, 

Bmp2, and Pthrp-r, in line with the less pronounced skeletal defect in Ssb1
-/-

 forelimbs.  

 

We were particularly interested in the observed downregulation of Sox9 transcript 

levels, as Sox9 is an early transcriptional regulator of chondrogenesis which induces 

expression of Col2a1 (Bi et al, 1999; Lefebvre et al, 1997; Ng et al, 1997). Therefore its 

down-regulation in Ssb1
-/-

 hindlimbs likely suggests defects in early stage 

chondrogenesis, most likely around the time of mesenchymal condensation (Lefebvre & 

Bhattaram, 2010). This is in agreement with data from Feldhahn et al., who showed 

severe disruption of Sox9 condensation by in-situ hybridisation in E12.5 Ssb1
-/-

 

hindlimbs (Feldhahn et al, 2012). A minor disruption in Sox9 patterning was also 

observed in E12.5 forelimb buds, where the condensation preceding scapula formation 

was most severely affected. This was consistent with our observations of severe 

shortening of the scapula compared with other forelimb bones.  

 

Interestingly, Feldhahn et al. proposed that apoptosis in pre-cartilaginous mesenchymal 

condensations was the primary cause of skeletogenic defects in Ssb1
-/-

 embryos and the 

authors observed increased apoptosis by TUNEL analysis in E12.5, but not E10.5 or 

E16.5 embryos in the limb bud as well as in the somites. Further studies confirmed a 

prominent role of apoptosis in the phenotype observed through their generation of Ssb1
-

/-
;p53

-/-
 embryos, which exhibited an impressive rescue of development of the rib cage 

and hindlimb patterning (Feldhahn et al, 2012). Defects in skeletogenesis around the 

time of pre-cartilaginous condensation are in line with our observation of decreased 

Sox9 expression, an early transcriptional regulator of chondrogenesis. However, 

although we performed screening on E12.5 limb buds, prior to when differences could 
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be phenotypically determined between Ssb1
+/-

 and Ssb1
-/-

 embryos, we cannot rule out 

the possibility that apoptosis of skeletal precursors my have played a causative role in 

the downregulation of chondrogenic markers that we observed. Nonetheless, the down-

regulation of chondrogenic markers that we observed still represents the downstream 

molecular manifestations of this process, illustrating its effects on chondrogenesis.   

 

Interestingly, in the Ssb1
-/-

;p53
-/-

 double mutant generated by Feldhahn et al., a distinct 

lack of ossification was still evident in the dorsal portions of the rib cage abutting the 

vertebrae, with only cartilage present in these structures, which had not ossified 

(Feldhahn et al, 2012). Moreover, the authors stated that the p53
-/-

 backcross did not 

rescue dysmorphology of craniofacial bones, and they proposed the residual cleft palate 

and an inability to feed to be the cause of perinatal death in Ssb1
-/-

;p53
-/-

 embryos 

(Feldhahn et al, 2012). This failure to rescue patterning of the craniofacial bones is 

particularly interesting, as the maxilla and mandible form through intramembranous, not 

endochondral ossification. Moreover, as skeletogenic mesenchymal condensations are 

multipotent with the ability to differentiate into both osteoblasts and chondrocytes, it is 

interesting that rescue of apoptosis in these mesenchymal precursors did not rescue 

development of intramembranous bones. These results would suggest that the 

prevention of apoptosis is not the primary role of Ssb1 in regulating intramembranous 

ossification. Interestingly, the entirely cartilaginous rib cages observed by Feldhahn et 

al. in Ssb1
-/-

;p53
-/-

 embryos are similar to mouse models of Ihh ablation, where a failure 

of the late stages of endochondral ossification (amongst other phenotypes) occurs (St-

Jacques et al, 1999). Therefore, the lack of ossification in the rib cages of Ssb1
-/-

;p53
-/-

 

embryos may represent an important role for Ssb1 in the later stages of endochondral 

ossification that have been masked by its earlier role at the onset of chondrogenesis. Our 

observations of decreased Col2a1 and Pthrp-r expression in E12.5 Ssb1
-/-

 forelimbs in 

the absence of pronounced differences in Sox9 expression may support this theory, but 

will require more comprehensive investigation in future studies.  

 

The phenotypes described by us and Feldhahn et al., support several possibilities for the 

role of Ssb1 in skeletal development. Firstly, Ssb1 may regulate skeletal development in 

a capacity that is central in preventing apopotosis as a downstream effect, but also has 

other more subtle roles during skeletal development. In this case, removal of the 

apopotosis caused by Ssb1 deletion will rescue part, but not all of the roles of Ssb1. 

Secondly, Ssb1 may play roles in both early and later stages of skeletal development 
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where the phenotype of its role in later stages is masked by the downstream 

consequences of its earlier roles in condensation. It is important to note that the 

dysmorphology of the mandible and maxilla observed upon Ssb1 deletion suggest that 

this protein likely also plays a role during intramembranous ossification, which will be 

an interesting topic of further characterisation in future studies. 

 

Figure 5.10. Cre lines that can be used to study skeletal differentiation.  
Multiple lineage-specific transgenic Cre mouse lines can be utilized to examine the role 
of genes of interest in differentiation events throughout skeletogenesis, from 
mesenchymal condensations through to mature chondrocyte and osteoblast lineages 
[from (VanKoevering & Williams, 2008)]. 

 

Given the strict spatio-temporal regulation of a process such as skeletal development, it 

can be difficult to delineate the roles of a protein in a progressive differentiation 

process. Therefore, the most definitive way of testing these possibilities would be 

through the use of a series of tissue-specific Cre transgenic mouse models which were 

not within the scope of this thesis (Figure 5.10) [for review, see (Elefteriou & Yang, 

2011; VanKoevering & Williams, 2008)]. For example, Dermo1-Cre or Prx1-Cre could 

be used to study a role of Ssb1 in at the time of mesenchymal condensations, or in 

condensations of the limb bud specifically (Logan et al, 2002; Yu et al, 2003). 

Additionally Col2a-Cre and Col10a-Cre could be used to study prospective roles of 

Ssb1 in proliferating and hypertrophic chondrocytes, respectively (Ovchinnikov et al, 

2000; Yang et al, 2005). Finally, Col1a-Cre or Osx-Cre models could be utilised to 

study a role in osteoblast development, which may aid in further understanding the 

craniofacial phenotypes of Ssb1
-/-

 mice (Dacquin et al, 2002; Liu et al, 2004; Rodda & 

McMahon, 2006). Moreover, the use of chondroprogenitor cell lines such as ATDC5, 
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which are able to mimic the process of endochondral ossification in culture, would 

allow further testing and delineation of the role of Ssb1 in chondrogenesis in a cell 

autonomous manner (Atsumi et al, 1990; Shukunami et al, 1996). Together, these 

studies would allow us to more definitively understand the molecular and phenotypic 

changes underpinning the role of Ssb1 in skeletogenesis.  
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6 General Discussion and Future 
Directions 

 

DNA repair proteins play a crucial role in the maintenance of genomic stability; 

consequently, deregulation of repair and signalling in response to DNA damage can 

lead to severe consequences including cellular senescence, apoptosis and tumorigenesis 

(Jackson & Bartek, 2009; Khanna & Jackson, 2001).  

 

Single-stranded DNA binding proteins play multiple roles in the regulation of numerous 

cellular transactions within the cell, but are particularly critical components in the 

regulation of DNA repair (Broderick et al, 2010). Bacteria and Archaea both possess 

simple SSBs, generally containing a single OB-fold, which mediates its interaction with 

single-stranded DNA (Richard et al, 2008). In eukaryotes, the archetypal SSB is RPA, a 

heterotrimeric protein comprised of RPA32, RPA70 and RPA14 (Zou et al, 2006). 

Recently, two additional SSBs, human Single-stranded DNA binding protein 1 and 2 

were identified. These two proteins each contain a single N-terminal OB-fold domain 

and are more similar in structure to the simple SSBs present in Archaea and Bacteria, 

but interestingly do not possess orthologues in yeast (Richard et al, 2008). siRNA-

mediated depletion of hSSB1 lead to abrogation of ATM signalling in response to DNA 

damage, cell cycle checkpoint defects, defective DSB repair by HR, and general 

genomic instability (Richard et al, 2008). Surprisingly, both hSSB1 and hSSB2 were 

recently shown to independently heterotrimerise with the proteins Integrator Subunit 3 

(INTS3) and C9Orf80, in a manner analogous to RPA (Huang et al, 2009; Li et al, 

2009; Skaar et al, 2009; Zhang et al, 2009a). Moreover, depletion of INTS3 lead to 

similar DNA-repair related phenotypes to depletion of hSSB1 or hSSB2 alone (Huang 

et al, 2009; Li et al, 2009; Skaar et al, 2009; Zhang et al, 2009a). Interestingly, the OB-

fold of hSSB1/2 was shown to mediate its interaction with INTS3; moreover, this 

interaction was shown to occur independently of DNA-damage or the DNA-binding 

activity of hSSB1 (Huang et al, 2009; Li et al, 2009; Skaar et al, 2009; Zhang et al, 

2009a). 

 

In this thesis, we have sought to more comprehensively characterise the physiological 

and molecular role of Ssb1 through the use of an in-vivo targeted mouse model, where 

we have deleted exons 3-6 of murine Ssb1, ablating the major protein coding region of 
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this protein, including the OB-fold domain. Surprisingly, although mouse mutants of 

RPA, as well as critical regulators of HR exhibit early embryonic lethality in targeted 

knockout mouse models, Ssb1
-/-

 embryos were viable until late stages of embryogenesis. 

However, despite this viability we noted a number of developmental abnormalities in 

late gestational Ssb1
-/-

 embryos, including significant growth retardation and lung 

immaturity. Moreover, Ssb1
-/-

 embryos died perinatally within 20 minutes of birth due 

to severe respiratory distress and atelectasis, which was likely caused by improper 

structural support from the mispatterning and lack of ossification observed in Ssb1
-/-

 rib 

cages. Interestingly, Ssb1
-/-

 embryos also exhibited a spectrum of additional skeletal 

defects affecting the craniofacial, axial and appendicular skeleton. These defects 

included variable palate clefting, micrognathia, a misshapen maxilla, tympanic ring 

hypoplasia, as well as shortened outgrowth in all limbs, with particularly striking 

retardation and oligodactyly of the hindlimb. We subsequently correlated these skeletal 

defects with the down-regulation of a number of early chondrogenic regulators in Ssb1
-/-

 

E12.5 limb buds, suggesting that the skeletal defects in these embryos manifest at the 

early stages of chondrogenesis.  

 

Several genetically targeted mouse models exist where perinatal lethality occurs due to 

improper structural support from the rib cage, leading to atelectasis at birth. Targeted 

deletion of Indian Hedgehog (Ihh), Osterix (Osx), and Runx2 all lead to a failure of 

ossification of rib cages, where the cartilaginous anlagen does not differentiate to bone 

(Komori et al, 1997; Nakashima et al, 2002; Otto et al, 1997; St-Jacques et al, 1999). 

However, although cartilage of the proximal rib cage is formed in the case of Ssb1
-/-

 

embryos, no cartilaginous anlagen appears to be present in the posterior rib cage leading 

to the appearance of “floating ribs”. Interestingly, the rib cage phenotype of Ssb1
-/-

 

embryos exhibits striking resemblance to that of targeted ablation of the Myogenic 

Factor 5 gene Myf5, a myotome regulator which plays a surprising role in governing rib 

outgrowth (Braun et al, 1992; Tallquist et al, 2000). Intriguingly, Myf5 is a proposed 

candidate gene for a multiple-congenital anomaly syndrome Cerebro-costo mandibular 

syndrome, where patients exhibit a lack of ossification in parts of, or all of the posterior 

rib cage as well as micrognathia (Plötz et al, 1996; Su et al, 2010). This disorder has 

also been associated with hearing loss, palatal clefting and sometimes mental 

retardation (Hennekam et al, 1985; Hennekam & Goldschmeding, 1998; Kirk et al, 

1999; Plötz et al, 1996). Notably, these patients often exhibit lung hypoplasia, where 

poor structural development of the rib cage has impeded lung development (Kang et al, 
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1992). Consistent with this, a report on targeted ablation of Myf5 has also demonstrated 

lung immaturity during the late stages of embryogenesis (Inanlou & Kablar, 2005). 

Therefore, it is likely that the lung immaturity observed upon Ssb1 deletion is a 

secondary effect to the poor development of the rib cage in Ssb1
-/-

 embryos. Although 

patients with cerebro-costo-mandibular syndrome do not exhibit defects of the limbs, 

given the striking similarities between this disorder and its as-yet unknown genetic 

origin, Ssb1 may prove an interesting candidate for this rare genetic disorder.  

 

During the preparation of this thesis, another report of the critical role of Ssb1 in 

skeletogenesis was described, where the authors used a similar targeted approach to our 

study to ablate exons 2-6 of murine Ssb1 (Feldhahn et al, 2012). The authors described 

an almost identical phenotype to that observed in our study with craniofacial 

dysmorphology, tympanic ring hypoplasia, and an almost complete lack of ossification 

in the rib cage. Moreover, they showed a specific expression pattern of Ssb1 in the 

somites, limb buds and neural crest of E10.5 embryos - consistent with where the most 

prominent phenotypes appear upon targeted ablation (Feldhahn et al, 2012). 

Surprisingly, most of the skeletal phenotypes were attributed to apoptosis in pre-

cartilaginous condensations, presumably due to a selective requirement of Ssb1 in 

mediating the response to replication stress at this stage of development. Indeed, ES 

cells have been shown to exhibit a greater dependency on HR due the high fidelity of 

repair required in pluripotent cells (Serrano et al, 2011; Tichy et al, 2010). Consistent 

with this, ablation of many HR factors such as Rad51 and Brca2 causes an apoptotic 

response in the early embryo, likely due to increased replication stress in ES cells (Lim 

& Hasty, 1996; Sharan et al, 1997; Suzuki et al, 1997). In contrast, targeted ablation of 

the HR repair accessory factor and Rad51 paralog protein Rad51D causes mid-

gestational lethality from E8.5 – E11.5, with a range of phenotypes including 

disorganisation of limb buds with increased levels of pyknotic nuclei (Pittman & 

Schimenti, 2000). The relatively late embryonic lethality of the Rad51D paralog was 

attributed to a non-essential accessory role of this protein in responding to DNA 

damage. The authors proposed that the gradual accumulation of mutations due to subtle 

repair defects in these embryos eventually lead to the observed cell death (Pittman & 

Schimenti, 2000). Similarly, embryos deficient in the Rad51 paralog Xrcc2 survive until 

the late stage of embryogenesis, but exhibit specific apoptotic death in post-mitotic 

neurons of the developing brain (Deans et al, 2000). Therefore, it appears that 

deficiency in HR accessory factors can lead to cell-type specific phenotypes, where 
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defects may not manifest in all tissues. A recent in-vitro study demonstrated Ssb1 to act 

in concert with the MRN complex to stimulate Exo1 nuclease activity (Yang et al, 

2013). As Exo1 may not be required for the processing of all breaks, this would support 

a role of Ssb1 as an accessory factor during HR for a specific subset of breaks. Indeed, 

Exo1
-/-

 mice are able to survive embryonic development indicating a dispensable role of 

this protein during embryogenesis (Wei et al, 2003).   

 

In the case of the Ssb1
-/-

 mutant embryos reported by Feldhahn et al., the back-crossing 

onto a p53
-/-

 strain to abrogate the apoptotic response demonstrated an impressive 

rescue of many of the skeletal phenotypes including patterning of the hindlimb 

(Feldhahn et al, 2012). Oligodactyly and missing or fused skeletal elements can be 

associated with apoptosis in the limb-bud, such as in the case of targeted ablation of the 

BMP antagonist Gremlin (Michos et al, 2004). The patterning phenotypes in Ssb1
-/-

 

hindlimbs is consistent with an apoptotic defect, given the variability in the degree of 

digit loss observed even between limbs of the one embryo. Interestingly however, 

although the patterning of Ssb1
-/-

 hindlimbs was highly variable, the patterning defect of 

the Ssb1
-/-

 rib cage was extremely consistent amongst our observations of Ssb1
-/-

 

embryos from different litters with ossification present only at the four most anterior 

ribs. This patterning phenotype was even consistent between our report and that of 

Feldhahn et al. (Feldhahn et al, 2012; Shi et al, 2013). Given this reproducibility, these 

results would indicate that the apoptosis occurring within the rib cage precursors of 

Ssb1
-/-

 embryos may occur in a more controlled manner than that of the limb bud. 

Therefore, it is difficult to imagine that the rib cage patterning defect observed in Ssb1
-/-

 

embryos merely arises from a general apoptotic response caused by replication stress or 

general genomic instability. In support of this, a distinct lack of ossification was still 

observed upon p53
-/-

 backcross in Ssb1
-/-

 rib cages, although these structures did 

progress to the formation of a cartilage anlagen, suggesting additional roles of Ssb1 in 

skeletogenesis outside of the prevention of apoptosis (Feldhahn et al, 2012). 

Additionally, the authors stated that Ssb1 and p53 combined deletion did not rescue the 

mispatterning of the craniofacial bones (Feldhahn et al, 2012). As apoptosis was 

proposed to occur in the common mesenchymal precursors that form progenitors for 

both of these structures before commitment to chondrogenic or osteogenic pathways, it 

is surprising that the craniofacial phenotypes were not rescued by concomitant p53 

deletion. This would suggest that the functional causes of apoptosis may be more 

complex than a simple response to replicative stress or increased genomic instability in 
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certain tissues. Further complicating the proposed role of Ssb1 in preventing apoptosis 

is the recent report that hSSB1 is a positive regulator of p53, and interacts with p53 to 

prevent its proteosomal-mediated degradation, as well as regulates its transcription of 

p21 (Xu et al, 2013). Therefore, although a significant role of Ssb1 appears to be in the 

prevention of apoptosis, its role in the regulation of p53 may be tightly controlled in a 

tissue-specific and temporal manner.  

 

In addition to our studies on the embryonic role of Ssb1, we also attempted to further 

characterise its role in DNA repair. Ssb1
-/-

 MEFs exhibited a mild growth delay, 

consistent with the embryonic growth retardation observed in Ssb1
-/-

 embryos. 

Surprisingly however, despite a critical role of hSSB1 previously demonstrated in the 

activation of ATM signalling in response to IR in mammalian cells, we were unable to 

detect attenuation of ATM signalling in Ssb1
-/-

 MEFs (Richard et al, 2008). Moreover, 

we did not observe changes in the cell cycle distribution of these cells, nor in the 

activation or clearance of -H2ax kinetics in response to IR. This suggests that the 

cellular response to DNA DSBs is intact in Ssb1
-/-

 MEFs. We were also unable to detect 

sensitivity to IR or UVC irradiation at increasing doses, indicating that repair of DNA 

damage by these agents occurs normally in Ssb1
-/-

 cells. In agreement with our 

observations, studies on Ssb1
-/-

 MEFs by Feldhahn et al., also failed to demonstrate 

significant ATM signalling or HR repair defects (Feldhahn et al, 2012). Moreover, 

studies recently published by Feldhahn et al. and us have also shown that B-cell specific 

ablation of Ssb1 does not affect class-switch recombination, a physiological indicator of 

NHEJ capacity (Feldhahn et al, 2012; Shi et al, 2013).  

 

Despite research indicating a non-essential role for Ssb1 in the DDR of MEFs, some 

evidence still suggests a non-dispensable role of this protein in preventing genomic 

instability. Parallel studies performed in our laboratory using a tamoxifen-inducible Cre 

system to ablate Ssb1 in adult mice resulted in impaired testicular development and 

diminished male fertility, a common phenotype observed in DNA repair deficient mice 

(Shi et al, 2013). Moreover, these mice exhibited modest radiosensitivity to whole-body 

IR where the bone marrow and thymocytes had increased levels of genomic instability. 

In addition, these mice exhibited an increased predisposition to multi-spectrum 

tumorigenesis with a long latency period (Shi et al, 2013). These results suggest that 

while Ssb1 may not be necessary for some aspects of the DDR in MEFs, it is still 

required for the prevention of genomic instability, and the effects of this manifest over 
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time in a tissue-specific manner. Further supporting a role of Ssb1 in the prevention of 

genomic instability was a third report recently published on Ssb1
-/-

 mice using Ssb1
-/-

 

MEFs to study the putative role of Ssb1 in mediating telomere homeostasis (Gu et al, 

2013). Telomeres consist of TTAGGG repeats terminating in a G-rich 3’ single-

stranded DNA overhang, which is usually folded into the duplexed DNA to protect it 

from activating the DDR. However during S phase, this DNA must be protected during 

replication to prevent activation of the DDR (Frias et al, 2012; Griffith et al, 1999; 

Murti & Prescott, 1999). This process requires a multiprotein complex called Shelterin 

(Longhese et al, 2012). Whilst removal of the Shelterin component Telomeric-Repeat 

Binding Factor 2 (TRF2) leads to ATM-dependent NHEJ-mediated chromosomal 

fusions, removal of the ssDNA binding protein Protection of Telomeres 1a (Pot1a) 

which normally binds the G-rich overhang, causes chromosome or chromatid fusions 

through the binding of RPA and subsequent activation of ATR signalling (Dimitrova & 

de Lange, 2009; Flynn et al, 2012; Rai et al, 2010; Wu et al, 2006). Gu et al. 

demonstrated an increased number of chromosomal fusions present in immortalised 

Ssb1
-/-

 MEFs compared with wild-type, as well as localisation of Ssb1 to a subset of 

telomeres in WT MEFs, suggesting that Ssb1 plays a role in protecting telomeres (Gu et 

al, 2013). This effect was shown to be mediated through an interaction of Ssb1 with 

Pot1a in the protection of newly replicated G overhangs (Gu et al, 2013). Interestingly, 

Gu et al. demonstrated attenuated ATM and ATR activation in Ssb1
-/-

 MEFs following 

IR, as well as a decrease in chromosomal fusions with shRNA-mediated removal of 

TRF2, suggesting that ATM activation was impaired in these MEFs. However, 

assessing ATM activation in TRF2-deficient Ssb1
-/-

 MEFs did not reveal significant 

changes to ATM-dependent phosphorylation of CHK2. The relative differences in DDR 

responses observed by us and Feldhahn, compared with this group may be due to the 

fact that both Feldhahn and our laboratory conducted these studies in primary MEFs, 

whereas Gu et al. utilised SV40-T immortalised MEFs which may be more prone to 

genomic instability. In addition to the MEF studies, hypomorphic mice were generated 

by this group, which expressed very low levels of Ssb1. These mice were hypersensitive 

to IR, and exhibited increased tumour dissemination on a p53
-/-

 background (Gu et al, 

2013). Together, these data indicate a role of Ssb1 in the protection from genomic 

instability in certain cellular contexts. 

 

The disparity between repair phenotypes observed in mouse versus human studies is 

interesting, and provokes the question as to why mouse models are failing to reveal 
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significant repair defects when compared with observations in human cell lines and in-

vitro studies. One explanation for this could be that differences exist between mouse 

and human; indeed there are multiple reports where mutant studies in the mouse have 

failed to reveal similar phenotypes to human disorders (Barlow et al, 1996; Dhillon et 

al, 2010; Elson et al, 1996; Xu et al, 1996). However, the mouse and human Ssb1 are 

highly similar, sharing 95.8 % similarity at the protein level. In addition, hSSB2 is 

known to be able to heterotrimerise with INTS3 and C9Orf80 in place of hSSB1 

(Huang et al, 2009; Li et al, 2009; Skaar et al, 2009). Therefore, a more likely 

explanation may be the differences between Ssb2 compensation occurring during 

constitutive versus acute protein depletion of Ssb1. Reports by us and others have 

consistently shown Ssb2 protein levels to be strongly stabilised in response to Ssb1 

deletion in multiple tissues as well as in MEFs, which occurs independently of DNA 

damage status (Feldhahn et al, 2012; Gu et al, 2013; Shi et al, 2013). In the case of the 

study performed by Feldhahn et al, this effect was shown to occur rapidly following 

induction of acute deletion of Ssb1 in MEFs (Feldhahn et al, 2012). Although similar 

effects have been shown in human cells, perhaps the timing of siRNA-mediated 

depletion studies yields phenotypes that are assessed before Ssb2 is able to functionally 

compensate. Alternatively, the compensation of Ssb2 may not occur to the same degree 

when residual levels of Ssb1 remain from siRNA depletion studies. Moreover, in-vitro 

studies are able to circumvent compensatory roles of Ssb2, revealing the critical roles of 

Ssb1 in repair. In addition, reconstitution studies of Ssb1
-/-

 MEFs with a mutant Ssb1 

that exhibits diminished ssDNA-binding capacity was able to negate Ssb2 upregulation, 

and lead to more pronounced repair-related phenotypes than observed for Ssb1
-/-

 MEFs 

alone. (Gu et al, 2013).  

 

Intriguingly, although Ssb2 appears to compensate for Ssb1, attempts to deplete Ssb2 

using shRNA even in wild-type MEFs by multiple groups lead to rapid cellular death 

(Feldhahn et al, 2012; Gu et al, 2013). Therefore, it appears that although Ssb2 may be 

able to compensate for Ssb1 depletion, it also plays addition critical roles within the cell 

independently of Ssb1. Conversely, Ssb2 is not highly expressed in embryonic tissues, 

and although its levels are increased in Ssb1
-/-

 embryos, it does not appear to  

compensate for some roles of Ssb1 during embryogenesis (Feldhahn et al, 2012; Gu et 

al, 2013; Shi et al, 2013).  

 



  Chapter 6: General Discussion 

 

 143 

The heterogeneity in the roles of Ssb1 leads to the question as to how a proposed DNA 

repair protein regulates a process such as skeletogenesis. Interestingly, a number of 

DNA repair disorders have been associated with skeletal malformations. Patients with 

Rothmund-Thompson and Rapadilino syndrome, where mutations are found in the 

RECQ4 helicase gene, exhibit skeletal defects of the limb. In addition, Seckel syndrome 

patients, with mutations in the repair-related genes ATR, CtIP, Centromere Protein J 

(CENPJ), and the Centrosomal proteins CEP152 and CEP63 exhibit a characteristic 

“bird-shaped” face with micrognathia - a similar phenotype to that observed in Ssb1
-/-

 

embryos (Farooq et al, 2010; Hanada & Hickson, 2007; Kalay et al, 2011; O'Driscoll et 

al, 2003; Qvist et al, 2011). Moreover, patients with Nijmegen Breakage Syndrome, 

caused by mutations in the NBS1 gene, exhibit a similar craniofacial morphology 

(Chrzanowska et al, 1995). However, despite the interesting skeletal phenotypes present 

in many patients with mutations in repair-associated proteins, the functional cause as to 

why mutations in these proteins are resulting in such distinct craniofacial phenotypes 

largely remains an enigma. Given the more pronounced skeletal phenotypes of Ssb1
-/-

 

embryos, it is tempting to speculate that Ssb1 may be a common link between these 

phenotypes. Indeed, several of these proteins play pivotal roles during early DSB 

signalling or resection, processes in which Ssb1 has been implicated. Moreover, studies 

by our laboratory demonstrated that a number of Nijmegen Breakage Syndrome patient 

mutations abrogated the interaction between hSSB1 and NBS1, further supporting this 

possibility (Richard et al, 2011a).  

 

In addition to the role of Ssb1 in the prevention of skeletal element precursor apotosis, it 

is possible that Ssb1 plays additional roles outside of DNA repair. It is now widely 

accepted that many transcription-and RNA-splicing associated factors also play roles in 

DNA repair [e.g. (Jurado et al, 2012; Polo et al, 2012; Rajesh et al, 2011; Yuce & West, 

2013)]. Ssb1 functionally interacts with INTS3, a component of the multi-subunit 

complex Integrator. The integrator complex interacts with RNA pol II to non-

canonically process the 3’ box of small nuclear RNA before it incorporates into the 

spliceosome (Baillat et al, 2005). However, whether INTS3 is a functionally important 

component of the integrator complex remains a contentious issue. The complex between 

hSSB1 and INTS3 was initially thought to occur independent of interactions with other 

integrator components. Moreover, a GFP reporter study in Drosophila suggested that 

IntS3 may be dispensable for snRNA processing (Ezzeddine et al, 2010). However, 
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hSSB1 has also been shown to interact with additional components of the integrator 

complex (Malovannaya et al, 2010). 

 

Only a handful of ablation studies have been performed on integrator subunits. Targeted 

deletion of Integrator Subunit 1 (IntS1), leads to apoptosis and embryonic lethality at 

the blastocyst stage with an abundance of U2 transcripts in ES cells, a more severe 

phenotype than observed for Ssb1 deletion (Hata & Nakayama, 2007). In contrast, 

morpholino-depletion of Integrator Subunit 5 (IntS5) in zebrafish leads to 

haematopoietic defects through the disruption of Smad1/5 splicing, presumably due to 

spliceosomal formation defects (Tao et al, 2009). Intriguingly, large-scale screens have 

identified mutation of the zebrafish IntS7 homolog and siRNA-mediated knockdown of 

the C.elegans IntS7 homolog to cause craniofacial and locomotor defects, respectively 

(Golling et al, 2002; Kamath et al, 2003). Furthermore, a recent study also demonstrated 

localisation of IntS7 to sites of DNA damage, and its interaction with hSSB1 (Cotta-

Ramusino et al, 2011). In addition, IntS8 was identified in a microarray screen of E11.5 

– E13.5 limb buds to be progressively downregulated across this time-period, 

suggesting a potential role during limb-bud morphogenesis (Cameron et al, 2009).  

 

Perhaps the most interesting link between the integrator complex and the phenotypes 

observed in Ssb1
-/-

 embryos may lie in DSS1. The integrator complex was initially 

identified through a pull-down study for interaction partners of a small protein 

designated Deleted in Split Hand/Foot 1 (DSS1) (Baillat et al, 2005). DSS1 is a 

candidate gene for deleted in split hand/foot syndrome, a skeletal malformation 

syndrome resulting in mispatterning of the hand/foot with ectrodactyly (Crackower et 

al, 1996; Ignatius et al, 1996; van Silfhout et al, 2009). This disorder has also been 

associated with hearing loss and cleft palate (Ignatius et al, 1996). DSS1 has also been 

shown to play multiple functions during DNA repair, including the promotion of strand 

exchange in HR through its interaction with BRCA2, and the regulation of BRCA2 

stability involving an interaction with the proteosome (Kristensen et al, 2010; Li et al, 

2006; Liu et al, 2010; Wei et al, 2008). Interestingly, DSS1 is a small, acidic protein 

similar to C9Orf80, but unfortunately, this property precludes the comprehensive study 

of this protein. However, it is an interesting possibility that the roles of Ssb1 in 

skeletogenesis may be functionally related to DSS1.  
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Our research has shown that although Ssbs appear to play functionally distinct roles 

during embryogenesis, additional roles of Ssb1 are likely masked by redundancy with 

Ssb2. Therefore, future investigations of the roles of Ssb1 will require studies 

perturbing the IntS3-Ssb1/2-C9Orf80 complex as a whole. This can either be achieved 

through in-vitro studies, studies utilising Ints3 deletion or depletion, removal of both 

Ssb1 and Ssb2, or reconstitution studies utilising impaired-DNA binding Ssb1 mutants. 

To further probe the physiological role of the IntS3-Ssb1/2-C9orf80 complex, 

constitutive and inducible deletion studies of Ssb1 and Ssb2 using double knockout 

mice are now under active investigation within our laboratory. These studies will likely 

give valuable insight into overlapping and redundant roles of these proteins in many 

cellular processes. In addition, it will also be interesting to determine if Ssb2 functions 

during skeletogenesis, with the use of tissue-specific targeted ablation of Ssb1 and Ssb2 

in skeletogenic precursors using conditional Cre strains such as Prx1-Cre or Sox9-Cre 

(VanKoevering & Williams, 2008).  

 

In addition to the role of the IntS3-Ssb1/2-C9Orf80 complex during DNA repair, our 

understanding of the mechanism by which Ssb1 ablations regulates such specific 

phenotypes within the mouse will likely require further studies to understand its 

functional relationship with the integrator complex. Given the intimate association of 

this complex with RNA pol II as well as increasing evidence that functionally distinct 

sub-complexes of Integrator may exist, it will be interesting to determine if Integrator 

components can regulate additional processes within the cell such as transcription, and 

how Ssb1 may be functionally involved.  

 

In conclusion we have utilised a targeted mouse model to functionally investigate the 

in-vivo role of Ssb1. Although our studies of Ssb1 deleted cell lines suggested that this 

protein is dispensable for some forms of DNA repair and signalling activation, we have 

demonstrated an unexpected and critical role of Ssb1 in the regulation of skeletogenesis. 

Together, these data indicate that Ssb1 is a multi-functional protein that plays distinctive 

roles during embryogenesis that warrant further functional investigation in future 

studies. 
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