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Loss of the histone demethylase Phf8 is compatible with development but 

confers resilience to anxiety and depression 

Abstract 

 

Phf8 is a histone demethylase associated with human developmental disorders and 

cancer. Early studies of Phf8 in humans indicated that inactivating mutations in the gene were 

linked to syndromic intellectual disability with cleft lip and palate (Siderius syndrome). 

However, Phf8’s functional role in regulating mammalian development and behavior has not 

been demonstrated. In this thesis I present my findings on a knockout mouse model of Phf8, 

which I have generated and characterized to interrogate Phf8’s function in these processes in 

an in vivo mammalian system. Unexpectedly, I did not detect any gross physiological defects 

nor intellectual disability, but instead report here that mice null for Phf8 are resilient to anxiety 

and depression. I further characterized the molecular nature of Phf8’s role regulating 

mammalian behavior by performing RNA-seq on regions in the brain key to mediating anxiety 

disorders and depression. Here I find evidence that Phf8 directly regulates multiple serotonin 

receptors in the prefrontal cortex, which have a long standing link to anxiety disorders and 

depression, suggesting a likely mechanism for resiliency. 

In addition to its proposed function in behavior and development, multiple studies have 

implicated Phf8 cancer. It has been suggested that Phf8 can behave as an oncogene, notably in 
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the case of T-ALL, where it cooperates with the Notch pathway and is required to drive tumor 

proliferation in vitro and in xenograft models. Within this thesis I will also present my findings 

on Phf8’s function in the context of an in vivo model of T-ALL. I do not observe a requirement 

for Phf8 in T-ALL nor does its loss seem to at all impair the progression of T-ALL driven by a 

constitutively active Notch1. However, I do observe a subtle defect in T-cell development, 

which is likely consistent with its function in effecting Notch signaling. The data within this 

thesis represent the first characterization of a mammalian knockout model of Phf8 and describe 

a novel role for this gene in the regulation of anxiety and depression. 
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Molecular, cellular and developmental functions of Phf8 

 

Histone modification and transcriptional regulation 

Transcription in eukaryotes is controlled by the interplay between DNA and DNA-

associated proteins, which together comprise the chromatin of a cell. The nucleosome, the 

basic structural subunit of chromatin, is formed by 146bp of DNA wrapped around the outside 

of a barrel-like histone octamer made up of an H3:H4 tetramer and two H2A:H2B dimers (Luger 

et al. 1997). The nucleosome, however, has functions beyond DNA-packaging as its structure 

and positioning is of prime importance to transcriptional regulation. One of the key 

mechanisms responsible for this transcriptional regulation stems from post-translational 

modifications covalently attached to the histones themselves (Li et al 2007). 

The four core histones all contain a compacted globular domain and an unstructured N-

terminal tail, the latter of which is decorated with an array of post-translational modifications 

(Jenuwein & Allis 2001). Interestingly, these modifications are associated with specific 

functions, which can vary depending on their nature. Acetylation of lysine residues, for 

example, was the first of these post-translational modifications whose function was 

appreciated. Histone lysine acetylation leads to a relaxing of chromatin structure, likely 

facilitating access by transcription factors (Wade et al. 1997). Additionally, several histone 

residues (e.g. H3K9ac) serve as binding sites in the recruitment of co-activating factors (Dhalluin 

et al. 1999; Hassan et al. 2007). Accordingly, histone lysine acetylation tends to be associated 

with transcriptional activation (Li et al. 2007). 
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Methylation of lysine residues, on the other hand, can be associated with differing 

functions, depending on the specific lysine residue and the status of the surrounding residues. 

Presented here is a brief summary of the associated functions of such methyl-modifications 

relevant to this thesis; these include methylation of H3K4, H3K27, H3K9, and H4K20 (for a 

review of additional modifications see Li et al. 2007 and Kouzarides 2007). The divergent 

functions associated with histone lysine methylation can largely be attributed to the fact that 

these methylated residues serve as binding sites for diverse groups of chromodomain and plant 

homeodomain (PHD) finger containing proteins, so called “chromatin readers.” One such 

modification, H3K4 trimethylation (H3K4me3), is typically associated with active promoters, as 

it acts as a binding site for transcriptional coactivator complexes containing histone 

acetyltransferase (Pary-Grant et al. 2005) and nucleosome remodeling (Li et al. 2006) activity. 

Conversely, methylation of H3K27, H3K9 and H4K20 are associated with gene repression. 

H3K27me3, for example, has an established role in the repression of transcription, at least in 

part through the direct recruitment of the polycomb repressor complex 1 (PRC1) (Fischle et al. 

2003), which represses transcription likely through the compaction of chromatin and inhibition 

of chromatin remodeling complexes  (Shao et al. 1999; Francis et al. 2001). H3K9 methylation is 

also associated with repression, with the di- and trimethylated forms serving as binding sites for 

heterochromatin protein 1 (HP1) (Bannister et al. 2001; Lachner et al. 2001), which allows for 

the oligomerization/compaction and silencing of heterochromatic regions (Nielsen et al. 2001). 

Though less extensively studied, H4K20me1/2 are also associated with the repression of 

transcription, likely through the recruitment of the chromatin-compacting factor L3mbtl1 

(Trojer et al. 2007). Finally, it is of note that multiple modifications may often coexist at the 
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same loci, a well-characterized example being the co-occupancy of lineage-specific genes by 

H3K4me3 and H3K27me3 in undifferentiated cells (Bernstein et al. 2006; Mikkelsen et al. 2007). 

These so-called “bivalent” loci are repressed in undifferentiated cells and thought to be poised 

for activation once a differentiation program is initiated.  

 

Regulation of histone modifications by histone demethylases 

Several distinct families of proteins make up the histone acetyltransferases, 

deacetylases, methyltransferases and demethylases, which are the most recently described of 

this group. The first histone demethylase was discovered in 2004 when LSD1 was demonstrated 

to have demethylase activity with specificity for H3K4me1/2 as substrates (Shi et al. 2004). 

Demethylation by LSD1 is carried out by its amine-oxidase domain, which, due to the chemistry 

required for this reaction, is limited to demethylating only mono and dimethylated lysine 

groups. Several years after the discovery of LSD1, an additional class of demethylases was 

described, which contain a dioxygenase jumonji C (JmjC) domain (Tsukada et al. 2006; Klose et 

al. 2006; Whetstine et al. 2006). Unlike the amino-oxidase domain of LSD1, the JmjC domain 

has the capacity to demethylate tri-, di- and monomethylated histones, although additional, 

likely structural, constraints may limit this activity in many of the JmjC demethylases (Shi & 

Whetstine 2007). The mammalian JmjC family of histone demethylases contains 29 different 

proteins, which vary considerably in their substrate selectivity (Table 1.1) (Kooistra et al. 2012; 

Hojfeldt et al. 2013). Since their discovery, many members of this family of proteins have been 

linked to both mammalian development and disease (Nottke et al. 2009), although research 

into their precise roles in these processes remains ongoing. 
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Functions and features of the histone demethylase Phf8 

PHF8 was first described as a gene mutated in a set of patients with familial X-linked 

intellectual disability and cleft lip/palate (Laumonnier et al. 2005). Subsequent studies 

identified two additional mutations in the gene linked to intellectual disability (Abidi et al. 2007; 

Koivisto et al. 2007), suggesting a causative role. PHF8 has only two recognizable functional 

domains, a PHD finger, involved in mediating protein-protein interactions and a JmjC domain 

responsible for the catalysis of histone lysine demethylation. Intriguingly, all of the disorder 

associated mutations described for PHF8 have been predicted to disrupt the function of the 

JmjC domain, suggesting that loss of demethylation activity is of key importance to the etiology 

of the disease.  

Though the JmjC domain has the capacity to use trimethyl-lysine as a substrate, the JmjC  

domain of PHF8 has been shown to only have activity toward demethylating mono- and 

dimethyl lysine residues (Leonarz et al. 2010; Kleine-Kohlbrecher et al. 2010; Feng et al. 2010). 

The crystal structure of PHF8 indicates that this is due to a structural difference between the 

JmjC domain of Phf8 and that of tri-demethylases, which sterically prevents a third methyl from 

entering the active site (Horton et al. 2009). Interestingly, PHF8 has a rather broad substrate 

specificity compared to other demethylases, showing activity toward H3K9me1/2, H3K27me2, 

and H4K20me1 depending on whether histones or nucleosomes are used as a substrate 

(Leonarz et al. 2010; Kleine-Kohlbrecher et al. 2010; Feng et al. 2010). One report additionally 

demonstrated specificity for H3K36me2 (Leonarz et al. 2010); however this result has not been 

observed in follow-up studies (Kleine-Kohlbrecher et al. 2010; Feng et al. 2010). With the 

exception of H3K36me2, each of these modifications is associated with gene repression, 
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indicating that PHF8 acts predominantly as a coactivator of gene expression. Over-expression of 

PHF8 in cell culture has additionally been shown to cause global decreases in each of these 

modifications; interestingly, however, the substrate targeted varies based on the cell type 

analyzed (Liu et al. 2010; Leonarz et al. 2010; Kleine-Kohlbrecher et al. 2010; Feng et al. 2010). 

Thus, it is likely that PHF8’s substrate specificity is context or cell type specific, perhaps 

depending on its interactions with additional proteins. 

One such protein capable of interacting and modifying the function of PHF8 is, in fact, 

histone H3 itself. More specifically, PHF8 is capable of binding directly to H3K4me3 through its 

PHD finger (Horton et al. 2010); this is intriguing as it indicates that PHF8 functions as a 

chromatin reader in addition to being a chromatin modifier. Direct binding to H3K4me3 not 

only serves as a major mechanism for PHF8’s recruitment to chromatin (Kleine-Kohlbrecher et 

al. 2010; Feng et al. 2010; Fortschegger 2010), but also alters the activity of the enzyme itself. 

PHF8 has a relatively poor activity toward demethylating H3K9me2 on peptide substrates, 

however, a striking increase – roughly 12 fold – in demethylation of H3K9me2 is observed when 

these peptides contain both H3K4me3 and H3K9me2 (Horton et al. 2010). Consequently, 

mutations to the PHD domain ablate its ability to activate transcription (Feng et al. 2010). 

The primary cellular function of PHF8 appears to be the regulation of both cell growth 

and division. With respect to cell growth, PHF8 binds directly to ribosomal DNA, likely through 

recruitment by H3K4me3, and promotes transcriptional activation by catalyzing the removal of 

H3K9me1/2 (Feng et al. 2010; Zhu et al. 2010). PHF8 further functions to regulate cell cycle 

progression by being directly recruited to E2F1 target sites, where it demethylates HK20me1, 

serving as a coactivator for genes required for cell cycle progression (Liu et al. 2010). This 
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activity is regulated in a cell cycle dependent manner whereby Cdk1-mediated phosphorylation 

leads to Phf8’s dissociation from the chromatin and M-phase progression (Liu et al. 2010). 

Knockdown of PHF8 in cell culture leads to a reduction in the transcription of both rRNA and 

E2F1 targets, causing a slight accumulation of cells in the G1 & M phases of the cell cycle and a 

subtle decrease in cellular division rates (Liu et al. 2010; Feng et al. 2010). 

At a genome wide level, PHF8 has a rather large number of targets aside from rDNA and 

genes involved in cell-cycle progression. Depending on the cell type analyzed, ChIP-seq and 

ChIP-ChIP data suggest that PHF8 targets between 7,000 and 14,000 loci (Kleine-Kohlbrecher et 

al. 2010; Liu et al. 2010; Fortschegger et al. 2010; Qi et al. 2010; Wang et al. 2014). PHF8 is 

found primarily enriched around the transcription start site, though, enrichment is also seen 

within gene bodies and in intergenic regions (Kleine-Kohlbrecher et al 2010; Qi et al. 2010; Liu 

et al. 2010; Fortschegger et al. 2010). Of note, PHF8 binding sites show extensive overlap with 

H3K4me3, likely due to direct binding by the PHD domain. However, binding at non-H3K4me3 

loci also occurs with a frequency of 5% to 20% depending on the cell type (Kleine-Kohlbrecher 

et al. 2010; Fortshegger et al. 2010; Liu et al. 2010), suggesting additional mechanisms by which 

PHF8 is recruited to chromatin. 

In spite of PHF8’s extensive list of genic target loci, knockdown of PHF8 leads to very 

subtle changes in gene expression, with only between 5% and 7% of PHF8-bound transcripts 

becoming misregulated (Fortschegger et al. 2010; Wang et al.2014).  The majority – roughly 

two thrids – of these misregulated genes become downregulated following PHF8’s knockdown 

in vitro. Surprisingly, however, analysis of PHF8 binding among the misregulated genes shows 

relatively equal enrichment at promoters of down- and upregulated genes, with around 60% 
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being bound by PHF8 in either case (Fortschegger et al. 2010; Wang et al. 2014). The fact that 

strength of PHF8 binding at a locus is not a good indicator of whether or not it will be down- or 

upregulated following PHF8 loss is surprising given PHF8’s substrate specificity and suggests 

that PHF8 may have additional functions as a transcriptional repressor. In keeping with this 

notion, PHF8 co-occupies promoters with the silencing factor REST, though a direct interaction 

has not yet been demonstrated (Wang et al. 2014). Additionally, PHF8 is found in complexes 

with the repressive H3K4me1/2 demethylase LSD1 (Yatim et al. 2012), further indicating it may 

act as a transcriptional repressor.  

In summary, the molecular studies of PHF8 to date indicate a number of interesting 

features.  PHF8’s ability to bind H3K4me3 not only provides a mechanism of recruitment, but 

also allosterically activates its demethylase activity, allowing it to adjust to the local chromatin 

structure at target loci. PHF8’s preference toward H3K9me1/2, H4K20me1 and H3K27me2 and 

a number of functional experiments in cell culture support its role in transcriptional activation, 

although it also appears to have a context-dependent repressive function. The relatively small 

changes in gene expression observed on PHF8 loss suggest that despite the large number of 

genomic targets, PHF8 plays only a modest role in gene regulation.  

 

Phf8’s role in development 

Initial insights into PHF8’s function during development came from human genetics 

studies linking it to intellectual disability and cleft lip/palate (Laumonnier et al. 2005; Abidi et al. 

2007; Koivisto et al. 2007). The first animal study describing a mutation of PHF8 was a loss of 

function mutation for the gene F29B9.2 in C. elegans (Kleine-Kohlbrecher et al. 2010). F29B9.2 
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displays in vitro demethylation activity toward H3K9me2 and H3K27me2 and represents one of 

two sequences in C. elegans homologous to Phf8’s family of proteins, which includes Phf8, Phf2, 

and Kdm7a (Shi & Whetstine 2007). RNAi mediated knockdown of F29B9.2 leads to locomotion 

defects, which are rescued by re-expressing F29B9.2 from a pan-neuronal promoter (Kleine-

Kohlbrecher et al. 2010). This phenotype indicated a role for F29B9.2 in controlling C. elegans 

behavior, however it is not clear which member of Phf8’s family this models as all three are 

expressed in the brain/neurons and have H3K9me2/H3K27me2 demethylation activity (Kleine-

Kohlbrecher et al. 2010; Qiu et al. 2010; Huang et al. 2010; Baba et al. 2011; Hasenpusch-Theil 

et al. 1999). 

Additional evidence suggesting that Phf8 has a non-redundant role in development has 

been provided from morpholino oligonucleotide (MO) knockdown experiments in zebrafish. 

Interestingly, MO-mediated knockdown of the single Phf8 homolog in zebrafish, zPHF8, leads to 

both craniofacial defects and additional complications in the central nervous system (CNS) (Qi 

et al. 2010). Specifically, zPHF8 morphants do not develop a lower jaw and have under 

developed pharyngeal arches, potentially analogous to the cleft palates observed in human 

patients. Moreover, zPHF8 morphants display increased apoptosis within the CNS during 

development, further supporting a possible role in neural development. These phenotypes 

were linked to dysregulation of the transcription factor msxb, whose mRNA was able to 

partially rescue the craniofacial and CNS defects in morphants. While these results certainly 

implicate PHF8 in animal development, additional genetic studies are required to determine 

PHF8’s role specifically in mammalian development and in regulating more complex behaviors. 
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Functions of PHF8 in cancer 

 

Emerging roles of Phf8 in tumorigenesis 

Apart from its involvement in craniofacial development and the central nervous system, 

PHF8 appears to be associated with multiple types of cancer. For example, PHF8 has been 

implicated in prostate cancer, T-cell acute lymphoblastic leukemia (T-ALL), acute promyelocytic 

leukemia (APL), esophageal squamous cell carcinoma, non-small cell lung cancer (Bjorkman et 

al. 2012; Yatim et al. 2012; Arteaga et al. 2013; Sun et al.2013; Shen et al. 2014). PHF8’s role in 

governing cell growth and division would provide a plausible mechanism by which it contributes 

to malignant growth. Although this does indeed appear to be the case in prostate cancer and 

esophageal squamous cell carcinoma, PHF8’s function in other forms of cancer has proven to 

be more complicated. In APL, for example, PHF8 seems to mitigate tumor resistance upon 

treatment with all-trans retinoic acid in vitro and in vivo by promoting activation of RARα target 

genes and granulocyte differentiation (Arteaga et al. 2013), suggesting that PHF8 actually 

behaves as a tumor suppressor here. This example, however, is rather unique, with PHF8 

behaving as an oncogene in all other cancers it has been linked to thus far. While much remains 

unknown about its role in driving cancer, the best lines of evidence in support of PHF8’s 

oncogenic potential have come from studies of its role in prostate cancer and T-ALL. 

 

Phf8 regulates extracellular matrix and motility in prostate cancer 

The first evidence to suggest that PHF8 has a function in cancer came from an siRNA 

screen of epigenetic factors in prostate cancer cell lines (Bjorkman et al. 2012). PHF8 was the 
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only validated demethylase that reduced proliferative capacity of the cancer cell lines in vitro 

and was found to be significantly over-expressed in primary tumors when compared to normal 

prostate tissue. Additionally, it was later demonstrated that PHF8 knockdown in these cell lines 

significantly reduces, but does not completely ablate, their ability to form tumors in an in vivo 

xenograft model (Ma et al. 2015).  

Interestingly, PHF8 may have multiple functions in prostate cancer. Expression of PHF8 

in primary prostate tumors is correlated with the expression of multiple genes involved in 

cytoskeletal regulation and cell motility (Bjorkman et al. 2012). Accordingly, PHF8 knockdown in 

prostate cancer cell lines results in reduced motility and colony forming potential in 3D culture 

(Bjorkman et al. 2012). This finding could indicate that Phf8 is involved in controlling invasion 

and metastasis, however further studies will be needed to determine the nature of this 

regulation in vitro as well as its validity in vivo. It remains unclear how PHF8 knockdown 

contributes to the reduced growth rates observed in prostate cancer cell lines. For example, 

one study observed extensive apoptosis following PHF8 knockdown (Ma et al. 2015) while 

another study detected a slight reduction in the fraction of cells in S-phase but without a 

significant increase in apoptosis (Bjorkman et al. 2012), similar to what has been reported for 

PHF8 knockdown in untransformed cell lines (Liu et al. 2010; Feng et al. 2010). Though 

additional clarification is needed, these lines of evidence were some of the first to link PHF8 to 

the development of cancer. 

Phf8 cooperates with Notch1 to drive T-ALL 

T-ALL is a highly aggressive hematological cancer propagated by the expansion of 

immature T-cell lymphoblasts (Grabher et al. 2006). Activity of the Notch pathway is central to 
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the development of the disease in mice and humans; activating mutations in NOTCH1 are found 

in over 50% of human patients and expression of constitutively active Notch1 in the bone 

marrow is sufficient to cause T-ALL in mice (Weng et al 2004; Pear et al. 1996).  Under normal, 

homeostatic conditions, activation of the Notch pathway plays a central role in T-cell 

development, being required for T-cell specification, proliferation and survival in the thymus 

(Yashiro-Ohtani et al. 2010). In T-ALL, hyper-activation of this pathway leads to an aberrant 

expansion of CD4/CD8 double positive T-cell progenitors within the thymus, which rapidly 

spreads to the peripheral blood and tissues (Grabher et al. 2006). Notch’s oncogenic activity is 

driven in large part through its intracellular domain (ICN), which is freed from the plasma 

membrane and translocates to the nucleus upon activation (Kopan & Ilagan 2009). In the 

nucleus, ICN cooperates with a co-activator complex, which includes MAML and CSL to trigger 

direct transcriptional activation of target genes (Kopan & Ilagan 2009). In an attempt to identify 

additional cofactors important for Notch target gene activation and tumorigenesis, Yatim and 

colleagues (2012) immunoprecipitated the ICN-MAML-CSL complex from human T-ALL cell 

lines. Among the ICN interacting partners identified in this study were several chromatin-

modifying proteins, including PHF8. 

Importantly, PHF8 was found to be recruited to key NOTCH1 target genes where it was 

required for H3K9me1/2 and H3K27me2 demethylation and efficient activation of transcription 

(Yatim et al. 2012). Knockdown of PHF8 in these cell lines reduced the expression levels of 

multiple NOTCH target genes. Notably, this silencing phenotype was rescued by re-expression 

of full-length PHF8, but not by a catalytically dead mutant, nor full-length PHF8 in the presence 

of a NOTCH inhibitor. This indicates that PHF8’s demethylase activity is critical for activating 
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NOTCH targets and that it is capable of responding to NOTCH signaling within the cell. PHF8’s 

role in affecting NOTCH signaling during T-ALL was further demonstrated by showing that 

knockdown of PHF8 with a single shRNA reduces the proliferation rates of T-ALL lines in vitro 

and renders them incapable of forming tumors in a xenograft model. These results not only 

suggested that Phf8 may play a crucial role in the tumorgenicity of T-ALL, but also identified ICN 

as one of only a handful of non-general transcription factors known to be capable of recruiting 

PHF8 to specific loci. Whether or not Phf8 can contribute to T-ALL in a non-xenograft in vivo 

model, however, remains an open question. These observations also raise the interesting 

possibility that Phf8 may be required for normal thymocyte development, given its apparent 

role in Notch signaling and the fact that it is highly expressed within the thymus (Suppl. Fig. 1).  

 

Pathways involved in anxiety, depression and resilience in mammals 

 

Prevalence and features of anxiety and depression 

Anxiety disorders and depression represent very serious and debilitating conditions; 

depression is the leading cause of years lost to disability worldwide, while anxiety disorders 

rank fifth (Vos et al. 2012). Annually, 18% and 7% of US adults suffer from anxiety disorders and 

depression, respectively (Kessler et al. 2005; SAMHSA, 2013). One major factor contributing to 

these statistics is the lack of effective treatments. The response of patients to available 

antidepressant medications is poor, an estimated remission rate as low as 30% (Trivedi et al. 

2006). Response rates in the treatment of anxiety disorders are generally higher, however, 

there remain between 15% and 40% of patients for which current treatments are unable to 
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provide an alleviation of symptoms (Bystritsky 2006). These shortcomings emphasize the 

importance of research into the mechanisms and causes of these syndromes in order to identify 

new targets and develop new treatments.  

Anxiety disorders, which include posttraumatic stress disorder (PTSD), panic disorder, 

social anxiety disorder and general anxiety disorder, are characterized by unwarranted fear in 

benign situations (Shin & Liberzon 2010), while the hallmarks of depression include a negative 

world- and self-view, increased sensitivity to negative psychological feedback, and an inability 

to experience pleasure (Willner et al. 2013). Though anxiety and depression represent distinct 

psychiatric disorders with differing clinical manifestations, they occur with a staggering degree 

of comorbidity – by some estimates as high as 90% (Kessler et al. 1994; Gorman 1996). 

Additionally, there is a significant overlap between both the neural circuitry involved in 

controlling these disorders and the types of effective treatments (Ressler & Mayberg 2007). 

 

Neural circuits controlling anxiety and depression 

Our understanding of the multitude of inputs that contribute to the development of 

anxiety disorders and depression is derived from fMRI studies in human patients as well as 

genetic animal models. Together, these studies have helped define the corticolimbic neural 

networks involved in development and potentiation of each of these disorders, which will be 

summarized here. In the case of anxiety, the signaling circuits are closely linked to those that 

control fear (Davis et al. 2010). The amygdala, the fear center of the brain, integrates sensory 

information with additional inputs and cross-talk from forebrain structures, most notably, the 

prefrontal cortex and hippocampus (Tovote et al. 2015). When activated, the amygdala outputs 
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to the hypothalamus, activating the hypothalamus-pituitary-adrenal axis, which ends in the 

systemic release of the stress-associated hormone cortisol/corticosterone (Willner et al. 2013). 

In a healthy individual, this circuit functions to elicit a fear in response to threatening stimuli. 

However, in anxiety disorder patients, a misregulation of this circuit leads to a sustained 

activation of the amygdala resulting in a fear-like response in the absence of a real threat (Davis 

et al. 2010). Interestingly, the same regions also participate in the signaling network of 

depression, which further includes the ventral tegmental area and the nucleus accumbens, the 

reward center of the brain. The nucleus accumbens is the largest component of the ventral 

striatum, which integrates signals from the prefrontal cortex, hippocampus, and ventral 

tegmental and its output is responsible for reward anticipation and seeking positive outcomes 

(Willner et al. 2013). In cases of depression, this activity of the nucleus accumbens appears 

dampened in response to rewarding stimuli (Pizzagalli et al. 2009; Robinson et al. 2012). 

Conversely, the amygdala is hyperactive in depressed patients, activity which is linked to the 

heightened response to negative stimuli (Sheline et al.2001; Siegle et al. 2002).  

 

Molecular pathways contributing to anxiety and depression 

An additional similarity between anxiety disorders and depression is that they both 

seem to result from a maladaptive response to stressful life events (Heim & Nemeroff 1999). 

When faced with such a stressor, some individuals are capable of successfully coping while 

others develop either an anxiety disorder or depression. The understanding of the mechanisms 

which mediate this coping response, referred to as resiliency (Charney 2004; Rutter 2006), 

could be of prime importance in identifying future treatments. Resiliency is influenced by both 
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environmental and genetic factors, the identification of which is an area of active research. In 

rodents and humans, resiliency appears to be an adaptive process associated with molecular 

changes in key regions of the brain (Krishnan et al. 2007). Studies on human patients, which are 

typically limited to circulating factors (i.e. hormones), have elucidated a number of molecular 

pathways implicated in this process. However, the majority of these findings are associations, 

still awaiting confirmation in animal models. 

Considerable effort has been put into identifying genetic causes and contributors to 

anxiety and depression. Though the field has been hindered by inconsistencies between studies 

from both candidate gene approaches and genome wide association studies (Cohen-Woods et 

al. 2013), a few promising molecular pathways have emerged. These pathways, which will be 

summarized below, include glucocorticoid signaling, neuropeptide Y (NPY) signaling, BDNF 

signaling, and, notably, the serotonin signaling pathway (Cohen-Woods et al. 2013; Flint & 

Kendler 2014; Gatt et al. 2014). 

 

Serotonin signaling in anxiety and depression and anxiety disorders 

The serotonin signaling pathway has long been linked to anxiety and depression as 

selective serotonin reuptake inhibitors (SSRIs), which act to potentiate serotonin signaling at 

the synapse, are the most commonly prescribed treatment for both anxiety disorders and 

depression (Vaswani et al. 2003). More recently, multiple genes in this pathway have been 

linked to depression through analysis of common genetic variants in genome-wide association 

studies (GWAS), including the serotonin transporter SLC6A4 (Furlong et al. 1998; Anguelova et 

al. 2003; Lasky-Su et al. 2005; Lopez-Leon et al. 2008; Clarke et al. 2010) along with the 
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serotonin receptors HTR1A (Lopez-Leon et al. 2008; Kishi et al. 2009; Kishi et al. 2013), HTR2A 

(Anguelova et al. 2003; Lopez-Leon et al. 2008;  Jin et al. 2013) and HTR1B (Lopez-Leon et al. 

2008). On the molecular side, the study of post-mortem tissues from depressed suicide victims 

has indicated a decrease in serotogenergic projections to the prefrontal cortex (Austin et al. 

2002). Additionally, patients suffering from depression or panic disorder display significantly 

reduced levels of the 5-HT1A receptor (the gene product of Htr1a) in the prefrontal cortex 

(Drevets et al. 2000; Lopez-Figueroa et al. 2004; Moses-Kolko et al. 2008; Neumeister et al. 

2004). Similar results have been observed for 5-HT2A (HTR2A) (Attar-Levy et al. 1999; Yatham 

et al. 2000; Lopez-Figueroa et al. 2004; Mintun et al. 2004). However, some conflicting results 

with respect to 5-HT2A binding potential have been reported (Meyer et al. 2003; Bhagwagar et 

al. 2006), possibly owing to medications the patients were taking at the time (Savits & Drevets 

2013). Finally, expression of the 5-HT1B receptor, though less extensively characterized in these 

contexts, is reduced in the ventral striatum/nucleus accumbens and pallidum of patients 

suffering from depression (Murrough et al. 2013). Though conclusions on the functional nature 

of the role of serotonin signaling in anxiety and depression cannot be drawn from these data 

alone, they argue that the prefrontal cortex and hippocampus likely have blunted serotonin 

signaling in the context of these diseases.  

Studies in animal models of anxiety and depression have shed additional light on the 

function of the serotonin transporter and receptors in these disorders. First, mice deficient for 

either Slc6a4 or Htr1a display increased signs of anxiety and depression across a panel of assays 

(Lira et al. 2003; Zhuang et al. 1999). Importantly, restoration of the 5-Ht1a receptor solely in 

the excitatory neurons of the cortex and hippocampus of the Htr1a knockout mouse is 
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sufficient to rescue the anxiety and depression phenotypes (Gross et al. 2002), suggesting that 

serotonin signaling specifically in these regions is responsible for the disorder. Additionally, 

overexpression of Htr1a produces the opposite phenotype, conferring resilience to anxiety and 

depression in mice (Kusserow et al.2004). Conversely, loss of either Htr1b or Htr2a reportedly 

confers resilience (Zhuang et al. 1999; Weisstaub et al. 2006). Though these results may appear 

contradictory to the human observations, receptor-specific agonists for 5-Ht1b and 5-Ht2a can 

also cause resiliency in rodents (Onaivi et al. 1995; Ripoll et al. 2005; Ripoll et al. 2006), 

indicating that precise levels of receptor signaling are important in depression and anxiety and 

that the hyperactivity of either of these receptors also has the potential to impart resiliency. 

Although the underlying mechanisms are not fully understood, a wealth of genetic and 

pharmacologic evidence from both humans and rodents has implicated serotonin signaling and 

these serotonin receptors in anxiety disorders and depression.  

 

Additional molecular mechanisms regulating anxiety disorders, depression and resiliency 

Though they will not be the focus of this thesis, a number of additional pathways and 

mechanisms have been linked to anxiety, depression and resiliency, which will be briefly 

summarized here. One such pathway, the hypothalamic-pituitary-adrenal (HPA) axis, lies at the 

center of the body’s stress response (Herman et al. 1997). A major output of the HPA axis is the 

release of multiple glucocorticoid hormones, a few of which have been directly linked to 

anxiety disorders and depression. For example, examination of cortisol releasing hormone, 

cortisol, and dehydroepiandrosterone in human plasma and cerebrospinal fluid has revealed a 

correlation between each of these hormones and posttraumatic stress disorder (PTSD) or 
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depression (Bremner et al. 1997; Baker et al. 1999; Yehunda et al. 2006a; Stetler & Miller 2011). 

Aside from the HPA-released hormones, low plasma levels of testosterone have been reported 

in male patients suffering from either PTSD (Mulchahey et al. 2001) or major depressive 

disorder (Pope et al. 2003). Further, men suffering from treatment-resistant depression 

supplemented with testosterone displayed an alleviation of symptoms (Pope et al. 2003), 

suggesting a protective role for this hormone. Finally, there is evidence to suggest that the 

peptide-neurotransmitter NPY may also contribute to both depression and anxiety disorders. It 

has been demonstrated that patients with treatment-resistant major depression display 

reduced NPY levels in cerebrospinal fluid (Heilig et al. 2004). Further, combat exposed veterans 

with PTSD show reduced levels of NPY when compared to those did not develop PTSD, 

indicating that NPY may be actively involved in conferring resilience here (Yehuda et al. 2006b). 

 

Animal models of resiliency 

A functional characterization of the pathways involved in anxiety disorrdres, depression 

and, importantly, resiliency holds the potential for the development of novel treatments. 

Animal models have provided us with a number of insights into the molecular nature of these 

processes, functionally defining roles for a number of novel proteins acting here. Of the more 

significant of these is BDNF, which has also been associated with major depression by one 

genome wide association study (Verhagen et al. 2010), but not in independent studies (Lopez-

Leon et al. 2008, Gyekis et al. 2013). In mice, BDNF signaling to the nucleus accumbens from 

the ventral tegmental area is found to be increased specifically in animals susceptible to anxiety 

and depression when compared to a subset of animals, which were found to be spontaneously 
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resilient (Krishnan et al. 2007). Moreover, knockdown of BDNF in the VTA leads to the 

acquisition of resiliency in mice, highlighting the importance of BDNF signaling from the VTA to 

the nucleus accumbens in these disorders (Krishnan et al. 2007). Differing expression patterns 

within the nucleus accumbens itself have also been shown to contribute to resiliency (Vialou et 

al. 2010; Wilkinson et al. 2011). For example, forced expression of the transcription factor 

ΔFosB or it’s transcriptional target GluR2 specifically in the nucleus accumbens is sufficient to 

push susceptible mice toward resiliency (Vialou et al. 2010). 

A role in resiliency has been attributed to neurons in the prefrontal cortex as we;;, 

where increased neuronal activity was observed specifically in resilient animals (Krishnan et al. 

2007; Adamec et al. 2012). This finding has been functionally linked to resiliency via direct 

optogenetic activation of the neurons in the prefrontal cortex, which is capable of reducing 

depression-associated behaviors (Covington et al. 2010). In spite of all of these findings, 

however, our understanding of the complex processes that play into anxiety disorders, 

depression and, importantly, resiliency is far from complete. Expanding our knowledge of the 

pathways involved in these disorders could be fundamental in improving available treatment 

options.  
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Chapter 2 

The role of Phf8 in murine behavior and development 
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Abstract 

 

Phf8 is an X-linked histone demethylase capable of catalyzing the demethylation H3K9, 

H3K27 and H4K20. Mutations of PHF8 have been found in patients with X-linked mental 

retardation and cleft lip/palate. Transient suppression of Phf8 expression in zebrafish 

reportedly causes craniofacial and central nervous system abnormalities during development. 

However, the functional role of Phf8 in mammalian development and physiology remains 

unexplored. Here, we examined the biology of Phf8 in developing and adult mice by generating 

the first mammalian knockout model. Unexpectedly, Phf8 deficient mice do not display obvious 

developmental defects, are born at Mendelian ratios and survive to adulthood. While we failed 

to detect signs of intellectual disability, we uncovered a striking resilience to anxiety and 

depression upon loss of Phf8. Expression analysis of mutant mice revealed a misregulation of 

serotonin signaling within the prefrontal cortex. Moreover, we show that Phf8 directly binds to 

regulatory regions of the serotonin receptor genes Htr1a, Htr1b and Htr2a in the neocortex, 

providing a molecular explanation for the observed behavioral phenotype. Our results clarify 

the functional role of Phf8 in mammalian development and adult behavior and establish a 

direct link between Phf8 expression and serotonin receptor regulation. 

 

Introduction 

 

Phf8 has been predominantly studied as a transcriptional activator through its ability to 

demethylate the repressive histone modifications H3K9me1/2, H3K27me2 and H4K20me1 
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(Kleine-Kohlbrecher et al. 2010; Feng et al. 2010; Loenarz et al. 2010). More recent data 

indicate that Phf8 may also repress transcription of certain target genes, although the 

underlying mechanisms remain unknown (Wang et al. 2014). In addition to its role as a histone 

demethylase, Phf8 functions as a chromatin reader by directly binding H3K4me3 through a 

pocket in its PHD domain, enabling recruitment to chromatin (Feng et al. 2010; Kleine-

Kohlbrecher et al. 2010).  

Mutations in PHF8 have previously been identified in a subset of patients with X-linked 

intellectual disability, which is often accompanied by cleft lip/palate (Laumonnier et al. 2005), 

suggesting a causative role. Molecularly, Phf8 directly binds to ribosomal DNA and E2F1 targets 

in HeLa and U2OS cells (Feng et al. 2010; Fortschegger et al. 2010; Chen et al. 2010; Liu et al. 

2010), facilitating their activation. Accordingly, knockdown of Phf8 in these cell lines results in a 

cellular growth defect. However, it remains unclear whether defects in cellular proliferation 

also underlie the observed behavioral symptoms in patients. Notably, suppression of a homolog 

of the PHF family of demethylases reportedly leads to behavioral abnormalities in C. elegans 

(Kleine-Kohlbrecher et al. 2010). Moreover, morpholino-mediated knockdown of Phf8 in 

zebrafish results in the development of brain and craniofacial abnormalities, in part through 

direct regulation of the msxb gene, which is functionally involved in craniofacial development 

(Qi et al. 2010).  

Phf8’s role in mammalian development and behavior, however remains unexplored. 

Moreover, studies on Phf8 in cultured mammalian cells have thus far been confined to shRNA-

mediated approaches, which may exhibit off-target effects not observed in a knockout 

(Welstead et al. 2012). To overcome these limitations and investigate the biological role of Phf8 
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in a mammalian organism, we generated and analyzed the first Phf8 knockout (KO) mouse 

model.  

 

Results 

 

Generation of a Phf8 knockout allele 

To generate a knockout (KO) allele, we introduced loxP sites flanking exons 7 and 8 of 

the Phf8 locus by conventional targeting in embryonic stem cells (ESCs).  We chose those exons 

as they encompass roughly half of the catalytic JmjC domain, including a highly conserved 

histidine residue essential for the demethylation function of Phf8 (Qi et al. 2010) (Fig. 2.1a). 

Moreover, Cre-mediated deletion of these exons is expected to cause a frameshift mutation 

and thus a nonfunctional protein. Briefly, the Phf8 targeting construct was electroporated into 

V6.5 ESCs, exposed to drug selection, and correctly targeted clones were subsequently 

identified by Southern blot analysis. Verified clones were then electroporated with a plasmid 

transiently expressing Cre recombinase to generate Phf8 KO ESCs (Fig. 2.1b).  

We confirmed loss of Phf8 in these cells by Western blot analysis and RNA-sequencing 

(Fig. 2.1c&d). Notably, examination of H3K9me1/2, K3K27me2 and K4K20me1 levels in Phf8 KO 

and control ESCs using Western blot analysis failed to show significant differences, indicating 

that loss of Phf8 does not lead to a global misregulation of these covalent modifications (Fig. 

2.1e). 
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Loss of Phf8 impairs cell growth in cultured stem, progenitor and differentiated cells 

Knockdown of Phf8 reportedly causes growth defects in transformed cell lines. To assess 

whether this phenotype is also seen in primary cells lacking the endogenous Phf8 gene, we 

determined growth rates of Phf8-deficient embryonic fibroblasts (MEFs), neural progenitor cells 

(NPCs) and ESCs. Deletion of Phf8 impaired the proliferation potential of MEFs, NPCs and ESCs 

compared to wild type controls, suggesting that this histone demethylase regulates growth 

potential in vitro in multiple primary cell types regardless of differentiation stage and tissue 

origin (Fig. 2.2a-d). It is worth mentioning that despite the subtle proliferation defect, Phf8-/- 

NPCs and ESCs were capable of continuous self-renewal in the presence of appropriate 

cytokines (data not shown).  

To identify possible downstream regulators of Phf8 that may cause the observed 

proliferation defect, we performed RNA-sequencing of Phf8-deficient and wild type NPCs and 

ESCs. Surprisingly, loss of Phf8 did not lead to major expression differences between Phf8 KO 

and WT ESCs and NPCs, and unbiased hierarchical clustering was unable to separate samples by 

genotype (Fig. 2.3a). However, a closer inspection of differentially expressed genes revealed a 

slight downregulation of multiple cell cycle regulators, including Rbl1, Ccnb2 and Aurka (Fig. 

2.3b&c), thus providing a potential explanation for the observed growth deficit. 

 

Phf8 KO mice are viable and do not show developmental defects or clefting 

Given the reported brain and craniofacial defects in Phf8 knockdown zebrafish embryos 

and the association between PHF8 mutations and cleft/palate in patients, we next asked 

whether Phf8 KO mice are born at sub-Mendelian ratios due to developmental defects or  
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clefting. However, Phf8 KO mice were recovered at the expected Mendelian ratios and survived 

to adulthood (Fig. 2.4a&b), demonstrating that Phf8 is not required for embryonic development 

or postnatal survival. Moreover, we failed to detect obvious craniofacial abnormalities including 

cleft palate in Phf8 KO mice (Fig. 2.4c), suggesting either species-specific differences between 

zebrafish, mice and humans, compensation by other molecules or an incompletely penetrant 

phenotype.  

We were also unable to detect any gross physiologic abnormalities or differences in the 

weight of adult Phf8 KO mice compared to WT controls (Fig. 2.4d), which is in contrast to the 

growth deficit of cultured Phf8 null cells. However, a closer examination of the brain revealed a 

subtle yet significant reduction in the volume of the striatum (Fig. 2.5a&b) even though total 

brain size and architecture appeared normal  (Fig. 2.5c&d). Of note, behavioral abnormalities 

have been associated with defects of the striatum, which prompted us to evaluate potential 

behavioral phenotypes in Phf8 KO mice.  

 

Behavioral assessment of Phf8 KO mice 

We subjected Phf8 KO mice to a battery of behavioral assays to determine whether they 

mirror the intellectual deficits observed in PHF8 deficient patients (Table 2.1). Briefly, we 

utilized the radial arm maze assay as an assessment of working memory and the contextual fear 

conditioning assay as a measure of learning, either of which would be expected to be disrupted 

in a mouse model of intellectual disability (Demas et al. 1996; Mineur et al. 2002; Moretti et al. 

2006; Bianchi et al. 2010). Surprisingly, neither assay detected any signs of intellectual disability 
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in mice lacking Phf8 (Fig. 2.6a&b), suggesting that the loss of Phf8 in this mouse background is 

not sufficient to cause intellectual disability. 

 

Phf8 deficient mice are more resilient to anxiety and depression 

We next evaluated whether Phf8 KO mice exhibit aberrant behavior in response to 

stress-inducing stimuli. Towards this end, we subjected Phf8 KO animals to an open field test, 

which measures the preference of animals to spend time in the center or periphery of an open 

chamber, a readout for anxiety (Fig. 2.7a; Heredia et al. 2014). This assay showed that Phf8 KO 

mice were more active than controls within the first 15 minutes of the assessment and they 

spent more time in the center of the chamber, suggesting reduced anxiety (Fig. 2.7b&c). To 

measure anxious behavior with an independent assay, we next performed an elevated plus 

maze test (Walf & Frye 2007). In this assay, mice are placed at the center of an elevated four-

armed maze with two open and two covered arms; the amount of time a mouse spends in the 

covered versus the open arms provides a readout of the animal’s anxiety (Fig. 2.7d). We find 

that mice Phf8 mutant mice spend significantly less time in the closed arms and more time in 

the open arms, which supports the notion that loss of Phf8 leads to a decrease in anxiety (Fig. 

2.7e&f). Although we failed to detect a significant difference between the Phf8 KO and WT mice 

using a third anxiety test, the light-dark box assay (Fig. 2.7g&h; Kulesskaya & Voikar 2014), our 

results suggest an unexpected involvement of Phf8 in conferring resiliency to anxiety in certain 

anxiogenic situations. 

Anxiety and depression are regulated by overlapping pathways (Ressler & Mayberg 

2007) and both conditions show a significant degree of comorbidity (Kessler et al. 2005). We  
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therefore tested whether Phf8 KO mice also exhibit a depressive phenotype. We first employed 

a forced swim assay where the mouse is placed into a water-filled beaker in order to measure 

immobility time and the latency before the animal first begins to swim, which correlate with 

depressive behavior (Fig. 2.8a; Castagne et al. 2011). In keeping with the reduced anxiety 

phenotype, we observed that Phf8 KO mice spend significantly less time immobile than their 

WT counterparts (Fig. 2.8b). Moreover, Phf8 KO animals display a striking increase in latency 

before the first period of immobility (Fig. 2.8c). However, we noticed that Phf8 KO mice did not 

show significant differences compared to controls in immobility time using the alternative tail 

suspension assay (Fig. 2.8d&e; Castagne et al. 2011). Thus, to further characterize Phf8’s role in 

depression, we subjected Phf8 KO mice to a social defeat paradigm, which represents yet 

another, robust measurement of depressive behavior (Avgustinovich et al. 2005). In brief, 

experimental mice are subject to social defeat by exposure to a more aggressive mouse over a 

10-day training period. Subsequently, experimental mice are placed into a new cage containing 

a novel mouse. The amount of time the experimental mouse spends in an “interaction zone” 

around the novel mouse versus in the opposite, serving as a readout for social avoidance and 

hence depression (Fig. 2.8f). Defeated wild type mice showed evidence of social avoidance, as 

detected by less time spent in the interaction zone and more time in the corners when 

compared to an undefeated wild type animal (Fig. 2.8g&h). In contrast, Phf8 KO mice did not 

display any signs of avoidance behavior following social defeat, spending a comparable amount 

of time in the interaction zone and corners as undefeated Phf8 KO and wild type animals. 

Together these data suggest that Phf8 KO mice have a remarkable resiliency to anxiety and 

depression using several independent stress-inducing paradigms.  
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Loss of Phf8 leads to molecular defects in the prefrontal cortex 

To understand the molecular and cellular basis for the observed phenotype, we first 

determined Phf8 expression patterns in the brain, which remain poorly characterized. In adult 

mice, Phf8 protein is broadly expressed across forebrain neurons of the neocortex, with 

strongest expression detectable in layer V, the CA1 and CA3 regions of the hippocampus, and 

throughout the ventral striatum (Fig. 2.9a-d).  Considering that altered gene expression in each 

of these structures has previously been linked to specifically to resiliency to depression 

(Covington et al. 2010; Vialou et al. 2010; Taliaz et al. 2011), we began our molecular analysis 

by performing RNA-sequencing on the ventral striatum and prefrontal cortex of Phf8 KO and 

WT animals. Unlike global expression analysis of ESC and NPC samples, which failed to show a 

separation of Phf8 KO and wild type samples (Fig. 2.3a), we find that the transcriptomes of 

prefrontal cortex and ventral striatum samples cluster by genotype using unsupervised 

clustering (Fig. 2.10a). A comparison of differentially expressed genes between Phf8 KO and 

control samples revealed 73 upregulated and 169 downregulated genes within the prefrontal 

cortex, and 79 upregulated and 17 downregulated genes within the ventral striatum with a FDR 

<0.05 (Fig. 2.10b).  

To assess whether any particular biological processes are associated with the 

dysregulated genes in Phf8 KO cells, we next applied gene ontology (GO) analysis on the up- 

and downregulated gene sets (>1.4 fold change; FDR<0.05; Fig. 2.11a&b). We found that 

“hormone binding”, “amine receptor activity” and “serotonin receptor activity” were the top  
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enriched categories when considering upregulated genes in the prefrontal cortex (Fig. 2.11a), 

which is in agreement with the notion that serotonin signaling has an important role in 

modulating anxiety and depression (Ressler & Nemeroff 2000). We detected fewer GO 

categories when analyzing differentially expressed genes in the striatum. Moreover, a number 

of top differentially expressed genes between Phf8 KO and WT samples could not be validated, 

notably Oxt and Avp, suggesting contamination from the hypothalamus (Fig. 2.12a&b). Given 

the cleaner expression data of the prefrontal cortex and the well-established link between 

serotonin signaling and depression, we decided to focus on the molecular mechanisms by 

which Phf8 may perturb serotonin signaling in the remainder of this study.  

 

Phf8 directly regulates serotonin receptors in the neocortex 

Inspection of differentially expressed genes in the prefrontal cortex of Phf8 KO mice 

revealed upregulation of multiple serotonin receptors including Htr1b, Htr2a and Htr1a, which 

have previously been linked to anxiety and depressive phenotypes in rodents (Fig. 2.13a) 

(Zhuang et al. 1999; Onaivi et al. 1995; Ripoll et al. 2005; Ripoll et al. 2006). We confirmed 

upregulation of this serotonin receptor family in an additional cohort of Phf8 KO mice using RT-

qPCR (Fig. 2.13b), indicating that lack of Phf8 leads to a subtle yet significant misregulation of 

serotonin receptor signaling. 

We next sought to determine how Phf8 may cause the upregulation of these serotonin 

receptors. Given that Phf8 has specificity for repressive histone modifications, direct targets are 

expected to be downregulated in the absence of Phf8. We therefore considered the possibility 

that Phf8 may target a repressor of serotonin receptor expression. Towards this end, we  
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surveyed the expression levels of transcription factors that are predicted or known to bind to 

the promoter and enhancer elements of the Htr1a locus (Albert 2012). However, none of these 

candidate factors were differentially expressed between Phf8 KO and control mice (Fig. 2.14a), 

suggesting that Htr1a upregulation is unlikely to be the consequence of repression of a 

repressor.  

To explore whether Phf8 may be directly recruited to serotonin receptor loci to repress 

their expression, as has been observed for a subset of Phf8 targets (Fortschegger et al. 2010; 

Wang et al. 2014), we performed chromatin immunoprecipitation (ChIP) followed by 

quantitative PCR on the neocortices of Phf8 KO and wild type mice. We designed primers 

recognizing the promoters and putative enhancers of Htr1a, Htr1b and Htr2b, which were 

defined as conserved cerebral DNaseI hypersensitive sites upstream of the transcriptional start 

sites. Remarkably, we observed a significant enrichment of Phf8 binding at the promoters of all 

three receptors as well as at putative enhancers of Htr1b and Htr2a. However, no enrichment 

was found at the promoter region of the unrelated pluripotency factor Utf1 (Fig. 2.14b). 

Altogether, these data suggest that Phf8 recruitment to the serotonin receptor loci serves to 

repress their transcription, likely in combination with corepressors.  

 

Discussion 

 

Previously, multiple studies observed a reduced growth rate for cell lines on knockdown 

of Phf8 and further demonstrated a direct role for Phf8 regulating genes involved in cell cycle 

progression and cell growth (Feng et al. 2010; Fortschegger et al. 2010; Chen et al. 2010; Liu et  
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al. 2010). We have shown here that this phenomenon is also observed in primary ESCs, NPCs 

and MEFs that have a genetic deletion of Phf8. Though this function of Phf8 appears to be 

broadly reproducible in multiple types of cultured cells, it does not seem to have direct 

consequences for a developing animal. With the exception of the striatum, Phf8 KO mice are 

identical to their WT littermates in terms of size, indicating that this function of Phf8 is almost 

entirely compensated for during development. Further, though we can detect both RNA and 

protein from Phf8 in cultured NPCs, in vivo in adults, NPCs do not express high levels of this 

protein (see Fig. 2.9c). It is more likely that Phf8’s primary function in the adult brain is in 

regulating gene expression in one of the populations of post-mitotic neurons where it is more 

abundantly expressed.  

Our behavioral analysis did not indicate that Phf8 KO mice have deficits in either 

memory or learning, which we would have expected given the human condition associated with 

PHF8 mutations. It is difficult to say whether this was due to compensation in the strain we 

analyzed that was somehow absent in the human families studied or just due to intrinsic 

differences that exist between the mechanisms controlling learning behavior between mice and 

humans. However, it should be noted that the reported level of intellectual disability for PHF8 

mutation in humans was variable, with some individuals showing only very mild disability. This 

would suggest that there are additional genetic or environmental factors that contribute to the 

development of this disorder. Though these factors are currently unknown, perhaps future 

studies with this Phf8 KO model may be able to uncover them.  

We did, however, observe a striking behavioral deference between the Phf8 KO and WT 

mice in resiliency to anxiety and depression. Though unexpected, we were able to observe 



50 

 

resiliency in the Phf8 KO mice toward anxiety and depression through multiple independent 

behavioral paradigms (Table 2.1). Though this phenotype has not been reported in human 

patients with inactivating mutations in PHF8, possibly due to the additional intellectual 

disability phenotype present in humans, it nonetheless provided us with an intriguing possibility 

to gain insight into both Phf8’s function and the regulation of resiliency. 

The expression pattern of Phf8 in the adult brain provided us with a first insight into its 

possible functions. Here, we observed that Phf8 is abundantly expressed in multiple structures 

of the forebrain, including the prefrontal cortex, ventral striatum and hippocampus, which are 

known to contribute to resiliency toward anxiety and depression (Zhuang et al. 1999; Onaivi et 

al. 1995; Ripoll et al. 2005; Ripoll et al. 2006). Phf8 expression in the cortex is primarily within 

CaMKIIa+ excitatory neurons of layer V, though it is additionally expressed in a smaller subset of 

CaMKIIa- cells. Notably, layer V is also where the 5-Ht1a receptor is primarily expressed within 

the neocortex making it is likely that Phf8 is acting specifically in these cells to regulate the 

expression level of this receptor. Phf8 also shows an intriguing pattern of expression within the 

hippocampal formation; dorsally Phf8 is undetectable in the dentate gyrus, very strongly 

expressed in the CA3 region and again off or weakly expressed in the CA1 region. Of note, 

Phf8’s expression patter is the reverse of the 5-Ht1a receptor’s expression pattern in the dorsal 

hippocampus (Tanaka et al. 2012). 

Phf8’s apparent role in negatively regulating these serotonin receptors would seem 

counter-intuitive considering its histone substrate specificity. However, several lines of 

evidence suggest that it should not be entirely unexpected that Phf8 may act to facilitate gene 

repression. As discussed previously, evidence for this has been observed by multiple groups in 
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cell lines, where knockdown of Phf8 leads to an increase in the expression levels of a significant 

number Phf8’s direct targets (Fortschegger et al. 2010; Wang et al. 2014). Furthermore, Phf8 

has been found in complexes with the H3K3 mono- and di-demethylase Lsd1. Though so far 

these Phf8-Lsd1 containing complexes have only been shown to act as coactivators (Yatim et al. 

2012), it is not inconceivable that in certain contexts the H3K4 demethylase activity of Lsd1 in 

association with Phf8 may act to repress transcription. Finally, the closely related histone 

demethylase Phf2, which shares Phf8’s specificity toward H3K9me2 (Baba et al. 2011), has been 

demonstrated to act as a repressor in some contexts by recruiting the H3K9 methyltransferase 

Suv39h1 (Shi et al. 2014).  

The role which serotonin signaling plays in anxiety and depression is complex and an 

area of active research, however, there are multiple lines of evidence that suggest the increase 

in serotonin receptors we observe is likely involved in the resiliency phenotype of the Phf8 KO 

mice. SSRIs, which act to enhance serotonin signaling by inhibiting its reuptake, are among the 

most commonly prescribed antidepressants and antianxiety medications (Vaswani et al. 2003). 

In addition, multiple laboratories have reported a reduced 5-HT binding potential of the 5-HT1A 

receptor in the prefrontal cortex and hippocampus and of 5-HT2A in the prefrontal cortex in 

patients of depression (Savitz & Drevets 2012). Further, HTR1B mRNA was found reduced 

within prefrontal cortex and hippocampus of post-mortem tissue from suicide victims (Anisman 

et al. 2008). In addition, functional data from numerous animal models suggests a strong link 

between the expression levels of serotonin receptors and anxiety and depression. First, mice 

null for Htr1a display increased anxiety and depression in an array of assays (Zhuang et al. 

1999) with overexpression of the receptor producing the opposite phenotype (Kusserow et 
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al.2004). Although the 5-Ht1a, 5-Ht1b and 5-Ht2a receptors have differing or even opposing 

effects on cortical neurons, it has additionally been demonstrated that a similar anxiolytic effect 

is seen in rodents treated with either 5-Ht1a, 5-Ht1b or 5-Ht2a agonists (Blier & Ward 2003; 

Onaivi et al. 1995; Ripoll et al. 2005; Ripoll et al. 2006), again suggesting that increasing the 

activation of this receptor can lead to a reduction of anxiety in animal models. It should, 

however, be noted that complete loss of Htr1b or Htr2a is also anxiolytic in mice (Zhuang et al. 

1999; Weisstaub et al. 2006). With these observations in mind, we propose a model in which 

Phf8 acts to modulate the expression of these receptors in the cortex through direct repression, 

and in its absence their subtle but significant increase in expression confers resiliency to anxiety 

and depression in mice (Fig 2.15). 

Anxiety disorders and depression represent very serious and debilitating conditions and 

patient response to treatment is often incomplete (Trivedi et al. 2006). A more complete 

understanding of the mechanisms governing anxiety and depression will be critical for 

improving their treatment in the future. It is not currently clear if inhibiting PHF8 in humans 

would produce results similar to those we observed in the mouse. However, we detected 

multiple peaks for human PHF8 at the HTR1A and HTR1B loci using publically available ChIP-seq 

data from undifferentiated human ESCs (Ram et al. 2011), suggesting that these targets are 

conserved. Though caution should be taken in considering Phf8 as a therapeutic target given 

the human genetic evidence linking PHF8 loss to intellectual disability, it is formally possible 

that this enzyme could be inhibited in healthy adults without the same consequences, thereby 

providing a potential avenue of improved treatment. 
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Methods 

 

Generation of the knockout mouse 

A targeting construct containing exons 7 and 8 flanked by loxP sites and a neomycin resistance 

cassette was electroporated into V6.5 ESCs. Electroporated ESCs were selected with G418, 

picked, and clonally expanded. Integration of the targeting construct was confirmed by 

Southern blot. Positive clones were electroporated again with a CMV-Cre expression vector, 

picked, and clonally expanded again. Loop out of exon’s 7 & 8 was confirmed by Southern blot 

and positive clones were injected into E3.5 BDF1 blastocyts and transferred into the uteri of 

surrogate Swiss Webster mice. 

 

Western Blot 

Whole cell extract was run on either 10% or 15% SDS-PAGE gels at 150V until separated and 

transferred at 4oC for either 1hr at 80V (histones) or overnight at 20V (Phf8) onto a PVDF 

membrane. Membranes were blocked in 5% milk PBS-T (1X PBS, 0.1% Tween-20) for 30min at 

RT then incubated with primary antibodies for 1hr in block at RT. Membranes were washed in 

PBS-T, and incubated in the appropriate horseradish-peroxidase-conjugated secondary for 

45min at RT. Membranes were then washed again and visualized using ECL reagents (Pierce). 

Primary antibodys: Phf8 Abcam ab36068, H3 abcam ab1791, H3K9me1 Abcam ab8896, 

H3K9me2 Abcam ab1220, H3K9me3 Abcam ab8898, H3K27me2 Millipore 07-452, H4 Abcam 

ab17036, H4K20me1 Abcam ab9051, beta Actin-HRP Abcam ab20272. 
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Southern Blot 

20ug of genomic DNA collected from ESCs was digested overnight at 37oC with 500U/ul of StuI 

(New England Biolabs) then electophoresed on a 0.8% agarose gel at 70V until separated (6-

8hrs). The gel was depurinated in 0.5N HCl for 25min at RT and quenched in transfer buffer 

(1.5M NaCl, 0.5M NaOH) for 45min at RT. Samples were transferred to a Hybond-XL membrane 

(GE Healthcare) via a downward transfer for 14-16hr. The membrane was washed for 15min at 

RT in 2X SSC then blocked for an hour at 65oC in Hyb buffer (0.5M NaPi, 7% SDS, 1mM EDTA). 

Probes (See Supplemental Table 1 for probe primer sequences) were labeled with Prime-IT II 

Random Primer Labeling Kit (Agilent) and added to membranes in 30ml of fresh Hyb buffer, 

hybridization was run overnight. Membranes were washed 2X with wash buffer (40mM NaPi, 

0.1% SDS) for 15min and 30min prior to exposure. 

 

Growth curve and neurosphere formation assay 

For MEFs and ESCs equal numbers of cells were plated into triplicate wells of a six well plate, 

20,000cells/well for MEFs and 5,000cells/well for ESCs. Wells containing ESCs were gelatinized 

with 0.2% gelatin to support attachment. Cells were stained with trypan blue and trypan blue 

negative cells were counted every 3 days. 

For neurosphere formation assays, undifferentiated NPCs (CD24-EGFR+) were sorted and plated 

at low density to avoid clumping, 10cells/ul, in low attachment 6-well or 24-well plates. New 

neurospheres were allowed to grow for 1 week and imaged in brightfield. Sphere diameters 

were measured in NIS Elements software (Nikon), the shortest possible diameter was recorded 

for all spheres. 
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Behavioral analysis 

Open field locomotion was monitored in a 40x40x40cm clear plastic arena using a photocell-

beam-based detecting system (OmniTech Electronics. Inc). Animals were introduced into the 

corner of the chamber and allowed free exploration for 20min individually under standard 

lighting conditions. Beam breaks were recorded every 5min as was the total distance traveled 

and the duration in the center. 

The elevated plus maze (Med Associates Inc) contained a 6x6cm center square, two open and 

two closed arms at 35x6cm each. Closed arms were enclosed with black walls measuring 20cm 

in height. Mice were placed in the center square facing one of the closed arms to begin the 

assessment. Time spent in each arm was scored by the EthoVision video tracking system 

(Noldus, Wageningen, The Netherlands). 

The light/dark box test was performed in an open field with a black box insert measuring 20cm 

L x 20cm W x 40cm H, which divided the arena into a light and dark component connected by a 

small hole. Mice were introduced into the dark chamber and allowed free exploration for 

10min. Duration spent in each chamber was tracked during this time. 

For the forced swim assay, animals were placed in a 4L Pyrex beaker 13cm diameter and 24cm 

high filled with 17cm of 22oC water. Activity of the animals was tracked for 5 minutes and 

latency to first freeze as well as time spent immobile was assessed by EthoVision. 

In the tail suspension test, mice were suspended by the tail with duct tape and videotaped for 5 

minutes. Latency to first freezing and time spent immobile was evaluated with EthoVision 

software, animals displaying tail climbing behavior were excluded from the analysis.  
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In the contextual fear conditioning assay, mice were placed in a fear conditioning chamber 

measuring 30.5x24.1x21cm (Med Associates, Inc.) for a 7min training session. During this time 3 

shocks were delivered and the percentage of time freezing before the first shock (baseline) and 

after each shock was measured. After 24hrs, mice were returned to the chamber for a 3min 

retrieval testing and percentage of time freezing was measured. 

For the radial arm maze test, mice were placed in the center of an 8 armed apparatus, each arm 

measuring 5x50cm with 30cm high walls. Mice were assessed for 4 consecutive days and each 

day the test was continued until all eight arms had been visited at least once. A mistake was 

defined as a repeated entry into an already visited arm. Total mistakes during a session were 

measured. 

For the social defeat assay, mice were subjected to 7min social defeat by a novel CD1 aggressor 

daily for 10 days, during which time they were housed together across a plexiglass divider 

allowing for sensory contact. Control mice were housed in cages separated from other control 

mice and were rotated to a different cage daily. After 10 days with of social defeat, 

experimental and control mice were placed in an arena 44x44cm containing a novel CD1 mouse 

within a Plexiglas/wire mesh enclosure measuring 10x6cm against one wall of the arena. Time 

spent in the 14x26cm interaction zone around the enclosure and time spent in the opposite 

corners was quantified using EthoVision software. 

 

Immunofluorescence 

Animals were anesthetized with avertin prior to transcardial perfusion with 20ml cold 4% PFA in 

PBS. Brains were dissected and post-fixed 14-16hrs in 4% PFA PBS following which they were 
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cryoprotected in 30% sucrose PBS. Cryoprotected brains were frozen in OCT on dry ice and 30 

micron floating sections were cut using a Leica cryostat. Floating sections were washed in PBS 

0.3% triton 15min at RT then blocked in 0.3% triton, 10% normal donkey serum, PBS for 2hr at 

RT. Sections were incubated with primary antibodies overnight at 4oC in PBS 0.3% triton. 

Sections were washed 3X 15min in PBS and incubated with Alexa488, Alexa546 or Alexa647 

conjugated secondary antibodies in PBS for 2hr at RT. Sections were washed 3X 15min in PBS 

with DAPI added to the second wash and mounted in Prolong Gold Antifade (Life Technologies) 

for imaging. Primary antibodies: Phf8 Abcam ab191386, CaMKIIa Cell Signaling 50049, NeuN 

Millipore ABN90. 

 

Bioinformatic analysis of RNA-seq data 

Data was aligned with the splace-aware alignment program STAR 

((http://bioinformatics.oxfordjournals.org/content/early/2012/10/25/bioinformatics.bts635) to 

map the sequencing reads to a mouse reference genome (assembly mm10/GRCm38). Gene 

expression counts were calculated using the program HTSeq (http://www-

huber.embl.de/users/anders/HTSeq/doc/overview.html) based on a current Ensembl 

annotation file for mm10/GRCm38 (release 75). We then used the R package “edgeR” 

(https://bioconductor.org/packages/release/bioc/html/edgeR.html) to make differential gene 

expression calls from these counts according to the following criteria: Gene expression was 

considered to be UP-regulated if  log2 FC  > +1 or DOWN-regulated if the log2 FC < -1 (FC= fold-

change of CPM) with respect to the conditions being compared at an arbitrary false discovery 

http://bioinformatics.oxfordjournals.org/content/early/2012/10/25/bioinformatics.bts635
http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html
http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
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rate (FDR) value < 0.05.  GO analysis was performed using DAVID (https://david.ncifcrf.gov/) for 

“GO Molecular Function.” 

 

Hierarchical clustering 

Heatmaps/dendrograms of the 12 samples were constructed using RPKM expression values of 

all genes for PFC and STR samples which registered an FDR <0.05 for differential expression. 

Heatmaps were created using the “heatmap.2 function from the gplots package for R” 

(http://www.inside-r.org/packages/cran/gplots/docs/heatmap.2) in conjunction with the 

hierarchical clustering option ‘ward.D2.’ 

 

RNA preparation for sequencing and RT-qPCR 

RNA from ESCs, NPCs, the prefrontal cortex or the ventral striatum was purified using an 

RNeasy kit (Qiagen) and including the optional DNase digest step. For sequencing, quality of 

RNA was assessed using an Agilent RNA 6000 Nano kit. For library preparation, Illumina TruSeq 

RNA Sample Prep Kit was used with 1ug of sample RNA. Library quality was again assessed with 

the BioAnalyzer Agilent High Sensitivity DNA kit. Bar-coded libraries were then pooled at 

equimolar concentration and sequenced on an Illumina HiSeq 2000. 

For RT-PCR, 500ng of purified RNA was used for an RT reaction with the Transcriptor First 

strand cDNA synthesis kit (Roche). cDNA reactions were heat inactivated, diluted 1:10-1:50 and 

analyzed by qPCR on a Roche LightCycler 480 with a Brilliant III Ultra-Fast SYBR Green kit 

(Agilent). See Supplemental Table 1 for primer sequences. 

 

https://david.ncifcrf.gov/
http://www.inside-r.org/packages/cran/gplots/docs/heatmap.2
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Chromatin Immunoprecipitation 

The cortex was dissected from adult mice (~2months old) homogenized to a single cell 

suspension using a dounce homogenizer in ice cold PBS. The suspension was filtered and 

treated with 1.5mM EGS (ethylene glycolbis(succinimidylsuccinate)) for 25min at RT in PBS, 

crosslinking was continued with the addition of 1% formaldehyde for 10min at RT. Crosslinking 

was quenched by adding 0.125M glycine 10min RT. Samples were washed with PBS and lysed in 

50mM Tris-HCl pH 8.0, 1% SDS, 4mM EDTA with protease inhibitor cocktail (Roche complete 

mini) on ice for 20min. Lysed samples were sonnicated 10min total sonication time, in a 

bioruptor with pulses of 30 seconds on, 30 seconds off then cleared by spinning at max in a 

tabletop centrifuge for 10 minutes at 4oC. Samples were diluted 5X with dilution buffer (165mM 

NaCl, 0.01% SDS, 1.1% Triton-X, 1.2mM EDTA, 16.7mM Tris-HCl pH8.0). Samples were 

precleared with 20ul streptavidin-agarose beads for 2hr at 4oC. 10% was removed for input and 

the remainder incubated with 5ug of primary antibody (Phf8 Abcam ab36068 or Rb IgG abcam) 

overnight at 4oC. 8ul of protein-G Dynabeads (Life Technologies) were added to each sample 

and incubated 2hr at 4oC. Beads were collected on a magnet and washed 1X with dilution 

buffer, 2X with low salt buffer (150mM NaCl, 0.5% Sodium deoxycholate, 0.1% SDS, 1% IGEPAL, 

1mM EDTA, 50mM Tris-HCl pH 8.0), 4X with high salt buffer (500mM NaCl, 0.5% Sodium 

deoxycholate, 0.1% SDS, 1% IGEPAL, 1mM EDTA, 50mM Tris-HCl pH 8.0), and twice with TE. All 

wash buffers contained complete mini protease inhibitor (Roche). Samples were eluted with 2 

rounds of constant vortexing for 10min in 50ul elution buffer (1% SDS, 100mM sodium 

bicarbonate) then brought to a final concentration of 0.3M NaCl and incubated overnight at 

65oC. Samples were brought to final concentration of 50mM Tris-HCl pH 6.8, 10mM EDTA and 
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treated with proteinase K for 1hr at 55oC then purified with a PCR purification kit (Qiagen). 

Samples were eluted in water and diluted 1:3 for analysis in qPCR with a Brilliant III Ultra-Fast 

SYBR Green kit (Agilent) on a Roche LightCycler 480. See Supplemental Table 1 for primer 

sequences. 
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Chapter 3 

Loss of Phf8 confers subtle hematopoietic defects without 

affecting progression of T-ALL in mice 

  



63 

 

Contributing Authors 

 

Ryan M. Walsh, Benjamin A. Schwarz, Adlen Foudi, Hanno R. Hock, and Konrad Hochedlinger 

Attributions 

 

I designed and generated the knockout mice used in this study, made the virus, infected the 

bone marrow, performed the transplants for the T-ALL experiments and performed all 

subsequent analyses of these mice. Adlen Foudi and Ben Schwarz provided advice on the 

analysis of the peripheral blood, marrow, and thymus for the analysis of the knockout and 

competitive transplant mice. Adlen Foudi performed the analysis of the bone marrow and 

assisted with the analysis of the thymus of the knockout mice. I performed the competitive 

transplants and subsequent analysis with assistance from Ben Schwarz. 

  



64 

 

Abstract 

 

Though it was initially described as a gene mutated in cases of intellectual disability with 

cleft lip/palate, more recent studies suggest that Phf8 may have additional functions in the 

hematopoietic system, which are misregulated in cancer. In human T-cell acute lymphoblastic 

leukemia (T-ALL) cell lines, PHF8 has been shown to interact directly with intracellular NOTCH1, 

being required for the activation of Notch target genes (Yatim et al. 2012). Importantly, 

knockdown of PHF8 here leads to a loss of expression of Notch targets, reduced proliferation 

and loss of tumorgenicity (Yatim et al. 2012). However, it is unclear how Phf8 functions during 

normal hematopoiesis; given this link to Notch signaling and the fact that Phf8 is highly 

expressed in the thymus, a role in T-cell development seems likely. Interestingly, Phf8 has also 

been implicated in regulation of hematopoietic stem cells (HSCs). Knockdown of Phf8 in HSCs 

reportedly compromises their ability to reconstitute a mouse’s bone marrow. Here, we 

revisited these knockdown-based studies by characterizing our Phf8 KO mouse in the context of 

T-ALL and hematopoiesis. Unexpectedly, we find that deletion of Phf8 does not affect 

progression of T-ALL nor normal hematopoiesis. However, analysis of mice receiving 

competitive transplant marrow from Phf8 WT and KO mice reveals a subtle defect in T-cell 

development and progenitor expansion in vivo.  
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Introduction 

 

A growing body of evidence suggests that the histone demethylase Phf8 functions as an 

oncogene in multiple tissues (Bjorkman et al. 2012; Yatim et al. 2012; Sun et al. 2013; Shen et 

al. 2014; Zhu et al. 2015). This was first described for prostate cancer (Bjorkman et al. 2012), 

and subsequently extended to cancers of the hematopoietic system, including T-ALL (Yatim et 

al. 2012). Specifically, human PHF8 has been identified as a coactivator for the ICN1-CSL-MAML 

complex and in T-ALL cell lines, is required for the activation of a number of critical Notch 

effector genes, including IL-7R, HEY1 and DTX1 (Yatim et al. 2012). Importantly, knockdown of 

PHF8 in these cell lines leads to an impairment of cell expansion in vitro, and a failure to form 

tumors in xenograft transplants (Yatim et al. 2012). 

In addition to this link to tumorigenesis, an independent study suggested that Phf8 may 

also be involved in hematopoiesis. Specifically, knockdown of Phf8 in the LSK (Lin-Sca1+cKit+) 

CD150+ fraction of murine bone marrow, a population enriched for HSCs, decreased their ability 

to contribute to bone marrow in transplanted chimeras following a brief in vitro culture (Cellot 

et al. 2013). It remains unclear, however, whether Phf8 plays any role during normal steady 

state hematopoiesis in the absence of in vitro culture. We therefore analyzed our Phf8 KO mice 

in the contexts of cancer and hematopoiesis.  
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Results 

 

Genetic deletion of Phf8 does not alter progression of T-ALL in the mouse 

Considering that in vitro data suggests that PHF8 is critical for mediating propagation of 

Notch-driven T-ALL, we set to interrogate the response of the Phf8 KO mice to an established 

mouse model of T-ALL. Briefly, bone marrow was collected from Phf8 KO or WT mice, lineage 

depleted and infected with a retrovirus carrying either an empty backbone (EV) control or a 

portion of the Notch1 gene lacking the majority of the extracellular domain (NotchΔE) (Pear et 

al. 1996). Subsequently, infected marrow was mixed with healthy rescue marrow and 

transplanted into a lethally irradiated host for to induce T-ALL (Fig 3.1a). Truncated Notch1ΔE 

phenocopies activating mutations found in human T-ALL patients and is a potent driver of T-

ALL, capable of inducing leukemia in transplanted mice within 3 weeks and lethality within 3 

months (King et al. 2013).  

Unexpectedly, loss of Phf8 did not impede the development of T-ALL in host mice 

receiving NotchΔE marrow, as indicated by the presence of CD4+CD8+ double positive 

lymphoblasts in peripheral blood at 1 month post-transplant (Fig. 3.1b, upper panels). These 

peripheral lymphoblasts expressed GFP (Fig. 3.1b, bottom panels), indicating expression of the 

transgene, and did not express Phf8 (Fig. 3.1c). In both Phf8 WT and Phf8 KO host mice, 

infiltrating lymphoblasts can be observed in the liver and lung of leukemic mice at the time of 

euthanasia (Fig. 3.1d). Of note, survival curves for either primary or secondary T-ALL transplants 

did not suggest that any difference exists in the progression of T-ALL derived between Phf8 KO  
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and WT mice (Fig. 3.1e&f). These results indicate that loss of Phf8 neither stops nor slows the 

progression of T-ALL in the context of a constitutively active Notch mouse model.  

 

Phf8 KO mice have unaltered stead-state hematopoiesis  

Given previous observations linking Phf8 to the regulation of HSCs, we began our 

analysis by examining the fractions of HSCs and multipotent progenitors (MPPs) in the bone 

marrow of Phf8 KO mice under homeostatic conditions. Unexpectedly, we failed to detect any 

differences in either the percentages of HSCs or MPPs present in the marrow of Phf8 KO mice 

when compared to littermates (Fig. 3.2a&b). We also did not detect any defects in B-cell 

numbers or the development of erythrocytes and granulocytes in Phf8 KO marrow (Fig. 3.3a-d). 

We next expanded this analysis to the thymus to track T-cell development. Given that 

Phf8 is abundantly expressed in the thymus (Suppl. Fig. 1) and the previous reports of Phf8’s 

function in affecting Notch signaling, a critical regulator of T-cell specification and development 

(Tanigaki & Honjo 2007), we expected loss of Phf8 to cause a T-cell defect. Examination of the 

CD4/CD8 expressing cells in the thymus of Phf8 KO mice did not immediately point to any clear 

deficits in T-cell development (Fig. 3.4a&b). Likewise, deeper analysis of the development of the 

CD4- CD8- double negative population did not indicate any observable T-cell defect (Fig. 3.4c). 

Knockout of Notch1 in the bone marrow causes a breakdown in T-cell specification and ectopic 

B-cell development in the thymus (Wilson et al. 2001). We therefore additionally assayed for 

the presence of B-cell development in the thymus. However, no sign of ectopic B-cell 

development was also detected (Fig. 3.4d). Thus, loss of Phf8 does not appear to lead to any 

obvious defects in hematopoiesis or thymocyte development under homeostatic conditions. 
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Subtle defects in hematopoiesis and T-cell development of Phf8 KO mice in a competitive setting 

With the divergence between our observations and previous reports based on Phf8 

knockdown in vitro, we decided to delve further into the hematopoiesis of these mice. To this 

end, we performed a competitive transplant in which whole bone marrow from either Phf8 WT 

or KO mice were mixed 1:1 with competitor marrow and transplanted into a lethally irradiated 

host mouse (Fig 3.5a). Engraftment efficiencies were first assessed at 4 weeks post-transplant, 

at which point we were able to confirm equal engraftment between Phf8 WT and Phf8 KO mice 

(Fig. 3.5b). Surprisingly, at 8 weeks post-transplant an increase in the percentage of host-

derived granulocytes could be observed in the Phf8 KO mice when compared to WT controls 

(Fig. 3.5c), potentially indicating an expansion of HSCs in the marrow of the KO mice. This trend 

continued until 16 weeks post-transplant (Fig. 3.5d), at which point we ran an analysis of HSCs 

in the marrow of transplant mice to determine the nature of the KO’s HSC phenotype. 

At 16 weeks post-transplant, we were able to observe an increase in the proportion of donor 

derived LSK cells, a population enriched for HSCs and MPPs, in the Phf8 KO chimeras. However, 

further subdivision of this population with more stringent HSC-specific markers did not show 

any difference between Phf8 KO and WT chimeras. Specifically, we did not observe a difference 

in chimerism between Phf8 KO and WT in the LSK CD150+CD48- fraction (Fig. 3.5e), which is a 

population significantly enriched for bona fide HSCs. These results suggest that our previously 

noted difference in peripheral granulocytes is likely do to an expansion of an early LSK 

progenitor population in the Phf8 KO chimeras and not an expansion of HSCs. 
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Additionally, we observed a significant reduction in the ratio of host derived CD4+ and 

CD8+ peripheral T-cells in the Phf8 KO mice compared to WT mice at 8 weeks post-transplant 

(Fig. 3.5c). However, this difference largely disappeared at 16 weeks post-transplant (Fig. 3.5d), 

with B-cells being unaffected at either time point (Fig. 3.5c&d). This indicates a slight 

impairment in T-cell development within Phf8 KO marrow, which is overcome over time. 

Analysis of the thymus of transplanted mice at 4 months did not indicate any obvious block in T-

cell development in Phf8 KO chimeras, although we did observe a very slight, albeit not 

statistically significant, trend toward an increase in the DN1 population at the expense of the 

DN2 population (Fig. 3.5f). As such, these data suggests that, although there is no perceptible 

difference in hematopoiesis under homeostatic conditions, very subtle defects in the LSK and 

downstream granulocyte populations, and T-cells can be unmasked in a competitive setting.  

 

Discussion 

 

PHF8 has been proposed to function as an oncogene in a number of cancers including T-

ALL. This has primarily been demonstrated through in vitro knockdown and xenograft studies 

performed with cell lines. The primary goal of this study was to determine if a cleaner, genetic 

null mutation in an in vivo setting would behave similarly to these previously published results. 

To this end, we used the retroviral NotchΔE model, as it is well established, rapidly produces 

tumors in a high percentage of mice and, importantly, is Notch driven. If Phf8 was required to 

activate Notch signaling in the context of driving T-ALL, then we would expect Phf8 KO chimeras 

to be resistant to leukemia formation. However, we observed that Phf8 KO chimeras developed  
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leukemia with the same latency and severity as WT controls. This suggests that Phf8 is not only 

dispensable for T-ALL, but that it has no bearing on the progression of the disease in this model. 

There are many possible explanations for the discrepancy between these results and the 

previously published study. The simplest of these would be off-target effects of the shRNA used 

in the prior study, as only a single shRNA targeting Phf8 was used. It is further possible that the 

in vitro model did not properly recapitulate tumorigenesis in vivo; although the knockdown cell 

lines were used in a xenograft transplant, this is still a different context from T-ALL. Another 

possibility is that the acute knockdown of Phf8 in these cell lines caused undue stress that the 

genetic knockout was able to compensate for given a greater period of time. This possibility 

could have implications for Phf8 as a drug target in T-ALL, as it may indicate that resistance 

would be likely to develop after Phf8 inactivation. It is also possible that Phf8’s role in T-ALL is 

highly context dependent. For example, the NotchΔE truncation is a very strong driver of T-ALL 

and it is conceivable that a weaker driver of T-ALL might be more acutely sensitive to the 

absence of Phf8. This raises an interesting possibility, which could be tested experimentally. If 

infection of Phf8 KO marrow with a weaker driver of T-ALL, such as the Notch-P12 mutation 

(Chiang et al. 2008), revealed an improvement in survival rate for the Phf8 KO over the WT, 

then it would suggest that Phf8 does indeed play a key role in T-ALL and validate Phf8’s 

potential as a drug target in a subset of mutational backgrounds. Whatever the reason for the 

inconsistencies, the previous authors presented a considerable amount of molecular 

characterization that suggested that PHF8 behaves as a coactivator for the ICN1-CSL-MAML 

complex in the T-ALL lines (Yatim et al. 2012). In addition to driving T-ALL, disruption of Notch 

signaling causes well-documented impairments in T-cell development (Tanigaki & Honjo 2007). 
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It is therefore possible that part of Phf8’s normal function is to mediate Notch signaling during 

thymocyte development. Although we did not observe any defects during normal homeostasis 

that would support this idea, we were able to detect subtle defects in a competitive setting. It is 

likely that, as we saw in the brain, ESCs, and NPCs, loss of Phf8 only leads to very subtle changes 

in gene expression which are fully compensated for in the thymus during normal homeostasis 

and only manifest under a condition of extreme stress. 

The remainder of the hematopoietic system was similarly unaffected by the loss of Phf8, 

with the only observable defect being a slight increase in the LSK population following a 

competitive transplant. The fact that we did not observe a similar defect as was reported by 

Cellot et al. (2013) is not entirely surprising considering a number of key differences in the 

experimental design of our studies. Cellot et al. (2013) infected LSK CD150+ cells with a Phf8 

shRNA during a 5-day in vitro culture, followed by a transplant into a sublethally irradiated 

mouse without competitor marrow. The study found a reduction in chimerism for the Phf8 

knockdown cells, however, this was measured only by percentage of GFP+ cells in peripheral 

blood and no lineage-specific stains were done, making the data difficult to interpret. 

Furthermore, HSCs expand poorly in vitro and it has been demonstrated that their in vitro 

preservation is far more dependent on Notch signaling than their in vivo counterparts 

(Benveniste et al. 2014). It is therefore plausible that this in vitro culture step may have 

introduced additional variables.  
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Methods 

 

Virus production 

Platinum-E retroviral packaging cells (Cell Biolabs, Inc) were transfected using TransIT 

transfection reagent (Mirus Bio) with pCL-Eco and either pMiGr-NotchΔE or pMiGr-empty 

vector. Media was changed after 12hrs and viral supernatant was collected at 48 and 72 hrs 

post transfection. Supernatant was concentrated in an ultracentrifuge by spinning an SW32 Ti 

rotor (Beckman Coulter) at 20,000rpm for 1hr and 30min at 4oC. Virus was resuspended in PBS 

and stored at -80oC. Virus was titered by infecting lineage depleted bone marrow and running a 

flow cytometric analysis for GFP. 

 

Mice and transplants 

For the T-ALL experiments, whole bone marrow was extracted, filtered and RBC lysis was 

performed for 7min on ice with ACK buffer (150mM ammonium chloride, 10mM potassium 

bicarbonate, 1mM EDTA) and quenched with full media (DMEM with 10% FBS). Bone marrow 

was lineage depleted by incubating in PBS 3% serum for 30min on ice with a 5ul/million cells of 

a cocktail of biotinylated lineage antibodies (Mac1, Gr1, B220, CD3e & Ter119; eBioscience) 

diluted 1:20. Cells were washed and incubated with streptavidin-coated Dynabeads (Life 

Technologies) for 30min on ice. The unbound fraction was washed and prestimulated with 

cytokines (SCF 50ng/ml, Flt3 50ng/ml, Il-3 10ng/ml and Il-6 10ng/ml) in StemSpan SFEM 

(Stemcell Technologies) for 48 hours. 1million cells were infected with virus containing either 

NotchΔE or empty vector control. Cells were transduced with virus for an additional 48hrs in 
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SFEM. Following infection, infected cells were split equally among 6 experimental mice, mixed 

with 2 x 105 unfractionated rescue marrow (CD45.1) and transplanted retro-orbitally into 

lethally irradiated (2 x 600rads) host mice(CD45.1). Mice were analyzed every 3wks to track 

progression through retro-orbital bleeds. Mice were allowed to develop leukemia and sacrificed 

when morbid for the generation of the Kaplan-Meier survival curve. For secondary transplants, 

bone marrow was extracted, RBC lysed and sorted for GFP on an Aria III (BD Biosciecnes). 5 x 

104 GFP+ cells were transplanted into sublethally irradiated (450rads) host mice (CD45.1). 

For the competitive transplants, whole bone marrow was extracted from donor mice (CD45.2) 

and RBC lysed. 1 x 106 cells were mixed 1:1 with competitor marrow (CD45.1) and transplanted 

retro-orbitally into lethally irradiated (2 x 600rads) host mice (CD45.1). Mice were analyzed 

through retro-orbital bleeds at 4, 8 and 16wks. 

 

Flow Cytometry Analysis 

Blood was collected from retro-orbital bleeds and RBCs were lysed in ACK buffer (see above). 

Cells were pelleted and stained with 1ul of fluorochrome-conjugated antibody per 5 million 

cells for 1hr on ice in PBS with 3% serum. Cells were washed twice and resuspended in PBS-

serum with either DAPI or 7-AAD and filtered through 45 micron mesh for analysis on an LSR-II 

(BD Biosciences), data was further processed in FloJo. The Gr-1 antibody was purchased from 

BD Biosciences and Sca-1 from Biolegend, all other antibodies used for flow cytometry were 

purchased from eBioscience. 

 

Western Blot 
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Whole cell extract was run on 10% SDS-PAGE gels at 150V until separated and transferred at 

4oC for overnight at 20V (Phf8) onto a PVDF membrane. Membranes were blocked in 5% milk 

PBS-T (1X PBS, 0.1% Tween-20) for 30min at RT then incubated with primary antibodies(Phf8 

Abcam ab36068) for 1hr in block at RT. Membranes were washed in PBS-T, and incubated in the 

appropriate horseradish-peroxidase-conjugated secondary for 45min at RT. Membranes were 

then washed again and visualized using ECL reagents (Pierce). 

 

Tissue Preparation 

 Harvested tissues were fixed overnight at 4oC in 10% neutral buffered formalin, then 

washed in PBS, embedded in paraffin, sectioned and mounted onto slides. Mounted sections 

were stained with hematoxalin and eosin and imaged on a light microscope.  
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Chapter 4 

Discussion and Future Directions 
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Summary of thesis work 

 

Phf8 is a recently identified histone demethylase with ties to cancer, craniofacial 

development and behavior (Laumonnier et al. 2005; Abidi et al. 2007; Koivisto et al. 2007; 

Bjorkman et al. 2012; Yatim et al. 2012; Arteaga et al. 2013; Sun et al.2013; Shen et al. 2014). 

The goal the thesis work presented here was to generate and characterize a knockout mouse 

model for Phf8 to assess its role in these processes in a mammalian model system. To this end, 

we generated a null allele of Phf8 using conventional gene targeting in ESCs to remove the 

catalytic JmjC domain. Mice null for Phf8 are not protected from developing T-ALL, however 

they do display subtle signs of defects in T-cell and hematopoietic progenitor development. We 

further find that loss of Phf8 is compatible with mammalian development and is not sufficient 

to cause clefting in mice. Importantly, we report that Phf8 KO mice are resilient to anxiety and 

depression, which has not previously been documented. We propose that the resilient 

phenotype observed here is likely due to the de-repression of serotonin receptors within the 

prefrontal cortex, which we have identified as direct targets of Phf8.  

 

Phf8’s role in tumorigenesis 

Although Phf8 has been implicated as an oncogene in multiple cancers, its role in these 

tumors had previously not been validated with a genetic knockout model in vivo. Here we 

present the first such study using our Phf8 knockout mouse and a mouse model for T-ALL driven 

by a constitutively active form of Notch1. Surprisingly, we observed that loss of Phf8 had no 

bearing on the development or progression of T-ALL. This result would suggest that Phf8 is not 
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a critical regulator of Notch signaling in T-ALL, which contrasts with previous data. It remains 

possible, however, that Phf8 could still function as an oncogene in the context of other cancers 

and possibly even if a weaker driver of T-ALL were used as a model. Our knockout mouse might 

thus be very useful to dissect Phf8’s role in additional cancer models, and in alternative T-ALL 

models. A genetic model of prostate cancer (Wang et al. 2003) or the use of a less-potent T-ALL 

driver mentioned previously (Chiang et al. 2008) would be obvious choices in dissecting this 

role. 

 

Regulation of T-cell development by Phf8 

 The proposed role for Phf8 in driving T-ALL involved its activity as a co-activator for the 

Notch pathway (Yatim et al. 2012). Several of these Notch target genes are of central 

importance to T-cell development (Koch & Radtke 2011), therefore we analyzed our Phf8 KO 

mice for defects here. Though subtle, we were able to observe a defect in the generation of 

CD4 and CD8 T-cells in a competitive setting. While it is likely that this is due to Notch activity, 

further study of our knockout mouse could be helpful in the elucidation of Phf8’s role here. 

Notch is present throughout early T-cell development, with evidence that it is absolutely 

essential in the DN1 and DN3 stage (Koch & Radtke 2011).  While we analyzed Phf8 knockout 

mice for signs of a loss of Notch signal – i.e. ectopic B-cell development in the thymus – we 

were unable to uncover any defects. However, it remains possible that the molecular analysis 

of the DN1 or DN3 population, perhaps by comparing expression levels of key Notch target 

genes between Phf8 KO and WT, could uncover more of Phf8’s function in the thymus. 

Additionally, Phf8’s role in Notch signaling has thus far only been demonstrated in transformed 
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cell lines. It would therefore also be interesting to analyze Notch targets for the presence of 

Phf8 and its histone methyl-lysine substrates by ChIP in Phf8 KO and WT mice.  

 

Lack of craniofacial defects in Phf8 KO mice 

 Several reports have indicated that loss of function mutations of PHF8 in humans 

contribute to the development of cleft lip and palate (Laumonnier et al. 2005; Abidi et al. 2007; 

Koivisto et al. 2007), though we detected no evidence of this in our knockout mouse. Although 

this was unexpected, it is notable that even in the families in which PHF8 mutations were 

identified, clefting was not 100% penetrant. This observation and our data suggest that there 

are likely additional factors, which interact with Phf8 to contribute to cleft lip and palate. 

Further analysis of our knockout mouse may be able to identify some of these; although, it is 

not immediately clear what they may be, as multiple signaling pathways have been implicated 

in the process of clefting including the Tgf-β, Fgf, and Shh signaling pathways. Perhaps some 

light could be shed on Phf8’s role in craniofacial development through the analysis of neural 

crest stem cells, which are an in vitro representation of the cells that will go on to form, among 

other structures, the palate (Teng & Labosky 2006). RNA-seq and ChIP-seq analyses could be 

used here to identify target genes of Phf8 specific to the developing neural crest and therefore 

more likely to contribute to clefting. With likely targets identified, it would be possible to cross 

the Phf8 KO mice with additional mouse models of the identified targets to determine if loss of 

Phf8 in other mutant backgrounds leads to clefting phenotypes. 
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Behavioral functions of Phf8 

 The first published study of Phf8 was a case study linking it to familial intellectual 

disability (Laumonnier et al. 2005). It was therefore surprising that we did not detect signs of 

this disability in our mice. We probed the Phf8 knockout mice for signs of defects in working 

memory through the use of a radial arm maze and learning through contextual fear 

conditioning. Neither of these assays gave any indication that Phf8 KO mice have an intellectual 

deficit on a 129S4/SvJaeJ background. We cannot, however, rule out a defect in memory 

consolidation nor that loss of Phf8 may display intellectual disability in a different mouse strain. 

Subjecting the Phf8 KO mice to a Morris water maze paradigm (D’Hooge & De Deyn 2001) 

would allow for the measurement of memory consolidation and it would be highly interesting 

to see the consequences of Phf8 loss in this context. Additionally, outcrossing our Phf8 KO allele 

to alternate strains of mice and subjecting them to the same behavioral tests could possibly 

reveal a strain specific effect for Phf8 loss. Though beyond the scope of what we were able to 

assess in this study, these would be important next steps in the behavioral analysis of the Phf8 

null mouse. 

 

Temporal requirement for Phf8 

 We have demonstrated that the loss of Phf8 in mice leads to resiliency towards anxiety 

and depression; however, it remains unknown whether it is Phf8’s role during development or 

in the adult that is important in conferring this phenotype. It would therefore be of interest to 

assess the temporal requirement for Phf8 with regard to these phenotypes. This could be done 

by exposing our targeted Phf8 allele (Fig. 2.1a) to FLPase instead of Cre, which will result in the 
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removal of the Neomycin-resistance cassette and generation of a conditional knockout allele 

(Phf8 cKO). Mice carrying the Phf8 cKO allele could be crossed to a Rosa26-CreERT2 line, which 

would allow for the deletion of Phf8 at multiple time points during development and in the 

adult via tamoxifen injection.  

 

Allelic similarities between mouse and human 

 The Phf8 KO allele which we’ve generated by deleting the catalytic jmjC domain is a 

model for the jmjC-disrupting mutations found in patients. As such, we expect that molecularly 

it would behave similarly to human alleles; however, it was not possible for us to demonstrate 

this here. Therefore, it may be interesting to compare the function of our knockout allele to 

alleles similar to those described in patients and, indeed, to compare the different human 

mutations to each other. This could be achieved by using CRISPR/Cas to quickly introduce the 

mutations found in patients (three point mutations and one 12bp deletion) into mouse ESCs. 

Cells harboring these mutations could then be assayed for growth rates, histone methylation 

levels, and gene expression and compared to our original KO allele. If differences were 

observed between our allele and any of those found in patients, mice could be made from one 

or more of these ESC lines and assessed for cleft palate, resiliency and intellectual disability to 

demonstrate whether or not allelic differences can account for different phenotypic outcomes. 

We find this an unlikely scenario, however, given the previously-mentioned predicted 

similarities in protein products for all of these alleles.  

  

Repressive activity of Phf8 
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 The observation that loss of Phf8 leads to the upregulation of a number of its direct 

targets is not novel (Fortschegger et al. 2010; Wang et al. 2014), however the mechanisms are 

unclear given its substrate specificity for repressive marks. Nevertheless, the data we report 

here would indicate that gene repression is an important part of Phf8’s function in controlling 

behavior and therefore certainly worth investigating. Among the first of these experiments that 

should be done is to confirm in cell culture that Phf8 is functionally competent to repress a 

transgenic reporter construct containing the Htr1a promoter upstream of a minimal CMV-

driven luciferase cDNA. One caveat here may be the choice of cell type, with NPCs being the 

closest in vitro expandable option, however short term culture of primary cortical neurons is 

possible and this exists as an option if the regulation of Htr1a by Phf8 should require cell-type 

specific cofactors. Following that, the identification of additional cofactors of Phf8 through 

immunoprecipitation and subsequent mass-spectrometry in NPCs may help to shed more light 

on the mechanisms of Phf8’s repressive function. Alternatively, human PHF8 has been shown to 

act with the repressive demethylase LSD1 (Yatim et al. 2012), and it is possible that this factor is 

in part responsible for Phf8-mediated repression. Additional ChIP experiments for Lsd1 in the 

cortex of Phf8 KO and WT mice could serve to determine whether Lsd1 co-occupies these 

repressed promoter targets with Phf8 and if this occupancy is at all dependent upon Phf8.  

 

Linking resiliency and serotonin regulation by Phf8 to humans 

 Our finding that loss of Phf8 contributes to resiliency to anxiety and depression in mice 

could have significant implications to the treatment of these disorders. An important question 

that remains, however, is whether PHF8 may function similarly in contributing to resiliency in 



87 

 

humans. To date, there has not been a study linking PHF8 to resiliency to an anxiety disorder or 

depression in humans. However, identifying factors related specifically to resiliency was not the 

purpose of the majority of the anxiety and depression GWAS studies and would likely have 

required the use of a “resilient” control group, which experienced a stressful life event, but did 

not develop an anxiety disorder or depression. Even still, the identification of common variants 

associated with anxiety disorders or depression has historically been difficult (Flint & Kendler 

2014). It should also be considered that a number of factors functionally linked to resiliency 

have yet to be linked to these disorders in these large scale genetics studies. Given the 

difficulties of the human genetics in these conditions, it would be interesting to see the 

expression of PHF8 in the post-mortem tissue from patients with and without depression or 

anxiety, particularly in cases where both patients were exposed to a significant life stressor. 

 Here we have further demonstrated a novel role for Phf8 in the regulation of serotonin 

receptors within the prefrontal cortex. It is currently unknown if Phf8 similarly regulates these 

receptors in human neurons, though data from human ESCs suggests that PHF8 does at least 

bind HTR1A and HTR1B (Ram et al. 2011). It is possible to differentiate human cortical neurons 

in vitro from ESCs (Shi et al. 2012), which could serve as a good system to study PHF8’s function 

in the relevant human cells. ChIP for Phf8 in these in vitro differentiated cortical neurons should 

reveal whether the serotonin receptors are targets of PHF8 in human cortical neurons. In 

parallel, knockdown or CRISPR mediated knockout of PHF8 could be used to confirm that these 

receptors are similarly negatively regulated by PHF8. Together these approaches should be able 

to determine how our findings in the mouse translate to the human. 
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Closing Remarks 

  

The histone demethylase Phf8 has been linked to a diverse set of biologic processes; 

however, these had yet to be functionally assessed in vivo in a mammalian genetic system. I 

have presented here the first characterization of a Phf8 null mammalian model. Our data and 

those of others are consistent with a subtle, fine-tuning role of Phf8 in the regulation of gene 

expression. This activity appears to be primarily redundant in vivo; Phf8’s loss leads to very few 

molecular changes the majority of which do not seem to affect the development of the animal. 

Nevertheless, these subtle changes are sufficient to affect complex behaviors, as was indicated 

from the human genetics and as we have now shown in the mouse. Though unexpected, our 

findings, which demonstrate a novel role for Phf8 in the regulation of serotonin signaling and 

resiliency, could have important implications relevant to the treatment of anxiety and 

depression, given that Phf8 is a druggable enzyme (Upadhyay et al. 2012). Going forward, it will 

be important to determine the degree to which these findings are generalizable to the human 

condition. 
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