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Abstract: 

 

Regulatory mechanisms that govern the activity of 
human histone demethylase KDM4C 

 

By 

Lindsey R. Pack 

 

 
The proper localization of chromatin modifications is critical to their function as signals for DNA 

compaction and transcription regulation. This localization is controlled by the activities of 

chromatin modifying enzymes, which “write” and “erase” chromatin modifications. While the 

chromatin field has identified the chromatin modifiers responsible for the deposition and removal 

of chromatin modifications, little is known about how the activities of chromatin modifiers are 

controlled to localize these modifications in the genome. In this thesis, we investigate the 

mechanisms that direct and control the activity of chromatin modifiers. We hypothesize that the 

identified mechanisms determine the localization of chromatin modifications and the biological 

roles of chromatin modifiers in the nucleus. To answer these questions we use a model family of 

chromatin modifiers, the human KDM4 histone demethylases, specifically KDM4C. Our 

approach is to reconstitute KDM4C and its substrates to probe the mechanisms which regulate 

demethylase activity. Moreover, we identify a transcriptional network reliant on KDM4C as a 

means to validate and discover novel regulatory mechanisms important to its role in controlling 

gene expression. In this thesis, we demonstrate that KDM4C can be regulated by chromatin 
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modifications auxiliary to its substrates, methylated histone H3 lysine 9 and methylated histone 

H3 lysine 36. We show that auxiliary chromatin modifications can affect activity through directly 

disrupting interactions between the histone substrate and the catalytic domain. Alternatively, we 

show that recognition by KDM4C “reader” domains, the tandem tudor domain and the plant 

homeodomains, regulate the activity of the demethylase. For example, the recognition by the 

tandem tudor domain drastically stimulates the activity of KDM4C toward its substrate. 

Moreover, we have generated hypotheses about novel functions of the plant homeodomains 

that may regulate demethylase activity and localization. Thus, our work has identified many 

mechanisms fundamental to the regulation of KDM4C. We hypothesize that these modifications 

will inform future work on other members of the KDM4 demethylase family and broader classes 

of chromatin modifications. This work will also contribute to the broader understanding of how 

chromatin modifications are established and maintained in order to properly package the 

genome and regulate gene expression. 
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Chapter 1: Introduction 

Chromatin is the compaction of DNA by proteins known as histones. The basic unit of chromatin 

is the nucleosome, which consists of an octamer of the four histones, H2A, H2B, H3, and H4, 

wrapped by 147 base pairs of DNA. In addition to the globular domains that make up the core of 

the nucleosome, histones also have N-terminal tails which protrude from the core and are 

subject to a variety of post-translational modifications. These modifications regulate the 

structure of the chromatin and have roles in controlling various steps of gene expression. 

Despite this common structural unit, some of the earliest observations of chromatin 

reveal its heterogeneous nature. For example, imaging of the Drosophila polytene chromosome 

demonstrated different regions defined as dark and light bands (1).  These bands are 

alternatively colored due to the extent of compaction of the chromatin, with the dark bands being 

compacted and the light bands being more open. Today, we know these broad regions as 

silenced heterochromatin and active euchromatin, respectively. These regions are in part 

defined by the post-translational modifications on the histone tails (2–5). In addition to broadly 

affecting the chromatin structure, chromatin modifications have known roles in activating and 

repressing gene expression at a local gene level, whereby the type, extent, position on the 

histone, and localization across the gene all contribute to the transcriptional consequence of the 

modification (6). Thus, there is tremendous complexity in how chromatin modifications 

contribute to transcriptional control, which requires precise regulation of the deposition and 

removal of these modifications.  

The spatial and temporal control of the deposition and removal of histone modifications 

is regulated by the opposing activities of chromatin modifying enzymes. Chromatin “writers” are 

responsible for the deposition of chromatin marks, while chromatin “erasers” remove chromatin 

marks. The structure of the catalytic domains within these chromatin modifiers as well as the 

chemistry used for catalysis dictate the type of chemical modification, extent of modification, and 

the position on the histone tail to be modified. In addition to the catalytic domains, chromatin 
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modifiers often contain “reader” domains, which recognize specific chromatin modifications. 

These “reader” domains have been shown to have roles in recruitment and the regulation of 

catalytic activity (7–9). Thus, many aspects of the regulation of chromatin modifiers may rely on 

the functions and features of catalytic and reader domains integrated within a single chromatin 

modifier. Despite this hypothesis, few efforts have been made to understand the regulation of 

chromatin modifiers through analysis of catalytic and reader domain function together. We 

hypothesize that in addition to understanding molecular regulation of chromatin modifiers, these 

types of studies will contribute to the understanding of how chromatin modifiers are regulated to 

deposit or remove chromatin modifications in the proper locations in the genome.  

The aim of this thesis is to investigate the regulatory mechanisms that govern the 

specificity of chromatin modifiers. By investigating these regulatory mechanisms, we hope to 

gain insight into the molecular logic of how modifications are localized in the genome. Our 

approach is to use reconstituted systems and identify transcriptional networks of chromatin 

modifiers as means to identify the mechanisms that regulate demethylase function. In this 

thesis, we investigate the regulation of the human KDM4 histone demethylases, a model family 

of chromatin modifiers. In addition to their catalytic domains, a subset of KDM4 demethylases 

have reader domains (10, 11), allowing us to investigate how the functions of these domains are 

integrated to regulate demethylase activity. Below is a brief review of the KDM4 demethylases 

and a perspective on the mechanisms which regulate their activity.  

Domain Architecture of KDM4 histone demethylases 

In vertebrates, the KDM4 family of histone demethyases is composed of five demethylases, 

KDM4A-E (10, 11). This family of demethylases is known to “erase” di- and tri- methylated 

histone H3 lysine 9 (H3K9me2 and H3K9me3) and di- and tri- methylated histone H3 lysine 36 

(H3K36me2 and H3K36me3) (10, 12–16). However, KDM4D only demethylates methylated 

H3K9 due to small differences in the active site (12, 17). Despite these small differences in 
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substrate specificity, the catalytic domains of the KDM4 family are very similar in structure. In 

addition to their catalytic domains, KDM4A-C have several “reader” domains, including two plant 

homeodomains (PHDs) and a hybrid tandem tudor domain (TTD). While little is known about the 

PHD domains, the TTD of KDM4A has been shown to bind trimethylated histone H3 lysine 4 

(H3K4me3) and trimethylated histone H4 lysine 20 (H4K20me3) (18–20), and the TTD of 

KDM4B has been shown to bind methylated H4K20 (21).  Before our studies, nothing was 

known about the function of the KDM4C TTD or how any of the KDM4 reader domains 

contributed to the regulation of demethylase activity.  

KDM4 demethylases in cancer 

KDM4 demethylases have been shown to be potential oncogenes in a variety of cancers. For 

example, in esophageal cancer the chromosomal locus surrounding KDM4C is amplified, 

resulting in an increase in expression of the demethylase (22). Overexpression of KDM4 

demethylases has been shown to correlate with a variety of other cancers including prostate 

cancer, breast cancer, and leukemias (23–26). In leukemia, KDM4C regulates H3K9me3 levels 

upstream of MYC, a well-known oncogene, which affects its gene expression (26).  Similarly, 

KDM4 demethylases coactivate expression of androgen receptor target genes (24), a potential 

mechanism by which these demethylases may be involved in prostate cancer. As indicated by 

these examples, the oncogenic role of KDM4 demethylases is thought to rely on misregulation 

of the demethylase activity toward its substrates, H3K9me3 and H3K36me3, which cause 

changes in gene expression of other oncogenes. This misregulation could be due to increased 

expression of KDM4 demethylases themselves or due to changes in other regulatory cues that 

control the localization and activity of the demethylases. Thus, the role of KDM4 demethylases 

as potential oncogenes highlights the importance of investigating the molecular mechanisms 

that restrict and promote demethylase activity in the genome.  
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Mechanisms to control demethylase activity 

Many mechanisms could control the proper localization of demethylase activity, and several 

have been identified in the literature. First, the interaction between catalytic domain and 

substrate could be inhibited by modifications of the amino acids surrounding H3K9me3 and 

H3K36me3. Indeed, it has been shown that demethylation of H3K9me3 by KDM4A is inhibited 

by the phosphorylation of H3S10 as well as H3T11 (17, 27, 28), which will be discussed in 

Chapter 3 of this thesis. While the effect of local modifications surrounding H3K36me3 has not 

been investigated, demethylation by KDM4 demethylases would likely be sensitive to local 

modifications. 

In addition to the local modification surrounding the substrate, demethylase activity could 

be regulated by recognition of embedded “reader” domains. While few studies have pursued 

how the function of the KDM4 “reader” domains affects demethylase activity, studies of other 

demethylase families have identified several mechanisms by which “reader” domains regulated 

demethylase activity. For example, recognition of unmodified H3 by the PHD1 domain of 

KDM5A has been shown to allosterically activate demethylase activity toward H3K4me3 (8). In 

addition, recognition of H3K4me3 by the PHD of PHF8 and KDM7A controls the substrate 

specificity of these demethylases, activating and inhibiting demethylation of H3K9me2, 

respectively (9). These examples demonstrate the importance of determining how the 

integration of chromatin recognition domains affects the activity of the demethylase. Given that 

these “reader” domains can affect the activity of demethylases, control of the recognition by 

these “reader” domains can provide an additional level of regulation. Thus, analogous to how 

local chromatin modifications can affect catalytic domain interaction with the substrate, local 

chromatin modifications could also control the recognition by “reader” domains.  

A third possible regulatory mechanism of demethylase activity and recruitment is protein-

protein interactions with other chromatin or transcription factors.  While only a few proteomic 
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studies have been performed to identify proteins that interact with KDM4 demethylases, a few 

studies detail specific interactions with interesting factors. For example, both the androgen 

receptor and LSD1 (KDM1A) have been shown to directly interact with KDM4C (24). While the 

consequence of binding to the androgen receptor is unknown, interaction with KDM1A is 

thought to provide a mechanism to cooperatively demethylate H3K9me3 to completely 

unmethylated by combining the activities of KDM4C, which targets H3K9me3 and H3K9me2, 

and LSD1, which targets H3K9me2 and H3K9me1 (29). In an example from Drosophila, HP1 

has been shown to activate the activity of KDM4A (30). Thus, the proteins that interact or form a 

complex with a given demethylase may provide insight into regulation of demethylase 

recruitment and activity.  

Thesis Outline 

We have established the importance of regulating the activities of chromatin modifiers and have 

chosen the KDM4 histone demethylases as a model family to investigate control mechanisms. 

Despite their functional significance, little is known about the regulation of this conserved family 

of demethylases. Moreover, an integrated approach to understanding the effect of “reader” 

domain function on demethylase activity has not been applied to many groups of chromatin 

modifiers, including the KDM4 family. Thus, there is a critical need to investigate the 

mechanisms that regulate the demethylase activity of KDM4 demethylases. Uncovering the 

regulatory mechanisms of these demethylases will yield hypotheses about how H3K9me3 and 

H3K36me3 patterns are established in the genome. 

In this thesis, we focus on understanding the regulation of the demethylase activity of 

KDM4C. In Chapter 2 of the thesis, we take the unique approach of investigating how the 

integration of a “reader” domain with a catalytic domain can regulate activity. We focus on the 

function of the KDM4C TTD and how its recognition affects demethylase activity. The KDM4C 

TTD specifically recognizes H3K4me3, which was unexpected as H3K4me3 and H3K9me3, the 



	

7 
	

major substrate of KDM4C, have opposing roles in transcriptional regulation. We found that 

H3K4me3 stimulates demethylase activity toward H3K9me3 both on peptides and 

nucleosomes. Additionally, we probed the mechanism by which H3K4me3 stimulates 

demethylase activity. We hypothesize a multivalent engagement model by which the catalytic 

and TTD engage the same substrate histone tail, enhancing binding, specificity, and activity. 

In Chapter 3 of this thesis, we investigate how the regulation of KDM4C is involved in its 

role as a coactivator of nuclear hormone receptors. KDM4C was previously shown to be a 

coactivator of the androgen receptor, where it is localized at androgen receptor response genes 

poised to demethylate H3K9me3. As part of this chapter we investigate a proposed mechanism 

responsible for the activation of KDM4C demethylase activity in the presence of ligand. Metzger 

et al. present a model by which the kinase PRK1 activates the demethylase activity of KDM4C 

by phosphorylating histone H3 threonine 11 (H3T11ph) (31). Using our reconstituted system we 

demonstrate that H3T11ph drastically inhibits the demethylation of H3K9me3 both on peptide 

and nucleosome substrates. Thus, H3T11ph does not contribute to the activation of KDM4C at 

androgen response elements. However, it may have an important role inhibiting KDM4C activity, 

thus safeguarding H3K9me3 from demethylation.  

In addition to pursuing how KDM4C regulation plays a role in androgen receptor 

activation, we sought to understand the transcriptional network regulated by KDM4C and 

another nuclear hormone receptor reported to require KDM4C activity, the glucocorticoid 

receptor (GR) (24). We hypothesized that by defining this transcriptional network we could both 

test the regulatory mechanisms defined in Chapter 2 as well as discover novel regulatory 

mechanisms that govern the activity of KDM4C. We used genome wide approaches to 

determine the genes regulated by both KDM4C and GR. However, while we found many genes 

to be regulated by KDM4C and GR individually, we found very few examples in which the 

activity of KDM4C was used as a coactivator of the GR-mediated transcriptional program. Thus, 

despite indications from the literature, we could not validate KDM4C as a coactivator of GR.  
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In Chapter 4 of this thesis, we investigate the function of PHDs of the KDM4 

demethylase family. We hypothesized that study of the function of the PHDs both in isolation 

and in the constant of the full length demethylase may provide additional mechanisms of 

regulation and control of demethylase activity. We identified a stable, well expressed KDM4C 

PHD2 domain construct and found that this domain does not bind the canonical histone states 

known to interact with PHDs, unmodified H3 and H3K4me3. Instead, our work has guided us to 

hypothesize that a basic patch in PHD2 may mediate a potential function of binding 

phosphatidylinositol phosphates or DNA.  

As a whole this thesis demonstrates a variety of mechanisms which regulate the 

demethylase activity of KDM4C. These mechanisms will shed light on the function and 

importance of this demethylase in the nucleus. Moreover, the regulatory mechanisms 

determined for KDM4C will provide insight into the potential regulation of other chromatin 

modifying enzymes. Thus, this work will contribute to the greater effort of understanding how the 

broad and local distribution of chromatin modifications is controlled in order to properly package 

the genome and regulate gene expression.  
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Abstract 

Histone H3 lysine 4 trimethylation (H3K4me3) and histone H3 lysine 9 trimethylation (H3K9me3) 

are epigenetic marks with opposing roles in transcription regulation. While colocalization of 

these modifications is generally excluded in the genome, how this preclusion is established 

remains poorly understood. KDM4C, an H3K9me3 demethylase, localizes predominantly to 

H3K4me3-containing promoters through its hybrid tandem tudor domain (TTD) (1, 2), providing 

a model for how these modifications might be excluded. We quantitatively investigated the 

contribution of the TTD to the catalysis of H3K9me3 demethylation by KDM4C and 

demonstrated that TTD-mediated recognition of H3K4me3 stimulates demethylation of 

H3K9me3 in cis on peptide and mononucleosome substrates. Our findings support a multivalent 

interaction mechanism, by which an activating mark, H3K4me3, recruits and stimulates KDM4C 

to remove the repressive H3K9me3 mark, thus facilitating exclusion. In addition, our work 

suggests that differential TTD binding properties across the KDM4 demethylase family may 

differentiate their targets in the genome.  

Introduction 

Post-translational modifications of histone proteins regulate chromatin structure and 

accessibility, and act as part of the chromatin scaffold to control many nuclear processes. 

Lysine methylation, one of the most functionally diverse histone modifications, has a regulatory 

role in a range of processes including heterochromatin formation, transcriptional regulation, and 

DNA repair (3, 4). Both the extent of methylation (mono-, di-, tri-) and the position of the lysine 

within the histone tail determine the functional effect of the modification by recruiting different 

effector proteins. Of particular interest are two modifications with opposing effects on 

transcription, histone H3 lysine 9 trimethylation (H3K9me3) and histone H3 lysine 4 

trimethylation (H3K4me3). H3K9me3 is a major component of silent heterochromatin and in 
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euchromatic promoters is generally associated with repressed transcription (5–9). In contrast, 

H3K4me3 is found at euchromatic promoters and correlates with active transcription (10–13). 

These chromatin modifications have critical and opposing roles in regulating gene expression, 

and colocalization of H3K9me3 and H3K4me3 on the same nucleosome is generally excluded 

in the genome (14, 15).  Although this exclusivity must be tightly controlled, the mechanisms 

that preclude colocalization of these histone marks are poorly understood.  

The spatial and temporal localization of histone lysine methylation are regulated by the 

opposing activities of histone modifying enzymes. Histone lysine methyltransferases are 

“writers” that deposit methyl groups on lysines, while histone lysine demethylases are “erasers” 

that remove the methylation. In principle, the exclusion of colocalized modifications could be 

explained by a methyltransferase that functions at H3K9 only in the absence of H3K4me3 (or 

vice versa). Indeed, several H3K9 methyltransferases are partially inhibited by H3K4me3 (16, 

17), and MLL2, a H3K4 methyltransferase, is similarly inhibited by H3K9me3 (18). Mutual 

exclusivity could additionally be achieved by demethylases that are selective for H3K9me3 in 

the presence of H3K4me3 (or vice versa). This selectivity could be achieved through recognition 

of the opposing modification by “reader” domains embedded within the demethylase. A few 

instances of reader domains affecting the activity of a demethylase have been identified. For 

example, the activity of KDM5A towards its H3K4me3 substrate is stimulated in trans by 

recognition of unmodified H3 by a plant homeodomain (PHD) reader domain (19). In addition, 

the PHD domains of two KDM7 demethylases, PHF8 and KDM7A, recognize H3K4me3 with 

different consequences on their activities, activating and inhibiting H3K9me2 demethylation, 

respectively (20). This latter example demonstrates a role for demethylases in integrating H3K4 

and H3K9 methylation states.  

KDM4 demethylases, an important and conserved family of H3K9me3 erasers, present 

an excellent model for probing the role of demethylases in potentially excluding colocalization of 

H3K9me3 and H3K4me3. The KDM4 histone demethylases act on H3K9me3/me2, and in some 
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cases H3K36me3/me2 (21–26). In vertebrates, this family is composed of five family members, 

KDM4A-E (25, 27), but despite their shared histone methylation substrates (21–26), it appears 

that at least KDM4B and KDM4C function at distinct genomic loci (1). While KDM4B occupancy 

is more evenly distributed across different genomic regions, KDM4C localizes predominantly to 

H3K4me3-containing promoter regions (1, 2). While the similarity between their catalytic 

domains is unlikely to generate specificity (25, 28), KDM4A-C have several reader domains, 

including two PHD domains of unknown function and a hybrid tandem tudor domain (TTD) (Fig. 

1A), which may act as specificity determinants. Previous work has shown that the TTD of 

KDM4A binds to H3K4me3 and H4K20me3 and the TTD of KDM4B binds methylated H4K20 

(29–32). However, only recently have the binding properties of the KDM4C TTD been 

qualitatively assessed to bind methylated H3K4 (2), intriguingly connecting this H3K9 

demethylase to H3K4me3. Indeed, an intact TTD is required for the recruitment of KDM4C to 

H3K4me3-modified genomic loci (2). We were intrigued by the possibility that, in addition to the 

recruitment function, recognition of H3K4me3 by the TTD modulates KDM4C catalytic efficiency 

towards its H3K9me3 substrate.   We therefore set out to quantitatively investigate the affinity of 

the KDM4C TTD for H3K4me3, and determine whether recognition of this mark impacts the 

enzymatic activity of KDM4C.  

Experimental Procedures 

Cloning KDM4C constructs 

 KDM4C tandem tudor domain (KDM4C TTD) (amino acids (aa) 877-991) was cloned into 

the pETARA vector (gift from W. Lim lab) downstream of the DNA sequence encoding the 

glutathione S-transferase (GST) tag and Tobacco Etch Virus protease (TEV) recognition site 

using standard cloning methods. KDM4C catalytic domain (KDM4C cat) (aa 1-352) was similarly 

cloned into the pBH4 6x-His vector (gift from W. Lim lab) downstream of the sequence encoding 
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the 6x His tag and TEV recognition site. A construct fusing the catalytic domain and TTD 

(KDM4C mini) (aa 1-352 5xGS linker 877-991) was generated using the Gibson method (33) to 

introduce a 5xGS linker and the TTD sequence (aa 877-991) into the pBH4 6x-His KDM4C cat 

construct. KDM4C full length (KDM4C fl) was cloned into the pFastBac-HTB vector downstream 

of the sequence encoding the 6x-His and TEV recognition site using standard cloning methods. 

All constructs were generated using the sequence for human KDM4C. Point mutants were 

introduced by site-directed mutagenesis.  

Expression and purification of KDM4C constructs 

KDM4C TTD, KDM4C cat, and KDM4C mini constructs were expressed in Rosetta pLysS E. coli 

grown in Terrific Broth media. Cultures were grown at 37°C to an OD600=0.6, cooled to 18°C, 

and induced with 300 µM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 20 h. Cells were 

harvested by centrifugation at 3,500 rpm for 15 min. Cell pellets containing KDM4C TTD were 

lysed in 50 mM HEPES pH=7.5, 500 mM NaCl, 0.5 mM phenylmethylsulfonyl fluoride (PMSF) 

by sonication. Cell debris was removed by subsequent centrifugation at 35,000 rpm for 45 min 

at 4°C. KDM4C TTD was purified using Glutathione Sepharose 4B resin (GE Healthcare) and 

washed with 50 mM HEPES pH=7.5, 500 mM NaCl. KDM4C TTD was eluted with 50 mM 

HEPES pH=7.5, 100 mM NaCl, 30 mM reduced glutathione. Following elution, proteins were 

dialyzed in 50 mM HEPES pH=7.5, 100 mM NaCl. If necessary, KDM4C TTD constructs were 

purified by subsequent size exclusion chromatography (S75 26/60). For isothermal titration 

calorimetry (ITC), the GST tag of the KDM4C TTD was cleaved by tobacco etch viral protease 

(TEV), while dialyzing in 50 mM HEPES pH=7.5, 50 mM NaCl. The TTD domain was 

subsequently purified by size exclusion chromatography (S75 26/60). KDM4C cat and KDM4C 

mini cell pellets were lysed in 50 mM HEPES pH=8.0, 500 mM NaCl, 20 mM imidazole, and 0.5 

mM PMSF by microfluidizer. Lysate was clarified as for KDM4C TTD. KDM4C cat and KDM4C 

mini were purified using Qiagen Ni NTA resin and washed with 50 mM HEPES pH=8.0, 500 mM 
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NaCl, and 20 mM imidazole. Constructs were eluted using 50 mM HEPES pH=8.0, 500 mM 

NaCl, 250 mM imidazole, and 0.5mM TCEP.  The 6xHis tags were cleaved by TEV for 4 h at 4 

°C, while dialyzed in 50 mM HEPES pH=8.0, 500 mM NaCl, 0.5 mM TCEP. Following cleavage, 

the protein was incubated with Ni NTA resin and the flow through was collected. KDM4C cat 

was further purified by size exclusion chromatography in 50 mM HEPES pH=8.0, 500 mM NaCl 

(S75 26/60). KDM4C mini was further purified by size exclusion chromatography in 50 mM 

HEPES pH=8.0, 150 mM NaCl (S200 26/60).  

Bacmid for KDM4C fl was made following Invitrogen’s Bac to Bac Expression System 

guidelines. Recombinant bacmids were isolated and transfected into Sf21 cells to generate 

recombinant baculovirus. For transfections, 0.9 x106 cells were seeded in one well of a 6-well 

dish in Sf 900 II SFM medium containing 50 units/mL penicillin and 50 µg/mL streptomycin 

(P/S). While cells attached, 2-5 µg of bacmid diluted in 100 µL of Grace’s unsupplemented 

insect media (GUIM) was mixed with 6 µL of Cellfectin Reagent diluted in 100 µL of GUIM. This 

Bacmid/Cellfectin reagent mixture was incubated at room temperature (rt) for 25-40 min. Once 

cells were attached, they were rinsed with GUIM and treated with the Bacmid/Cellfectin mixture 

diluted in 1 mL of GUIM. Cells were incubated for 5 h at 27°C. Following incubation, the GUIM 

was replaced with Sf 900 II SFM containing P/S. Transfections were incubated for 3-4 days at 

27°C or until signs of viral infection were observed. The virus containing supernatant was 

collected, centrifuged, and sterile filtered to obtain the P1 viral stock. P2 virus was generated by 

infecting cells in log phase at approximately 1.5 x106 cells per mL with 1 mL of P1 virus per 20 

mL of cells. Cells were grown for 55 h at 27°C and the supernatant was collected, centrifuged, 

and sterile filtered to obtain the P2 virus. This viral amplification process was repeated, infecting 

with P2 virus to obtain the P3 virus, which was used for the large scale expression of KDM4C fl. 

For expression, 1.2 L of cells growing in log phase at approximately 1.5 x106 cells per mL were 

infected with P3 virus (25 mL per 1.2 L of cells). Cells were allowed to grow at 27°C for 55 h and 

then were harvested by centrifugation at 3,000 rpm for 15 min.  
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Sf21 pellets were lysed in 50 mM HEPES pH=8, 500 mM NaCl, 20 mM imidazole, 0.5 

mM PMSF, 2 µg mL-1 aprotinin, 3 µg mL-1 pepstatin, and 3 µg mL-1 leupeptin. Cells were lysed 

using a microfluidizer and centrifuged at 35,000 rpm for 45 min at 4°C. KDM4C fl was purified 

using Qiagen’s NTA resin. Resin was washed with 50 mM HEPES pH=8, 500 mM NaCl, 20 mM 

imidazole and with 50 mM HEPES pH=8, 150 mM NaCl, and 20 mM imidazole. KDM4C fl was 

eluted using 50 mM HEPES pH=8, 150 mM NaCl, 250 mM imidazole, and 0.5 mM TCEP. 

Following elution, TEV cleavage of the 6xHis tag was performed while dialyzing in 50 mM 

HEPES pH=8, 150 mM NaCl, 0.5 mM TCEP at 4°C for 4 h. KDM4C fl was further purified by 

size exclusion chromatography (S200 26/60) in 50 mM HEPES pH=8, 150 mM NaCl.  Proteins 

were at least 95% pure of other contaminants. Protein concentrations were determined by a 

Bradford assay.  

Fluorescence polarization assays 

KDM4C TTD binding studies were performed by either direct or competition based fluorescence 

polarization (FP) assays. Fluorescent H3K4me3 (aa 1-18) and H4K20me3 (aa 16-25) peptides 

(Genescript), containing a 5-carboxyfluorescein (5-FAM) on either a natural or unnatural C-

terminal lysine, were used at 10 nM in the direct FP assay. Assays were performed in 50 mM 

HEPES pH=7.5, 50 mM NaCl, and 0.01% Tween-20, incubated for 30 min at rt, and FP was 

measured using a Molecular Devices SpectraMax M5e with an excitation wavelength of 492 nm 

and emission wavelength of 517 nm. For direct FP binding assays, KDM4C TTD constructs 

were serially diluted and incubated with the fluorescent peptide. For FP competition assays, 2 

µM KDM4C TTD was incubated with 10 nM H3K4me3 fluorescent peptide and competitor 

peptides of varying concentrations. Competitor peptides were unlabeled H3K4me0, H3K4me1, 

H3K4me2, H3K4me3, and H3K4me3K9me3 (aa 1-18) (Genescript). FP direct binding assays 

were fit as previously described (34) and competition assays were fit using the following 

equation. 



	 20	 	
	

 

FPobs= 
Ki FPmax TTD +FPminKd + FPminKd I

Ki Kd+ TTD +Kd I
 

Isothermal titration calorimetry assays 

KDM4C TTD lacking the GST tag was dialyzed into 50 mM HEPES pH=7.5, 50 mM 

NaCl, and H3K4me3 (aa 1-10) and H4K20me3 (aa 16-25) were resuspended in the same 

buffer. The experiment was performed using a MicroCal VP-ITC (GE Healthcare) at 25°C. 

H3K4me3 or H4K20me3 peptide (500 µM) was titrated from the syringe into a 50 µM cell 

solution of KDM4C TTD. The heat of dilution, measured from titration of peptide into ITC buffer, 

was subtracted from the binding data. Calorimetric parameters were calculated by fitting to a 

one-site binding model using Origen 7.0 software. 

Peptide demethylation- Kinetic analysis of KDM4C peptide demethylation was performed 

using an enzyme-coupled assay that follows the production of formaldehyde (35). A master mix 

containing ⍺-ketoglutarate (500 µM), ascorbic acid (500 µM), Fe(NH4)2(SO4)2 (50 µM), NAD+ (2 

mM), and formaldehyde dehydrogenase (0.05 U) was mixed in 50 mM HEPES pH=7.7, 50 mM 

NaCl with KDM4C constructs of interest. KDM4C constructs were used at 1 µM for all kinetic 

studies with the exception of KDM4C fl with H3K4me3K9me3 which was used at 0.2 µM to 

better estimate the Km. Assays were initiated with the addition of  various concentrations of 

H3K9me3 and H3K4me3K9me3 (aa 1-15) (Genscript). In addition to H3K9me3 peptides, 

KDM4C fl assays were performed with H3K9me2 and H3K4me3K9me2 (aa 1-15) peptides 

(CPC Scientific). Fluorescence was monitored every 20 sec for 30 min at rt on a Molecular 

Devices SpectraMax M5e spectrophotometer, using 340 nm excitation and 460 nm emission 

wavelengths. The coupled assay was also used to compare KDM4C fl demethylation of 

H3K9me3, H3K4me3K9me3, and H3K9me3 with H3K4me3 in trans. For these assays, 1 µM 

KDM4C fl was used in the master mix described above with or without H3K4me3 (100 µM) 
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provided in trans. Reactions were initiated with the addition of either H3K9me3 or 

H3K4me3K9me3 substrate to a final concentration of 1.56 µM. All reactions were analyzed 

using NADH standard curves to convert fluorescence to concentration of product formed. Initial 

rates were determined using the first 3 min of the reaction, plotted against the substrate 

concentration, and fit with the Michaelis-Menten equation to determine the kinetic parameters.  

Demethylation of peptides was alternatively analyzed by matrix-assisted laser 

desorption/ionization time-of-flight (MALDI) mass spectrometry. We performed the assays in 50 

mM HEPES pH=7.7, 50 mM NaCl with ⍺-ketoglutarate (500 µM), ascorbic acid (500 µM), and 

Fe(NH4)2(SO4)2 (50 µM), and incubated KDM4C fl (1 µM) with H3K9me3 or H3K4me3K9me3 (1-

15aa) peptides (2 µM).  Demethylation was initiated by introduction of peptide and time points 

were collected over 30 min at rt, before being quenched by EDTA (final concentration 5 mM). 

Samples were desalted by C18-ZipTip (Millipore) and diluted 1:10 in H2O with 0.01% 

trifluoroacetic acid (TFA). The extent of demethylation and product distribution was analyzed by 

MALDI mass spectrometry (Shimazu) using α-cyano-4-hydroxycinnaminic acid as the matrix.  

Methylated nucleosome reconstitution 

We used a previously described Smt3-H3(15-136 A15C) construct to express and purify the 

H3(15-136 A15C) fragment for native chemical ligation (19). Expression and initial purification of 

the histone from the inclusion bodies were performed as previously described (36). Following 

extraction from the inclusion bodies, the Smt3-H3 (15-136 A15C) was precipitated by dialysis in 

H2O with 5 mM β-mercaptoethanol (BME). Precipitated pellet was resuspended in 9 M urea and 

subsequently diluted in 50 mM HEPES pH=6.8, 150 mM HEPES, 150 mM L-Arg, 10 mM L-Cys 

bringing the final concentration of urea to 2 M and protein to 0.25 mg/mL. Approximately 1:10 

mass to mass ratio of Senp1-SUMO (419-644) protease to protein was added to samples and 

incubated at 4°C overnight. The cleaved histone was passed over Qiagen NTA resin 3x and the 

flow-through was dialyzed in 1% acetic acid. Histone was lyophilized and further purified by 
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semi-preparative Luna C-18 (250 x 21.20 mms x 10 µm) (Phenomenex) RP-HPLC using a 35-

55% acetonitrile with 0.1% TFA gradient for 1 h at 15 mL/min. Native chemical ligation was 

performed as previously described (37), using H3K9me3-(S-benzyl) and H3K4me3K9me3-(S-

benzyl) 14mers (CPC Scientific). Ligation was purified as above, using a 35-55% acetonitrile 

with 0.1% TFA gradient for 2 hr at 15 mL/min. Following purification of ligated product, 

desulfurization of Cys 15 to the native Ala was performed via a free-radical-based approach as 

previously described (37, 38).  Desulfurized histone was dialyzed in H2O with 5 mM BME. 

Except for H3K9me3 and H3K4me3K9me3 histones, all other Xenopus laevis histones were 

recombinantly expressed and purified using standard procedures (36).  

The 147 basepair (bp) standard 601 sequence DNA was produced by PCR and was 

used for all nucleosome assemblies (39, 40), with the exception of nucleosomes used for the 

pull-down assay. DNA for the pull-down assay contained 5’ biotin and the sequence was a slight 

variation of the 601 sequence, containing a Pst site 16 bp from the 5’ end. Octamers and 

nucleosomes were assembled using previously published procedures (36). 

Quantitative western blot 

Mononucleosome demethylase assays were performed in 50 mM HEPES pH=7.7, 50 mM NaCl 

with α-ketoglutarate (500 µM), ascorbic acid (500 µM), and Fe(NH4)2(SO4)2 (50 µM) at rt. 

Concentrations of KDM4C fl and KDM4C mini were optimized for the given nucleosome 

substrates (1.5 µM for H3K9me3 and 0.5 µM for H3K4me3K9me3 nucleosomes). Assays were 

initiated by the addition of either H3K9me3 or H3K4me3K9me3 mononucleosomes (0.125 µM). 

Time points were quenched in 1:1 6x protein loading buffer to 500 mM EDTA, pH=8.0 (70 mM 

final) and boiled. Samples were run on 4-20% Tris-tricine Bio-Rad gels for 30 min at 200 V. Gels 

were transferred onto nitrocellulose membrane using Bio-Rad Trans-Blot SD semi-dry transfer 

system 1 hr at 24 V. Westerns were blocked for 1 hr using Licor Odyssey blocking buffer and 

then incubated overnight at 4°C with rabbit anti-H3K9me3 (Abcam ab8898, 1:1000) and rabbit 
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anti-H4 (Active Motif 39-269, 1:1000) in 1:1 PBS:Odyssey blocking buffer containing 0.02% 

Tween-20. Membranes were incubated with IRDye 680LT goat anti-rabbit secondary antibody 

(LI-COR 926-68021, 1:20,000) in 1:1 PBS:Odyssey blocking buffer containing 0.02% Tween-20 

for 1 hr at rt. Membranes  were visualized using LI-COR. Samples were shown to be in the 

linear range of the primary antibodies. No cross reactivity was observed for the anti-H3K9me3. 

Westerns were quantified using LI-COR Odyssey Application Software. H3K9me3 

fluorescent signal was normalized to that of histone H4. Demethylation was normalized to time= 

0 min, plotted against time, and analyzed as previously described (41). kcat/Km was estimated by 

dividing the kobs by the enzyme concentration. 

Mononucleosome pull-down assay 

1 µg of either unmodified mononucleosomes, H3K4me3-containing nucleosomes, biotinylated 

BSA, or molar equivalent of biotinylated 601 sequence were immobilized on 10 µL of 

streptavidin resin (M-280 Dynabeads, Invitrogen) in 50 mM HEPES pH=7.5, 150 mM NaCl, 

0.01% Tween-20, and 0.1 mg/mL BSA (PD buffer) for 30 min at 4°C. The resin was washed two 

times with PD buffer and the immobilized nucleosomes were incubated with 10 µL of 0.5 µM 

KDM4C in PD buffer for 30 min at 4°C. Following incubation, the resin was washed two times 

with PD buffer. Beads were boiled in 20 µL of SDS loading buffer and western blots were used 

to analyze the pull-down. We used a rabbit anti-KDM4C antibody raised in rabbit against GST-

tagged KDM4C aa 361-436 to detect KDM4C fl (Covance). Samples were within the linear 

range of the antibody.  

Results 

Recognition of H3K4me3 by the KDM4C TTD 

 A qualitative pull-down previously demonstrated that the KDM4C TTD specifically recognized 

H3K4me3 (2). We sought to validate and extend this observation using a quantitative approach 
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to further explore the affinity and specificity of the KDM4C TTD. We determined its binding 

properties toward H3K4me3 and H4K20me3, modifications known to be recognized by the 

KDM4A TTD (29–31). We purified glutathione S-transferase (GST) tagged KDM4C TTD and 

characterized its binding to fluorescent histone peptides with different modifications through 

fluorescence polarization (FP) assays. We found that the KDM4C TTD recognizes H3K4me3, 

but not H4K20me3 (Fig. 1B). This result was validated in an isothermal titration calorimetry 

assay, excluding the possibility that lack of binding was due to interference by the fluorophore 

(Fig. 2). The Kd of the KDM4C TTD toward H3K4me3 was 2-4 µM, consistent with affinities 

observed for other methylation readers (42–44), and the stoichiometry observed was 

approximately 1 to 1. Moreover, this recognition of H3K4me3 was recapitulated using a full 

length KDM4C protein construct (KDM4C fl), which bound the peptide with an affinity of 5 µM 

(Fig. 1B).  

To determine the impact of the H3K4 methylation state on the KDM4C TTD affinity, we 

performed FP competition assays in which the binding of the TTD to the fluorescently labelled 

H3K4me3 peptide was competed with unlabelled H3K4me0, H3K4me1, H3K4me2, and 

H3K4me3 peptides. We found a preference for the highest methylation state (H3K4me3), and 

progressive reductions in affinity with the loss of methyl groups (me3>me2>me1>me0) (Fig. 1C, 

Fig. 1D), consistent with the recognition of methylated lysine by an aromatic cage in the TTD 

peptide interface (30, 31). This aromatic cage recognition was further validated by a point 

mutation (Y953A) in the KDM4C TTD, which was chosen based on sequence alignment and 

structural studies with the KDM4A TTD (30, 31). We confirmed through FP assays that the 

Y953A mutation abrogated H3K4me3 binding (Fig. 1B). Additionally we asked whether 

H3K9me3, one of the demethylation substrates of KDM4C, had any effect on the ability of the 

KDM4C TTD to bind H3K4me3. By comparing the affinities of H3K4me3 alone to peptides 

containing both H3K4me3 and H3K9me3, we found that the KDM4C TTD binds these peptides 

equivalently and is not influenced by the trimethylation of H3K9 (Fig. 1C, Fig. 1D).  
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H3K4me3 stimulates KDM4C demethylation of H3K9 methylated peptides 

 The observation that the KDM4C TTD specifically recognizes H3K4me3 propelled us to 

investigate the role this modification might have on the enzymatic activity of KDM4C.  We 

compared KDM4C fl-catalyzed demethylation of H3K9me3 and H3K9me2 peptides with the 

corresponding substrates containing both H3K4 and H3K9 methylation: H3K4me3K9me3 and 

H3K4me3K9me2. Demethylation was monitored by a formaldehyde release assay (35). We 

observed that H3K4me3 stimulated the catalytic efficiency (kcat/Km) of H3K9me3 and H3K9me2 

demethylation by 9-fold and 24-fold, respectively (Fig. 3A, Table 1). In addition to improving the 

demethylation of both substrates, the presence of K4 trimethylation narrows the difference in 

catalytic efficiency between tri- and dimethylated H3K9 to less than two fold.     

To gain an insight into the manner in which demethylation is stimulated in the presence 

of H3K4me3, we compared two individual kinetic parameters: kcat, a measure of the maximum 

rate of demethylation, and Km, a measure of the relative affinity towards the substrate. We found 

that H3K4me3 decreases the Km of H3K9me3 and H3K9me2 demethylation by 16- and 27-fold, 

respectively, with the kcat of H3K9me3 decreasing less than 2-fold and virtually unchanged for 

H3K9me2 (Table 1).  Thus, the effect of H3K4me3 on H3K9 demethylation is predominantly 

through a significant increase in the affinity between the substrate and KDM4C fl, as 

represented by a decrease in the Km. Together these results indicate that H3K4me3 stimulates 

the catalytic efficiency of KDM4C by enhancing the interaction of the demethylase with 

methylated H3K9 peptides.  

Additionally, we analyzed KDM4C fl demethylation of H3K9me3 and H3K4me3K9me3 

peptides using matrix-assisted laser desorption/ionization time-of-flight (MALDI) mass 

spectrometry as a more direct method to monitor demethylation. We found a similar stimulation 

of H3K9 demethylation in the presence of H3K4me3 (Fig. 3B, C). This method also allowed us 

to compare the product distribution throughout the time course of demethylation. We observed a 
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faster accumulation of H3K9me2 in the presence of H3K4me3, followed by an accumulation of 

H3K9me1 toward the end of the time course, distinct from the products observed for peptides 

containing H3K9me3 alone (Fig. 3B, C). These results are consistent with a model in which 

H3K4me3 provides enhanced affinity and thus enzymatic efficiency toward methylated H3K9 

peptides.  

The TTD is necessary and sufficient for H3K4me3-mediated binding enhancement 

Based on our results from the KDM4C TTD peptide binding studies, we hypothesized that the 

TTD is critical to the stimulation of KDM4C enzymatic activity by H3K4me3, but whether this 

domain is necessary or sufficient was unknown. We compared four KDM4C constructs to 

elucidate the mechanism of stimulation by H3K4me3: (i) KDM4C fl; (ii) the catalytic domain 

alone (KDM4C cat); (iii) KDM4C full length with the Y953A mutation that precludes binding of 

the TTD to H3K4me3 (KDM4C Y953A) (Fig. 1B); and (iv) a construct in which the catalytic 

domain is linked to the TTD by a short glycine-serine (GS) linker (KDM4C mini) (Fig. 4A). We 

determined the ability of these four constructs to demethylate H3K9me3 and H3K4me3K9me3 

peptides. Unlike KDM4C fl, the enzymatic activities of KDM4C cat and KDM4C Y953A were 

unchanged by the presence of H3K4me3 (Fig. 4B, Table 2). This result demonstrated that a 

functional TTD is necessary for the stimulatory effect of H3K4me3.  Moreover, we observed that 

H3K4me3 had no effect on KDM4C cat catalysis, indicating that recognition and demethylation 

of H3K9me3 by the catalytic domain is not directly affected by H3K4me3 (Table 2). In contrast, 

we found that the demethylation of H3K9me3 by KDM4C mini was stimulated 6-fold by 

H3K4me3 (Fig. 4B, Table 2). Similar to KDM4C fl, this stimulation resulted from a decrease in 

the Km, in this case by 7-fold (Table 2). The observed stimulation of KDM4C mini, although 

diminished relative to that observed in the KDM4C fl, indicates that the presence of the TTD is 

sufficient for recognition of H3K4me3.   
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We next investigated how H3K4me3 stimulates demethylation by KDM4C. We 

considered two potential modes for this stimulation: (i) in cis, by which KDM4C engages both 

H3K4me3 and H3K9me3 on a single histone tail; (ii) in trans, whereby the TTD and catalytic 

domain interact with H3K4me3 and H3K9me3, respectively, on different histone tails (Fig. 4C). 

To distinguish these modes, we compared the rates of KDM4C fl demethylation of peptides in 

three reactions: (a) a H3K9me3 peptide alone; (b) a peptide containing both H3K4me3 and 

K9me3; and (c) a H3K9me3 peptide in the presence of an additional peptide containing only 

H3K4me3 at a saturating concentration. We found that H3K4me3 only stimulated demethylation 

when in cis to the H3K9me3 substrate (Fig. 4D). Thus, we conclude that H3K4me3 stimulates 

KDM4C when in cis to the substrate modification, H3K9me3.  

Demethylation and binding properties of KDM4C on methylated mononucleosomes 

Given our finding that H3K4me3 stimulates KDM4C-catalyzed H3K9me3 demethylation of 

peptides containing both marks, we sought to determine whether the same effect could be 

observed on a more complex substrate, the mononucleosome. We produced histones 

containing the H3K9me3 or H3K4me3K9me3 modifications by native chemical ligation of 

modified histone H3 N-terminal peptides to the rest of  the histone H3 fragment that was 

recombinantly expressed (Fig. 5A) (37, 38). These generated H3 histones were then assembled 

into octamers and subsequently nucleosomes (36), which we validated (Fig. 5A), and used in 

demethylation assays under single turnover, subsaturating enzyme conditions. Demethylation 

was analyzed by quantitative western blot (Fig. 5A), and the catalytic efficiency (kcat/Km) was 

estimated by dividing the observed rate by the enzyme concentration. We found that H3K4me3 

stimulated the estimated catalytic efficiency (kcat/Km) of KDM4C fl and KDM4C mini-catalyzed 

demethylation of H3K9me3 by 3-fold and 6-fold, respectively (Fig.5B). These findings 

demonstrate that H3K4me3 stimulates demethylation on mononucleosomes as well as 

peptides.   
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We further investigated whether an enhancement in binding was responsible for the 

H3K4me3 stimulation on nucleosomes, consistent with the mechanism identified on peptides. 

We compared the binding preference of KDM4C fl toward unmodified and H3K4me3 

nucleosomes using an in vitro pull-down assay (45). We found that KDM4C fl preferentially 

binds to H3K4me3-containing nucleosomes compared to unmodified nucleosomes (Fig. 5C). 

This preference was consistent with the stimulation in demethylation of H3K9me3 containing 

nucleosomes in the presence of H3K4me3. These results indicate that in the context of 

recombinant mononucleosomes, H3K4me3 stimulates demethylation through enhancing the 

affinity of KDM4C for the substrate, in a mechanism similar to that observed with the peptide 

studies.  

Discussion 

H3K4me3 stimulates KDM4C-mediated demethylation by enhancing substrate affinity 

Our quantitative studies revealed that the KDM4C TTD recognizes methylated H3K4, with a 

preference for the trimethylated form. The presence of H3K4me3 in cis significantly stimulated 

the demethylation of methylated H3K9 both on peptides and mononucleosomes. Our peptide 

studies indicated that recognition of H3K4me3 by the TTD was necessary and sufficient for this 

stimulation. To our knowledge, this study is the first to identify a modulation of the activity of 

KDM4C due to the function of its reader domain. We propose a multivalent interaction model 

(Fig. 6), in which two linked modifications are engaged by the protein through multiple domain 

interactions to increase the affinity and specificity toward the dual-modified substrate (46, 47). 

This model is supported by the following evidence: (i) KDM4C fl was stimulated by H3K4me3 

through a binding enhancement both on peptides and mononucleosomes (Table 1, Fig. 5C); and 

(ii) stimulation required that H3K4me3 reside in cis to H3K9me3 (Fig. 4D). In the proposed 

mechanistic model, the TTD recognition of H3K4me3 enhances the interaction with the 



	 29	 	
	

substrate, stimulating demethylation by increasing the affinity of KDM4C toward methylated 

H3K9.  

Our peptide results differ from a previous report, which observed that H3K4me3 

equivalently affects demethylation in both the catalytic domain and the full length KDM4C, both 

by an approximate 2-fold enhancement (48). In contrast, we observe H3K4me3 stimulation only 

for the KDM4C fl construct, by approximately 10-fold. The source of the differences between the 

two studies remains unclear, but could be due to differences in assay conditions, peptide 

lengths, or the presence of affinities tags. Our model is strengthened by our demonstration that 

the Y953A point mutation in the TTD abrogates the stimulation by H3K4me3 and that the 

artificial tethering of the TTD is sufficient to stimulate H3K9me3 demethylation in the presence 

of H3K4me3. The proposed reader domain recognition enhances KDM4C binding, activity, and 

specificity, offering additional modes of regulation. 

Complex interactions with the mononucleosome 

While demethylation of mononuclesome substrates is stimulated by the presence of H3K4me3, 

net enhancement of KDM4C fl activity was lower than the effect measured on peptides (Fig. 3A, 

Fig. 5B). Consistent with this observation, KDM4C fl distinguishes unmodified and H3K4me3-

containing peptides to a greater extent than the respective mononucleosomes. The dampened 

stimulation could be attributed to the increased affinity of KDM4C fl for the more complex 

nucleosome substrate, irrespective of the presence of H3K4me3. While in vitro, this difference 

may be attributed to additional contacts that the demethylase might make with the nucleosome 

beyond the interaction of the TTD with H3K4me3, the in vivo chromatin context is likely to 

influence how nucleosomes are presented to KDM4C.  Moreover, in some regions of the 

nucleosome packaged genome, histone tails may be the most accessible components of 

chromatin. In any case, our results indicate that beyond the role of H3K4me3 in the recruitment 
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of KDM4C, this modification also stimulates the enzymatic efficiency of the demethylase 

towards its H3K9me3 substrate.  

Regulatory potential of KDM4C interactions 

Our finding that KDM4C activity is regulated by H3K4me3-dependent TTD interactions opens 

the possibility that additional post-translational modifications in the N-terminal region of the H3 

tail (49) could modulate TTD binding and thus the catalytic activity. In addition, it is possible that 

the TTD interaction with H3K4me3 might similarly regulate the removal of another known 

KDM4C substrate, methylated H3K36 (21, 22, 25). Given the significantly higher Km of 

H3K36me3 compared to H3K9me3 (35), it is conceivable that the proposed multivalency 

mechanism may more strongly enhance demethylation of methylated H3K36. In this context, 

H3K4me3 could prohibit the spreading of H3K36me3 into the promoter from intragenic regions 

where it is generally localized (9, 15, 50). Moreover, the clear regulatory role established for the 

KDM4C TTD should motivate studies of the KDM4C PHD domains, potential reader domains of 

unknown function. Finally, in addition to chromatin modifications, KDM4C could be regulated 

through protein-protein interactions with other chromatin factors or complexes, consistent with 

the observation that the activity of Drosophila KDM4A is stimulated by HP1 (51). These 

hypotheses remain to be tested. 

Specialized reader domains 

The KDM4 family of demethylases expanded from predominantly one demethylase to five in the 

vertebrate lineages (25, 27). Yet, all five of these enzymes act on trimethylated H3K9, a 

seemingly redundant function (21–26). Recent in vivo studies demonstrate that KDM4B and 

KDM4C have overlapping, but also distinct targets (1), indicating mechanisms that generate 

specificity. Our study demonstrates that the differences in the function of the TTD reader 

domains, present in KDM4A-C, may provide genomic specificity. Whereas the KDM4A TTD 



	 31	 	
	

recognizes both H3K4me3 and H4K20me3 (29–31), and the KDM4B TTD binds methylated 

H4K20 (32), we and Pederson et al. have shown that the KDM4C TTD is specialized to 

recognize only methylated H3K4 (Fig. 1B, Fig. 2) (2). This specialization of the KDM4C TTD 

recognition, and importantly its effect on KDM4C H3K9me3 demethylation revealed in this 

study, might create specificity for a narrower subset of targets.  This specificity is particularly 

important given that the concentration of KDM4C is likely limiting relative to its substrate. Thus, 

our findings highlight both specialization of KDM4C from other KDM4 family members and a 

mechanism that contributes to its specificity for certain substrates. 

The functional specialization of the TTD and its effect on KDM4C substrate specificity 

are reminiscent of SH2 and SH3 domains, recognition modules present in a number of signaling 

proteins, including kinases. In addition to their roles in substrate recognition, SH2 and SH3 

domains regulate enzymatic activity through a multitude of mechanisms, including multivalent 

interactions and allostery (52, 53). In analogy to these signaling modules, the TTDs of the 

KDM4 demethylases participate both in substrate recognition and modulation of enzymatic 

activity. These observations suggest parallels in regulation achieved by auxiliary domains 

across diverse enzyme families.  

Mechanism for establishing or maintaining an active state 

H3K4me3 and H3K9me3 have opposing roles in transcription, as they are correlated with active 

and repressed gene expression, respectively (5–9, 11). Previous chromatin 

immunoprecipitation-sequencing studies demonstrate that these two opposing chromatin 

modifications do not colocalize in the genome (15), indicating mechanisms that exclude the 

colocalization of these modifications. Indeed, several mechanisms have been proposed that 

may contribute to this exclusion (16–18, 20). Our study indicates that H3K4me3 and H3K9me3 

may transiently colocalize, but in the presence of KDM4C, H3K4me3 would stimulate 

demethylation of H3K9me3. This mechanism of H3K4me3 stimulation could be used either to 
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establish or maintain (previously proposed as “safeguard” (2)) active transcription. While we 

hypothesize that the activity and regulation of KDM4C is crucial to the exclusion of H3K4me3 

and H3K9me3, it is not known where in the genome this mechanism is required or whether it is 

distinct or redundant with other proposed exclusion models. Due to other potentially redundant 

exclusion mechanisms, a precise manipulation of KDM4C activity either by a specific inhibitor or 

CRISPR mediated mutation of key active site residues would be required to test its role in 

excluding H3K4me3 and H3K9me3 modifications.  

We have uncovered a mechanism by which the interpretation of H3K4me3 by a reader 

TTD stimulates the removal of the repressive H3K9me3 modification through enhancing the 

enzymatic efficiency of KDM4C. Our work provides mechanistic insight into how KDM4C utilizes 

a multivalent interaction to enhance the affinity of the catalytic domain for the substrate. 

Moreover, our results emphasize the importance of cross-talk between chromatin modifications 

in generating specificity and regulating the activities of chromatin modifying enzymes. We 

suggest that the coupling of the specificity of a reader domain to the enzymology of a writer or 

eraser can achieve and enforce distinctions between chromatin types. 
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Figure 1: Recognition of H3K4me3 by the KDM4C TTD 

 

(A) KDM4 family domain architecture as predicted by SMART sequence analyzer. Jumonji 

domain N (JmjN), Jumonji domain C (JmjC), Plant homeodomain (PHD), tandem tudor domain 

(TTD). 

(B) Fluorescence polarization (FP)-based analysis of binding between KDM4C constructs - 

KDM4C fl or KDM4C TTD, either wild type (wt) or containing the Y953A mutation – and 

fluorescently labeled H3K4me3 (18mer) and H4K20me3 (11mer) peptides. Data points for 

KDM4C fl extend only to 50 µM due to the difficulty in expressing large amounts of this protein.  

(C) FP competition assay comparing the KDM4C TTD binding to H3 peptides with different 

H3K4 methylation states or H3K4me3K9me3 modifications.  All peptides were 18mers.  

(D) Dissociation constants derived from (C). Errors (n>3) represent s.e.m. 
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Figure 2: Isothermal Titration Calorimetry analysis of KDM4C TTD binding 

 

 

 

Top panels display data obtained from automatic 2 µL injections of either 500 µM H3K4me3 

(10mer) or H4K20me3 (11mer) into a cell containing KDM4C TTD lacking the GST tag (50 µM). 

Bottom panels show the integrated curve with experimental points and best fit curve for a one-

binding site model. Interaction of KDM4C TTD and the H3K4me3 was determined to have an 

N= 0.80±.02 and Kd= 3.2±0.1 from the average of two independent ITC measurements.  
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Figure 3: H3K4me3 stimulates KDM4C demethylation of H3K9 methylated peptides 
 
 
 

 
 

(A)Comparison of kcat/Km values derived from Michaelis-Menten analysis of KDM4C fl 

demethylation of H3K9me3, H3K4me3K9me3, H3K9me2, and H3K4me3K9me2 15mer 

peptides. Errors (n>3) represent s.e.m. 

(B) Matrix Assisted Laser Desorption/Ionization (MALDI) analysis of H3K9me3 15mer 

demethylation by KDM4C fl over a time course from 0 to 30 min.  

(C) MALDI analysis of H3K4me3K9me3 15mer demethylation by KDM4C fl over a time course 

from 0 to 30 min.  
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Figure 4: TTD-mediated H3K4me3 recognition stimulates demethylation 

 
 

 
 

(A) Domain architecture of the constructs used to investigate the mechanism of H3K4me3 

stimulation.   

(B) Comparison of kcat/Km derived from Michaelis-Menten analysis of demethylation of H3K9me3 

and H3K4me3K9me3 15mer peptides catalyzed by KDM4C fl, KDM4C Y953A, KDM4C cat, or 

KDM4C mini. Errors (n>3) represent s.e.m. 

(C) Schematic of potential modes of stimulation of KDM4C fl by H3K4me3. H3K4me3 peptide 

could stimulate H3K9me3 either in trans or in cis. 
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(D) Comparison of observed rates of demethylation by KDM4C fl toward H3K9me3 (orange), 

H3K4me3K9me3 (blue), and H3K9me3 in the presence of saturating H3K4me3 provided in 

trans (gray).  

  



	 47	 	
	

Figure 5: H3K4me3 stimulation of KDM4C on mononucleosomes 
 
 
 

 
 

 

(A) Assessment of mononucleosome quality. (i) Representative liquid-chromatography mass 

spectrometry trace of H3K9me3 modified histones produced by native chemical ligation and 

desulfurization. (ii) DNA polyacrylamide gel (5% acrylamide, 0.5x TBE) demonstrating that the 

mononucleosomes are fully assembled and lack free DNA at 147 bp.  (iii) Representative 

quantitative western blot of a KDM4C fl demethylation time course of H3K9me3-containing 
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mononucleosomes. Similar validation was performed for unmodified and H3K4me3K9me3-

containing mononucleosomes. 

(B) Comparison of approximate kcat/Km for demethylation of H3K9me3 and H3K4me3K9me3 

nucleosomes by KDM4C fl and KDM4C mini. Errors (n =2) represent s.e.m. 

(C) Comparison of binding preference of KDM4C fl as determined by in vitro pull-down assay. 

Purified KDM4C- fl was incubated with streptavidin beads coated with biotinylated unmodified 

nucleosomes, biotinylated H3K4me3-containing nucleosomes, biotinylated BSA, and 

biotinylated DNA. After incubation, the beads were washed, and the bound protein was eluted 

by boiling the beads in SDS buffer. Western blots were used to assess the amount of KDM4C fl 

bound in each condition.  
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Figure 6: Model for stimulation of the enzymatic activity of KDM4C by H3K4me3 
 
 
 

 
 

 

H3K4me3 recognition by the TTD stimulates KDM4C demethylation by enhancing the affinity of 

KDM4C toward its substrate. This multivalent interaction can provide specificity for substrates 

containing both methylated H3K4 and H3K9. 

  



	 50	 	
	

Table 1: Kinetic parameters of KDM4C fl demethylation of peptide substrates 

Michelis-Menten derived kinetic parameters of KDM4C fl activity on H3K9me3, 

H3K4me3K9me3, H3K9me2, and H3K4me3K9me2. Errors (n > 3) represent s.e.m. 

 

  

k cat K m k cat /K m 

(min-1)  (µM) (min-1µM-1)
H3K9me3 0.79 ± 0.01 19.4 ± 1.2 0.041 ± 0.003
H3K4me3K9me3 0.45 ± 0.01 1.2 ± 0.4 0.38 ± 0.11
H3K9me2 0.137 ± 0.003 16.0 ± 1.6 0.009 ± 0.001
H3K4me3K9me2 0.132 ± 0.003 0.6 ± 0.1 0.22 ± 0.05

KDM4C fl

Substrate
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Table 2: Kinetic parameters of demethylation of peptide substrates by KDM4C constructs 

Michaelis-Menten derived kinetic parameters for demethylation of H3K9me3 and 

H3K4me3K9me3 by KDM4C constructs. Errors (n > 3) represent s.e.m. 

k cat K m k cat /K m k cat K m k cat /K m 

(min-1)  (µM) (min-1µM-1) (min-1)  (µM) (min-1µM-1)

KDM4C fl 0.79 ± 0.01 19.4 ± 1.2 0.041 ± 0.003 0.45 ± 0.01 1.2 ± 0.4 0.38 ± 0.11
KDM4C Y953A 1.30 ± 0.01 25.9 ± 1.0 0.050 ± 0.002 1.15 ± 0.01 20.1 ± 0.8 0.057 ± 0.003
KDM4C cat 0.85 ± 0.02 31.0 ± 2.7 0.027 ± 0.003 0.81 ± 0.01 29.0 ± 1.3 0.028 ± 0.002
KDM4C mini 0.99 ± 0.02 28.7 ± 2.6 0.034 ± 0.004 0.84 ± 0.03 4.0 ± 0.8 0.21 ± 0.05

H3K9me3 H3K4me3K9me3

Construct

 



  52 
	

 

 

 

 

 

 

 

 

 

 

 

Appendix to Chapter 2  

  



  53 
	

Here, we include additional experiments that contribute to our study of the role of the KDM4C 

TTD, which were not included in our JBC publication (1). This appendix will include related 

methods, results, and a brief discussion of the work.  

Methods 

Peptide Array Analysis 

Peptide arrays were blocked overnight in Tris-buffered saline with Tween 20 (TBST) and 5% 

nonfat dry milk at 4°C. Peptide arrays were washed four times with TBST and once with the 

incubation buffer, 50 mM HEPES pH=7.5, 500 mM NaCl. The peptide arrays were then 

incubated with 0.5 µM GST-PHD2 (pLP18) in incubation buffer for 4 hrs at rt. Following the 

incubation, the array was washed four times with TBST. The peptide array was then incubated 

with 1:13,000 anti-GST antibody (Sigma G7781) in TBST + 5% milk for 1 hr at rt. The array was 

then washed four times with TBST and incubated with anti-rabbit IgG-horseradish peroxidase 

secondary antibody (Santa Cruz sc-2004, 1:2000) in TBST + 5% milk for 40 min at rt. The 

peptide array was washed four times with TBST and incubated with enhanced 

chemiluminescent substrate (GE Amersham) for five minutes before being imaged with a 

BioRad imager. 

Gel Shift Analysis 

Gel shifts were performed in 50 mM HEPES pH=7.5, 50 NaCl, and 0.02% NP40. KDM4C 

constructs were serially diluted, and incubated with 20 nM of the nucleosomes of interest. 

Constructs were incubated with nucleosomes for 30 min at rt. Following the equilibration, 

glycerol was added to the samples to a final concentration of 3%. Samples were run on 5% 

acrylamide (from 30% 29:1 stock), 0.5x TBE gels at 130V for 45 min. Gels were stained with 

Sybr Gold and imaged on a BioRad imager.  
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FP with fluorescent nucleosomes 

Direct FP was used to determine the affinity of KDM4C fl to unmodified fluorescent 

nucleosomes. We generated octamers as previously described (2). Fluorescent DNA was made 

by PCR using a primer that contained a 6-FAM fluorophore at the 5’ end. Fluorescent 

nucleosomes were used at 10 nM. KDM4C fl was serially diluted and incubated with the 

fluorescent nucleosomes. Assays were performed in 50 mM HEPES pH=7.5, 50 mM NaCl, and 

0.01% Tween-20, incubated for 30 min at rt, and FP was measured using a Molecular Devices 

SpectraMax M5e with an excitation wavelength of 492 nm and emission wavelength of 517 nm. 

Results 

Peptide array analysis of KDM4C TTD recognition 

In Chapter 2, we tested the histone modifications known to be recognized by the KDM4A TTD 

as potential binders of the KDM4C TTD. In addition to this focused method, we used modified 

histone peptide arrays as an unbiased approach to determine the chromatin modifications 

recognized by the KDM4C TTD. We found that the KDM4C TTD bound many spots (Appendix 

Figure 1A), but all spots contained one of three modifications, H3K4me3, H4K20me3, and 

H3K27me3. In Chapter 2, we showed through FP and ITC experiments that H3K4me3, but not 

H4K20me3, were bound by the KDM4C TTD in solution based assays. We similarly tested the 

binding of the KDM4C TTD to H3K27me3 in an FP assay. Like, H4K20me3, we did not detect 

any binding of the KDM4C TTD to H3K27me3 (Appendix Figure 1B). Thus, we concluded that 

the KDM4C TTD specifically recognizes H3K4me3. 

As many spots on the modified histone peptide array contain methylated H3K4, we 

analyzed the array to determine how other modifications on the H3 tail affect the binding of the 

KDM4C TTD. We found that dimethylation of H3R2 (both symmetric and asymmetric) and 

phosphorylation of H3T3 abrogated binding of the KDM4C TTD on the peptide array (Appendix 
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Table 1). In contrast, dimethylation of H3R8, or methylation or acetylation of H3K9 had no effect 

on KDM4C TTD recognition of H3K4me3 (Appendix Table 1). While the peptide array is not 

quantitative, these results provide hypotheses about how local chromatin modifications could 

regulate the recognition of H3K4me3 by the KDM4C TTD.  

Analyzing the binding specificity of KDM4C 

In addition to the nucleosome pull-down assays described in Chapter 2, we utilized additional 

methods to test the binding specificity of various KDM4C protein constructs. We compared the 

binding of KDM4C fl, KDM4C mini, and KDM4C cat to H3K9me3 nucleosomes versus 

H3K4me3K9me3 nucleosomes using gel shift assays. Based on our peptide work, we expected 

to see a significant increase in the binding affinity toward nucleosomes that contained 

H3K4me3. Interestingly, for all constructs evaluated, we saw no significant differences in the 

binding of H3K9me3 or H3K4me3K9me3 nucleosomes (Figure 2). Similar affinities were found 

for the binding of the KDM4C constructs to unmodified nucleosomes (data not shown). In 

addition to lacking specificity, the affinities of the constructs toward these nucleosomes were 

also relatively tight (1 µM for KDM4C fl) compared to the affinity toward unmodified H3 or 

H3K9me3 peptides. As we did not observe specificity for KDM4C fl, KDM4C mini, and KDM4C 

cat, we tested whether the KDM4C TTD would recognize H3K4me3K9me3 nucleosomes, but 

not H3K9me3 nucleosomes. However, in the case of KDM4C TTD, we could not detect any gel 

shift for either the H3K4me3K9me3 or H3K9me3 nucleosomes (Appendix Figure 3). Thus, in the 

gel shift assays we could not detect specificity for H3K4me3 containing nucleosomes for any 

KDM4C construct. 

In the gel shift assay, we found the affinity of KDM4C fl toward unmodified nucleosomes 

to be approximately 2 µM. We determined the binding affinity using an alternative method, FP 

with fluorescently labelled nucleosomes. Using this method, we identified a similar binding 
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affinity of KDM4C fl toward unmodified nucleosome as was observed in the gel shift assay 

(Appendix Figure 4). 

Discussion 

Here, we use a modified histone peptide array, an unbiased approach for identifying histone 

modifications recognized by the KDM4C TTD. We found that KDM4C bound histone peptides 

containing H3K4me3, H4K20me3, and H3K27me3 (Figure 1A). However, we could only 

recapitulate interaction of the TTD with H3K4me3 in solution based assays. Thus, the KDM4C 

specifically recognizes H3K4me3. In Chapter 2, we demonstrate the importance of H3K4me3 in 

stimulating the demethylation of H3K9me3 by KDM4C. Given the importance of the interaction 

between H3K4me3 and the KDM4C TTD, it is essential that there be additional mechanisms to 

regulate and tune this recognition. Our peptide array results provide some hypotheses of 

potential modifications that can abrogate the interaction between KDM4C TTD and H3K4me3 

and others that can be tolerated. Specifically, H3R2 methylation and H3T3ph inhibit the binding 

of the KDM4C TTD to H3K4me3, while H3R8 methylation and modification of H3K9 seem to be 

tolerated. Thus, the interaction between H3K4me3 and the KDM4C TTD has the potential to be 

regulated through the local modifications on the H3 tail. These modifications could be used as a 

mechanism to inhibit the recruitment and stimulation of KDM4C by H3K4me3. As the peptide 

array is not a quantitative assay, additional solution based assays should be done to test these 

hypotheses about how local chromatin modifications can regulate the interaction between 

KDM4C and H3K4me3. 

In addition to peptide array, we demonstrate in this chapter additional methods to 

evaluate the binding specificity of various KDM4C constructs. We preformed gel shift assays 

and saw no differential binding of KDM4C fl, KDM4C cat, or KDM4C mini toward 

H3K4me3K9me3, H3K9me3, and when tested to unmodified nucleosomes. In addition, we were 

surprised by the relatively tight binding affinities of the constructs to these nucleosomes. 
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KDM4C fl bound the nucleosomes regardless of modification with an affinity of approximately 1 

µM, while the affinity decreased slightly for KDM4C mini and KDM4C cat. This tight affinity was 

also recapitulated in the FP assay with fluorescent unmodified nucleosomes.  

The lack of specificity demonstrated in the gel shift assay was in contrast to the in vitro 

pull down assay we performed in Chapter 2, where we saw selectivity for H3K4me3 over 

unmodified nucleosomes. We hypothesize that the gel shift assay may trap nonspecific 

interactions or may probe interactions between the demethylase and the nucleosome core 

rather than the histone tails. The lack of gel shift of H3K4me3K9me3 by the KDM4C TTD and 

additionally by an H3K4me3 specific antibody (data not shown) may support this hypothesis. 

We also used fluorescence polarization to evaluate the affinity of KDM4C fl to unmodified 

nucleosomes and found a similar tight binding affinity as was measured in the gel shift assays. 

Unfortunately, we were not able to compare the affinities of KDM4C to differentially modified 

nucleosomes to determine whether this assay may detect specificity of KDM4C toward 

H3K4me3-modified nucleosomes. However, FP of fluorescent nucleosomes has its own set of 

caveats due to the size of the nucleosome and the location of the fluorophore on the DNA. 

Although we did see specificity of KDM4C fl in the pull down assays from Chapter 2, the assay 

was not quantitative and we could not determine the affinity of KDM4C for the differentially 

modified nucleosomes. Thus, assessing the affinity and binding specificity of chromatin 

modifiers like KDM4C toward nucleosomes is a challenge with most assays having specific 

caveats. Thus, there is certainly a need for the development of additional methods to quantitate 

affinity and specificity of nucleosome substrates. Moreover, when using the methods discussed 

here, care should be taken to evaluate the results in the context of the caveats of the specific 

assay used.  
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Appendix Figure 1: Unbiased analysis of KDM4C TTD recognition 

 

 

 

 

 

(A) Modified histone peptide array analysis of the specificity of KDM4C TTD.  

(B) Fluorescence polarization (FP)-based analysis of binding between KDM4C TTD, and 

fluorescently labeled H3K4me3 or H3K27me3 peptides. 
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Appendix Figure 2: Gel shift analysis of nucleosome binding by KDM4C constructs   

 

 



  61 
	

Gel shift assays were used to compare the binding affinity of three KDM4C constructs, KDM4C 

fl, KDM4C mini, and KDM4C cat toward H3K9me3 or H3K4me3K9me3-modified 

mononucleosomes.  
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Appendix Figure 3: Gel shift analysis of KDM4C TTD binding to modified nucleosomes 

 

 

 

Gel shift assays were used to compare the binding affinity of KDM4C TTD toward H3K9me3 or 

H3K4me3K9me3-modified mononucleosomes.  
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Appendix Figure 4: Fluorescence polarization analysis of KDM4C affinity for 
mononucleosomes 

 

 

 

Fluorescence polarization (FP) analysis of KDM4C fl binding to unmodified, fluorescently 

labelled mononucleosomes. 
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Appendix Table 1: Peptide array spots containing H3K4me3 

Position Peptide Mark Mark Mark Mark Binds 
A 8 H3 1-19 K4me3    YES 
A23 H3 1-19 R2me2s K4me3   NO 
B 4 H3 1-19 R2me2a K4me3   NO 
B13 H3 1-19 T3P K4me3   NO 
B17 H3 1-19 R2me2s T3P K4me3  NO 
B21 H3 1-19 R2me2a T3P K4me3  NO 
E 6 H3 1-19 R2me2s K4me3 R8me2s  NO 
E10 H3 1-19 R2me2a K4me3 R8me2a  NO 
E14 H3 1-19 R2me2s K4me3 K9me1  NO 
E18 H3 1-19 R2me2a K4me3 K9me2  YES 
E22 H3 1-19 R2me2s K4me3 K9me3  YES 
F 2 H3 1-19 R2me2a K4me3 K9ac  YES 
F 6 H3 1-19 K4me3 R8me2s K9me1  YES 
F10 H3 1-19 K4me3 R8me2a K9me1  YES 
F14 H3 1-19 K4me3 R8me2s K9me2  YES 
F18 H3 1-19 K4me3 R8me2a K9me2  YES 
F22 H3 1-19 K4me3 R8me2s K9me3  YES 
G 2 H3 1-19 K4me3 R8me2a K9me3  YES 
G 6 H3 1-19 K4me3 R8me2s K9ac  YES 
G10 H3 1-19 K4me3 R8me2a K9ac  YES 
G14 H3 1-19 R2me2s K4me3 R8me2s K9me1 NO 
G18 H3 1-19 R2me2a K4me3 R8me2s K9me1 NO 
G22 H3 1-19 R2me2s K4me3 R8me2s K9me2 Yes 
H 2 H3 1-19 R2me2a K4me3 R8me2s K9me2 YES 
H10 H3 1-19 R2me2a K4me3 R8me2s K9me3 YES 
H14 H3 1-19 R2me2s K4me3 R8me2s K9ac NO 
H18 H3 1-19 R2me2a K4me3 R8me2s K9ac NO 
H22 H3 1-19 R2me2s K4me3 R8me2a K9me1 NO 
I 2 H3 1-19 R2me2a K4me3 R8me2a K9me1 NO 
I 6 H3 1-19 R2me2s K4me3 R8me2a K9me2 YES 
I10 H3 1-19 R2me2a K4me3 R8me2a K9me2 YES 
I14 H3 1-19 R2me2s K4me3 R8me2a K9me3 YES 
I18 H3 1-19 R2me2a K4me3 R8me2a K9me3 YES 
I22 H3 1-19 R2me2s K4me3 R8me2a K9ac NO 
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Chapter 3: Regulation of KDM4C in Controlling 
Gene Expression 
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Introduction 

Regulation of KDM4C by “reader” domain recognition of chromatin modifications was addressed 

in Chapter 2 of this thesis. Regulatory potential like that identified in Chapter 2 indicates that the 

mechanisms that control demethylase activity may be important to the role of KDM4C in gene 

expression and chromatin architecture. However, little is known about the contribution of 

KDM4C or the other members of the KDM4 family to these important cellular processes. One 

system in which there is a strong connection between the KDM4 demethylases and 

transcriptional regulation is in the coactivation of nuclear hormone receptor (NHR) mediated 

transcription (1). In this chapter, we explore the published regulatory mechanisms implicated by 

molecular studies of KDM4C as a coactivator of the androgen receptor (AR) (2), and pursue the 

role of KDM4C as a coactivator of the glucocorticoid receptor (GR).  

KDM4A-D have been shown to be important for the transcriptional regulation of various 

NHRs, including AR, GR, progesterone receptor (PR), and estrogen receptor (ER) (2–5). Many 

of the published connections between KDM4 demethylases and NHRs are limited to luciferase 

based activation assays. However, a series of papers from the Schüle laboratory have identified 

a detailed mechanism for KDM4C coactivation of endogenous AR regulated genes (PSA, KLK2) 

in LNCaP cells (2, 6, 7). In the context of this work, it has been demonstrated that KDM4C is 

constitutively present at AR response elements, but demethylates H3K9me3 only in the 

presence of ligand (2). It has also been demonstrated that in the poised state KDM4C co-

localizes with another histone demethylase, LSD1 (KDM1A) (2). In addition, KDM4C activation 

requires PRK1 activity, which has been shown to phosphorylate H3T11 and to localize to AR 

response elements in a ligand-dependent manner (Fig. 1) (6). While PRK1 has been shown to 

be required for demethylation, it is unclear whether its role in this process involves H3T11 

phosphorylation or an alternative mechanism. The molecular mechanisms of how KDM4C 

remains inactive toward its H3K9me3 substrate and how this enzyme is subsequently activated 
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in the presence of ligand are not understood. As part of this chapter, the hypothesis that 

H3T11ph activates KDM4C activity will be analyzed.  

The role of KDM4 demethylases in the regulation of NHR mediated transcription offers 

an opportunity to study the spatial and temporal regulation of demethylase activity. NHRs are 

powerful systems to study gene expression as their transcriptional networks are inducible with 

the treatment of ligand (8, 9). Moreover, a wealth of information about the genes regulated by 

NHRs and the localization of NHRs in the genome are available in many cell types. Thus, the 

transcriptional switch triggered by treatment of ligand offers the ability to study the enzymatic 

activities required for transcriptional activation and repression. One class of activities that are 

correlated with transcription regulation is the function of chromatin modifying enzymes. As the 

KDM4 family of histone demethylases, most specifically KDM4C, has been strongly linked to 

NHR mediated transcriptional regulation, we hypothesized that studying the role of KDM4C in 

the regulation of NHR mediated transcription would offer a system to both validate and discover 

mechanisms that regulate the genomic and temporal specificity of demethylase activity.  

While the role of KDM4C in NHR mediated transcription has been demonstrated through 

luciferase based assays and on a gene by gene basis (2, 6), no studies have looked at the 

coactivation of KDM4C on a global level. In this chapter, the global transcription network of 

KDM4C and GR are determined through RNA sequencing (RNA-seq) analysis. The goal of this 

section of the chapter is to summarize these results and to speculate on how this work could be 

built upon to generate a framework for understanding KDM4C regulation in the context of 

transcriptional control.  

Methods 

Peptide Demethylation 
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We used the KDM4C catalytic domain (KDM4C cat) construct that was expressed and purified 

in Chapter 2.  Kinetic analysis of KDM4C cat in activity toward H3K9me3 and H3K9me3T11ph 

15mer peptides (Genescript, also bought additional H3K9me3T11ph 15mer peptide from New 

England Peptide) was performed as described in Chapter 2 with a few exceptions. Kinetic 

analysis of H3K9me3T11ph was analyzed at both 1 µM and 3 µM KDM4C cat due to the low 

activity toward this peptide. The maximum peptide concentration was varied from 800 µM to 4 

mM as the Km of the reaction was determined to be very high. In addition, we tested whether 

H3T11ph would inhibit KDM4C cat in trans. For these assays, 1 µM KDM4C cat was incubated 

with 30 µM H3K9me3 peptide, and a dilution series of H3T11ph 15mer (Genescript) from a 

maximum concentration of 800µM was added in trans.  

Generation of Methyllysine Analog histones and nucleosomes 

H3 histones containing the H3K9C mutation or the H3K9C and T11A mutations were purified as 

previously described (10). 2-10 mg of histone was used for the alkylation reaction. For this 

scale, H3K9C or H3K9CT11A histone was dissolved in 980 µL of alkylation buffer (1 M HEPES 

pH=7.8, 4 M guanidinium hydrochloride, and 10 mM D/L-methionine) and 20 µL of fresh 1 M 

DTT was added. The histone was then heated at 37°C for 1 hr. Following the incubation at 

37°C, a pre alkylation sample was taken and then 100 mg of (2-bromoethyl) trimethyl 

ammonium bromide	was added. The solution was allowed to react at 50°C for 2.5 hrs, upon 

which a fresh 10 µL of 1M DTT was added and the reaction was continued for an additional 2.5 

hrs. The reaction was then analyzed by LCMS and quenched with 50 µL of β mercaptoethanol 

(BME). The histone was purified by PD10 column equilibrated in water + 2 mM BME. Bradford 

was used to identify fractions with histones and these fractions were dialyzed in water + 2 mM 

BME overnight before being aliquoted and lyophilized. Octamers were generated using the 

H3K9Cme3 or H3K9Cme3T11A methyllysine analog histones, and H2A, H2B, and H4 as 
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previously described (10). Nucleosomes were formed as previously described with the 

exception that buffers contained 2 mM DTT (10).  

Phosphorylated nucleosome assays 

PRK1 (ProQinase) was buffer exchanged 4x into 50 mM HEPES pH=7.7, 50 mM NaCl using 

Zebra columns in order to remove the excess DTT. H3K9Cme3 and H3K9Cme3T11ph 

nucleosomes (15 µg) were either incubated with PRK1 (5 µg) or with PRK1 buffer in 50 mM 

HEPES pH=7.7, 8 mM MgCl2, 20 µM ATP for 45 min at 30°C. Nucleosomes were then used in a 

KDM4C cat demethylase assay. KDM4C cat (50 µM) was incubated with 14 µg of nucleosomes 

in the presence of 1 mM ascorbic acid, 1 mM α-ketoglutarate, and 100 µM Fe(NH4)(SO4)2. Time 

points were taken at 0, 2, 5, 10, and 30 minutes of demethylation. Western blot analysis was 

performed as in Chapter 2.  

Gene Expression measurements using RNA-seq 

A549 cells were grown in 15 cm dishes using DMEM Low Glucose supplemented with 5% v.v. 

fetal bovine serum. Two 15 cm dishes were used for each of the four conditions analyzed by 

RNA-seq; i) KDM4C siRNA/ethanol, ii) KDM4C siRNA/ dexamethasone (dex), iii) Control 

siRNA/ethanol, iv) Control siRNA/dex.  Pools of siRNA either targeting human KDM4C 

(Darmacon, L-004293-01) or acting as a non-targeting negative control (Darmacon, D-0018190-

10-20) were used for the reverse transfections. 200 pmol of siRNA was diluted in 3.5 mLs of 

Optimem-I media, followed by the addition of 42 µL of RNAiMAX (ThermoFisher) for each 15 cm 

plate. The knockdown mixtures were added to the 15 cm plates and incubated for 20 min at 

room temperature (rt). Following the incubation, 1.3 million cells were plated in 16.5 mLs of 

standard growth media.  The cells were knocked down with their respective siRNA pools for 72 

hrs upon which the media was removed and replaced with fresh media containing either 100 nM 

dex in 0.2% ethanol or 0.2 % ethanol for 4 hrs.  
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Following incubation with dex or ethanol, the media was removed and cells from each 

condition were collected by scraping with 1 mL of RLT buffer from the RNAeasy kit (Qiagen). 

RNA was isolated using Qiashredder and RNAeasy mini columns. We analyzed the quantity of 

RNA using Nanodrop spectroscopy, quality using the Bioanalyzer, and efficient knockdown 

using qPCR. mRNA was isolated from the total RNA using Oligotex mRNA isolation (Qiagen) as 

described in the protocol with a few exceptions; i) following the removal of supernatant from the 

Oligotex beads, we added water and OBB buffer and repeated the heating, cooling and pelleting 

steps, ii) we eluted twice off the beads with 70 µL of elution buffer. Following mRNA isolation, 

we used the Bioanalyzer to determine the percentage of rRNA contamination. mRNA was 

precipitated with sodium acetate, isopropanol, and glycoblue and resuspended in 9 µL of 10 mM 

Tris pH=7. To fragment the RNA, samples were heated to 95 °C for 2 min upon which 1 µL of 

fragmentation buffer (Ambion) was added and the samples continued to be incubated at 95°C 

for 2 min. Following this incubation 1 µL of stop solution was added to the fragmentation 

solution. Samples were run on a 10% TBU gel (Invitrogen) at 200 V for 50 min. Gels were 

visualized by Sybr Gold and 80-120 bp RNA was cut from the gel. The RNA was gel extracted 

by first pulverizing the gel pieces and then incubating in 300 µL of DEPC water at 70 °C in a 

Thermomixer. Supernatant was collected through a SpinX column and precipitated with sodium 

acetate, ethanol, and glycoblue.  

Following precipitation, the RNA was resuspended in 7 µL of 10 mM Tris pH=7. 1 µL of 

10x PNK buffer, 1 µL of Superase Inhibitor, and 2 µL of PNK were added to each sample, which 

were then incubated at 37°C for 1 hr. Following incubation with PNK, linker ligation was 

achieved by adding 6 µL of PEG, 1 µL of linker-1 (Table 1), 1 µL of DTT, 1.1 µL of ligation 

buffer, and 1.5 µL of Truncated T4 RNA ligase 2 (NEB M0242L). Linker ligation was performed 

for 2 hrs at 37°C. Following ligations samples were precipitated as previously described and the 

pellets were resuspended in 8.5 μL 10 mM Tris pH=7 and run on a 10% TBU gel for 50 min at 
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200V. The ligated samples were cut from the gel and gel extracted as described. Following 

precipitation, samples were resuspended in 11 μL of 10 mM Tris pH=7. 0.8 μL of oCJ200 

reverse transcription (RT) buffer (Table 1) was added to the ligated RNA and was incubated at 

65°C for 5 min and 35°C for 5 min. Following incubation, 4 µL of 5x RT buffer, 1 µL of DTT, 1 µL 

of dNTPs, 1 µL of Superase Inhibitor, and 1 µL of reverse transcriptase was added to the RNA 

primer mixture. Samples were incubated at 52°C for 12 min. Samples were then incubated with 

2 µL of sodium hydroxide for fifteen minutes at 95°C. After boiling, 2 µL of hydrochloric acid was 

added to each sample to neutralize the pH. Samples were precipitated in Tris pH=8, glycoblue, 

and ethanol. Samples were run on a 10% TBU gel for 1 hr and 20 min at 200V. DNA was 

imaged and extracted as previously described.  

Samples were resuspended in 15 μL of 10 mM Tris pH=8 and were circularized through 

the addition of 2 µL of 10x circ ligase buffer (epiBio), 1 µL of 20 mM ATP, 1 µL of 50 mM 

manganese chloride, and 1 µL of circ ligase (epiBio). Samples were incubated at 60°C for 1 hr 

and circ ligase was heat inactivated at 80°C for 10 min. After circularization, 3 µL of circ product 

was PCR amplified using Phusion. The PCR primers were primer 0231 and the indexed primers 

of interest (Table 1). PCR conditions included an initial denaturation at 98°C for 30 sec followed 

by 10 or 12 cycles of denaturation at 98°C for 10 sec, annealing at 60°C for 10 sec, and 

extension at 72°C for 5 sec. Samples were run on a 8% TBE gel at 180V for 47 min. Amplified 

products were gel extracted as described previously. Following PCR amplification the quality of 

the libraries was determined by Bioanalyzer. Libraries were quantified by qPCR using the KAPA 

library quantification standards. We generated 5 nM solutions of each library and combined 2.5 

μL of each sample for LRPA and LRPB. Samples were sequenced by the UCSF center for 

advanced technology on an Illumina Hi-seq using Rapid Run single reads of 100 bp in length. 

The sequencing primer used was oNTI202 (Table 1).  
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Computational Analysis of Gene Expression Data 

The quality of the sequencing reads generated from the RNA-seq experiment was assessed 

using FastQC. Reads were trimmed using Cutadapt to remove 3’ sequence used purely for 

library generation. Sequences were aligned to the transcriptome using Tophat and two factor 

differential analysis was performed by DESeq. All computational analysis was performed by 

Alex Williams from the Gladstone Bioinformatics Core.  

Quantitative PCR 

Typically, qPCR was performed from RNA isolated from one well of a six well dish. Media was 

removed from the wells and cells were scraped in RLT buffer containing 10 µL of BME per 

milliliter of RLT. Cells were homogenized using a Qiashredder kit and RNA was isolated using 

an RNA-easy kit, including a DNase I incubation step. RNA was reverse transcribed using 

iScript cDNA synthesis kit. qPCR was performed using ssoAdvanced SYBR Green Supermix. 

All qPCR primers were validated prior to use for quantitative assays.  

Results 

KDM4C is inhibited by H3T11ph in cis to H3K9me3  

Studies on the role of KDM4C in activating AR regulated transcription hypothesize that KD4MC 

catalytic activity toward H3K9me3 is stimulated by the presence of H3T11ph (6). In order to 

directly test this hypothesis, we compared the kinetics of KDM4C cat demethylation of 

H3K9me3 and H3K9me3T11ph peptides. Surprisingly, we found that the presence of H3T11ph 

drastically dropped the catalytic efficiency (kcat/Km) by approximately 200-1000-fold (Fig. 2A). 

Due to the fact that H3K9me3T11ph is such a poor substrate, the error in calculating the 

individual kinetic parameters, kcat and Km, was very high. In general, we found that compared to 

the kinetic parameters of H3K9me3 demethylation, the Km was significantly greater (50-100 fold) 
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and the kcat was significantly reduced (5-10 fold) for the H3K9me3T11ph substrate. These 

results indicate that rather than stimulate the catalytic efficiency as previously hypothesized, 

H311ph inhibits the demethylation of H3K9me3 by KDM4C. A similar result was found when 

comparing KDM4C fl demethylation of these substrates (Fig. 2B). These results have also been 

validated by others in the literature (11, 12). 

As H3T11ph had an opposite effect on KDM4C activity as expected, we wanted to 

investigate the mechanism in which H3T11ph inhibits H3K9me3 demethylation. Thus, we tested 

whether H3T11ph could inhibit H3K9me3 in trans. We compared the demethylation of 

H3K9me3 by KDM4C cat in the presence of H3T11ph provided in trans and found that H3T11ph 

could not inhibit demethylation (Fig. 2C). Thus, H3T11ph inhibits the demethylation of H3K9me3 

only when in cis, indicating direct clashes in the catalytic domain, which diminish the ability to 

bind and demethylate substrates that contain both H3K9me3 and H3T11ph.  

As the presence of H3T11ph on peptide substrates was shown to have an inhibitory 

effect on KDM4C cat activity, we wanted to test whether this modification would have a similar 

effect on the demethylation of a more endogenous substrate, H3K9me3 methylated 

nucleosomes. We generated H3K9Cme3 methyllysine analog histones following previously 

described methods (13, 14). These histones were generated either with the natural Thr11 to be 

phosphorylated or as a control the Thr11 was mutated to an Ala.  These histones were 

assembled into octamers and subsequently nucleosomes. These nucleosomes were incubated 

in the presence or absence of PRK1, the kinase shown to be responsible for H3T11ph in cells 

(6). Following this incubation, nucleosomes were incubated with KDM4C cat and the extent of 

H3K9Cme3 demethylation was evaluated by western blot. We found significant demethylation of 

H3K9Cme3 for all conditions except that in which PRK1 was incubated with H3K9Cme3 

nucleosomes that contain Thr11 (Fig. 2D). Under this condition, no detectable demethylation 

was observed in the time course of demethylation. Thus, H3T11ph inhibits KDM4C 

demethylation in the context of nucleosomes as well as peptides.  



74 
	

KDM4C does not have a significant role as a coactivator of GR 

Given the connections in the literature between KDM4 demethylases and NHRs, we tested the 

hypothesis that KDM4C is a coregulator of GR as predicted from luciferase based studies (2). 

As previous studies relied on luciferase based assays or detailed studies at only a few genes 

(2), we chose to study the transcriptional network of KDM4C and GR at a global level through 

an RNA-seq approach. We isolated RNA from four different treatments of A549 cells; i) 

Knockdown of KDM4C treated with dex, ii) Knockdown of KDM4C treated with ethanol, iii) Non-

targeting knockdown treated with dex, iv) non-targeting knockdown treated with ethanol (Fig. 3). 

RNA-seq libraries were generated from isolated RNA based on previous protocols (15–17), 

libraries were sequenced, and transcriptional differential analysis was performed. Known GR 

target genes and the expression of KDM4 demethylases were used to validate our RNA-seq 

analysis (Fig. 4A and 4B).  

To examine the differential regulation, we developed criteria to determine whether 

regulation of a gene was significant. The criterion we used was a change in gene expression of 

greater than 1.5 fold with a P value of less than 0.005.  Using this criterion, we identified eleven 

hundred genes that were significantly regulated by GR, comparing dex versus ethanol treatment 

in the non-targeting knockdown conditions (Fig. 5A). Analysis of KDM4C transcriptional network 

identified 465 genes differentially regulated in the absence and presence of KDM4C in the 

ethanol treated samples (Fig. 5B). When we compare the genes regulated by KDM4C and GR, 

we find that about 30% of KDM4C regulated genes are also regulated by GR (Fig. 5C), a 

proportion indicating a nonrandom interaction between KDM4C and GR transcriptional profiles. 

Given this nonrandom overlap of KDM4C and GR transcriptional networks, we next analyzed 

the data to determine whether KDM4C acts as a bona fide coregulator of GR. We compared the 

extent of GR regulation (dex versus ethanol) in the absence and presence of KDM4C. We found 

that only sixteen genes showed a change in the extent of GR regulation in the absence of 
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KDM4C (Fig. 5D). Of which, the degree of the differences were not compelling. Thus, KDM4C 

does not have a strong role as a coregulator of GR transcriptional networks.  

GR transcriptional network 

As our hypothesis that KDM4C was a strong coregulator of GR was not supported by our RNA-

seq analysis, we turned to using the data to learn about the individual transcriptional networks of 

GR and KDM4C. We identified eleven hundred genes regulated by GR of which, 60% were 

activated and 40% were repressed upon treatment of dex. This distribution of regulated genes 

highlights the importance of GR as both a transcription activator and repressor, an 

underappreciated role in the literature. Our analysis demonstrates clear and significant 

repression of a variety of genes, including IL8, IL11, CYP24A1, GDF15, RASSF10 among 

others. Thus, these differences in transcriptional regulation indicate that GR controls 

transcription through a variety of mechanisms.  

KDM4C transcriptional network 

The KDM4C transcriptional network was composed of approximately 460 genes, of which 65% 

were activated and 35% were repressed upon knockdown. This result was intriguing as 

H3K9me3, a repressive modification, is considered to be the predominant substrate of KDM4C 

(18). Thus, we expected more genes to be repressed in the absence of the demethylase. When 

our study was performed, there were few genes known to be regulated by KDM4C. Thus, we 

validated our KDM4C transcriptional network by analyzing a subset of genes by qPCR (Fig. 6A 

and 6B). We tested the role of KDM4C regulation on both activated and repressed genes, 

including MGMT, IGF2, CLDN4, amongst others (Fig. 6). The differential regulation of these 

genes in the absence and presence of KDM4C was confirmed. We attempted to analyze 

whether the KDM4C transcriptional network was enriched for specific cellular pathways using 

gene ontology mapping. However, this analysis did not yield any significant pathways likely due 
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to the relatively small number of significantly regulated genes. Thus, we identified a 

transcriptional network that requires KDM4C for precise gene regulation. 

Discussion 

In this chapter, we evaluated previously generated hypotheses regarding the regulation of 

KDM4C activity and evaluated the role of KDM4C as a global coregulator of GR-mediated 

transcription regulation. We used our in vitro reconstituted system to test the hypothesis that 

H3T11ph stimulates KDM4C activity. To our surprise and in opposition to previous hypotheses 

about the function of this modification (6), we found that H3T11ph drastically inhibits the 

demethylase activity of KDM4C toward H3K9me3 on peptides and mononucleosomes (Fig. 2). 

Through our thorough analysis of this mechanism, we found that H3T11ph must be in cis to 

H3K9me3 in order to inhibit demethylase activity (Fig. 2C). In addition to testing the role of 

H3T11ph in regulating KDM4C activity, we pursued the hypothesis that KDM4C acts as a 

coregulator of NHRs, specifically GR. As opposed to previous studies, we used a genome-wide 

approach to understand the extent to which KDM4C acts to coregulate the transcriptional 

network of GR. We found that although many genes are regulated by both GR and KDM4C, few 

require KDM4C for their transcriptional response toward dexamethasone (Fig. 5). Thus, in A549 

cells KDM4C is not a coregulator of GR.  

  Previous work identified that PRK1 is required for the activation of KDM4C demethylase 

activity toward H3K9me3 at a subset of AR response elements (6). In addition, preliminary work 

using mononucleosomes isolated from cells expressing or lacking PRK1 showed drastic 

differences in the susceptibility of H3K9me3 demethylation by purified KDM4C catalytic domain 

(6). Thus, we were quite surprised when in our reconstituted system we found that H3T11ph 

almost completely inhibits the demethylase activity of KDM4C toward H3K9me3. Given that 

inhibition by H3T11ph requires that this modification be in cis to the H3K9me3 substrate, this 

inhibition is likely due to steric clashes within the catalytic domain. Indeed, analysis of the crystal 
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structure of KDM4A in complex with H3K9me3 substrate indicated potential steric clashes when 

phosphorylation of H3T11 is modelled onto the substrate (19). 

Phosphorylation of H3S10 has also been shown to inhibit demethylation of H3K9me3 by 

the KDM4 demethylases (19). Thus, phosphorylation of the amino acids local to H3K9me3 is a 

mechanism to achieve KDM4C inhibition. In the context of the demethylation of H3K9me3, this 

inhibition by H3T11ph or H3S10ph may provide a mechanism to reinforce silenced chromatin. 

Phosphorylation of H3T32 or H3Y41 may similarly regulate the demethylation of H3K36me3, 

although these amino acids are more distal to the site of catalysis (19). In addition, these results 

indicate that KDM4C demethylation of its substrates, H3K9me3 and H3K36me3 is sensitive to 

the local chromatin modification status. Thus, H3T11ph had the opposite effect on 

demethylation of H3K9me3 as was expected based on predictions from the literature. However, 

this inhibitory mechanism may play important role in maintaining H3K9me3 and thus silenced 

euchromatin or heterochromatin.  

In addition to testing the role of H3T11ph in controlling KDM4C activity, a hypothesis 

generated from studies of KDM4C as a coregulator of AR, we tested the role of KDM4C as a 

global coregulator of GR. Our aim was to establish a cellular system to both test our hypotheses 

from Chapter 2 and as a discovery method for other potential mechanisms that regulate KDM4C 

demethylase activity. Unfortunately, our RNA-seq results opposed the prediction that KDM4C is 

a key regulator of GR mediated transcription (Fig. 5D). Although we found many genes 

regulated by KDM4C, very few genes required KDM4C for their activation or repression in the 

presence of GR ligand. Given the series of negative results related to published work (2, 6), we 

contacted the Schüle lab. However, we got little response or guidance about the differences in 

our results. One possibility is that the role of KDM4C in regulating GR and for that matter AR is 

cell type specific.  

Given that we found that KDM4C is not a coregulator of GR, we turned to using the 

RNA-seq to understand the role of KDM4C in regulating transcription independently. We found 
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hundreds of genes regulated by KDM4C and were able to validate our RNA-seq results with 

targeted qPCR analysis of a subset of the regulated genes (Fig. 6). Our results for the KDM4C 

transcriptional network indicated more genes that were activated than repressed by the 

knockdown of KDM4C. These results were surprising as KDM4C predominantly demethylates 

H3K9me3, which represses transcription. To follow up on these results, we wanted to determine 

which genes were direct targets of KDM4C and which required its demethylase activity for 

regulation. However, we could not find any antibodies, including one that we had made 

ourselves, which were capable of immunoprecipitating KDM4C. With no knowledge about the 

localization of KDM4C, we were not able to identify regions to probe differences in H3K9me3 or 

H3K36me3 that may be responsible for the gene regulation changes due to KDM4C 

knockdown. 

There are many challenges to identifying direct gene targets of KDM4C, and other 

chromatin modifiers like it. The first challenge is that knockdown of KDM4C following by RNA-

seq provides a list of genes that change due to the absence of KDM4C, not necessarily due to 

changes in the chromatin status. Examples in the literature have shown that chromatin modifiers 

can regulate transcription due to their chromatin modifying activities, but also through their role 

as scaffolds or roles in other transcriptional complexes (20). Thus, finding genomic targets that 

require chromatin modifying activity of a given “writer” or “eraser” requires identification of the 

localization of the modifier followed by probing the modifications of interest. This approach is 

troublesome as many chromatin modifiers like KDM4C do not have good antibodies toward 

them. Moreover, knockdown methods like used in this study allow for compensation by other 

chromatin modifiers, in our case the other KDM4 demethylases (as discussed with Helin based 

on work from Pedersen et al.) (21). Finally, the timescale by which chromatin modifications can 

be turned over in bulk assays is unclear. Thus, knockdowns over short timescales may not be 

sufficient for major chromatin and gene expression changes. Going forward the use of 

alternative methods like CRISPR Cas9 editing of the amino acids required for catalytic activity 
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or development of specific small molecule inhibitors will combat these challenges. These 

methods allow for direct probing of genes that require the catalytic activity of chromatin 

modifiers and eliminate the ability of other family members to compensate as is a worry in 

knockdowns. Thus, although there are challenges to understanding the role of demethylase 

activity on gene expression, new advances will provide great opportunity to attack these 

questions.  
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Figure 1: Model of KDM4C activation of AR responsive gene 

 

 

 

Model of coactivation of AR by KDM4C based on work from Wissmann et al. and Metzger et al. 

(2, 6). KDM4C and LSD1 colocalize to AR responsive genes in the absence of hormone, but do 

not catalyze the removal of H3K9me3. In the presence of ligand, AR localizes to these response 

genes, recruiting PRK1. PRK1 phosphorylates H3T11. The presence of PRK1 is required for the 

activation of KDM4C demethylase activity toward H3K9me3. 
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Figure 2: H3T11ph inhibits demethylation of H3K9me3 by KDM4C 
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(A) Michaelis-Menten analysis of KDM4C cat demethylation of H3K9me3 and H3K9me3T11ph 

15mer peptides. 

(B) Michaelis-Menten analysis of KDM4C fl demethylation of H3K9me3 and H3K9me3T11ph 

15mer peptides. 

(C) Comparison of observed rates of demethylation by KDM4C cat toward H3K9me3, 

H3K9me3T11ph, and H3K9me3 in the presence of saturating H3T11ph provided in trans. 

(D) Comparison of KDM4C cat demethylation of H3K9Cme3 and H3K9Cme3T11A 

nucleosomes incubated in the absence or presence of PRK1. 
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Figure 3: RNA-seq setup 
 
 
 

 
 
 
 

We generated RNA-seq libraries of four conditions to analyze the role of KDM4C as a 

coactivator of GR; i) Knockdown of KDM4C treated with dexamethasone (dex), ii) Knockdown of 

KDM4C treated with ethanol, iii) Non-targeting knockdown treated with dex, iv) non-targeting 

knockdown treated with ethanol. Comparisons of different conditions provide genes regulated 

by GR, KDM4C, and both transcriptional regulators.  
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Figure 4: Analysis of control genes using RNA-seq data set 
 
 

 
 
 
 

(A) Fragments per kilobase of exon per million reads (FKPM) of known GR regulated genes 

from RNA-seq data sets in which samples were treated with dex or ethanol. 

(B) FKPM of KDM4 family members comparing conditions treated with control or KDM4C 

targeted siRNA. 
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Figure 5: Summary of GR and KDM4C regulated genes 
 
 
 

 
 
 
 
(A) Analysis of the number of genes and extent of activation or repression when comparing 

RNA-seq data sets for samples treated with dex or ethanol. 

(B) Analysis of the number of genes and extent of activation or repression when comparing 

RNA-seq data sets for samples treated with control or KDM4C targeting siRNAs. 

(C) Comparison of the genes that are regulated by both KDM4C and GR. 
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(D) Comparison of the extent of regulation of GR genes in the absence and presence of 

KDM4C.  The log of dex/ethanol for samples treated with control or KDM4C targeting siRNAs 

are plotted in the figure.  
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Figure 6: KDM4C regulated genes 
 
 

 
 
 
(A) Comparison of FKPM of genes regulated by KDM4C in RNA-seq samples treated with 

control versus KDM4C targeting siRNAs. 

(B) Validation of KDM4C regulated genes from RNA-seq data set using qPCR analysis. 
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Table 1: List of primers used for RNA-seq library generation 

 
 
 
 

Name Sequence Type
Linker-1 5' AppCTGTAGGCACCATCAAT/3ddC 3' DNA

oCJ200 /5Phos/GATCGTCGGACTGTAGAACTCTGAACCTGTCG/iSp18/CAAGCAGAAGACGGCATACGAGATATTGATGGTGCCTACAG DNA

oGab11 5' AGU CAC UUA GCG AUG UAC ACU GAC UGU G3PHOS 3’ RNA

idx1 aatgatacggcgaccaccgagatctacacgatcggaagagcacacgtctgaactccagtcacATCACGcgacaggttcagagttc DNA

idx2 aatgatacggcgaccaccgagatctacacgatcggaagagcacacgtctgaactccagtcacCGATGTcgacaggttcagagttc DNA

idx3 aatgatacggcgaccaccgagatctacacgatcggaagagcacacgtctgaactccagtcacTTAGGCcgacaggttcagagttc DNA

idx4 aatgatacggcgaccaccgagatctacacgatcggaagagcacacgtctgaactccagtcacTGACCAcgacaggttcagagttc DNA

idx5 aatgatacggcgaccaccgagatctacacgatcggaagagcacacgtctgaactccagtcacACAGTGcgacaggttcagagttc DNA

idx6 aatgatacggcgaccaccgagatctacacgatcggaagagcacacgtctgaactccagtcacGCCAATcgacaggttcagagttc DNA

idx10 aatgatacggcgaccaccgagatctacacgatcggaagagcacacgtctgaactccagtcacTAGCTTcgacaggttcagagttc DNA

idx15 aatgatacggcgaccaccgagatctacacgatcggaagagcacacgtctgaactccagtcacATGTCAcgacaggttcagagttc DNA

oNTI231 5' CAAGCAGAAGACGGCATACGA 3' DNA

oNTI202 5'CGACAGGTTCAGAGTTCTACAGTCCGACGATC 3' DNA
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KDM4 Plant Homeodomains 
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Introduction 

In addition to their catalytic domains, which either “write” or “erase” chromatin marks, chromatin 

modifying enzymes often contain “reader” domains, which recognize chromatin modifications. In 

Chapter 2 of the thesis we focused on the role of a “reader” domain, the hybrid tandem tudor 

domain (TTD) of KDM4C, in regulating the demethylation of H3K9me3 through recognition of 

H3K4me3. In addition to the TTD, KDM4C and two other KDM4 family members, KDM4A and 

KDM4B, contain two additional putative “reader” domains known as plant homeodomains 

(PHD1 and PHD2).  

PHD domains are small protein domains, between 50-80 amino acids, that contain a 

zinc binding motif. These domains are found in many chromatin associated proteins, including 

“writers” and “erasers”, and a variety of PHD domains have been shown to have the ability to 

bind histone tails in a sequence and modification dependent manner. The conserved PHD fold 

includes a two-strand anti-parallel β sheet and the Cys4-His-Cis3 motif that coordinates two 

zincs to create a cross-brace topology (1). Chromatin binding PHDs typically bind one of two 

histone H3 states, either unmethylated H3 or H3 containing methylated lysine 4 (1). In reading 

the N terminus of H3, PHD domains can also be sensitive to the methylation state of Arg 2 (1, 

2). Structurally, most PHDs bind the first 6 amino acids of H3 through interaction with the 

backbone of the antiparallel β sheet. Binding of H3K4me3 is mediated by an aromatic cage of 2-

4 aromatic residues, while recognition of H3K4me0 is achieved through interactions with a 

combination of acidic and hydrophilic residues. Examples of chromatin factors with PHD 

domains that recognize H3K4me3 include PHF2, BPTF, MLL1, and ING4 (3–7). In contrast, 

BHC80, AIRE, and DNMT3L have PHD domains which bind unmodified H3 (8–10). 

Interestingly, KDM5 demethylases, which demethylate methylated H3K4, have three PHD 

domains, in which PHD1 is known to preferentially bind unmodified H3 (2, 11, 12), while PHD3 

is known to recognize H3K4me3 (11).  
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In addition to the canonical recognition of unmodified or trimethylated Lys 4 of H3, there 

are noncanonical PHD domains, which recognize different histone modifications as well as other 

biological macromolecules including DNA and phospholipids. For example, DPF3B contains 

tandem PHD domains, in which the first PHD recognizes the unmodified N-terminal residues of 

H3 and the second PHD recognizes acetylated H3K14 (13). In addition, there are a variety of 

noncanonical PHD domains that directly bind double stranded DNA. For example, PHF6 

contains two extended PHD domains, which contain an additional N terminal zinc binding motif 

(14).The second extended PHD domain of PHF6 has been demonstrated to bind double 

stranded DNA (14). In addition, the second PHD domain of BRPF2, which is part of a PHD Zinc 

Finger PHD (PZP) domain, has been shown to bind DNA (15). Likewise, the PZP domain of 

BRPF1 has also been shown to bind DNA (16). PHD domains have also been shown to bind 

phosphatidylinositol phosphates. These include the second PHD domain of ATX2 and PHD2 of 

ING2 (17, 18).  

While the general function of PHD domains has been well defined for many chromatin 

related proteins, nothing has been reported about the function of PHD domains within the KDM4 

family of demethylases. Protein domain predictors like SMART and NCBI Conserved Domain 

predict two PHD domains within KDM4 demethylases, but differ in amino acids predicted to 

account for each PHD domain (Fig. 1). Analysis of the KDM4A-C PHD sequences indicates ten 

potential Cys-Cys or Cys-His pairs. These analyses indicate ambiguity in the amino acids which 

comprise each of the PHD domains. The goal of this chapter is to summarize the progress in 

identifying stable PHD domain constructs and determining the function of these domains. 

Studies identifying the role of these domains in isolation will contribute to the understanding of 

their functional and regulatory role in the context of the full length KDM4 demethylases.  

Methods 

Cloning KDM4 PHD domains 
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KDM4C and KDM4A PHD constructs were cloned into either a pETARA vector with an N-

terminal glutathione S-transferase (GST) tag or pBH4 vector with an N-terminal His6 (gifts from 

W. Lim lab). Constructs were cloned downstream of the tobacco etch virus protease (TEV) 

recognition site. Some constructs were cloned into the pETARA vector, but had an additional C-

terminal His6 tag.  

Expression and Purification 

PHD constructs were expressed in Rosetta pLysS (pLP constructs) or BL21 pLysS (pLS 

constructs) Escherichia coli. Cultures were grown at 37 °C to an O.D. of approximately 0.6, after 

which they were cooled to 18 °C. Cultures were then induced with 300 µM isopropyl β-D-1-

thiogalactopyranoside and grown overnight for 20 h. Cells were harvested by 15 min of 

centrifugation at 3500 rpm at 4°C. Cell pellets containing GST tagged PHD constructs were 

lysed by sonication in 50 mM HEPES pH=7.5, 500 mM NaCl, 0.5 mM phenylmethylsulfonyl 

fluoride (PMSF), and 1 mg/mL DNase I. Cell debris was removed by ultracentrifugation for 45 

min at 35,000 rpm and 4°C. GST tagged PHD domains were purified using glutathione-

Sepharose 4B resin (GE healthcare) and washed with 50 mM HEPES pH=7.5, 500 mM NaCl. 

Protein was batch eluted with 50 mM HEPES pH=7.5, 150 mM NaCl, and 30 mM glutathione 

resin. Some pLS constructs required an increase in pH of the elution buffer in order that proteins 

were eluted. Elution fractions were combined and dialyzed in 50 mM HEPES pH=7.5, 150 mM 

NaCl. Cell pellets containing His6 tagged PHD domains were lysed by sonication in 50 mM 

HEPES pH=7.5, 500 mM NaCl, 20 mM Imidazole, 0.5 mM PMSF, and 1 mg/mL DNase I. Cell 

debris was removed as described for GST tagged constructs. His6 PHD constructs were 

purified by incubation with Ni-NTA resin (Qiagen) for 1 h. Resin was washed with 50 mM 

HEPES pH=7.5, 500 mM NaCl, and 20 mM Imidazole. Constructs were eluted with 50 mM 

HEPES pH=7.5, 150 mM NaCl, 250 mM Imidazole. Elutions were combined and dialyzed before 

storage. The pH of buffers was modified depending on the pI of the constructs purified. 
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Peptide Array  

Peptide arrays were blocked overnight in Tris-buffered saline with Tween 20 (TBST) and 5% 

nonfat dry milk at 4°C. Peptide arrays were washed four times with TBST and once with the 

incubation buffer, 50 mM HEPES pH=7.5, 500 mM NaCl. The peptide arrays were then 

incubated with 0.5 µM GST-PHD2 (pLP18) in incubation buffer for 4 hrs at rt. Following the 

incubation, the array was washed four times with TBST. The peptide array was then incubated 

with an anti-GST antibody (Sigma G7781, 1:13,000) in TBST + 5% milk for 1 hr at rt. The array 

was then washed four times with TBST and incubated with anti-rabbit IgG-horseradish 

peroxidase secondary antibody (Santa Cruz sc-2004, 1:2000) in TBST + 5% milk for 40 min at 

rt. The peptide array was washed four times with TBST and incubated with enhanced 

chemiluminescent substrate (GE Amersham) for five minutes before being imaged with film.  

Flourescence Polarization 

KDM4C PHD2 binding specificity was probed using fluorescence polarization (FP) direct binding 

assays. Fluorescent H3, H3K4me3, H2A, H2B, and H4 peptides (1-18mers) (Genscript) 

containing a 5-carboxyfluoresceine on either a natural or unnatural lysine were used at 10 nM. 

Assays were performed in 50 mM HEPES pH=7.5, 50 mM NaCl, and 0.01% Tween 20. GST 

tagged KDM4C PHD2 domain (pLP18) was serially diluted and incubated with the fluorescent 

peptides for 30 min at room temperature (rt). FP was measured using a Molecular Devices 

Spectra-Max M5e microplate reader with an excitation wavelength of 492 nm and emission 

wavelength of 527 nm. FP direct binding assays were fit as previously described (19).  

PIP Strip 

PIP strips (Eschelon) were blocked in Phosphate Buffered Saline (PBS) containing 3% fatty acid 

free bovine serum albumin (FAF BSA) (Sigma) and 0.05% Tween 20 for 1.5 h. The PIP strip 

was then incubated with 10-20 µg of the construct of interest in PBS with 3% FAF BSA and 
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0.01% Tween 20 for 1.5 h. After incubation, the PIP strips were washed three times with PBS 

with 0.05% Tween 20. The PIP strip was then incubated with FLAG M2 antibody in PBS, 3% 

FAF BSA, and 0.05% Tween 20 for 1 hr and washed three times with PBS, 0.05% Tween 20. 

PIP strips were incubated with anti-mouse secondary antibody in PBS with 3% FAF BSA and 

0.05% Tween 20 for 1hr. PIP strips were washed three times with PBS and 0.05% Tween 20 

and incubated with ECL before being imaged using a BioRad Chemi Doc.  

Glo PIPs 

Binding of GST-PHD2 to phosphatidylinositol phosphates was assessed by FP with fluorescent 

Glo-PIPs (Eschelon). Fluorescent Bodipy-FL PI(4)P and PI(3,4,5)P3 Glo-PIPs were used at 10 

nM. Assays were performed in 50 mM HEPES pH=7.5, 50 mM NaCl, and 0.01% Tween 20. 

GST-PHD2 was serially diluted and incubated with the Glo PIPS for 20 min at rt. Molecular 

Devices Spectra-Max M5e microplate reader with an excitation wavelength of 492 nm and 

emission wavelength of 527 nm. FP direct binding assays were fit as previously described.  

Liposome Formation 

 PIPs were resuspended in chloroform:methanol:water (20:9:1) (v:v). Resuspension was 

performed using organic resistant plastic syringes or new Hamilton syringes for lipid use only. 

PIPs were resuspended to 1 mg/mL or 0.5 mg/mL if necessary. Lipids resuspended in 

chloroform should be stored in glass vials and topped with argon. Liposomes were assembled 

using 18:1 (delta9-cis) PC (DOPC) and 5% by molarity of the PIP of interest (Avanti Polar 

Lipids) at a total sample size of 1.25 µmole. Lipids were mixed in 25 mL Erlenmeyer flask, which 

had been extensively cleaned with soap, water, acetone, and chloroform. After mixing lipids by 

swirling the flask, the lipids were dried under argon for 1 hr and lyophilized overnight. The 

following day the lipids were resuspended in 0.4 mL of hydration buffer (50 mM HEPES pH=7.5, 

50 mM NaCl) to a final concentration of 1.6 mM by shaking vigorously at rt for 1 hr. The cloudy 
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mixture was then transferred to an Eppendorf tube. Liposomes were further prepared by 10 

iterations of flash freezing in liquid nitrogen, thawing on ice, and bath sonication for 1 min. This 

procedure slowly cleared the liposome solution as liposomes were decreasing in size. The 

lifetime of hydrated liposomes is 3-4 days.  

Liposome Pellet Assays 

Liposome pellet assays were used to evaluate the binding of different protein constructs with 

liposomes containing the PIPs of interest. Protein constructs (10 µM) were incubated with 

liposomes that either contained or lacked the PIPs of interest (400 µM) at 4°C for 30 min. An 

additional control was performed to test whether the protein alone would pellet. All liposome 

binding experiments were performed in the hydration buffer used for liposome resuspension. 

After incubation, 15 µL was removed as a “load” sample. Binding samples were then transferred 

to tubes for the TLA-100 rotor. Tubes were spun in this rotor at 51K at 4°C for 1 hr. Supernatant 

(15 µL) from the top of the vial was saved for gel analysis and the rest was discarded. The pellet 

was resuspended in 30 uL of 1x SDS loading buffer. The load, supernatant, and pellet samples 

were analyzed by gel electrophoresis and Coomassie staining.  

Results 

Expression and Purification of KDM4A and KDM4C PHD domains 

One of the major challenges in understanding the function of the KDM4 PHD domains is to 

identify stable constructs which can be expressed and purified. Due to the high degree of 

ambiguity in the amino acids required for the proper folding of the PHD1 and PHD2 domains, 

we cloned a variety of KDM4A and KDM4C constructs for PHD1, PHD2, or the two domains 

together (Table 1, Table 2). In order to determine which constructs might yield properly folded 

PHD domains we expressed and purified these constructs (Table 1, Table 2, and Supplemental 

Figs. 1-3). While many constructs were poorly expressed or were readily degraded, a few 
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constructs showed promising expression and purification, including pLP18, pLP42, and pLS5. In 

general, constructs containing both PHD domains were poorly expressed and unstable. 

Moreover, only a single construct for PHD1 (pLP42 in Table1) seemed to have promising 

expressing and purification. Due to the difficulty in generating constructs that contained the 

PHD1 domain, we focused on identifying stable constructs for the PHD2 domain. A PHD2 

construct consisting of amino acids 808-864 (pLP18 in Table1) was chosen for functional 

assays due to its near canonical PHD zinc finger motif, high expression, and stable, high-

yielding purification.  

KDM4C PHD2 does not bind canonical histone states 

Having purified a putative functional KDM4C PHD2 domain, we investigated the role of the PHD 

domains in binding modified histone tails. We first used a peptide array as an unbiased 

approach to evaluate PHD2 recognition of histone tails and their modifications. PHD2 bound to 

the N-terminal tails of histones H2A, H2B, H3, and H4 tails regardless of their modification 

status, but did not bind the negative control sites as well as H3 and H4 tails that were more 

internal (Fig. 2A). Similar results were seen for the PHD2-TTD construct (pLP52) (data not 

shown). This nonspecific recognition was reminiscent of the binding profile of KDM5A PHD1 

(IOT unpublished), which was later shown to specifically recognize unmodified H3 (2). Although 

the peptide array did not give any insight into the binding specificity of PHD2, the nonspecific 

recognition indicates that the PHD2 domain may be functional.  

In addition to the peptide array, we used a targeted in solution fluorescence polarization 

assay to test the specificity of the PHD2 domain. We tested the ability of the KDM4C PHD2 to 

bind unmodified H2A, H2B, H3, and H4 as well as H3K4me3 peptides. However, compared to 

the ability of the KDM4C TTD to bind H3K4me3, we saw no binding of PHD2 to any of the 

peptides tested (Fig. 2B). Thus, the PHD2 domain does not bind any of the unmodified N-
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terminal histone tails and does not bind either of the canonical PHD domain interacting histone 

states, unmodified H3 and H3K4me3.  

KDM4C PHD2 specifically binds phosphatidyinositol phosphates 

As the KDM4C PHD domain did not seem to act as a canonical PHD domain, we examined its 

sequence more carefully. We found that the N-terminus of the PHD2 is very basic (Fig. 3A), and 

has a basic amino acid sequence reminiscent of the PI(4,5)P2 phosphatidylinositol phosphate 

(PIP) binding motif (20). Interestingly, KDM4C has two other polybasic regions one C-terminal to 

the catalytic domain and another at the very C-terminus of KDM4C fl (data not shown). As other 

PHD domains have been shown to bind phosphatidylinositol phosphates, we tested whether 

KDM4C fl and KDM4C PHD could bind these phospholipids by using a PIP strip. We found that 

both KDM4C fl and KDM4C PHD2 clearly bound phosphatidylinositol phosphates with a 

preference for mono phosphates and subsequent loss in binding for di and tri phosphates (Fig. 

3B). The KDM4C TTD, which lacks a polybasic motif, bound the PIP strip very weakly (Fig. 3B). 

Interestingly, if the TTD was extended to include the C-terminal polybasic motif a much stronger 

interaction with the PIP strip was observed with similar binding preferences as demonstrated for 

KDM4C fl and PHD2 domain (Supplemental Fig. 4). Thus, both KDM4C fl as well as the 

individual PHD2 domain bind PIPs. 

In order to test the binding of KDM4C PHD2 domain to PIPs in a solution based assay, 

we turned to fluorescence polarization. We used GloPIPs, which include the hydrophilic lipid 

head group and short hydrophobic tails conjugated to fluorescein. We found an increase in 

polarization with the incubation of the KDM4C PHD2 domain with both the PI(4)P and 

PI(3,4,5)P3 Glo-PIP (Fig. 3C). However, for PI(3,4,5)P3 Glo-PIP the polarization was not 

saturable, while for the PI(4)P Glo-PIP the change in fluorescence was low. Thus, while the 

fluorescence polarization assays with the Glo-PIPs indicated PHD2 binding to the 

phosphatidylinositol phosphates, they were not conclusive. 
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Investigation of PIP interactions in the context of liposomes 

As the Glo-PIP fluorescence polarization assay was not conclusive, we sought an alternative 

assay to validate our result that the PHD2 domain bind PIPs. We generated liposomes with the 

PIPs of interest and used them in a liposome pull down assay. PHD2 and a control Burton’s 

Tyrosine Kinase PH-BTK domain were incubated with liposomes containing different PIPs. 

Following equilibration, the liposomes were pelleted by ultracentrifugation and analyzed for the 

proteins of interest. Unfortunately, we found that all proteins tested seemed to pellet in the 

absence of liposomes (Fig. 4A and 4B). Despite this, for the BTK PH-BTK domain we did see 

the expected specificity for PI(3,4,5)P3 (Fig. 4B). In order for the liposome pelleting assay to be 

useful for the KDM4C protein constructs optimization will be necessary.  

Alignment of KDM4C PHD2 

As the function of the KDM4 PHD2 domains remained unclear, we used I-TASSER and Phyre 

analysis to identify other PHD domains with similar sequence identity and to generate structural 

models for the KDM4C PHD2. Two of the top hits were the PHD2 domain of BRPF2 and the 

PHD2 of PHF6. Interestingly, the PHD2 of PHF6 is an extended PHD domain which has an 

additional N-terminal zinc binding motif. Moreover, both PHD domains have been shown to bind 

double stranded DNA (14–16). These analyses indicate that in addition to the possibility that the 

basic region of KDM4C PHD2 is used for PIP recognition, it may also be involved in interacting 

with DNA.  

Discussion 

Here we have generated several stable PHD domain constructs in order to study the functional 

role of these “reader” domains within the KDM4 family of demethylases. Due to its relative 

simplicity compared to PHD1, we focused our attention on the PHD2 domain of KDM4C. Using 

fluorescence polarization, we found that PHD2 does not bind the histone states known to be 
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canonically recognized by PHD domains, unmodified H3 and H3K4me3. Moreover, we 

observed no binding toward unmodified N-terminal histone tails of H2A, H2B, and H4. Given the 

fact that PHD2 does not act as a canonical PHD domain, we studied its amino acid sequence to 

provide hints towards alternative functions. These analyses have introduced two potential 

molecules that may be recognized by the KDM4C PHD2, PIPs and DNA.  

One of the key challenges in understanding the KDM4 PHD domains is that neither the 

amino acids required for the domain nor the functions are known. Additionally, the zinc binding 

motifs that comprise PHD1 versus PHD2 are vague with 10 pairs of Cys-Cys or Cys-His across 

the sequence encoding the PHDs (Fig. 1). Thus, our approach was to evaluate many potential 

PHD constructs based on their level of expression and quality of purification. The best 

constructs evaluated were of PHD2. These constructs included several with a fairly canonical 

zinc binding motif, including pLP18 and pLS6 (Table 1). However, we also had some success 

expressing and purifying an extended PHD2 (pLS5), which includes a third N-terminal zinc 

binding motif. We had little success expressing and purifying PHD1 constructs or constructs that 

contained both PHD1 and PHD2.  

As the PHD2 of KDM4C did not bind the canonical histone states, we probed other 

potential functions of this domain. Identification of an N-terminal polybasic patch of PHD2 

prompted us to test the ability of the PHD2 domain to bind PIPs. Our PIP strip analysis 

demonstrated selective binding of PHD2 to PIPs, specifically monophosphorylated PIPs (Fig. 

3B), which we hoped to validate in alternative, solution based assays. However, the results from 

our Glo-PIP and liposome pull down assay were uninterpretable or ambiguous. Thus, there is 

still a need for the development and execution of secondary binding assays to validate the result 

that the PHD2 domain interacts with PIPs.  

A few examples have been demonstrated of the binding of PIPs by chromatin interacting 

proteins, including the binding of PI(5)P by ING2 and ATX1 (17, 18), and the binding of 

PI(3,4,5)P3 by UHRF1(21). In these contexts, PIPs have been shown to regulate the subcellular 
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localization (ATX1, ING2), functions of chromatin modifying complexes (ING2), and binding of 

chromatin by “reader” domains (UHRF1). In the case of KDM4C, we can only speculate on the 

regulation PIP binding might impart on the function of the demethylase. PHD recognition of PIPs 

may regulate demethylase activity, recruit the demethylase to the nuclear periphery, where 

H3K9me3 positive heterochromatic regions are known to localize, or may stabilize chromatin 

binding as in the case of ATX1 and ING2. These hypotheses warrant additional experimental 

analysis for example of the subcellular localization of KDM4C or the PHD2 domain in isolation 

both in the absence or presence of the PIPs of interest.  

In addition to the binding of PIPs, another potential interaction that could be mediated by 

this domain is binding to DNA. Both the presence of a strong basic patch and alignments of 

PHD2 domain to proteins known to interact with DNA suggest that the PHD2 domain may 

function in the recognition of DNA. Other experimental data may also support this hypothesis, 

including that KDM4C is more active toward H3K9me3-containing nucleosomes than peptides 

and KDM4C fl showed nonspecific binding in the gel shift assays as addressed in Chapter 2. 

Given our results, it will be necessary to test the potential interaction between KDM4C PHD2 

and DNA in our well developed reconstituted system.  

Although we have not achieved our goal of identifying the function of the KDM4 PHD 

domains, we have made great strides in developing protein constructs, reagents, and assays 

that will be useful in moving forward to evaluate the roles of these domains. Hopefully insights 

gained from this chapter will guide continued efforts to study these unique “reader” domains.  
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Figure 1: Sequence of KDM4 PHD domains 

 

 

 

KDM4 demethylase architecture as predicted by SMART sequence analyzer. Jumonji domain N 

(JmjN), Jumonji domain C (JmjC), Plant homeodomain (PHD), tandem tudor domain (TTD). 

Inset to the amino acid sequence of the region comprising PHD1 and PHD2. Cys-Cys and Cys-

His pairs are shown in bold red for KDM4C. In cyan are the amino acid predictions for PHD1 

and PHD2 by SMART sequence analyzer, in magenta predictions by NCBI Conserved Domain 

Search. Underlined and in bold is the construct used for most assays in this chapter.  
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Figure 2: PHD2 does not bind canonical histone states 
 

 

 

:  
 

(A) Modified histone peptide array analysis of the specificity of KDM4C PHD2 domain.  

(B) Fluorescence polarization (FP)-based analysis of binding between KDM4C constructs, 

KDM4C PHD2 or KDM4C TTD, and fluorescently labeled H2A, H2B, H3, H3K4me3, or H4 

18mer peptides. 
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Figure 3: KDM4C PHD2 may bind phosphatidylinositol phosphates  
 

 
 
 

(A) Sequence alignment of the PHD2 domain of KDM4A-C. Highlighted in cyan is the conserved 

basic patch at the N-terminus of PHD2.  
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(B) PIP strip analysis of the binding of KDM4C constructs, KDM4C fl, KDM4C PHD2, and 

KDM4C TTD, to an array of phospholipids.  

(C) Fluorescence polarization (FP)-based analysis of binding of KDM4C PHD2 to fluorescently 

labeled Glo-PIPs, PI(4)P and PI(3,4,5)P3. 
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Figure 4: Liposome pull down assays of KDM4C PHD2 
 
 

 
 
 
(A) Liposomes containing PC alone or in the presence of PI(3)P, PI(4)P, PI(5P), or PI(3,4,5)P3 

were used to test the interaction with KDM4C PHD2.  

(B) Liposomes containing PC alone or in the presence of PI(3)P, PI(4)P, PI(5P), or PI(3,4,5)P3 

were used to test the interaction with BTK PH-BTK domain. 
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Supplemental Figure 1: Expression and Purification of KDM4C PHD domains  

 

 

Gel analysis of the purification of KDM4C PHD constructs. Flowthrough (FT), Wash (W), Elution 

(Elute), Beads (B).  
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Supplemental Figure 2: Expression and Purification of KDM4C PHD domains 
 
 

 
 
 
Gel analysis of the purification of KDM4C PHD constructs. Flowthrough (FT), Wash (W), Elution 

(Elute), Beads (B).  
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Supplemental Figure 3: Expression and Purification of KDM4C and KDM4A PHD domains 
 
 

 
 

Gel analysis of the purification of KDM4C PHD constructs. Flowthrough (FT), Wash (W), Elution 

(Elute), Beads (B).  
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Supplemental Figure 4: Extended KDM4C TTD may bind PIPs 
 
 
 

 
 
 
 

PIP strip analysis of the binding of KDM4C constructs, extended KDM4C TTD and KDM4C 

TTD, to an array of phospholipids.  
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Table 1: KDM4C PHD constructs and notes on their expression and purification 

Construct Name Tags Expression and Purification Notes 
PHD1/2 aa 684-864 pLP16 Nterm: GST Degradation issues 
PHD1 aa 684-746 pLP17 Nterm: GST Did not purify well.  
PHD2 aa 808-864 pLP18 Nterm: GST Purified well 
PHD1 aa 708-768 pLP36 Nterm: GST Many bands indicating degradation 
PHD1 aa 716-761 pLP42 Nterm: GST Reasonably pure; some GST contamination 
PHD1/2 aa 716-864 pLP43 Nterm: GST Has additional degradation product and GST 
PHD1/2 aa 716-866 pLP44 Nterm: GST Has additional degradation product and GST 
PHD1/2 TTD aa 708-
991 

pLP50 Nterm: GST Degradation  

PHD2 TTD aa 802-991 pLP51 Nterm: GST NA 
PHD2 TTD aa 808-991 pLP52 Nterm: GST Well expressed; toxic to cells; pure 
PHD1 aa 640-751 pLS3 Nterm:GST well expressed, degradation products 
PHD1 aa 640-782 pLS4 Nterm: GST not well expressed; lots of GST 
PHD2 aa 750-869 pLS5 Nterm: GST well expressed, eluted with basic pH 
PHD2 aa 805-869 pLS6 Nterm:GST well expressed, eluted with basic pH 
PHD1/2 aa 640-869 pLS7 Nterm: GST major degradation 
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Table 2: KDM4A PHD constructs and notes on their expression and purification 

Construct Name Tags Expression and Purification Notes 
PHD2 R825-I886 pLP71 Nterm: His6 only performed test expression 
PHD2 R825-E890 pLP72 Nterm: His6 only performed test expression 
PHD2 P822-I866 pLP73 Nterm: His6 only performed test expression 
PHD2 P822-E890 pLP74 Nterm: His6 Did not purify well.  
PHD2 L771-I886 pLP75 Nterm: His6 only performed test expression 
PHD2 L771-E890 pLP76 Nterm: His6 only performed test expression 
PHD2 R825-I886 pLP77 N term: GST; Cterm His6 Expressed well; optimize purification 
PHD2 R825-I886 pLP78 N term: GST only performed test expression 
PHD2 R825-E890 pLP79 N term: GST; Cterm His6 only performed test expression 
PHD2 R825-E890 pLP80 N term: GST only performed test expression 
PHD2 P822-I886 pLP81 N term: GST; Cterm His6 Expressed well; optimize purification 
PHD2 P822-I886 pLP82 N term: GST only performed test expression 
PHD2 P822-E890 pLP83 N term: GST; Cterm His6 only performed test expression 
PHD2 P822-E890 pLP84 N term: GST only performed test expression 
PHD2 L771-I886 pLP85 N term: GST; Cterm His6 only performed test expression 
PHD2 L771-I886 pLP86 N term: GST only performed test expression 
PHD2 L771-E890 pLP87 N term: GST; Cterm His6 only performed test expression 
PHD2 L771-E890 pLP88 N term: GST only performed test expression 

 

 






