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Epigenetic regulation of gene transcription occurs as an integration of multiple layers of signals
at a genetic locus. These signals can include local chromatin structure, covalent modifications to
both histone proteins and DNA, the presence of transcription factors, and modification directly to
the transcriptional machinery. Our lab is interested in the control of cellular processes by the
mitogen activated protein kinases ERK1/2. In a yeast two-hybrid screen with activated ERK2
(extracellular signal-regulated kinase 2) to find novel interacting partners, our lab identified
CFP1 (CxxC finger protein 1), a DNA-binding protein that is a vital component of the H3K4
trimethylating Setl A/B complexes to promote gene transcription. CFP1 has also been shown to
interact physically and functionally with the major maintenance DNA methyltransferase
DNMTI1. We are interested in defining how substrate targeting of CFP1 by ERK1/2 regulates
downstream transcriptional outcomes. Interaction between ERK2 and CFP1 in cells was
validated by co-immunoprecipitation from isolated mononucleosomes. Active ERK2 can
phosphorylate CFP1 on multiple sites in vitro, an observation supported by studies in cells. Some
of the most likely in vivo ERK1/2 phosphorylation sites include serine 224 and threonine 227.
CFP1 is essential for focusing trimethylation of H3K4 at promoters, a histone modification that
supports transcription from these loci. We hypothesized that phosphorylation of CFPI1 by
ERK1/2 during mitogenic signaling may support trimethylation of H3K4 and transcription of
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ERK1/2-regulated target genes. Introduction of CFP1 containing the mutation T227V into
HeLa cells blocked global H3K4 trimethylation to a similar extent as CFP1 depletion. On the
other hand, CFP1 S224A shows diminished transactivation capacity against a model
transcriptional substrate. Neither of these mutants fail to interact with SetlB in a pulldown,
suggesting that these sites may be important for Setl complex targeting or activity towards
chromatin. Consistently, CFP1 knockdown hinders induction of several ERKI1/2-regulated
immediate early gene targets in response to serum treatment. It will be of interest to test whether
this is dependent on stable or inducible H3K4 trimethylation and what impact overexpression of
point mutants will play in their transcription. Regulation of H3K4 trimethylation through CFP1
phosphorylation might represent a novel regulatory input to support transcription of ERK1/2-
regulated genes.
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CHAPTER ONE
Introduction

Since initially cloning the mitogen-activated protein kinases (MAPKs) ERK1/2 over 20
years ago, our lab has been interested in identifying upstream mechanisms governing their
regulation and downstream targets that carry out intracellular responses to their activation.
ERK1/2 (extracellular signal regulated kinases) participate as key relays to couple extracellular
signals, typically those involved in growth and proliferation, with appropriate intracellular
responses (1). They are protein-serine/threonine kinases, and are widely regarded to be
functionally redundant. Our search for novel substrates led us to perform a yeast two-hybrid
screen for novel ERK2 interacting proteins that relied on kinase activation for enhanced binding,
in the hope that identified proteins would prove to be new substrates.

This experiment identified CXXC Finger Protein 1 (CFP1) as an ERK2-interacting
protein. CFP1 is an important regulator of at least two functionally antagonistic epigenetic
processes — histone methylation and DNA methylation (2). As a constitutive component of the
Set1 A/B Histone 3 Lysine 4 (H3K4) trimethylase complexes, CFP1 binds to DNA directly at
CpG islands, specialized DNA regions near or within gene promoters, to direct H3K4
trimethylation to these loci (3,4). SetlA/B catalyze at least 80% of H3K4 trimethylation in
somatic cells (5). H3K4 trimethylation is tightly clustered around actively transcribed promoters,
so much so that it can be used to predict the location of transcriptional start sites (6,7). Although
many H3K4 trimethyl binding proteins have been identified, the particular mechanisms
responsible for recognizing this mark and propagating it to induce transcription remain unclear
(8). CFPI1 loss results in broad mislocalization of H3K4 trimethylation, and the extent of
promoter H3K4 trimethylation is greatly impacted at a majority of genes, although gene
expression changes are more subtle (4).

DNA methylation occurs on cytidine residues, typically within CpG islands. CpG
methylation is tightly associated with transcriptional repression of underlying genes, an event
that is essential in dictating tissue-specific identity during development by silencing specific

subsets of genes (9). In most cell types, the majority of CpG island-associated genes are devoid
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of methylation, but may or may not be actively transcribed. Aberrant CpG methylation is a

typical event in cancer progression, silencing expression of tumor suppressor genes (10).
Cytosine methylation is catalyzed by DNA methyltransferase proteins (DNMTs). DNMTT is the
critical maintenance methyltransferase that recognizes hemimethylated sequences in newly-
replicated DNA and catalyzes methyl group addition to the new strand. CFP1 interacts with
DNMTI, and CFPl-null mice and embryonic stem cells exhibit profound defects in DNA
methylation (11,12). The mechanistic role that CFP1 plays in DNMT1 targeting and activity is
unclear.

Our goals were to validate interactions between ERK1/2 and CFP1, then address whether
or not CFP1 can serve as a substrate for ERK1/2. Pursuing the diverse physiological outcomes
that might be attributed to CFP1 phosphorylation was attractive, because potential roles for
ERK1/2 in both histone and DNA methylation are easy to envision.

Acute ERK1/2 activation drives transcription of a small cross-section of genes, known as
immediate early genes (IEGs; (13)). IEGs are predominantly transcription factors and signaling
molecules that, when translated, go on to regulate successive rounds of transcription of
secondary response genes. ERK1/2 are recruited to the promoters of IEGs in response to
mitogenic stimuli, where they phosphorylate substrates to support transcriptional initiation.
These substrates include transcription factors (14,15), histone modifying enzymes (16), and
components of the transcriptional machinery (17,18), and their phosphorylation by ERK1/2 is a
prerequisite for full transcriptional activation of target genes. Given the complexity of
transcriptional activation and the fact that new nuclear phosphorylation targets are being
continually identified, we hypothesized that CFP1 phosphorylation by ERK1/2 might support
transcriptional activation of ERK1/2 target genes by directing H3K4 methylating activities to
appropriate promoters (see schematic in Figure 1-1).

We could also foresee potential regulatory mechanisms for ERK1/2 phosphorylation of
CFP1 in DNA methylation. ERK1/2 are regulated by the small GTPase family of Ras proteins.
KRas is mutated in a wide variety of cancers, leading to constitutive activation of ERK1/2 and a
pleiotropic host effects on transcriptional regulation by this pathway (19,20). One of the
documented effects of Ras activation is aberrant gene silencing, mediated by DNA methylation

and enforced by accumulation of histone modifications that ensure DNA compaction and
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Figure 1-1: Hypothetical model of ERK1/2 contribution to H3K4 trimethylation through
the Setl methyltransferase complexes.

silencing (21,22). One outcome of this event can be the silencing of tumor suppressor genes,
enhancing cancer development. A knockdown screen to identify signaling events that support
Ras-driven gene silencing identified ERK2 and DNMT]1 (21). Functional interactions between
DNMT1 and CFP1 have not been well-studied outside of a developmental context (23-25). We
envisioned that aberrant DNMTI1 activity in Ras-activated cells could rely on ERKI1/2
phosphorylation of CFP1, leading to silencing of target genes (see schematic in Figure 1-2).

We will discuss the topics raised here in greater detail in Chapter 2, giving the reader
perspective on the current state of research on MAPK signaling, transcription, and their
intersection, as well as in-depth accounts of studies on CFP1 by other research groups. In
Chapter 3, we will detail experiments designed to validate our yeast two-hybrid findings, as well
as catalogue post-translational modifications to CFP1 in vitro and in cells. The role that CFP1
plays in supporting histone methylation and transcription, as well as how ERKI1/2

phosphorylation might impact these functions, is discussed in Chapter 4.
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CHAPTER TWO
Review of the Literature

ERK1/2 ARE PROTOTYPICAL MITOGEN ACTIVATED PROTEIN KINASES

Mitogen-activated protein kinases (MAPKSs) are serine/threonine protein kinases that are
essential mediators of cellular signaling. They are activated in response to a wide variety of
extracellular signals, ranging from stress responses to growth and mitogenic signaling. Four
major families exist in mammals: extracellular signal-regulated kinases 1 and 2 (ERK1/2); p38
o/BA/d; c-Jun N-terminal kinases 1-3 (JNKs); and ERKS (1). These kinases share extensive
amino acid identity within their catalytic core regions and among the overall architectural
features of their activation networks.

ERK1/2 were identified over 20 years ago as insulin-responsive serine/threonine kinases
that share a high degree of homology with the yeast Fus3 and Kssl kinases that mediate the
Saccharomyces cerevisiae pheromone response (26-31). Today, they are recognized as key
signal transduction molecules that regulate diverse processes such a proliferation (32),
differentiation (33,34), motility (35) and stress (36), and their misregulation can have broad
impact on normal physiology (37).

ERK1 and ERK2 share 84% amino acid identity, and are widely regarded to be
functionally redundant (1). Knockout studies in mice may argue otherwise. Loss of ERK?2 results
in post-implantation embryonic lethality before embryonic day 8.5 as a consequence of improper
trophoblast development (38). However, loss of ERK1 has a far milder impact on development,
resulting in a largely normal adult animal with moderate defects in thymocyte development and
activation (39). ERK2 is expressed to a greater extent than ERK1 in most tissues, so it is possible
that total ERK1/2 dosage may account for these disparate phenotypic outcomes, and recent work
has demonstrated that overexpression of ERK1 in mice can phenotypically rescue simultaneous
loss of ERK?2 (Christophe Frémin, personal communication). Whether ERK1/2 are fully
functionally redundant remains a contentious issue, with little indisputable evidence to support or

refute the claim (40-42).



Cellular signal transduction
Physiological processes
Figure 2-1: The ERK1/2 MAPK pathway. ERK1/2 are activated as the terminal MAP kinase
in a three-kinase module, with MEK1/2 acting as the immediate upstream kinases (MAP2Ks),
and in turn the Raf family proteins as MEKI1/2 activators (MAP3Ks). Rafs are activated
downstream of Ras GTPases. ERK1/2 phosphorylate a myriad of substrate proteins in many
cellular compartments, including the nucleus, to effect appropriate cellular responses to
proliferative, growth and stress signals.

ERK1/2 are directly phosphorylated and activated by the dual specificity mitogen-
activated protein kinase kinases MEK1/2 (MAP2Ks, see Figure 2-1). Activating phosphorylation
occurs on tyrosine 187 and threonine 185 within the activation loop of ERK1/2, leading to
restructuring of the loop and activation site as well as reorganization of distal residues involved
in interaction with upstream components and substrates (residue numbering from the human
ERK?2 protein, UniProt ID: P28482, (43-45)). MEK1/2 are the only known kinases capable of
ERK1/2 activation, and pharmacological inhibitors exist that potently and specifically impair
their ability to do so (46). In turn, MEK1/2 are phosphorylated and activated by the Raf family of
MAP3Ks (MAP2K kinases) that form homo- and heterodimers when active (including A-Raf, B-
Raf and C-Raf/Raf-1). Even more distally, Rafs are activated by Ras family GTPases (HRas,
KRas and NRas), which are induced downstream of activated cell surface receptors or parallel
signaling phenomena, or in the case of many cancers, mutated to a conformation that confers

high levels of activity (47,48). Idiosyncratic and combinatorial utilization of Raf and Ras
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proteins occurs as a consequence of cell type-specific expression and unique system wiring, the

full determinants of which are an area of continuing research (49,50). Scaffolds that promote
rapid, sequential pathway activation by binding multiple tiers of these signaling cascades also aid
in appropriate subcellular localization for localized targeting of substrates (51).

Most studies to date have examined the role of ERK1/2 in a single cell type in response
to a single stimulus, and frequently on a single downstream target or process. Different ligands
can dictate differential signaling responses through ERK1/2. In one striking example, stimulation
of ERK1/2 in the PC12 neuronal cell line by epidermal growth factor (EGF) induces a transient
burst of activity and promotes proliferation (52-55). However, treatment with nerve growth
factor (NGF) also stimulates ERK1/2, but activation is sustained over hours and results in
differentiation. Both of these processes are mediated by induction of ERK1/2 activity (56). The
basis for these differences lies in distinct signaling cues downstream of activated receptors,
resulting in ERK1/2 activation, pathway feedback and cessation of signaling following EGF but
not NGF treatment (57). This highlights how differential use of pathway components can impact
signaling kinetics of the ERK1/2 pathway, yielding drastically different phenotypic outcomes.

Other studies have been data-driven, accruing large volumes of information about
phosphorylation events but reaching little consensus on their meaning (58,59). Recapitulation
and characterization of the consequences of combinatorial stimuli, as might be found in living
tissues, has been relatively limited. Approaches to holistic interrogation are still restricted, but
recent advancements in phosphoproteomics and substrate screening have made some headway
into our understanding of cell-wide responses to stimulus and provided a framework upon which
to deepen our understanding of global cellular responses to pathway activation (60-62).

Prediction of ERK1/2 phosphorylation sites from primary amino acid sequence was
initially based on in vitro substrate specificity against oriented peptide libraries (63-65) and has
been augmented in recent years by comparison of observed in vivo substrate sites numbering into
the thousands (66,67). Consensus substrate sites are generally a serine or threonine immediately
succeeded by a proline, or sometimes take the form Pro-X-Ser/Thr-Pro, where X may represent a
neutral or basic amino acid.

Further support of in silico predictions can be derived from ERK1/2 binding sites within

putative substrates. At least two clear amino acid motifs exist to support interaction between
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ERK1/2 and their substrates, activating kinases and scaffolds. One is the Phe-X-Phe-Pro motif,

usually present C-terminal to the site of phosphorylation (68). Alternatively, the D motif
typically appears as several positively charged and hydrophobic residues, usually located N-
terminally to the phosphoacceptor site (69,70).

In addition to being universally expressed, ERK1/2 are distributed broadly throughout
many intracellular compartments. Nearly half of inactive ERK1/2 is bound on microtubules
under basal signaling conditions (71) and in most unstimulated cells, some fraction of ERK1/2
resides in the nucleus (72). Following activation, ERK1/2 can move rapidly and transiently to the
nucleus, presumably to target nuclear-localized substrates such as transcription factors. Nuclear
import of activated ERK2 can occur via active transport through the nuclear pore complex,
potentially aided by import factors (73,74). Inactive ERK2 can diffuse passively into the nucleus
in the absence of energy and other factors, and binds to several components of the nuclear pore
complex (60,75,76). Export is regulated by the export factor CRMI1, and may depend on
interactions between ERK1/2 and MEKI, the latter of which bears a strong nuclear export

sequence (73,77).

AN OVERVIEW OF EUKARYOTIC MESSENGER RNA TRANSCRIPTION
IN THE CONTEXT OF CHROMATIN

Eukaryotic DNA is organized in the nucleus through interactions with histones into the
basic repeating unit of chromatin, the nucleosome (78). Wrapping of DNA allows for the orderly
compaction of over 2 meters of DNA into the volume of the nucleus, and provides an underlying
protein structure that can be controlled by reorganization and post-translational modification.
The nucleosome consists of ~147 bases of DNA, wound twice around a core of 8 canonical
histone proteins (two copies each of H2A, H2B, H3 and H4), often with a more loosely tethered
H1 associated outside of the central core (see Figure 2-1 for a cartoon of the crystal structure of
the core histone octamer bound to DNA). The histone proteins are small, typically under 20 kDa
in size, and highly basic in charge. Electrostatic interactions between histones and the negatively
charged phosphate backbone of DNA are primary mediators of DNA-protein interactions, but

hydrogen bonding, as well as nonpolar interactions with deoxyribose groups and solvent-
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mediated contacts contribute, resulting in strong binding between DNA and proteins within the

nucleosome (78,79).

The N-termini of the core histones, known as tails, are disordered and protrude outward
from the center of the nucleosome (78). They are enriched for sites of post-translational
modification (PTM), including relatively common PTMs such as acetylation, methylation,
phosphorylation and ubiquitination (80). Chromatin is repressive to transcription in its native
state (81,82). Modification and movement of nucleosomes to facilitate or further prevent
interaction between transcription machinery and target DNA is a highly regulated process
contingent on modifications to histone tails as well as the globular core of histone proteins
(83,84). Modifications to chromatin can alter the binding affinity between histones and DNA, as
well as serve as docking sites for regulatory proteins. Further regulatory complexity is conferred
by alternate usage of paralogous noncanonical histone proteins (85).

To provide an additional level of regulation, chromatin can adopt a higher order structure
known as heterochromatin that results in silencing of the encompassed DNA. This higher order
folding generates the basis for even more complex structures (86). Heterochromatinization is an
essential step in initiation of the cell cycle to ensure regulated division of chromatin into
daughter cells. On a smaller scale, it regulates events like silencing of X-chromosomes as well as
individual genes that are actively repressed. Formation of heterochromatin is specific to cell type
and signaling state and is tightly regulated. Histone modifications, as well as ATP-dependent
chromatin remodeling complexes feed into heterochromatin formation and maintenance.
Conversely, euchromatin refers very generally to DNA that is in an “open” conformation, and
can potentially be transcribed in response to an initiating stimulus (86). There is emerging
evidence that complex, long-range interactions occur between actively transcribed genes and
distal regulatory elements, often found thousands of bases away from the promoter or on another
chromosome entirely (87).

In eukaryotes, transcription of tailed and capped transcripts including messenger RNAs
(mRNAs), microRNAs (miRNAs) and small nucleolar RNAs (snRNAs) is mediated by RNA
polymerase II (RNAPII; (88)). RNAPII is an incredibly complex and dynamic structure.
Assembly and activation of the RNAPII holoenzyme at promoters occurs as a stepwise process.

General transcription factors (including TFIIA, B, D, E, F and H) recognize specific promoter
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elements on DNA, and bind sequentially with RNAPII to form the preinitiation complex

(88,89). In vitro, the assembled preinitiation complex is extremely stable (90,91). Each of the
general transcription factors performs a role vital in DNA recognition, DNA preparation for
transcription and/or subsequent enzymatic activation of the RNAPII holoenzyme (88). Without
addition of further factors, this complex is sufficient for productive transcription in vitro. More
efficient activation is achieved by association of coactivators and post-translational modification
of RNAPII subunits.

At this stage, just downstream of promoter clearance of RNAPII, a phenomenon known
as promoter-proximal pausing often occurs (92). Chromatin immunoprecipitation (ChIP) studies
of RNAPII localization reveal high levels surrounding the promoter. Several studies have
demonstrated that elongation near the promoter is inefficient, collectively suggesting that
promoter escape and productive transcription are regulated following preinitiation complex
assembly (93,94). Complexes that induce pausing are recruited at this stage (93,95). Conversion
to fully-active RNAPII requires the positive transcriptional elongation factor b (P-TEFb), a
complex containing kinase activity that targets RNAPII and complexes that maintain pausing,
collectively releasing RNAPII from repression (96). Promoter-paused RNAPII is resident at a
large number of genes, especially those encoding genes responsive to signaling cues, including
key components of the ERK1/2 pathway (97-99). This has been hypothesized to establish a low
level of cycling transcription of these genes, enabling them to be rapidly responsive to external
cues.

Phosphorylation of the disordered C-terminal domain (CTD) of Rpbl, the largest subunit
of the RNAPII complex, is a critical step in transcriptional activation. In humans, the CTD is
comprised of 52 heptad repeats of the sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser (100). In the
preinitiation complex, the CTD of Rbpl1 is unphosphorylated (101). Phosphorylation of serines 2
and 5 is associated with a transcriptionally active RNAPII, and serine 5 phosphorylation is
depleted as RNAPII moves through downstream genes (102). Several cyclin dependent kinases
have been linked to this process. CDK7 is a component of the general transcription factor TFIIH
complex, mediating phosphorylation at the promoter. CDK8 and CDK®9 are part of the Mediator

and P-TEFb complexes respectively, and appear to maintain phosphorylation of the CTD
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throughout transcription downstream of the transcription start site. Other kinases have been

shown to be capable of CTD serine phosphorylation, including ERK2 (103,104).

Coactivators and elongation factors enhance the ability of RNAPII to efficiently
transcribe genes. Located at promoters, general coactivators include the TATA binding protein-
associated factors (TAFs) and the Mediator complex. TAFs are enriched for domains that
recognize histone modifications or DNA elements and are used combinatorially, seemingly to
aid in the interaction of the preinitiation complex with chromatin at the promoter (105). Mediator
makes critical contacts between the CTD of RNAPII and promoter-associated transcription
factors, transmitting additional regulatory cues to RNAPII from the immediate environment
(106). Many elongation factors, such as P-TEFDb, are critical in ensuring processivity of RNAPII
through to the 3’ untranslated region of a target gene (107). The final step of transcription,
termination, is similarly highly regulated and depends on yet another set of recruited factors that
enhances disassembly of RNAPII and removal from target DNA (108).

Each of the transcriptional processes mentioned relies upon a complex underlying
epigenetic framework of histone modifications and encoded DNA elements, some of which will

be discussed in the following sections as they relate to the rest of this work.

HISTONE MODIFICATIONS IN PHYSIOLOGY AND PATHOLOGY

Histone modification represents an area of research that exploded with the advent of
next-generation sequencing technologies. In the early days following the completion of the
human genome project and subsequent cataloguing of enormous data sets defining global
localization of histone modifications, it was widely anticipated that a “histone code” could be
derived, which would serve as a basis for comprehensively predicting how the underlying DNA
was transcriptionally regulated. To date, global maps of modifications in many systems have still
not significantly furthered our understanding of this issue, and the consequences of small subsets
of modifications are often used as “tells” for whether genes can and will be transcribed
(109,110). Complicating this issue further is the fact that the complex nature of transcriptional
regulation means that the causality of histone modification on transcriptional events is still

poorly defined (111).
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Specific modifications can inform upon the activity of the associated gene. One

modification that is widely utilized to predict transcriptional activity is lysine methylation.
Lysines can be covalently and reversibly mono-, di- and tri-methylated at the C-amine,
modifications typically mediated by proteins containing a SET methyltransferase domain,
initially identified in Drosophila (Su(var) 3-9, Enhancer of zeste and Trithorax; (112,113)).
Different subsets of SET-domain containing methyltransferases are responsible for mediating
lysine methylation at distinct residues. Lysine methylation occurs predominantly at histone tails
on H3 and H4, and different sites have different consequences for the underlying DNA. For
instances, dimethylation at H3K9 and trimethylation of H3K27 are both associated with
silencing of the underlying DNA (80). Monomethylation of H3K4 marks enhancer elements, loci
distant from promoters that aid in transcriptional activation of often-cryptic target genes
(114,115). Trimethylation of H3K4 (H3K4me3), which will be a topic of focus in this document,
is strongly associated with the 5’ end of genes that are being actively transcribed in species
ranging from yeast to humans (116-118).

Budding yeast and mammals differ in the machinery at their disposal to trimethylate
H3K4, likely reflecting complexity gained through tissue differentiation. S. cerevisiae encodes
only one H3K4 methyltransferase, Setl, which as a part of the COMPASS (complex of proteins
associated with Set) complex is responsible for mono-, di- and trimethylation of H3K4 (119-
121). Surprisingly, Setl is not essential, but loss results in aberrant expression of many genes and
delayed doubling time (119). COMPASS is associated with elongating RNAPII, with deposition
of multiple methyl groups an apparent consequence of repeated passage of RNAPII over target
genes during multiple rounds of transcription (122,123). This may lay groundwork for positive
feedback regulation of the marking, as at least one subunit of the COMPASS complex binds to
H3K4me?2/3 (124).

Mammals bear at least six complexes that resemble COMPASS in subunit composition
and catalytic function (125). These include the SetlA and SetlB complexes, and the Mixed
Lineage Leukemia complexes (MLL1-4). Set1A/B regulate global levels of H3K4 trimethylation
(5), while the four MLL complexes regulate small subsets of genes that are typically associated
with pluripotency and development, or enhancer monomethylation (114,126,127). Bolstering

their importance at a relatively limited subset of genes, MLLL1-4 are less abundant in HeLa nuclei
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than the SetlA/B complexes (128). Genomic targets of each complex appear to be distinct

(129), and loss of single complexes cannot be offset by other family members (130), although
this matter has not been comprehensively addressed by global ChIP experiments.

All six complexes share a structural core of 4 proteins: Wdr5, RbbpS, Ash2L and Dpy30,
commonly termed the WRAD module. Compositionally, the Setl1 A and Set1B complexes appear
to differ from one another only in distinct usage of their catalytic subunit, and the presence of an
additional subunit in the Set1B complex (Bod1; (128)). Figure 2-2 details the usage of different
subunits by the Set1A/B and MLL complexes. Human Setl A and Setl1B are large proteins, each
spanning over 1700 amino acids in length, with a C-terminally located SET methyltransferase
domain. Overall, Setl A and B share 39% sequence identity and 56% similarity, although the

majority of

Set1A Complex Set1B Complex

MLL1 Complex MLL2 Complex MLL3/4 Complexes

Figure 2-2: Comparative subunit composition of human COMPASS-like H3K4
trimethylating complexes. Analysis of subunit composition of Setl-like H3K4
methyltransferase complexes from HeLa cells. SetlA/B complexes share common structural
elements with the MLL complexes (WDRS5, RBBP5, Ash2L. and DPY30). CFP1 and WDR&82 are
specifically associated with Setl A and Set1B. Modified from van Nuland, et al. Mol Cell Biol.
2013;33:2067-2077 and reprinted with permission from the American Society for Microbiology.



14
conservation is restricted to the SET domain through to the C-terminus, which are 85%

identical and 95% similar. S. cerevisiae Setl shares 35% identity with human SetlA and 37%
identity with human Set1B (129).

The causative role that H3K4me3 plays in mammalian transcription is still an open
question despite a clear global enrichment at actively transcribed promoters and some evidence
that the marking can participate in cancer development. Knockout lines of many individual
subunits of COMPASS family complexes are viable, arguing for a more passive role for
H3K4me3, perhaps as a consequence of transcription (5,131). In vitro, H3K4me3 stimulates
transcription from a chromatinized template using HeLLa nuclear extracts (132). H3K4me3 is
recognized by multiple transcriptional regulators (133), including TAF3, a core component of the
TFIID general transcription factor complex whose binding to promoters is an essential step in
RNAPII recruitment (88,134). Followup studies examined genes inducible through recruitment
of the transcription factor pS3 following doxorubicin treatment (135). Binding between the plant
homeodomain finger (PHD finger, which binds methylated residues; (136)) of TAF3 and
H3K4me3 is a prerequisite for TFIID recruitment to most H3K4 trimethyl-enriched promoters.
Furthermore, this interaction is essential for the full transcriptional response to doxorubicin-
induced genotoxic stress at many p353 target genes (135). H3K4me3 accumulates at pS3 target
genes following treatment with doxorubicin, and loss of H3K4me3 by knockdown of WDRS
prevents recruitment of TFIID and mRNA accumulation. To date, this represents the best
evidence that H3K4me3 directly contributes to normal transcriptional activation in mammals.

PHD fingers are domains that can recognize H3K4me3, and in some cases other
methylated histone motifs (137). They coordinate two Zn>* ions via a characteristic Cys4-His-
Cys3 motif, and form an aromatic cage that binds the methylated histone. They are present in
various epigenetic regulators (133,138), including enzyme complexes that deposit and remove
H3K4 methylation from nucleosomes (139,140). H3K4me3 levels are dysregulated in a variety
of cancers (133). Driver mutations for a subset of hematopoeitic malignancies are translocations
of the nuclear pore complex protein Nup98 with the PHD fingers of at least two distinct proteins,
the H3K4 demethylase Jarid1A and PHF23, a protein of unknown function (139). In this case,

mutation of the PHD finger prevents transformation, indicating that the interaction with
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methylated histone is a prerequisite for cancer development. This further supports the idea that

H3K4 trimethylation may play a role in promoting transcription.

DNA METHYLATION IN PHYSIOLOGY AND PATHOLOGY

The distribution of DNA bases — adenine, guanine, thymine and cytosine — throughout
the eukaryotic genome is non-random, despite the fact that protein-coding sequences account for
less than 2% of total genetic material (141). DNA sequence can directly inform the arrangement
and spacing of nucleosomes (142-145). DNA elements surrounding the transcriptional start site
provide binding information for both general and specific transcription factors (89,146). One
widespread genetic phenomenon is the presence of CpG islands (CGIs) that occur at
approximately 70% of all annotated gene promoters (147). CGIs are regions that average 1000
base pairs (bps) in length and are highly enriched for CpG dinucleotides (9). CpG dinucleotides
are otherwise found at lower than expected ratios throughout the genome. Cytidine residues
within these dinuclotides can be methylated at the 5 position. Global de-enrichment of this
dinucleotide has been attributed to the propensity of methylated cytidine to be spontaneously
deaminated, resulting in a single base change to thymine following semi-conservative gene
replication during mitosis (9,148,149).

Cytidine methylation in mammals is mediated by the DNA methyltransferases (DNMTs).
DNMT3a and DNMT3b are thought to be responsible for de novo methylation, a vital
developmental mechanism that serves to define cell and tissue identity by silencing expression of
nonessential genes within a tissue (150,151). It serves essential roles in the silencing of imprinted
genes and transposable elements within the genome and is essential for genomic stability (152-
154). The predominant maintenance methyltransferase, DNMT1, recognizes hemi-methylated
sequences following replication and methylates the cognate strand (12,155). Regulated
demethylation exists, and is an area of active research (156), further underscoring the dynamic
nature of CpG methylation.

In adult tissues, most CGIs are unmethylated (9). Recent work has shed light on functions
for unmethylated CGIs in promoting transcription by destabilizing nucleosome binding to DNA

through nonfavorable DNA sequences (157,158). In the specific context examined, nucleosome
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de-enrichment permitted binding of the transcription factor Spl to promote transcriptional

activation (157) and P-TEFb recruitment initates paused RNAPII at these genes (99). This
mechanism is likely to extend to other systems and probably many CpG-binding transcriptional
regulators (159).

Dysregulated methylation of CGIs is widespread in cancer (160). DNA methylation is a
contributing event in silencing programs that promote heterochromatin formation. Methylation
recruits histone modifiers and chromatin remodelers, resulting in gene silencing through
heterochromatin formation, often contributing to cancer progression through silencing of tumor

suppressor genes.

ERK1/2 IN TRANSCRIPTIONAL REGULATION

The topic of MAPK-driven epigenetic regulation is not underrepresented in the literature,
but reaching a consensus of steps downstream of MAPK activation between initiation of signal
and consequent transcriptional effects is severely hampered by the sheer complexity of events,
and perhaps by transcriptionally repressive or activity-independent functions. Observed
transcriptional consequences are dependent on manner and duration of stimulus, cell type,
environmental context and experimental approach (13). It is increasingly apparent that
transcriptional regulation occurs at virtually every possible level of regulatory input. This
includes phosphorylation of transcription factors, histone and chromatin modifying enzymes,
transcriptional machinery and potentially some kinase activity-independent functions (Figure 2-
3).

Early studies of the role of ERK1/2 in transcriptional regulation focused on
phosphorylation-dependent transcription factor activities. Following translocation of ERK1/2
into the nucleus in response to serum activation, these kinases phosphorylate the transcription
factor Elk-1 which can then bind to the serum response factor (SRF) to promote the expression
of immediate early genes (161-163). To date, many transcription factor substrates and
interdependent transcriptional coactivators have been uncovered (15,164-166). Additionally,

activation of ERK1/2 substrate kinases can further support transcriptional outcomes (15).
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Figure 2-3: MAPKSs are involved in many levels of transcriptional regulation. Modified
from Current Opinion in Cell Biology, 25(2), A. M. Klein, E. Zaganjor & M. H. Cobb,
Chromatin-tethered MAPKSs, 272-277., Copyright 2013, with permission from Elsevier.

First reports of any MAPK physically occupying the promoter of target genes came in
2004, when a group reported recruitment of members of the p38 family to the promoters of
muscle-specific genes expressed in differentiating myoblasts (167). This had been predicted by
multiple groups (15,168). A more comprehensive study of MAPK interaction with chromatin
was later completed in budding yeast, where multiple MAPKSs were found to bind to many target
genes following stimulation by their cognate activation signal (169). This included the p38
homolog Hog1 in response to osmotic stress, and the pheromone-responsive Fus3 and Kss1, as
well as their scaffolding factor Ste5, following pheromone stimulation.

Work from our own lab subsequently demonstrated recruitment of ERK1/2 and their
upstream activators MEK1/2 to the chromatin of the insulin promoter in pancreatic beta cell lines
following stimulation by glucose (170). Chromatin recruitment was rapid (strongly detected

within ten minutes) and transient (back to basal within 30 minutes), and pharmacological
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inhibition of ERK1/2 activation reduced not only recruitment of kinases but also substrate

transcription factors necessary for full induction of the insulin gene. Follow-up work in these
same systems detected recruitment of ERK1/2, p38 and JNK to the insulin promoter in response
to treatment of cells with the proinflammatory cytokine interleukin 18 (IL-1f) under
hyperglycemic conditions (171). This stimulus resulted in promoter localization of these kinases
that was sustained for at least four hours, refractory to ERK1/2 inactivation, and resulted in
recruitment of a distinct complement of transcription factors and diminished transcription from
the insulin promoter than glucose treatment alone. This clearly demonstrated that unique MAPK
recruitment and transcriptional outputs may result from a single promoter, depending upon
context.

Adaptation of chromatin immunoprecipitation (ChIP) to a 96-well plate format allowed
investigators to multiplex interrogation of protein factor binding to many genomic loci over a
range of time points (172). This was a particularly useful first step in forming a deeper
understanding of inducible kinase-chromatin interactions, and to date has been used to probe
recruitment of factors in the ERK1/2 MAPK pathway to promoters in response to insulin (173)
and serum (174). Findings from these works expanded on established knowledge that upstream
kinases (170,175) and scaffolds (169) are, with MAPKSs, among factors recruited to target genes
in response to stimuli. This includes members of the MAP3K class of enzymes, including B-Raf,
and regulatory molecules even further upstream, including the scaffold GRB2, the guanine
nucleotide exchange factor SOS and signal-initiating receptor tyrosine kinases themselves
(173,174,176). Notably, pathway inhibition with MEK1/2 inhibitors reduced stimulus-driven
recruitment of all of these factors to target genes, suggesting ERK1/2 activity is a necessary
prerequisite to this process. It is possible this occurs through some sort of positive feedback
signal, or active MAPKs may serve as tethering factors between chromatin and upstream
regulatory molecules. One of the more interesting findings from this work was that signaling
module recruitment was not limited to the promoter but persisted throughout the coding
sequence of gene targets, implying sustained interaction of these molecules with transcriptionally
active RNAPII (173,174).

These data are not alone in suggesting that MAPK interactions with RNAPII persist

subsequent to promoter clearance, and may in fact be important for regulation of transcriptional
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elongation and termination. ERK1/2 association with coding regions of immediate early genes

such as Egr-1 is contingent on activity of P-TEFb and elongating RNAPII, suggesting interaction
between ERK1/2 and the RNAPII holoenzyme (174). In yeast, the Hogl MAPK maps to the
open reading frames (ORFs) and 3’ untranslated regions (UTRs) of osmotic stress-responsive
target genes (177). Hogl interacts specifically with the elongating form of RNAPII (bearing
serine 5 phosphorylation in its C-terminal domain). Uncoupling of salt-responsive genes from
their native promoters supports post-initiation roles for activated Hogl in enhancing processivity
of RNAPII through target genes and accumulation of associated mRNAs. Finally, the presence
of an intact 3 UTR is essential for recruitment of Hogl to ORFs of target genes, suggesting that
some feature of 3> UTRs contributes to proper recruitment of transcription machinery and/or
signaling molecules. Similar studies of the yeast Mpkl, a MAPK that regulates cell wall shape
and integrity and most closely resembles mammalian ERKS, indicate that Mpk1 interacts with
the Pafl transcriptional elongation complex to support transcription of full-length target ORFs by
blocking premature termination that occurs in its absence (178). Most surprisingly, this does not
require the kinase activity of Mpkl, as a catalytically inactive mutant is sufficient to support
elongation.

Advancements in the technologies used to map interactions between proteins and DNA as
well as increased knowledge of genomic structure and regulation has enabled even further
dissection of genome-wide transcriptional regulation by MAPKs, and recent focus has been
trained on ERK1/2. Interrogation of global binding sites for ERK1/2 has been undertaken in
embryonic stem cells (ESCs). ERK2 was ChIPed from human ESCs and global binding sites
were compared to histone and protein markers for transcriptionally active and inactive genes
(110). Knockdown of ERK2 results in a dramatic reduction in the expression of crucial
pluripotency markers, although differentiation capacity was not assayed. ERK?2 localized mainly
to the promoters of transcriptionally active genes, overlapping substantially with histone
trimethylation at H3K4 and acetylation H3K27 and H3K9 at gene targets, all marks of a
transcriptionally competent promoter. ERK2 binding was particularly enriched at the promoters
of noncoding genes, and genes that regulate metabolism, the cell cycle and transcriptional
regulation. Motif identification within ERK2-bound promoters uncovered enrichment for binding

motifs of many known ERK1/2 substrate transcription factors, including Kl1f4, Sp1, CREB1 and
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Elk1. Interaction with these transcription factors may mediate recruitment of ERK2 to

chromatin, or be dependent on locally active ERK1/2 for binding. Of the identified factors, Elk1
was employed to better define the distinct and combinatorial functions of transcription factor and
ERK?2 action at promoters. Genes that are bound and regulated by both proteins together
segregated into distinct ontological classes than genes regulated by each component individually.
These classes exhibit their own unique host of associated transcription factors, although all of
these classes support self-renewal and pluripotency of hESCs.

Further mechanism underlying ERK1/2-regulated pluripotency of ESCs was uncovered
in work from the Reinberg lab this year. Histone modifications and transcriptional capacity in
ESCs are generally regulated by the same underlying mechanisms as differentiated cells, but
ESCs exhibit a unique combination of histone markings at promoters of many developmental
genes known as bivalent domains (179). This refers to the simultaneous modification of
promoter nucleosomes with the activating histone modification H3K4me3 as well as the
repressive transcriptional mark H3K27me3. Bivalent domains represent the capacity of these
genes to rapidly adopt either transcriptionally active or repressed states depending on
differentiation cues (180,181). In ESCs, H3K4me3 is deposited on these promoters by the mixed
lineage leukemia (MLL) 2 complex (127) and H3K27me3 is mediated by the polycomb
repressive complex 2 (PRC2; (182,183)). ERK2 and PRC2 components were found together at a
subset of paused developmental genes in ESCs (104). ERK1/2 activity was required for
H3K?27me3, and these promoters appeared to be devoid of the general transcription factor TFIIH.
This observation led the authors to hypothesize that perhaps ERKI1/2 can function to
phosphorylate the CTD of RNAPII in the absence of activating kinase activity from TFIIH,
although mechanistic evidence for this was unconvincing. It is important to note that ERK1/2
activity can contribute to activating and repressive effects collaboratively in the same system to
achieve a phenotypic outcome, and that it is capable of driving this effect through histone
modification.

Where and when assembly of chromatin-associated ERK1/2 signaling modules occurs are
also major outstanding questions in the field. ERK2 can bind directly to DNA at a defined
consensus motif, as shown both in vitro and in vivo (104,184). Both reports indicate that ERK2

binding is repressive to transcription in different contexts. It will be interesting to see if this
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holds true for other systems. Global analysis of ERK1/2-bound sites following ChIP indicates

binding sites in the tens of thousands with a complex mixture of enriched binding motifs. This
includes those of substrate transcription factors and frequently excludes the direct binding
consensus, indicating that many interaction sites are indirect ((110); our unpublished data).
Taken together with immunofluorescence studies, a pool of ERK1/2 is resident in the nucleus
under basal simulation and inhibitory signaling conditions (75). This may represent a subset of
molecules that is primed for rapid activation and perhaps relocation to target genes, but
technological limitations have prevented resolution of this issue.

MAPKSs can direct activity and targeting of histone- and chromatin-modifying activities,
with an ever-expanding list of substrates and regulated target gene sets depending upon cell type
and stimulus. Chromatin remodeling and histone modification mediated by the yeast Hogl
MAPK in response to osmotic stress, described above, is a particularly comprehensively-studied
example, where the kinase contributes to multiple steps at salt-responsive genes including
transcription factor recruitment (185,186), histone modification (187), chromatin remodeling
(188) and support of RNAPII recruitment and elongation (177,189,190).

Similarly, ERK1/2 and other mammalian MAPKs are instrumental in promoting and
repressing various histone modifications and chromatin remodeling complexes to support
directed physiological outputs, and transcriptional misregulation by these pathways has been
implicated in disease states. For example, the ERK-MAPK pathway has been implicated in
regulation of histone modifications such as H3K4me3 in Drosophila melanogaster development
(191) and H3K?28 phosphorylation through downstream kinases that promote transcription by
blocking PRC2 complex recruitment to a neighboring residue (192). p38 phosphorylation of a
substrate transcription factor during myogenesis promotes recruitment of H3K4 trimethylation
activities to differentiation-specific promoters, driving muscle development (193). p38
additionally promotes transcription of gene targets during myogenesis through phosphorylation
and recruitment of a member of the SWI/SNF family of chromatin remodelers, which are ATP-
dependent (167). Some evidence exists for substrate targeting of other ATP-dependent chromatin
remodeling complexes by ERK1/2, leading to distinct transcriptional outcomes in response to

external cues (194), though the physiological implications are less clear.
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ERK1/2 activation downstream of serum and other mitogenic stimuli orchestrates a

number of effects that likely work in concert to promote transcription of immediate early genes.
In response to EGF, ERK1/2 phosphorylate and activate the lysine acetyltransferase p300 at
multiple sites, which promotes p300 activity and target gene expression (16). p300 catalyzes
histone acetylation at the immediate early gene c-fos following Elk-1 recruitment, promoting
nucleosome eviction from the promoter and target gene expression (195). Phosphorylation of
Med14, a subunit of the Mediator complex, is required for RNAPII recruitment at ERK/EIk-1
directed target genes (17). Loss of any one of these events impairs transcription of immediate
early genes, suggesting they act collaboratively to support targeted transcription. Another study
showed that this type of paradigm is cell-type specific, but other tissues and stimuli may share
common regulatory features, such as adoption of transcription factors other than Elk-1, to
achieve the same ends (196).

ERK1/2 activity has been implicated in global transcriptional remodeling events that
depend on DNA methylation. Genomic reorganization due to sustained ERK1/2 pathway
activation may be refractory to reestablishment of the native state following removal of the
initiating stimulus (197). Sustained activation of Ras has been shown to lead to silencing of a
specific subset of genes, including the pro-apoptotic Fas gene (21,198). Silencing occurs through
DNA methylation and recruitment of a series of histone modifiers and chromatin remodelers, and

sustained silencing is dependent on DNMT1 as well as ERK2 (21,22).

CFP1 DIRECTS MULTIPLE TRANSCRIPTIONAL OUTCOMES IN THE CELL VIA
EPIGENETIC REGULATION
CXXC Finger Protein 1 (CFPI1) is a ubiquitously-expressed epigenetic regulator in

animals and fungi (140). It is essential for mammalian development; knockout in the mouse
results in peri-implantation lethality between embryonic days 4.5-6.5 (Carlone & Skalnik 2001).
It is required for at least two indispensable developmental programs carried out in animals: DNA
cytosine methylation and Histone 3 Lysine 4 trimethylation, discussed at length in the following

two sections.
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CFP1 interacts with the de novo DNA methyltransferase DNMT1 to direct cytosine

methylation and gene silencing

CFP1 was initially identified in a phage display screen for proteins that preferentially
bind to unmethylated CpG dinucleotides (140). Primary sequence analysis revealed that CFP1
contains a zinc finger-CXXC (ZF-CXXC) domain, at the time already known to be a DNA-
binding element due to its presence in a host of other CpG-directed proteins. The domain is a
tandem repeat of the amino acid sequence Cys-Gly-X-Cys-X-X-Cys and binds to two zinc ions
(199). To date, the list of ZF-CXXC domain-containing proteins comprises functionally diverse
epigenetic regulators including the Tet family of DNA demethylases, the KDM2 histone lysine
demethylases, and the Setl-related H3K4 methyltransferases mixed lineage leukemia 1 and 2
(MLL1/2; reviewed in (2)).

The ZF-CXXC domain of CFP1 (amino acids 160-209; See Figure 2-4) has been well
characterized, and primary sequence of the domain is highly conserved (200). In vitro,
experiments have shown CFP1 can bind to DNA, exhibiting a strong preference for sequences
that contain unmethylated CpG dinucleotides (201). A crystal structure of the ZF-CXXC domain
of CFP1 complexed to multiple distinct CpG-containing DNA probes was solved in an attempt to
understand the basis of non-methylated CpG specificity (200). This structure revealed that this
domain fits into the major groove of target DNA, making extensive electrostatic contacts with

both the negatively-charged DNA backbone and the CpG motif itself. Specificity towards

Set1A/B: 302-656
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Figure 2-4: Domain structure of human CFP1. The canonical isoform of CFP1 (UniProt ID:
Q9P0U4-1) is 656 amino acids in length and is comprised of at least three structured domains. A
splice isoform exists, where K340 is replaced by the sequence “KVMER.” PHD finger: Plant
Homeodomain, binds methylated H3K4; CXXC: Unmethylated CpG binding domain; CC:
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putative coiled-coil domain. Minimal interaction domain for DNMT1 and SetlA are shown,
and regions within those domains that are essential for binding are marked.

nonmethylated DNA appears to be a consequence of the location of the key binding residues Ile-
199/Arg-200/GIn-201 within an inflexible loop that is unable to sterically accomodate cytosine
methylation.

Genomic deletion of CFPI results in embryonic lethality in mice (202). CFP1 is
expressed consistently throughout development, implantation and embryogenesis (203). Death in
the null animals coincides with a global reprogramming event where all genomic methylation is
ablated, setting the stage for tissue specific de novo DNA methylation patterning during
embryonic implantation, mediated by DNMTT1 (11,150,204). Defects associated with CFP1 loss
are more severe than a DNMT1 knockout; mice lacking DNMT1 survive until E9.5-11 (11). This
suggests that DNA methylation defects associated with CFP1 loss do not fully account for the
observed phenotype, indicating that other CFPl-dependent activities, include histone
methylation (discussed in the following section), contribute substantially to the early lethality.

Embryonic stem cells isolated from CFP1 knockout mice self-renew but cannot
differentiate following removal of the cytokine leukemia inhibitory factor (LIF) from the culture
medium (24,205). These cells exhibit a 70% global deficit in DNA methylation, with detectable
hypomethylation at satellite repeats, stably methylated gene promoters and imprinted genes. In
vitro assays with crude lysates exhibit normal DNA methyltransferase activity towards
unmethylated probes but more than a two-fold reduction in activity towards hemimethylated
targets, suggesting impairment of maintenance, but not de novo methyltransferase activity. This
decreased activity can be accounted for by the steady state loss of nearly half of DNMT]1 protein
in the cells (24). Although CFP1 can promote transcriptional transactivation when associated
with the Setl complexes ((140); see next section), transcriptional changes do not account for the
loss of DNMT1 protein - in fact, DNMT1 mRNA is 1.5-fold higher in CFP1 knockout cells
(206). CFP1-null cells exhibit globally decreased protein synthesis and reduced polysome levels,
including decreased synthesis rates for DNMT 1 protein. The half-life of DNMT]1 is also reduced

under these conditions (206).
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Efforts to understand post-embryonic developmental functions for CFP1 were

undertaken in zebrafish, which have a CFP1 homologue that is 60% identical to its murine
counterpart (25). Oligonucleotides were designed that knocked down CFP1 expression in a dose-
dependent fashion, and functional rescues were successfully undertaken with murine CFPI.
Morpholino dosage correlated with defect severity, and at high doses was lethal. Following 24
hours of knockdown, significant loss of genomic DNA methylation was observed, consistent
with reports in other systems. Animals with incomplete CFP1 knockdown exhibited highly-
penetrant defects in yolk sac morphology and primitive erythropoeisis, and the majority
exhibited cardiac edema. Irregularity in hematopoeitic development was an anticipated outcome,
as inhibition of DNMT1 with the drug 5-azacytidine or histone deacetylases with Trichostatin A
displayed similar phenotypes (207). Increased apoptosis at the site of early erythropoeitic
development prompted follow-up studies in human myeloid cell line PLB-985 (208). Clonal
populations depleted of CFP1 were unable to undergo stimulus-dependent differentiation. An
increased doubling time was observed, although the high rate of apoptosis seen in zebrafish, as
well as in mouse ESCs (24), was not recapitulated. These results, as well as the inability of
mouse ESCs to undergo differentiation upon LIF removal (24), suggest that CFP1 is largely
dispensable for the function of pluripotent cells, but may be generally required for DNA
methylation-driven lineage commitment.

CFP1 and DNMT1 interact in cells (23). Based on studies with a series of truncation
mutants, multiple regions of each protein apparently contribute to their interaction. Residues on
CFP1 that are required for detectable interaction with DNMT1 were restricted to the N-terminus
of the protein (fragments encompassing residues 1-123 and 103-367 both bind, which include
both the PHD histone binding domain and CXXC domains; see Figure 2-4). Further truncations
excluding the CXXC domain (between residues 103-213) do not bind. Direct binding of
recombinant CFP1 and DNMT1 synthesized in E. coli was not detected, suggesting interaction
between these two proteins is either dependent on other binding partners or upon post-
translational modification (23). DNA methylation defects in mESCs were rescued by expression
of CFP1 truncation mutants from both the N- and C-termini of the protein, including portions
that are insufficient for DNMT1 binding (209). This may indicate that there is a low level of

binding in some truncations that was not observed and is sufficient to rescue activities, or
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alternatively that this system is more complicated than initially supposed. Multiple studies

have failed to detect interaction between DNMT1 and the Setl complexes, suggesting that these
interactions occur with distinct pools of CFP1 (128,129,210), however the mechanism leading to
linked phenotypes despite independent interactions is unclear.

A mechanistic rationale for interaction between CFP1 and DNMT1 has yet to be
uncovered. Both proteins contain redundant DNA targeting domains (201,211), and a
dependence on CFP1 for the genomic targeting or activity of DNMTI1 has not been directly
demonstrated. Furthermore, information regarding stoichiometry of interactions between CFP1
and DNMT1 has not been reported. One possibility is that interactions are restricted to a subset
of targeted genes or responsive to specific signaling conditions. Studies to determine whether
CXXC domains from other proteins can functionally compensate for one another revealed that
the DNMT1 CXXC domain functioned more like that of MLL1 than the same domain from
CFP1, implying clear differences between these factors that are not yet understood (212).

CFP1 appears to have acquired the ZF-CXXC domain in organisms that utilize DNA
methylation to fine-tune gene expression. This domain is absent in eukaryotes that lack DNA
methylation including budding and fission yeasts as well as the model nematode Caenorhabditis
elegans, but is present in species that developed DNA methylation to support tissue specific gene
expression, including fruit flies, zebrafish, mice and humans (9,49,213). Although this is one of
many possibilities underlying species-restricted use of this domain, these findings support the

importance of ZF-CXXC domain of CFP1 in appropriate catalysis of DNA methylation.

CFP1 directs Histone 3 Lysine 4 Trimethylation via the Set1A/B Complexes

Initial characterization of human CFP1 demonstrated that it was competent to
transactivate transcription from a CpG-rich promoter in mammalian cells (140). Soon thereafter,
the CFP1 homolog Sppl was identified in the multisubunit COMPASS (complex of proteins
associated with Set) complex in S. cerevisiae (119), the sole mediator of H3K4 trimethylation in
this organism (121,214). Sppl is dispensable for viability (119,214), but loss results in
anomalous gene expression and growth delay similar to that observed in deletion strains of 5 out
of 6 of the other COMPASS subunits (deletion of the sixth subunit, Cps35, could not be assayed

because it is not viable; (119)). The most apparent gene expression changes were in de-
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repression of telomeric (119) and rDNA (214) genes. However, at the time of publication of

these data work, evidence for a role for H3K4 methylation in facilitating transcription was
accumulating, and prior work implicated Setl in transcriptional regulation of genes involved in
cell growth, division, cycling and transcription (215,216). Similarly, CFP1 is associated with
H3K4 methylation activities in mammalian cells. Of the six known COMPASS-like histone
methyltransferase complexes that regulate H3K4 methylation, only the SetlA and SetlB
complexes contain CFP1 (Figure 2-2) (128).

Much of the biochemical work undertaken to define the basic requirements for activity of
the H3K4 methyltransferases was performed on the yeast COMPASS complex, as it is the sole
mediator of H3K4 methylation in this system and based on subunit composition seemed like the
most analogous simplified system. Sppl/CFP1 appears to be a dedicated subunit in both
complexes (128,212), although loss in cells does not impact formation of the remainder of the
COMPASS complex (121) and is dispensable for activity in vitro (217). Deletion of Sppl from
S. cerevisiae has a severe and specific influence on global levels of H3K4 methylation, with an
80% reduction in levels of trimethylation and a 10% disruption in dimethylation (121). Knockout
of the Sppl homolog from Schizosaccharomyces pombe results in the complete loss of this
marking (218), a phenomenon that can be attributed to differential domain structures of the
COMPASS complexes in these two yeast species. As mentioned previously, CFP1 deletion in
mice results in early embryonic lethality (202), but undifferentiated ESCs derived from these
embryos have normal global levels of H3K4 methylation (210). However, upon induction of
differentiation by LIF removal, H3K4 trimethylation accumulates to nearly four-fold basal levels
over six days, suggesting that CFP1 somehow restricts Setl complex activity.

Interaction mapping with the Setl A/B complexes identified a large fragment of the C-
terminus of CFP1 that mediated binding (binding was detected with residues 302-656 and 361-
656, but not shorter fragments, see Figure 2-4), and mutation of several conserved residues to
alanine (C375 and C580 individually; YCS 390-392 together) ablated interaction with Setl A/B
complexes but not with DNMT1 (23). In addition to the DNA binding CXXC domain, discussed
in the previous section, CFP1 bears a PHD finger. In vitro binding studies with the Sppl PHD
finger demonstrated binding specificity towards di- and tri-methylated H3K4, but not the

monomethylated species (124). Homology modeling of this domain based on the related protein
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ING2 for which there is a crystal structure (219) indicates that interaction with the modified

histone is mediated by hydrophobic base stacking interactions. Murine CFP1 binds to
trimethylated H3K4 in a pulldown screen for histone-interacting proteins (8). The H3K4me?2/3
binding capacity of CFP1 may act as a feed-forward loop to help drive accumulation of
H3K4me3 at discrete points by tethering the histone methyltransferase complexes to genomic
loci where di- and tri-methylated histones are already present.

These findings are consistent with genome-wide analysis of the role that CFP1 plays in
localization of the SetlA/B complexes to chromatin and their role in supporting transcription.
Loss of CFP1 in mESCs results in global disruption in the subnuclear distribution of H3K4me3
as well as Setl A. Typical localization of these signals occurs almost exclusively at euchromatin,
but loss of CFP1 leads to redistribution of a pool of these signals to silenced chromatin. Rescue
was not achieved with truncations of CFP1 encompassing large segments of the protein
(including 1-481 and 302-656; the latter segment was previously shown to be sufficient for Setl
interaction (23,220)) or mutants that ablate binding of CFP1 to DNA or the Setl A/B complexes
(220).

Large-scale ChIP-sequencing analyses were undertaken to define regions where CFP1
binds, and to gain insight on the global requirements for and consequences of association on
histone and DNA methylation (3,4). Thomson, et al. immunoprecipitated CFP1 from mouse
brain, and identified a 93% overlap of CFP1 binding and H3K4me3, and an 81% overlap with
CpG islands (CGlIs). To test whether CGIs were independently capable of driving H3K4me3
through recruitment of CFP1, an exogenous CGI consisting of an enhanced green fluorescent
protein (eGFP) and a puromycin resistance gene (both of which are CpG-rich) were artificially
inserted into the genome of an ESC line. These artificial sequences accumulated high levels of
H3K4me3, and were free of RNAPII. This is important, as it suggests that the SetlA/B
complexes do not require RNAPII for their recruitment to target sequences and that transcription
is not a prerequisite for this modification.

This study was taken one step further by assaying for genes that rely on the presence of
CFP1 for appropriate promoter H3K4me3 in mouse ESCs (4). CFPl-dependent histone
methylation was detected at over 18,000 promoters. CFP1 knockout resulted in a detectable

decrease in H3K4me3 in nearly half of these genes, 95% of which had CGIs. A composite view
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of affected promoters indicates that the most obvious defects occur just downstream of the

transcription start site (TSS), but the 20% most highly impacted genes exhibit pronounced loss
immediately upstream of the TSS as well. DNA methylation at these promoters was largely
unaffected. Transcriptional competency, as measured by GRO-seq, a technique that profiles
transcription rates on a genomic scale (221), indicated that transcription was largely unaffected.
However, highly expressed genes with the largest CFP1-dependent loss of H3K4me3 were
impacted, although they were still highly transcribed relative to promoters whose H3K4me3
status was unaffected by CFPI loss. DNA binding mutants of CFP1 were used to rescue
expression of CFPI1, and these restored promoter H3K4me3, although spurious accumulation
H3K4me3 outside of CGIs occurred, consistent with previous reports that CFP1 limited activity
of the Set]1 A/B complexes in mammalian and yeast systems (119,155,210,214).

Based on these data, it seems that CFP1 has developed a role within the mammalian
Set]l A/B complexes to target these activities to the appropriate promoter-proximal sites in the
context of CGIs. Given that this histone modification is insufficient to drive transcription in
isolation, it may be able to set the groundwork for a transcriptionally competent environment in
combination with other factors (132,222).

Major outstanding questions lie in our understanding of the functional redundancy of
Setl-related complexes in mammals. MLL methyltransferase activity has been well-documented
at developmentally-regulated gene promoters (223). Antibodies distinct to SetlA and SetlB
show a mutually exclusive nuclear distribution, suggesting that these complexes perform non-
redundant functions (129). MLLI1 regulates a defined subset of genes, and loss of this
methyltransferase cannot be functionally compensated by other cellular methyltransferases (118).
However, no studies have been undertaken to define the subset of promoters regulated by each,
whether loss of one can be functionally compensated by another, and how their relative
distribution is regulated. Additionally, MLL complexes have apparently obviated the
requirement for CFP1 in their targeting, though why this occurred is somewhat unclear. It is
reasonable to speculate that CFP1 may have been lost from MLL complexes following their
acquisition of a CXXC domain. Both MLLs and CFP1 perhaps have subsequently developed

distinct inputs, such as phosphoacceptor sites, to respond to different signaling cues.



CHAPTER THREE
CFP1 is a Chromatin-Associated ERK1/2 Interacting
Partner and Substrate

INTRODUCTION

Post-translational modifications, such as phosphorylation, acetylation and methylation,
dynamically support physiological changes within cells in response to external stimuli. The
functional consequences of phosphorylation can vary widely between substrates, and targeting of
distinct phosphoacceptor sites in a single substrate can often direct unique outcomes. Defining
how individual phosphorylation events contribute to a concerted phenotypic outcome can carry
broad implications for understanding the complex underpinnings of physiological and
pathological states.

Efforts to identify novel kinase substrates on a large scale have utilized a relatively
limited repertoire of experimental approaches. Major impediments to substrate identification are
the low abundance and transience of modifications in cells. One method takes advantage of a
yeast two-hybrid system to detect interactions between kinases and interacting partners,
potentially including novel substrates. Individual substrates are then validated by traditional
means, including in vitro and in vivo radiolabeling assays and immunoblotting with antibodies
raised against specific modification states. In the last decade, improvements in approaches to
phosphorylation site identification by mass spectrometry, including enrichment of
phosphorylated peptides (224), substrate tagging with specially-engineering kinases (66) and
semi-quantitative techniques such as MudPIT and SILAC (225,226) have identified a plethora of
novel sites (59,227-230).

We were interested in identifying novel substrates of the mitogen activated protein
kinases, ERK1/2. ERK1/2 share a high degree of homology, and are generally considered
functionally redundant kinases in terms of substrate specificity (1,231). Our lab devised a yeast-
two hybrid approach that took advantage of our ability to selectively activate ERK2 in yeast
through co-expression with a constitutively active upstream kinase, MEK1 R4F (231). In this

way, we were able to compare relative affinity of ERK2 for binding partners in its activated and
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quiescent states. Using this approach, we identified CXXC Finger Protein 1 (CFP1) as a novel

ERK2 interacting protein.

CFP1 is a nuclear protein involved in at least two opposing transcriptional regulatory
processes: DNA methylation, a gene silencing event (209), and Histone 3 Lysine 4 (H3K4)
trimethylation, which supports transcription of associated genes (4). Validated post-translational
modifications of CFP1 have not been reported in the literature, so determining whether ERK1/2
phosphorylates CFP1 and what this modification might mean for CFP1 function represented an
opportunity to address unanswered questions regarding the role that ERK1/2 might play in
dynamic regulation of DNA and H3K4 methylation.

Our characterization of post-translational modifications of CFP1 led us to examine not
only phosphorylation, but lysine acetylation as well. Lysine acetylation was initially reported on,
and long thought to be restricted to, histone proteins (232). Identification of non-histone
acetylation targets have only become prevalent within the last 20 years, and the majority of
identified lysine acetylated proteins are restricted to either the nucleus or mitochondria (233-
236). Functional outcomes of acetylation are diverse, impacting protein stability, targeting,
activity and interactions. Like phosphorylation, lysine acetylation is a reversible event. Lysine
acetylation is catalyzed by three major families of acetyltransferases (KATs): GCNS, p300/CBP
and MYST proteins (236,237).

EXPERIMENTAL PROCEDURES

Cloning and constructs

Constructs for bacterial expression of CFP1 were generated from human CFP1 cDNA
ligated into the pGEX-6PI (GE Healthcare Life Sciences) vector that encodes an N-terminal
glutathione S-transferase (GST) tag. Cloned fragments were generated by polymerase chain
reaction (PCR) to encompass the following protein fragments: 1-481 (nucleotides 1-1443); 302-
656 (nucleotides 906-1971) and 423-656 (nucleotides 1269-1971). Fragments and vector were
digested with EcoRI and Xhol restriction enzymes and ligated. For mammalian cell expression,
CFP1 was amplified by PCR to generate Notl and Sall restriction sites, then digested and ligated
into p3XxFLAG-CMV-7.1 (Sigma E4023). p3xFLAG-CMV-7.1 CFP1 K63R was generated using

standard site-directed mutagenesis techniques with the following primer: 5’-
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CTGAGAAGATGGCCAGGGCCATCCGGGAGTG-3’. All constructs were sequenced to

ensure no spurious mutations were introduced.

Recombinant protein expression and purification

Hise-tagged ERK2 protein was expressed in Origami E. coli (EMD Millipore) using the
NpT7-Hise-ERK2 wild type construct as described previously (238). Briefly, ERK2 was
activated in vivo by coexpressing ERK2 and MEK1 R4F (231), a constitutively active form of
MEKI1. Activated ERK2 was purified by His60 Ni Superflow Resin (Clontech) and eluted over
an imidazole gradient. pERK2-rich fractions were further purified by MonoQ 5/50 GL column
(GE Life Sciences). Activity of purified pERK2 was verified by activity assay against myelin
basic protein (MBP) and immunoblotting with pERK 1/2 antibody.

To produce recombinant CFP1 and truncation constructs, pGEX-6PI-CFP1 constructs
were transformed into Origami competent cells (EMD Millipore) and starter cultures were
seeded from a single colony in Luria-Bertani (LB) medium containing 100 ug/mL ampicillin.
The starter culture was incubated overnight at 30°C with shaking and used to inoculate 1L
cultures of Terrific Broth (TB) containing 100 ug/mL ampicillin and 34 ug/mL chloramphenicol.
Cells were grown in log phase at 37°C at 250 rpm until an ODgg of 0.6 was reached. Cells were
incubated at 20°C and 150 rpm for one hour prior to induction of protein expression with 0.4
mM isopropyl-1-thio-b-D-galactopyranoside (IPTG) for 16 hours. Bacteria was pelleted by
centrifugation, then suspended in buffer containing 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, pH 7.5), 1 mM EDTA, 1 mM DTT with 1:500 protease
inhibitor cocktail (in 62.5 mL of DMSO: 25 mg of pepstatin A, 25 mg of leupeptin, 250 mg of
Na-p-tosyl-L-arginine methyl ester, 250 mg of N,-p-tosyl-L-lysine chloromethyl ketone
hydrochloride, 250 mg of N,-Benzoyl-L-arginine methyl ester, and 250 mg of soybean trypsin
inhibitor). Resuspended pellets were frozen overnight at -20°C. Thawed pellets were treated with
1 mg/mL lysozyme, 1% 3-[(3-cholamidopropyl)dimethylammonio]-1- propanesulfonate
(CHAPS) and 1:1000 benzonase (EMD Millipore) on ice, then extensively Dounce
homogenized. Lysates were clarified by centrifugation for 1 hour at 35,000 rpm at 4°C on a
Beckman Ti45 rotor. Supernatant was collected, and an equal volume of buffer containing 50

mM HEPES (pH 7.6), 300 mM NaCl, 1% Triton X-100, 2 mM EDTA and 2 mM DTT was
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added. This mixture was allowed to bind overnight to buffer-equilibrated glutathione agarose

(Pierce; 0.5 mL bed volume/ L culture). Beads were isolated and washed extensively with buffer
containing 20 mM HEPES (pH 7.6), 150mM NaCl, 1% CHAPS, 1 mM EDTA and 1 mM DTT.
Bound protein was eluted with 20 mM glutathione in this same buffer, and GST tags were
cleaved using PreScission protease (GE Healthcare Life Sciences) according to the
manufacturer’s instructions. Isolated protein was dialyzed against 25% glycerol, 150 mM NaCl,

10 uM ZnCl,, 1 mM EDTA and 1 mM DTT, frozen in liquid nitrogen and stored at -80°C.

In vitro binding assay

Full-length uncut GST-CFP1 was bound to glutathione resin for 1.5 hours at 4°C.
Recombinant pERK2 was added for 30 minutes, then resin was washed 4 times with buffer
containing 20mM Tris, 150mM NacCl and 0.1% Triton X-100. Resin was boiled at 100°C in 5x
Laemelli sample buffer prior to separation by separation by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and blotting with antibodies raised against
ERK1/2 and pERK1/2 (pT185/pY187).

In vitro kinase assay and mass spectrometry

In vitro kinase reactions were carried out using recombinant activated pERK2 and
various GST-CFP1 constructs with the GST tag removed by PreScission protease cleavage.
Reactions proceeded at 30°C for either 30 minutes (for truncation mutant kinase reactions) or the
time indicated. Reactions were carried out in the presence of 10 mM Tris (pH 7.5), 10 mM
MgCls, 200 uM ATP and 10 pCi ATP**. Reactions were quenched by addition of 5x Laemmli
sample buffer and boiled for 5 minutes at 100°C. Samples for mass spectrometry were carried
out for 60 minutes without radiolabeled ATP, separated by SDS-PAGE, Coomassie stained and

submitted for analysis.

Phosphoamino acid analysis

CFP1 1-481 was phosphorylated in vitro with pERK2 for 30 minutes. The
phosphorylated CFP1 fragment was immunoblotted and exposed to film to verify phosphate
incorporation, then the band was excised and hydrolyzed with 6 N HCI. Hydrolysis products
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were resolved by electrophoresis on a thin layer plate using a Hunter apparatus as described

previously (239,240). The plate was exposed to film, and identities of phosphorylated residues
were made by comparison to migration of phosphoamino acid standards visualized with

ninhydrin.

Mammalian cell culture and labeling

HeLa cells were acquired from the ATCC and cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (Sigma) and 2 mM L-glutamine.
Cells were transfected with p3xFLAG-CMV-7.1-CFP1 for 48 hours using Lipofectamine 2000
(Life Technologies) according to the manufacturer’s instructions. Medium was aspirated and
plates were washed with phosphate buffered saline (PBS), then replaced with serum-free DMEM
for 2 hours. Medium was again aspirated and cells were incubated with phosphate-depleted
DMEM (Life Technologies) containing 1.0 mCi/mL **PO, (MP Biomedical). Prior to
stimulation, cells were pretreated with either 500 nM PD0325901 for 30 minutes or 10 uM
wortmannin for 10 minutes (LC Laboratories) prior to stimulation with 100 nM phorbol
myristate acetate (PMA; Sigma-Aldrich) for 15 minutes. Cells were lysed with RIPA Buffer (50
mM Tris (pH 7.4), 150 mM NaCl, ImM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 80 mM B-glycerophosphate, 100 mM NaF and 2 uM NazVO,) with 1:1000 protease
inhibitor cocktail, then extensively Dounce homogenized. Lysates were clarified by
centrifugation, protein concentration was determined by pBCA assay (Pierce) and lysates were
brought to the same concentration for immunoprecipitation with M2 Flag-agarose resin (Sigma)
at 4°C for 4 hours. Resin was washed 3 times with RIPA buffer and denatured by boiling at
100°C in 5x Laemmli sample buffer prior to SDS-PAGE.

Subcellular fractionation, mononucleosome preparation and immunoprecipitation

HeLa cells were grown to confluency in 10 cm dishes and treated as described. For Flag-
ERK2 immunoprecipitations, cells were transfected with p3xFlag-CMV7-ERK2 (241) for 48
hours with Lipofectamine 2000. Cells were rinsed with PBS and pellets were resuspended at
1.0x107 cells per mL in Buffer A (10 mM HEPES (pH 7.9), 10 mM KCI, 1.5 mM MgCl,, 0.34 M
sucrose, 10% glycerol, 1 mM DTT). Triton X-100 was added to a final concentration of 0.1%
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and cells were incubated on ice for 5 minutes. Crude nuclear fractions were pelleted by

microfuge at 3500 rpm for 5 minutes at 4°C. For further isolation of chromatin, nuclear pellets
were washed once in detergent-free Buffer A, then resuspended in Buffer B (3 mM EDTA, 0.2
mM EGTA, 1 mM DTT) for 15 minutes on ice with periodic vortexing. Chromatin was pelleted
by microfuge at 4000 rpm for 5 minutes at 4°C.

Mononucleosomes were prepared by resuspending chromatin pellets with Buffer A
containing 1 mM CaCl2, then digested at room temperature with micrococcal nuclease (Thermo
Scientific). Digestions were stopped by adding EGTA to a final concentration of 1 mM.
Undigested chromatin was pelleted by centrifugation at 4000 rpm for 5 minutes at 4°C.
Supernatants were checked for mononucleosome isolation by phenol/chloroform extraction of
genomic DNA and segregation on an ethidium bromide-stained agarose gel. For
immunoprecipitation, salt concentrations of the mononucleosome fraction were adjusted to 150
mM with KCI and Triton X-100 was added to 0.2%. Flag-ERK2 was immunoprecipitated using
Flag M2-conjugated agarose (Sigma) and washed extensively with salt-adjusted Buffer A prior

to denaturation by boiling at 100°C in 5x Laemmli sample buffer.

Immunoprecipitation from crosslinked lysates

HeLa cells were crosslinked with 1% formaldehyde in PBS for 10 minutes at room
temperature. Formaldehyde was quenched by addition of glycine to a final concentration of
0.125 M. Cells were washed with PBS and scraped into RIPA buffer with protease inhibitors
(~1x107 cells per 300 uL of buffer). Lysates were bath sonicated using a Bioruptor system
(Diagenode) for 28 minutes on highest setting with 30 seconds on/off cycles.
Immunoprecipitations were performed using the following antibodies: normal mouse IgG (Santa
Cruz), ERK1/2 (X837, generated in-house), and mouse anti-Histone 3 and H3K4 trimethyl
(Abcam). Immunoprecipitated proteins were collected using either sheep anti-mouse or sheep

anti-rabbit magnetic Dynabeads and denatured as previously described.

Immmunoblotting and antibodies
SDS-PAGE or tricine gels (242) were used to separate proteins that were transferred to

nitrocellulose membrane (Millipore). Membranes were blocked with LiCor blocking buffer and
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primary antibodies were incubated with membranes overnight. LiCor fluorescent secondary

antibodies were used at 1:15,000 and immunoblots were imaged and bands quantified using a
LiCor system. Western blot analysis was performed using the following primary antibodies:
rabbit anti-CFP1 (Bethyl Laboratories); rabbit anti-ERK1/2 (produced in-house, (243)); mouse
anti-phospho-ERK1/2 (T185/Y187) and mouse anti-Flag M2 (Sigma); o-tubulin (mouse
monoclonal antiserum generated in-house from cells obtained through Developmental Studies
Hybridoma Bank); mouse anti-Histone 3 and rabbit anti-H3K4 trimethyl (Active Motif); goat
anti-Lamin A/C (Santa Cruz); Acetylated lysine (rabbit polyclonal from Cell Signaling; mouse

monoclonal from Millipore).

RESULTS

Yeast two-hybrid screen identifies CFP1 as an ERK2-interacting protein

A yeast two-hybrid screen was performed by Svetlana Earnest, a research associate in our
lab, in an effort to identify novel ERK2 substrates and interacting partners. The screen was
designed to identify differential binding of interacting partners based on the kinase activation
state of ERK2, with an eye towards identifying potential novel substrates. Two yeast strains were
assayed in parallel -- one bearing a construct expressing ERK2 alone, and one with ERK2 co-
expressed with a constitutively active form of the upstream activating kinase, MEK1 (231,244).

A mouse neonatal cDNA library was used as prey, and among interacting proteins
identified was a fragment of CFP1 encompassing residues 373-660, a segment of the protein
encompassing the C-terminus. A beta-galactosidase assay was employed to quantitatively assess

the interaction (Figure 3-1).

Yeast two-hybrid for ERK2 interactors

Clone pERK2 ERK2
CFP1 0.025 Not detected
Synapsin Il 0.075 0.005
RSHL2 0.025 0.010
KIF2A 0.140 Not detected

Table 3-1: Summary of yeast two-hybrid results. Liquid -galactosidase assays of two-hybrid
interactions between prey and ERK2 or pERK2. Values are OD4y.
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Set1A/B: residues 302-656

DNMT1: residues 1-367

| PHD CXXC cC Full Length
28 76 160 209 422 474 656
| PHD CXXC CccC 1-481
CccC 302-656
ccC 423-656

Figure 3-1: Domains and interacting regions of CFP1 truncation mutants used for in vitro
interaction and kinase assays. PHD finger: Plant Homeodomain, binds methylated H3K4;
CXXC: Unmethylated CpG binding domain; CC: putative coiled-coil domain. Known regions of
interaction with DNMT1 and Setl A/B complexes are shown.

Recombinant CFP1 does not interact with ERK1/2

To determine whether the interaction between CFP1 and ERK2 was direct, Svetlana
generated a glutathione S-transferase (GST)-tagged version of human CFP1, as well as a series
of truncation mutants excluding various regions of the protein known from the literature to
mediate interactions with binding partners, as well as domains that bind to DNA and
H3K4me2/3 (See Figure 3-1; (23,124,140,245)). Amino acids 1-481 localize properly to the
nucleus by immunofluorescence and are sufficient for interaction with DNMT1 but not with
Setl. Residues 302-656 can interact with Setl but not DNMT1, and likewise show proper gross
localization, despite the absence of DNA and histone interacting domains. Finally, residues 423-
656 interact with neither DNMT1 nor Setl, and although immunofluorescence data for this
truncation has not been published, it lacks the nuclear localization signal at residues 109-121
(245) and therefore likely would not localize properly.

GST-CFP1 and fragments were generated in E. coli. ERK1 and ERK2 were purified and
activated in vitro with purified active MEK1-R4F (231). GST-CFP1 and activated ERK1 or

ERK?2 were co-incubated to test in vitro binding. No evidence of binding was detected. Taken
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Figure 3-2: Subcellular fractionation of HeLa cells following stimulation and inhibition of
ERK1/2. HeLa cells were starved to quiescence in serum-free DMEM, then pretreated with 500
nM PD0325901 or DMSO for one hour prior to stimulation. EGF was added for 15 minutes at 10
ng/mL. Cells were fractionated to separate crude cytosolic, soluble nuclear and insoluble
chromatin pools, and fractions were volume-normalized prior to separation by SDS-PAGE and
immunoblotting with the indicated antibodies. Antibodies against tubulin and Histone 3 were
used to validate the quality and consistency of cytosolic and nuclear fractions, respectively.
Representative of two separate experiments.

together with the yeast two-hybrid results, this suggests that interaction between ERK2 and
CFP1 is weak, indirect, or relies on conformation of CFP1 stabilized by interaction with binding

partners or in a complex.

CFP1 and ERK1/2 subcellular localization

CFP1 localizes predominantly to the nucleus, where it is mainly restricted to euchromatin
(245). ERK1/2 localization is cell-type dependent, but is found in many compartments, including
the nucleus (1). Transient nuclear redistribution of cytosolic ERK1/2 can be stimulated through
ERK1/2 pathway activation by FBS (75).

We checked the relative distribution of these proteins in HeLa cells under different states
of ERK1/2 pathway activation (Figure 3-2). Briefly, we starved cells in serum-free medium and
either pretreated with the MEK1/2 inhibitor PD0325901 or dimethylsulfoxide (DMSO), then
activated ERK1/2 by brief treatment with epidermal growth factor (EGF). We fractionated
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cytosolic, soluble nuclear and insoluble chromatin fractions by mild detergent treatment and

differential centrifugation. Tubulin and Histone 3 were blotted to roughly verify the quality and
consistency of cytosolic and nuclear fractionation. Individual fractions were brought to the same
volume prior to denaturation and SDS-PAGE, so that the relative distribution of these proteins
could be roughly assessed.

As expected, ERK1/2 was stimulated by EGF treatment and all detectable phospho-
ERK1/2 signal was blocked by the inhibitor, especially apparent in the cytosolic fraction. Bulk
redistribution of ERK1/2 following activation was not readily detectable by this method,
although a pool of ERK1/2 is apparent in the chromatin fraction, even under unstimulated and
inhibitor-blocked conditions.

CFP1 almost exclusively localizes to the chromatin fraction, although some signal is
detectable in both the soluble nuclear and cytosolic fractions. A doublet of bands appears in the
cytosolic CFP1 blot, where a lower molecular weight species is detected in addition to the single
band observed in nuclear fractions. It is unclear whether this represents a spliced or modified

variant of CFP1, or is simply a cross-reacting protein.

CFP1 and ERK2 interact on chromatin

Efforts to reproduce the interaction between CFP1 and ERK2 in mammalian whole cell
lysates were unsuccessful. Various approaches were taken in HeLa cells utilizing both
overexpressed and endogenous protein pairs with various affinity tags, but co-
immunoprecipitation from a total cellular lysate consistently failed.

Two alternative approaches were taken to validate the interaction between CFP1 and
ERK2 in human cells. First, cells were briefly cross-linked with formaldehyde, lysed and
sonicated. Lysates were cleared, and pulldowns were performed with antibodies targeting
ERK1/2, Histone 3, trimethylated H3K4 and IgG as a negative control (Figure 3-3).
Immunoprecipitated proteins were separated on the same SDS-PAGE gel and membranes were
blotted for the pulldown targets, as well as for CFP1. CFP1 signal was enriched in the ERK1/2
and H3K4me3 pulldowns, but absent in the H3 and IgG pulldowns.
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Figure 3-3: ERK2 and CFP1 co-immunoprecipitate from cells crosslinked with
formaldehyde. Quiescent cells were crosslinked with 1% formaldehyde in PBS for 10 minutes
at room temperature then lysed with RIPA buffer, sonicated, and clarified. Supernatants were
subjected to immunoprecipitation with the indicated antibodies, resolved by SDS-PAGE and
immunoblotted with the indicated antibodies. The IgG band spreads into the ERK1/2 band,
which is marked. Sheared DNA size was assessed by heat-reversing crosslinks, purification by
phenol/chloroform extraction, and resolution of sheared DNA on a 1.2% agarose gel.
Representative of two experiments.

In the second approach, HeLa cells were transfected with Flag-ERK2 for 48 hours prior
to isolation of chromatin and preparation of an enriched population of mononucleosomes by
limited digestion of chromatin with micrococcal nuclease, an endonuclease that shows
preference to DNA sequences not bound by protein (Figure 3-4). Enrichment of
mononucleosomes was verified by isolating DNA by phenol/chloroform extraction and
electrophoresing isolated DNA on an agarose gel. The only detectable band in this fraction fell
between DNA standards for 100 and 200 bases, as expected for single mononucleosomes that

contain roughly 150 bases of DNA. Presence of Flag-ERK2 was verified in all fractions assayed,

as observed in prior fractionations.
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Figure 3-4: CFP1 and ERK2 co-immunoprecipitate from mononucleosomes. HeLa cells
were transfected with Flag-tagged ERK?2 for 48 hours, then fractionated. Chromatin was digested
with micrococcal nuclease to isolate mononucleosomes, and this fraction underwent
immunoprecipitation with resin conjugated to a monoclonal Flag antibody. Fractions and
immunoprecipitated proteins were separated by SDS-PAGE and blotted with the indicated
antibodies. DNA was isolated from the mononucleosomal fraction and separated by agarose gel
electrophoresis to verify appropriate fragment size. Representative of three similar experiments.
Courtesy of Svetlana Earnest.

Flag-ERK2 was immunoprecipitated from the mononucleosomal fraction using resin-
conjugated monoclonal Flag antibody. ERK2-enriched mononucleosomes were then blotted for
endogenous CFP1, which was apparent as a doublet of bands, similar to those seen in the total
cellular lysate. Unlike previous fractionation experiments, fractions were not brought to the same
volume, so comparisons of relative protein enrichment cannot be estimated from the blots

shown, but the presence and absence of CFP1 is consistent with other fractionation experiments.

CFP1 is phosphorylated in vitro by ERK2
Because ERK2 and CFP1 interact in cells, we next wanted to determine if ERK1/2 could
phosphorylate CFP1. The GST-CFP1 constructs described earlier were cleaved of their GST tags

and used as substrates in kinase reactions with activated recombinant ERK?2 (Figure 3-5).
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Figure 3-5: Truncation mutants of CFP1 are phosphorylated by pERK?2 in vitro. Full-length
and fragments of GST-tagged CFP1 were expressed in E. coli and purified on glutathione resin.
GST tags were cleaved, and fragments were subjected to in vitro kinase assay for 30 minutes at
30°C. Reactions were separated by SDS-PAGE, Coomassie stained and exposed to film. Purified
mouse SetlB (residues 1185-1985) was included as a positive control for phosphorylation. Red
asterisks correspond to the indicated fragments. Representative of two experiments. Courtesy of
Svetlana Earnest.

Reactions were run for 30 minutes at 30°C. Mouse Set1B 1185-1985 was included as a
positive control for ERK2 activity. Relative incorporation of phosphate into each CFP1
truncation construct was not calculated, but an autoradiogram of the gel clearly indicates
phosphate incorporation into all fragments, except for residues 423-656.

The full-length recombinant protein was used for phosphoamino acid analysis (PAA;
Figure 3-6). In vitro kinase reactions were performed, and quenched reactions were separated by
SDS-PAGE, Coomassie stained, and exposed to film to verify incorporation of *’P into CFP1.
The band corresponding to phosphorylated CFP1 was excised and acid hydrolyzed prior to
separation of phosphorylated species by electrophoresis on a silica gel plate alongside

phosphorylated amino acid standards. The plate was then exposed to film to determine which

amino acids were phosphorylated. Phospho-serine and phospho-threonine were both evident.
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Figure 3-6: Phosphoamino acid analysis reveals that CFP1 is phosphorylated on serine and
threonine by ERK2 in vitro. In vitro kinase reactions included full-length recombinant CFP1
and activated recombinant ERK2 in the presence of [y-*PJATP at 30°C. Proteins were resolved
by SDS-PAGE, and bands corresponding to phosphorylated CFP1 were hydrolyzed in acid prior
to separation of amino acid species by electrophoresis on a silica gel plate. Assignment of
phosphorylated amino acids was made based on relative migration of purified standards.
Representative of two experiments.

There was no detectable phospho-tyrosine, as expected from ERK?2 that exhibits serine/threonine
substrate specificity.

The fragment encompassing residues 1-481 was selected for a more detailed analysis of
CFP1 phosphorylation by ERK2, including calculation of stoichiometry and mass spectrometry
for sites that incorporated detectable phosphate. CFP1 1-481 localizes to the nucleus in cells
(245) and interacts with both DNMT1 and Setl (23). From our purifications, we found that it
was much more stable than the full-length protein. A time course assay was performed with this
CFP1 fragment and recombinant active ERK2 (Figure 3-7). Reactions were quenched, analyzed
by SDS-PAGE and Coomassie stained. CFP1 1-481 undergoes a pronounced band shift over the
duration of incubation with ERK2. Incorporation of phosphate, as assessed by scintillation
counting of labeled bands as well as visual inspection of band shifting, appears to be complete at
90 minutes. Stoichiometry of phosphorylation was calculated based on protein and ATP standard

curves to be 1.5 mol phosphate per mol CFP1.
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Figure 3-7: ERK2 phosphorylates CFP1 in vitro with a stoichiometry of ~1.5 mol Pi/mol
CFP1. A recombinant human CFP1 fragment encompassing residues 1-481 was incubated with
[y-32P]ATP and activated recombinant ERK2 for the indicated times at 30°C. Kinase reactions
were quenched with SDS buffer, then subjected to SDS-PAGE and exposed to film. Bands were
excised and counted alongside [y-’P]JATP standards to calculate a molar ratio of *°P
incorporation. Representative of three experiments.

Mass spectrometry of phosphorylated CFP1 suggests multiple sites of modification

ERK1/2 substrate sites are most typically serines and threonines, followed immediately
by a proline. In an optimal scenario, another proline is located two residues upstream from the
phosphoacceptor sites (Pro-X-Ser/Thr-Pro), and ERK1/2 docking motifs, such as D motifs and
FXF motifs are proximal to the target residue (1). We sought to identify putative ERK1/2
phosphorylation sites on CFP1, both by manual assessment using these guidelines, as well as
phosphorylation site prediction software. Scansite predicts phosphorylation and binding sites on
input sequences based on information derived from oriented peptide library screens for kinase
substrate specificity (246). Phosphosite compiles in vivo post-translational modification data
from both low and high throughput sources in the literature, though often entries do not report
the kinase responsible for modification (230). Predicted ERK1/2 phosphorylation sites from
Scansite and observed phosphorylated residues on CFP1 from Phosphosite are summarized in
Table 3-2.

Unlabeled in vitro phosphorylation reactions from a 60-minute time point were submitted

to the UT Southwestern Proteomics Core facility for modification analysis. The samples were
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Ste ety [T smste  other rdiced
e W B Predicted Kinases for Site

S124 128 ND 2 Akt

T126 79 25 1

S143 1 19 Y CDK1/5, CDC2

T150 80 22 CDK1/5, CDC2

S215 21 156 Aurora B, PKA, PKC

S221 8 ND 2

S222 1 3 1

S224 53 29 5 Y CDK1/5, CDC2

1227 79 71 6 Y CDKS, CDC2, GSK3

T241 165 312 ATM, DNAPK

S248 48 Unamb. ATM

T273 ND 91 Y GSK3

T275 75 48 Y ATM, CDK1, DNAPK, GSK3

S371 5 Unamb. CK1

S387 16 36 PKC

S418 Unamb. Unamb. CDK1

Table 3-2: Mass spectrometry results compared to predicted sites. Phosphorylated residues
are indicated in the first column. ModLS scores are represented as reported by the UT
Southwestern Proteomics Core for both trypsin and elastase digests. A ModLS score of 27 was
used as an arbitrary cutoff, as this score is considered to have an associated false discovery rate <
1%. Reported sites are compared to publically-available phosphorylation information from
Phosphosite.org, as well as predicted substrate sites for ERK1/2 by Scansite.org. If other kinases
were considered potential enzymes for that site, they are also reported. ND, Not Detected;
Unamb., Unambiguous assignment.
split between two different protease reactions to maximize coverage of the protein, in an attempt
to definitively map as many sites as possible. Many phosphorylation sites were identified,
although the relative incorporation of phosphate into each site could not be determined from the
analysis performed.

Phosphorylation sites were called using the ModLS algorithm, developed by members of
the core facility (247). This algorithm scores individual phosphoacceptor residues in
phosphorylated protein fragments based on their relative probabilities of detection given the

mixture of fragments identified and provides a score for each potential site of modification.

Scores are calculated independently for each experiment, so values reported by trypsin and
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elastase digest are often different. Based on recommendations by members of the core facility,

we used a score of 27 as an arbitrary cutoff for positive identification, as this score is considered
to represent a scenario where the false discovery rate is less than 1%. Table 3-2 summarizes all
sites with at least one ModLS score greater than the false discovery rate cutoff in comparison
with results from Phosphosite and Scansite. A full report of potential sites identified by trypsin
and elastase digests are located in Appendix A and Appendix B, respectively.

Phosphorylation sites that we were particularly interested to follow up on are those that
were positively identified in the mass spectrometry screen, were predicted to be ERKI1/2
substrate sites and have been previously detected in vivo. Of the 16 sites outlined in Table 3-2,
our focus fell most especially to S224 and T227. These sites were both individually mutated to
aspartate in the context of recombinant GST-CFP1 1-481, and purified protein was compared to
wild type protein in a time course of phosphorylation by activated ERK2 (Figure 3-8). Band
shifting of both mutants was more pronounced at an earlier time point than wild type protein,
despite all unmodified proteins migrating similarly. Bands were excised and counted for

phosphate incorporation, then normalized to relative loaded protein. Over the range of time
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: « N B N B B BE B _B
N :
600.00
2 50000 —
5
£ 400.00
: mur
§ 300.00
£ ©5224D
@ 200.00 HT227D
% 100.00
E
0.00 —
0 15 30 60

-100.00
Reaction Time (min)

Figure 3-8: In vitro kinase assay with active ERK2 and select CFP1 point mutants.
Recombinant human wild type and mutant CFP1 fragments encompassing residues 1-481 were
incubated with [y->’P]JATP and activated recombinant ERK2 for the indicated times at 30°C.
Kinase reactions were then subjected to SDS-PAGE and Coomassie stained prior to imaging
using a LiCor system. Bands were excised and underwent scintillation counting, and relative
incorporation of radioactive phosphate was calculated, and normalized to relative amounts of
each CFP1 mutant detected at the zero time point. Representative of a single experiment.
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Figure 3-9: CFP1 is an ERK1/2 substrate in cells. HeLa cells were transfected with Flag-
CFP1, then serum starved for 2 hours followed by 1 hour of incubation with 1.0 mCi/mL **PO,
in the presence or absence of the MEK1/2 inhibitor PD0325901 (500nM), and then stimulated
with 100 nM PMA for 10 minutes. CFP1 was immunoprecipitated with Flag antibody-
conjugated agarose and immunoprecipitated protein was resolved by SDS-PAGE. Fold change
in *’P incorporation normalized to Flag-CFP1 LiCor signal in each lane is displayed.
Representative of two similar experiments.

points both mutants showed phosphate incorporation values that were similar or greater than the
wild type protein. From these data, it is unclear if these are bona fide phosphorylation sites, but
clearly neither constitutes a major site of phosphorylation in vitro. Alternatively, these sites may

serve as priming phosphorylations, promoting modification at other sites.

CFP1 is phosphorylated in cells by ERK1/2

Mass spectrometry data suggested that multiple residues could serve as ERK1/2 substrate
sites in vitro. Since recombinant CFP1 is not structurally confined by interaction with its native
complexes, we expected that some of these sites might not be recapitulated in vivo.
Unfortunately, we were unable to purify enough CFP1 from mammalian cells to perform
modification analysis by mass spectrometry.

We performed cell labeling experiments in HeLa cells with overexpressed Flag-tagged
CFP1 (Figure 3-9). Cells were transfected for two days and serum starved prior to the
experiment. Labeling took place for one hour with 1.0mCi of **PO, in phosphate-depleted
DMEM, and cells were briefly treated with PD0325901 or DMSO prior to a 15 minute ERK1/2
pathway stimulation with phorbol myristate acetate (PMA). Immunoprecipitated Flag-CFP1 and
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total cellular lysates were separated by SDS-PAGE gel, transferred and blotted with antibodies

against the Flag epitope as well as for total and activated ERK1/2 to verify that drug treatments
worked. Phosphate incorporation was visualized by exposing membranes to film, and relative
incorporation of radioactive phosphate was quantified by scintillation counting and normalized
to blotted Flag-CFP1.

PMA treatment induced a nearly 20% increase in phosphate labeling of Flag-CFP1.
Pretreatment with PD0325901 resulted in a decrease in phosphate incorporation 20% below the
control value. Substantial phosphate incorporation into Flag-CFP1 was observed in the absence
of stimulus, which likely reflects phosphorylation events stimulated by kinases other than
ERK1/2. Alternatively, it may be possible that nuclear ERK1/2 is refractory to starvation
conditions, an effect that we have been unable to conclusively demonstrate.

As an alternative approach to radiolabeling, we attempted to optimize electrophoretic
separation of phosphorylated CFP1 species using Phos-tag gels (248). Phos-tag is a
commercially available compound that stably incorporates manganese ions into polyacrylamide
gels to promote segregation of phosphorylated from unmodified protein targets by retarding the
migration of the more negatively-charged phosphorylated protein. We assayed both endogenous
and overexpressed proteins (Figure 3-10). In the first panel, starved HelLa cells were either
treated with PD0325901 or DMSO, then stimulated with PMA over a time course. A laddering
effect is evident in a blot of endogenous CFP1, suggesting a complex mixture of phosphorylation
states. Co-treatment with PD0325901 appears to collapse some of these bands, but it is unclear
how many phosphorylated species this might represent.

To verify that the banding pattern that we saw was indeed due to CFP1, we transfected
HeLa cells with Flag-CFP1 prior to Phos-tag blotting. We starved cells and pretreated with either
PD0325901 or 10 pM wortmannin, a phosphoinositide 3-kinase (PI3K) inhibitor (249).
Wortmannin was included in an attempt to determine if other Ras-activated pathways were
contributing to CFP1 phosphorylation. We then treated with either PMA or 20% fetal bovine
serum (FBS) to stimulate ERK1/2 pathway activation. Again, banding patterns were complex for
CFP1, as observed for the endogenous protein, lending further credence to the idea that multiple

phosphorylated states for this protein simultaneously exist in the cell. Changes in banding
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complexity are not obvious with either stimulation or with inhibitor treatments. We can

conclude that separation worked well for stoichiometrically phosphorylated proteins, as we were
able to

A DMSO PD0325901
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Figure 3-10: Phos-tag gel electrophoresis reveals multiple stable phosphorylation states of
CFP1. A. HeLa cells were starved in serum-free DMEM, then pretreated for 30 minutes with
either 500 nM PD0325901 or DMSO. Cells were then stimulated for the indicated durations,
lysed, and resolved on a Phos-tag polyacrylamide gel. Immunoblotting was performed with an
antibody against endogenous CFP1. Representative of two experiments. B. Cells were
transfected with Flag-tagged CFP1 for 48 hours, then pretreated either with PD0325901 as
described in A, or for 10 minutes with 10 uM wortmannin. Lysates were resolved on a Phos-tag
gel. Membranes were immunoblotted with the indicated antibodies. Representative of a single
replicate.

blot a shifted form of ERK1 with a total ERK1/2 antibody near the bottom of the gel. This
suggested to us that phosphorylation of CFP1 was sub-stoichiometric and likely occurs at

multiple sites.

CFP1 is acetylated in cells
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We were interested in other unexplored post-translational modifications reported on

CFP1 by Phosphosite. Acetylation caught our interest based on the widespread nuclear
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Figure 3-11: Flag-CFP1 is acetylated under basal conditions. HeLa cells were transfected
with Flag-tagged CFP1 for 48 hours. Cell lysates were precleared with Protein A resin and
subsequently immunoprecipitated with an antibody targeting acetylated lysine and collected on
Protein A beads. Beads were washed extensively, then boiled in SDS sample buffer prior to
resolution of bands by SDS-PAGE. Membranes were blotted with the indicated antibodies.
Representative of a single replicate.

functionality of this modification as well as its ease of detection using broadly-specific
acetylated lysine antibodies. Acetylation was reported for a single residue, lysine 63, that occurs
within the Plant Homeodomain (PHD) of CFP1, a domain that promotes recognition of di- and
trimethylated H3K4 (124,250). We speculated that acetylation at this site might play a role in
modulating the interaction of CFP1 with chromatin.

We transfected HeLa cells with Flag-CFP1 or an empty vector control and performed
immunoprecipitations with acetyl-lysine specific antibody (Figure 3-11). Enriched proteins were
analyzed by SDS-PAGE and blotted with antibodies targeting both the Flag epitope as well as
CFP1. Both antibodies specifically recognized a band in the Flag-CFP1 transfected pulldowns at
a slightly higher apparent molecular weight than Flag-CFP1.

To further verify that CFP1 is acetylated, we split Flag-CFP1 transfected lysates into two

separate immunoprecipitations (Figure 3-12). One was treated with trichostatin A (TSA), a broad
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specificity lysine deacetylase inhibitor that we predicted would stabilize acetylated lysine

through the course of an immunoprecipitation. Acetyl-lysine blots of the immunoprecipitated

IP: Flag-CFP1
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Figure 3-12: Addition of Trichostatin A to HeLa lysates stabilizes an acetyl-lysine signal at
the same molecular weight as Flag-CFP1. Cells were transfected with Flag-CFP1 or an empty
vector control for 48 hours. Cell lysates were split equally between immunoprecipitation
conditions either containing 400 nM Trichostatin A or not. Following 2 hours of incubation with
anti-Flag conjugated resin, immunoprecipitated protein was washed extensively with lysis buffer,
then boiled in SDS sample buffer and resolved by SDS-PAGE. The membrane was blotted as
indicated. Representative of two similar experiments.

proteins at the expected molecular weight of Flag-CFP1 shows a clear stabilization of signal,
further validating acetylation of CFP1.

In an attempt to unambiguously assign the site of acetylation, we mutated lysine 63 to
arginine (K63R) and immunprecipitated it alongside Flag-CFP1 (Figure 3-13). This site was
identified in a global proteomics screen of acetylated proteins (250). Mutation at this residue did
not reduce the level of acetylated lysine detected relative to the wild type protein. This may be
the result of incorrect assignment in the initial screen, since another lysine is present within the
tryptic peptide, K60. Alternatively, many sites of acetylation may exist on CFP1. Acetylation
sites are nearly impossible to predict based on primary amino acid sequence, because lysine
acetyltransferases do not appear to conform to any strict sequence specificity rules (251).

Further attempts were made to define acetyltransferases that mark CFP1 by using a
targeted siRNA screen against the four major mammalian lysine acetyltransferases, then blotting
for acetyl-lysine on immunoprecipitated Flag-CFP1. These experiments were not successful in

revealing further regulatory information about this modification (data not shown).



52
Flag-CFP1: WT  K63R

-
H

N
N

Acetyl-K

=y

IP: Flag

: CFP1

\ |
F-CFP1
0

wT K63R

Figure 3-13: Mutagenesis of K63, identified in the literature as a site of acetylation by mass
spectrometry, does not impact recognition of CFP1 by an antibody targeting acetylated
lysine. Cells were transfected for 48 hours with either wild type (WT) or a K63R mutant of Flag-
CFP1. Following 2 hours of incubation with anti-Flag conjugated resin, immunoprecipitated
protein was washed extensively with lysis buffer, then boiled in SDS sample buffer and resolved
by SDS-PAGE. The membrane was blotted as indicated. Acetyl lysine and CFP1 signals were
quantified using the LiCor imaging system. Representative of two similar experiments.
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DISCUSSION

Our yeast two-hybrid study successfully identified two other novel ERK1/2 substrates in
addition to CFPI, both of which were relatively straightforward in their characterization and
phosphorylation site assignment. We hoped that CFP1 would represent a similarly
straightforward challenge, but that was not the case.

One early concern that we had was that CFP1 was a false positive identification from the
yeast two-hybrid screen, and that it was in fact direct binding of ERK2 to S. cerevisiae’s
endogenous Setl that supported colony growth on selection media. While we are still unable to
unequivocally rule this out without interaction testing between murine CFP1 373-660 and yeast
Setl, alignment of the yeast CFP1 homolog Sppl completely lacks the identified domain,
supporting the idea that binding to Setl did not contribute to the detected interaction. This
concern was not put to rest by initial interaction studies. If binding between CFP1 and ERK1/2 is
direct, it is too weak to detect in either in vitro binding experiments or immunoprecipitations
from whole cell lysates, and may only occur during substrate targeting.

Successful co-immunoprecipitations from mononucleosomes and cross-linked lysates
might suggest that interaction between CFP1 and ERK1/2 is stabilized by other nuclear proteins

or by nucleosomes themselves. It might also suggest that the locations where CFP1 and ERK1/2
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interact are very restricted and that interaction may be transient. This would be consistent with

the fact that CFP1 binds to chromatin almost exclusively at promoters and ERK1/2 promoter
recruitment may be short-lived and dependent on activity in many cases. Restricted CFP1
localization is supported by robust immunoprecipitation with trimethylated H3K4, a marking
concentrated at promoters, but not with total H3 that is globally distributed.

Phosphorylation site determination was much more complicated than we anticipated. In
vitro sites from mass spectrometry numbered too many to reasonably be tested in a cell-based
setting by a cell labeling approach, and preliminary results from mutagenesis and in vitro
phosphorylation were relatively uninformative in paring down the list of possible sites. Use of
point mutants in cell labeling experiments was additionally hampered by large differences in
expression of the mutants that we made prior to obtaining mass spectrometry results (S224A and
T227V) relative to the wild type protein (discussed further in Chapter 4), making definitive
quantitation of phosphate incorporation challenging. Furthermore, if many phosphorylation sites
exist in a cell-based setting, as suggested by labeling studies with wild type Flag-CFP1,
mutagenesis of single sites may not greatly impact overall phosphate incorporation. Some of the
best sites by mass spectrometry were in agreement with existing data from Phosphosite as well
as site prediction information. Which sites are actually modified in vivo by ERK1/2 targeting
remains to be more fully explored, but might be addressed through cell labeling experiments
with point mutants (S224A and T227V, for example) that cannot be phosphorylated. Such assays
were not attempted due to stability differences of these overexpressed proteins relative to their
wild type counterpart in HeLa cells (discussed in Chapter 4). Interestingly, none of the sites
identified by mass spectrometry occur within identified structured domains of CFP1, perhaps
indicating that CFP1 phosphorylation might impact interactions or conformational changes of
these regions.

One approach that may aid in assignment of bona fide ERK1/2-regulated phosphorylation
sites is SILAC labeling (stable isotope labeling of amino acids in cell culture). Briefly, this
technique relies on two parallel sets of cells, one labeled with heavy amino acid isotopes and one
grown in normal medium. Cells are treated differentially — for instance in this case, with or
without the MEK1/2 inhibitor PD0325901 — then lysates are mixed, proteolyzed and analyzed by

mass spectrometry. Since protein input is normalized prior to mass spectrometry, quantitation of
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relative phosphate incorporation into a fragment, and thus determination of important

regulated sites, is possible. Initial attempts to purify enough Flag-CFP1 from cells for this
technique failed. Another technical impediment that must be faced with this technique was
apparent from in vitro phosphorylation and mass spectrometry studies. Proteolysis of CFP1 with
various proteases yielded fragments that were rich in serine and threonine residues. Assignment
of phosphorylation sites was ambiguous for these fragments, a limitation that would extend to
other mass spectrometry-based techniques for CFP1 analysis.

The outcome of in vitro kinase assays to compare incorporation of phosphate into point
mutants versus the wild type protein were not a surprise in the face of the mass spectrometry
results. Anticipating that any one phosphorylation site would substantially reduce the overall
phosphate incorporation when so many sites were modified seemed improbable. However, in the
single replicate of the time course that we performed comparing wild type, S224D and T227D
CFP1, the observed increase in phosphorylation of both point mutants was surprising. There are
a few possibilities that may account for this finding. Technical limitations related to calculating
relative incorporation included difficulty definitively determining the amount of protein in each
lane. Despite equivalent loading of protein into each reaction, the observed band shifts coupled
with band detection using the LiCor system gave very uneven calculations of relative loading,
and instead of normalizing each band individually, all samples were normalized to the zero time
point which was clearest between mutants. A more interesting possibility may be that
phosphomimetics at these sites could serve as priming phosphorylation events for other sites.
Other potential phosphorylation sites are currently being mutated for future analysis.

Endogenous CFP1 often appears as a doublet by immunoblotting, although the
underlying reasons for this are unclear. This may represent a splice isoform that has been
previously identified, bearing four additional amino acids (UniProt ID: Q9P0U4-2).
Alternatively, this may represent a post-translationally modified form of CFP1, potentially
acetylated or phosphorylated, and CFP1 methylation has also been reported (252). It seems likely
that these bands represent differentially modified forms of CFP1. Standard 30:1 acrylamide-bis
acrylamide ratios usually do not clearly distinguish two bands for overexpressed Flag-tagged
CFP1. However, blots of Flag-CFP1 for acetylation (Figure 3-11) do appear to be shifted relative
to the bulk of the total pool of Flag-CFP1, suggesting that the second band represents acetylated
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protein. Finally, two predominant bands appear in the Phos-tag blots (Figure 3-10), both for

endogenous and overexpressed protein. These major bands appear to be insensitive to
stimulatory treatments as well as ERK1/2 and PI3K inhibition, suggesting that they may not
represent a phosphorylation event. In order to definitively show that a given band represents
acetylated CFP1, we would need to identify and mutate sites of modification or the
acetyltransferase(s) responsible, two goals we were unable to achieve in this body of work. An

alternative strategy would be to test deletions encompassing groups of sites.



CHAPTER FOUR
Outcomes of ERK1/2 Activity on CFP1 Function as a Component
of the Set1 A/B Complexes

INTRODUCTION

We identified CXXC finger protein 1 (CFP1), a conserved component of the SetlA/B
complexes (125), as a novel ERK1/2-interacting protein and substrate. CFP1 has previously been
demonstrated to play an essential role in properly targeting the Set1 A/B complexes to promoters
where they trimethylate H3K4 (4), a histone modification that supports transcription of the
underlying DNA. Inducible post-translational modification to proteins that mediate epigenetic
events, such as the SetlA/B and related MLL 1-4 (mixed lineage leukemia) complexes,
represents a relatively underexplored field.

One report indicates that a shared subunit of all of these complexes, Ash2L, and its
associated H3K4 trimethylating activities are recruited to muscle-specific loci during myogenesis
by the ERK1/2-related MAPK p38 (193), suggesting that MAPK activity may be generally
important for dictating inducible H3K4 trimethylation. The best evidence to date that ERK1/2 is
important for coordinating this activity comes from Drosophila melanogaster, where the
transcriptional regulatory protein Corto, which shares best homology to the human protein
MLL2, binds to the ERK1/2 homolog rolled as well as the ERK1/2 scaffold MP1 (191).
Importantly, the Corto and rolled knockout phenotypes are similar. Additionally, ERK1/2 and
H3K4 trimethylation colocalize extensively on chromatin by ChIP-sequencing analysis in mouse
embryonic stem cells, further implicating a functional relationship (110).

Several recent studies have suggested that H3K4 trimethylation is induced by various
stimuli to support transcriptional responses. Following DNA damage, a host of transcriptional
regulators are recruited to target gene promoters, including the transcription factor p53, the
lysine acetyltransferase p300 and Setl complexes to stress-responsive target gene promoters,
leading to accumulation of H3K4 trimethylation and transcription of associated genes (253).
CFP1 makes an essential contribution to deposition of H3K4 trimethylation to these promoters,
but is not universally essential for transcriptional output (254). The impact of post-translational

modifications in targeting the Set]1 A/B complexes to specific subsets of genes remains unclear.
56
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We were particularly intrigued by the role that CFP1 phosphorylation might play in

inducibly directing H3K4 trimethylation towards immediate early gene (IEG) promoters, which
integrate ERK1/2 signaling through multiple effector proteins to activate transcription.

IEGs represent the first wave of transcriptional response following mitogenic stimulation
as they require no new protein synthesis for their expression (255). These genes frequently
encode transcription factors that mediate a broad range of secondary responses. ERK1/2 are
essential for inducible IEG mRNA changes through substrate targeting of multiple factors to
these genes, including transcription factors (161), histone modifiers (16), and the RNA
polymerase II-associated Mediator complex (17,18). Collaborative ERK1/2-driven recruitment
and activity of these components is a prerequisite for transcription. ERK1/2, upstream signaling
components and the ERK1/2 kinase substrate MSK (mitogen and stress-activated kinase) are
recruited directly to IEG promoters (174,256), where they may target these and other promoter-
restricted substrates, further enforcing transcriptional activation of target genes.

We chose a standard signaling paradigm (serum treatment of HeLa cells) in which to
characterize the interplay between CFP1-driven transcription and ERK1/2 activation. There were
several reasons for this choice. First, the Set1 A/B complexes have been extensively characterized
in this cell line by other groups (128,210). We knew that serum treatment induced ERK1/2
activation and robust nuclear translocation (75), and many other rapidly-inducible ERK1/2-
dependent transcriptional effects have been characterized in response to serum treatment.
ERK1/2 induction frequently increases IEG mRNA concentrations as a consequence of
transcription. We hypothesized that part of the rapid ERK1/2-dependent transcriptional response
hinged on direct phosphorylation of CFP1, potentially altering the activity or localization of

Set] A/B complexes to support IEG transcription.

EXPERIMENTAL PROCEDURES
Cloning and Constructs
pCMV5-eGFP C1 was used as a readout for transactivation assays. p3xFLAG-CMV-7.1
CFP1 mutants were generated by standard site mutagenesis techniques with the following
primers: S224A  5’- CCCTTCCTCGCTCGCCCCAGTGACGCCCTC-3’; S224D  5°-
CCCTTCCTCGCTCGACCCAGTGACGCCCTC-3’; T227V  5-CTCGCTCTCACCAGTGG
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TGCCCTCAGAGTCCC-3’; T227D 5’-

CTCGCTCTCACCAGTGGACCCCTCAGAGTCCC-3’;. pCMVS5-MycSetlB 1185-1985 was
generated by PCR with murine cDNA from Origene (BC038367). The amplified fragment and
vector were digested with EcoRI and Sall and ligated. All constructs were sequenced to ensure

no spurious mutations were introduced.

siRNA

Duplex siRNA oligonucleotides targeting human CFP1 (s26937) or a nontargeting
control (4390843) were acquired from Life Technologies. Oligos were reverse transfected into
HeLa cells at 20 nM with RNAiMax (Life Technologies) according to the manufacturer’s

instructions.

Immunoprecipitation from nuclei

HeLa cell nuclei were isolated following 48 hours of transfection as described in Chapter
3. For co-immunoprecipitations between Flag-CFP1 and Myc-Setl, nuclei were resuspended in
buffer containing (20 mM Tris HCI (pH 7.4), 400 mM NaCl, 25% glycerol, 5 mM EDTA, 0.1%
NP-40, 1 mM DTT, 80 mM B-glycerophosphate, 100 mM NaF and 2 uM Na3;VOj,) supplemented
with protease inhibitors and 400 nM Trichostatin A and extensively Dounce homogenized.
Nuclei were clarified by centrifugation and supernatants were used for immunoprecipitation with
anti-Myc antibody and anti-mouse magnetic Dynabeads for 2 hours at 4°C. Resin was washed 3

times with immunoprecipitation buffer, and denatured with Laemmli buffer.

Immunoblotting and antibodies

SDS-PAGE or tricine gels (242) were used to separate proteins that were transferred to
nitrocellulose membrane (Millipore). Membranes were blocked with LiCor blocking buffer and
primary antibodies were incubated with membranes overnight. LiCor fluorescent secondary
antibodies were used at 1:15,000 and immunoblots were imaged and bands quantified using a
LiCor system. Western blot analysis was performed using the following primary antibodies:
rabbit anti-CFP1 (Bethyl Laboratories); rabbit anti-ERK1/2 (produced in-house, (243)); mouse
anti-phospho-ERK1/2 (T185/Y187) and mouse anti-Flag M2 (Sigma); o-tubulin (mouse
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monoclonal antiserum generated in-house from cells obtained through Developmental Studies

Hybridoma Bank); mouse anti-Histone 3 and rabbit anti-H3K4 trimethyl (Active Motif); rabbit

anti-green fluorescent protein (Santa Cruz); mouse anti-Myc (National Cell Culture Center).

Microarray

Total RNA was prepared from HeLa cells with by Pure-link RNA Mini Kit (Life Technologies)
and submitted to the UT Southwestern Microarray Core for analysis. Briefly, RNA was checked
for concentration and quality using an Agilent 2100 Biolanalyzer, then cRNA was synthesized
and labeled prior to hybridization to an Affymetrix Human Transcriptome 2.0 Array chip and
detection. Raw data was analyzed using Affymetrix Transcriptome Analysis Console 2.0

software.

qRT-PCR

Total RNA was isolated with TRI reagent (Applied Biosystems). Complementary DNA
was synthesized using iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s
instructions. Reactions were carried out with diluted cDNA, SYBR Green Supermix (Bio-Rad)
and fluorescence was measured using a quantitative real-time thermocycler (Bio-Rad). Relative
changes in gene expression were calculated by 2, and Actin was used as an internal
expression control. Primers were as follows: Actin 5’- AGGTCATCACTATTGGCAACGA -
3’(forward) and 5’-CACTTCATGATGGAATTGAATGTAGTT-3" (reverse); SetlA 5°-
CAGTGGCGGAACTACAAGCTC-3’ (forward) and 5’-CATAGCGGTACACCTTCTGAGA-
3’ (reverse); SetlB 5’- CCGGTGGAAATTGTCGAAGAT-3’ (forward) and 5’-GCTCCTTG
TTTTTGGTCCAGAT-3’ (reverse); EGR1 5°- CAGCACCTTCAACCCTCAG-3’ (forward) and
5’-  AGCGGCCAGTATAGGTGATG-3" (reverse); EGR3 5’- GACATCGGTCTGACCA
ACGAG-3’ (forward) and 5’- GGCGAACTTTCCCAAGTAGGT-3’ (reverse); FOSB 5’-
GCTGCAAGATCCCCTACGAAG-3’ (forward) and 5’- GCTGCAAGATCCCCTACGAAG-3’
(reverse); DUSP1 5°- ACCACCACCGTGTTCAACTTC-3’ (forward) and 5’- TGGGAGAGG
TCGTAATGGGG-3’ (reverse); DUSPS 5°- GCCAGCTTATGACCAGGGTG-3’ (forward) and
5’-GTCCGTCGGGAGACATTCAG-3’ (reverse); KLF10 5°- ACTGCCAAACCTCACATTGC-
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3> (forward) and 5- ACGAATCACACTTGTTGCCTG-3’ (reverse); BHLHE40 5’-

GACGGG GAATAAAGCGGAGC-3’ (forward) and 5°- CCGGTCACGTCTCTTTTTCTC-3’

(reverse).

Statistical Analysis
Results were expressed as means + Standard Deviation determined from three independent

experiments. Statistical significance was calculated using the GraphPad Prism software package

using Student’s ¢ test.

RESULTS
CFP1 knockdown results in a global deficit of trimethylated H3K4
We initially wanted to characterize our ability to knock down endogenous CFP1 with
targeted siRNAs and evaluate the impact of CFP1 loss on ERK1/2 pathway activation (Figure 4-
1). HeLa cells were treated with either control or CFP1-targeted siRNA oligonucleotides for 72

siControl siCFP1
10% FBS + + + +
PDO03 + + Relative H3K4me3 Levels
CFP1 15
- - .. * - . i .
. >T ' '
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0.0 siControl siCFP1
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Figure 4-1: FBS-stimulated ERK1/2 signaling and H3K4 trimethylation in CFP1-depleted
HeLa cells. Cells were transfected with either siRNA against CFP1 or a control target for 72
hours, then incubated in serum-free DMEM prior to a 15 minute treatment with 10% FBS. Five
minutes before stimulation, cells were treated with either 500 nM PD0325901 or DMSO. Cells
were then lysed and proteins resolved by SDS-PAGE prior to blotting with the indicated
antibodies. Signal intensity of H3K4me3 relative to total H3 under the untreated conditions for
each siRNA treatment was quantified using the LiCor imaging system, and relative modification
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normalized to total H3 was plotted. Error bars indicate standard deviation of three separate
experiments. Significance was quantified by Student’s two-tailed t-test; * = p < 0.05.

hours prior to a brief serum starvation. We then stimulated ERK1/2 with 10% FBS, with or
without pretreatment with the MEK1/2 inhibitor PD0325901. CFP1 knockdown was consistently
efficient, typically approaching a depletion of 90% reduction of immunoreactive protein. This
had no significant impact on our ability to stimulate ERK1/2 activity with serum. In the same
experiment, we blotted for H3K4 trimethylation, as well as total H3. H3K4 trimethylation was
insensitive to short treatments with PD0325901 and FBS. However, knockdown of CFP1
resulted in an average reduction in trimethylation of over 20% compared to controls, indicating

that it is essential for some H3K4 trimethylation in this cell type.

CFP1 depletion results in the specific upregulation of Set1B transcript

In a prior report, loss of CFP1 in mouse embryonic stem cells resulted in reduced Setl A
methyltransferase protein expression (220). However, global H3K4 trimethylation remained
unaltered in these cells (210). CFP1 restricts methyltransferase activity to specific genomic loci,
and knockout in mouse embryonic stem cells results in diminished promoter H3K4
trimethylation at a subset of targets, as well as spurious catalysis of this marking outside of
normal target sites (4). We wanted to measure the relative expression levels of SetlA and Set1B
in our system, since we saw a pronounced loss of H3K4 trimethylation with CFP1 knockdown.
We hypothesized that Set1 A/B levels might be similarly diminished under these conditions.

Attempts to immunoblot SetlA and SetlB methyltransferases with several commercial
antibodies failed. Therefore, we chose to measure relative mRNA concentrations of these
subunits by quantitative real-time PCR (qRT-PCR) following 72 hours of CFP1 knockdown,
compared to a control condition (Figure 4-2). We expected that, as CFP1 is a stable component
of both the SetlA and SetlB complexes, and because their subunit compositions are nearly
identical (128), that CFP1 depletion would have a similar impact on both. To our surprise, CFP1
loss did not have a significant impact on the expression of SetlA, but specifically increased

expression of Set]1B mRNA by nearly 1.5 fold.
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Although we were unable to confirm that this change in mRNA expression extended to

SetlB protein, this does suggest that compensation for CFP1 loss may occur as an upregulation
of remaining complex components. We have not yet explored expression changes in other shared

components of these complexes. It is also notable that reports on events that differentially
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Figure 4-2: Knockdown of CFP1 increases Set1B mRNA, but not that of Setl1A. HeLa cells
were subjected to 72 hours of siRNA treatment with either control or CFPl-targeted
oligonucleotides. Cells were then lysed with Trizol, and mRNA was extracted. RT-PCR was
performed for the indicated target mRNAs. Quantitation was normalized against the control
condition. Error bars show the standard deviation of three experiments. Statistical significance
was assessed by Student’s two-tailed t-test; *** = p < 0.0005.

regulate SetlA and SetlB methyltransferase complexes are limited (257). It is clear that they

target distinct subsets of genes (210) but how and why regulation occurs remains an open

question.

CFP1 T227V fails to support global H3K4 trimethylation

Our first priority was to assess the importance of residues that we identified as putative
ERK1/2 substrate sites, S224 and T227, in CFP1 function. These two sites were the most highly
predicted sites by Scansite, appear in multiple studies compiled on Phosphosite, and were high
confidence sites in our mass spectrometry results. We reasoned that CFP1 phosphorylation by
ERK1/2 might generally direct Set1 A/B complex targeting.

We compared the impact of overexpression of wild type CFP1, as well as S224A and
T227V, on global deposition of H3K4 trimethylation (Figure 4-3). Overexpression of Flag-CFP1
or the S224A mutant did not appreciably impact H3K4 trimethylation immunoreactivity. CFP1

T227V reduced detected trimethylated H3K4 by nearly 25%, a change strikingly similar to CFP1
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knockdown. This suggested to us that T227 was important for the function of CFP1 in the

Setl1 A/B complexes.
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Figure 4-3: Overexpression of CFP1 T227V results in global H3K4me3 defects. HeLa cells
were transfected with the indicated CFP1 constructs or an empty vector control (EV) for 48
hours. Cells were lysed and proteins resolved by SDS-PAGE prior to blotting with the indicated
antibodies. Signal intensity of H3K4 trimethylated relative to total H3 was quantified using the
LiCor imaging system, and relative modification normalized to total H3 was calculated.
Representative of a single replicate.

CFP1 transactivation assays reveal a requirement for S224

In an effort to look at the general transcriptional effects of CFP1 compared to potential
phosphorylation site point mutants, we turned to a transcriptional transactivation assay (245).
This assay relies on the ability of CFP1 to specifically bind and transactivate the CpG-rich
cytomegalovirus (CMV) promoter linked to a green fluorescent protein (GFP) reporter.
Transactivation of the CMV promoter by CFP1 leading to GFP expression is dose-dependent.
Mutants of CFP1 that are unable to bind to DNA fail to induce detectable expression of GFP in
this experimental paradigm. Based on data indicating that CFP1 T227V introduction blocked
global H3K4 trimethylation, we expected that it would show defects in transactivation of GFP

expression.
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HeLa cells were transfected with pCMV-GFP along with varying concentrations of

Flag-CFP1, S224A or T227V mutants for 48 hours prior to lysis and blotting (Figure 4-4). The

wild type protein induces GFP protein expression in a dose-dependent fashion, as previously

reported.
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Figure 4-4: CFP1 S224A fails to robustly transactivate a CpG-rich promoter. HeLa cells
were transfected with equivalent amount of pEGFP plasmid and a range of concentrations of the
Flag-CFP1 constructs indicated. Lysates were resolved by SDS-PAGE and blotted with the
indicated antibodies. Signal intensity of GFP normalized to actin was quantified using the LiCor
imaging system, and relative modification normalized to total actin was plotted. Error bars
indicate standard deviation of three separate experiments. Significance was quantified by
Student’s two-tailed t-test; * = p < 0.05.

To our surprise, the T227V mutant induces GFP expression to a similar extent. However, CFP1
S224A, in spite of its higher protein expression per transfected DNA, particularly at 250 and 500
ng, fails to induce GFP expression to a similar extent as wild type protein. These data indicated

that S224 is important for transactivation of this construct, and that T227 is dispensable.

Flag-CFP1 point mutants localize to the nucleus
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Phosphorylation of many transcriptional regulators impacts their subcellular

distribution. We wanted to ensure that the phosphorylation point mutants that we had generated
for CFP1, including S224A, S224D, T227V and T227D, localized correctly. We transfected
equivalent amounts of Flag-CFP1 and mutants, into HeLa cells (Figure 4-5). After 48 hours, we
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Figure 4-5: Potential phosphorylation and acetylation site mutants of CFP1 localize to the
nucleus. Equivalent concentrations of Flag-CFP1 plasmid bearing the indicated point mutants
were transfected into HeLa cells. Nuclei were isolated by mild detergent treatment and
centrifugation, and nuclear and cytosolic fractions were brought to equal volumes prior to
separation by SDS-PAGE. Membranes were immunoblotted for Flag-CFP1 and with antibodies
against lamin A/C and H3K4me3 to roughly assess purity of the nuclear fraction. Representative
of a single replicate.

nuclei from cytosol by differential centrifugation, and blotted the fractions for Flag-CFP1 and
two nuclear markers, trimethylated H3K4 and lamin A/C.

Fractionations were relatively clean and consistent, as judged by marker immunoblotting.
All point mutants predominantly co-fractionationated with nuclear markers, similar to the wild
type overexpressed protein. Despite transfection of equivalent DNA concentrations into cells, we
consistently observed that S224A expresses to a greater extent than the wild type protein, and
that T227D was difficult to express at detectable levels. The exogenous expression of these

mutants is under control of a CMV promoter, which wild type CFP1 itself can positively
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regulate, so changes in expression could reflect transactivation capacity, translated protein

instability, or both.
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Flag-CFP1  WT WT  S224A T227V

> 4| Myc-Set1B

= B » | Flag-CFP1

IP: Myc-Set1B

Myc-Set1B

Nuclear Extract — - W | Flag-CFP1

Myc-Set1B + + +
Flag-CFP1 WT  S224A T227V
> » 4| Myc-Set1B
IP: Myc-Set1B N .
- # 4 | Flag-CFP1
Myc-Set1B
Nuclear Extract — - W | Flag-CFP1

Figure 4-6: Myc-SetlB 1185-1985 and Flag-CFP1 mutants co-immunoprecipitate from
HeLa cells. HelLa cells were transfected for 48 hours with the indicated constructs.
Immunoprecipitations were performed on crude nuclear fractions with Myc-targeted antibody,
and bound proteins were isolated with anti-mouse Dynabeads. Immunoprecipitates and nuclear
lysates were resolved by SDS-PAGE and blotted with Myc and Flag antibodies. Representative
of two separate experiments.

Interaction of Flag-CFP1 S224A and T227V mutants with a Myc-Set1B fragment

One possible consequence of CFP1 phosphorylation may be altered interaction with
binding partners. Observed deficiencies in transactivation and methyltransferase assays could be
a consequence of poor interaction of mutants with SetlA/B complexes. We next wanted to
determine whether the S224A and T227V mutants interacted efficiently with Setl complexes. To
circumvent our difficulties with endogenous SetlA/B blotting, we subcloned mouse SetlB
residues 1185-1985 into a pCMVS5 vector incorporating an N-terminal Myc tag. This fragment of

the human protein had previously been shown to be sufficient for interaction with CFP1 (23).
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Due to differences in protein expression between various Flag-CFP1 point mutants, we

attempted to titrate transfected DNA to achieve a similar extent of Flag-CFP1 overexpression
while simultaneously maintaining the same relative amount of Myc-Set1B. After 48 hours, we
isolated a crude nuclear fraction from transfected cells, then immunoprecipitated using a
monoclonal antibody directed against Myc (Figure 4-6).

Wild type and both point mutants were pulled down to a similar extent by this Myc-
SetlB fragment. The total amount of co-immunoprecipitated Flag-CFP1 T227V is less than
either the wild type or S224A forms, which may reflect a weaker interaction, but also may be a
consequence of rapid degradation, an effect we consistently observed with this point mutant.
Similar experiments in which nuclear lysates are held at 4°C for the duration of
immunoprecipitation exhibit a similar extent of signal loss for input and immunoprecipitated
CFP T227V. Preliminary attempts to examine whether acute ERK1/2 pathway stimulation or
treatment with PD0325901 impacted interaction did not reveal obvious stimulus-responsive
binding.

CFP1 supports transcription of serum-inducible genes

We were curious about the interplay of CFP1 and ERK1/2 activities on gene expression,
and sought to gain a broad view of the impact of CFP1 depletion on ERK1/2-dependent mRNA
induction. To this end, we performed a microarray experiment either in control or CFP1-depleted
HeLa cells with the following three conditions: serum-starved, stimulated with serum for 30
minutes, with or without pretreatment with PD0325901 (Figure 4-7).

With assistance from the UT Southwestern Microarray Core facility, we assayed gene
expression profiles using the Affymetrix Human Transcriptome 2.0 array. Our goal was to
identify serum-induced genes on a short time scale, then ask whether they were similarly
regulated following CFP1 knockdown. We set a relatively low threshold of fold expression
difference (1.45) to assign serum-induced change, and limited our initial analysis to protein-
coding mRNAs. In cells treated with control oligonucleotides, 10% serum treatment for 30
minutes resulted in upregulation of 55 mRNAs (Selected regulated genes in Table 4-1; Appendix
C contains full data table). Of these, 29 were reduced by at least 25% with PD0325901 pre-

treatment. Many of these genes have been previously classified as IEGs.
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Changes induced by serum treatment between control and CFP1-depleted cells were in

good agreement by trend. Only five genes were more highly induced by serum in the CFPI-
depleted condition than the control. However, the degree of induction between these two sets
differed considerably. Induction of some highly expressed targets, including EGR1, FOSB and
ZFP36, was reduced by 50% or more by CFP1 depletion. Other targets showed a more modestly
reduced induction under these conditions.

We were struck by the extent of overlap between FBS-stimulated genes under control
knockdown conditions, and genes that were upregulated in response to CFP1 knockdown in the
absence of stimulus (Appendix C). Ten of the 87 most-induced genes by CFP1 knockdown were

also on the list of serum-induced genes under control knockdown conditions. Upregulated targets
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by CFP1 knockdown (including noncoding RNAs, totaling 254 targets) were analyzed using

the Qiagen Ingenuity Pathway Analysis (IPA) software. The top hit for upstream regulatory
proteins for this gene expression profile was MAPK1 (ERK2).
Microarray validation

To place these results in context, the outcome of our microarray experiment needed
independent validation. We were specifically interested in identifying protein-coding genes
whose mRNA increased in response to FBS stimulation under control conditions, but were
hampered by CFP1 depletion for a more detailed dissection of the contribution that CFPI
phosphorylation might make to transactivation.

We selected several genes to test by qRT-PCR, including IEG transcription factors
(EGR1, EGR3 and FOSB), inducible MAPK phosphatases that display activity towards ERK1/2
(DUSPI and DUSPS5), and two other transcription factors that were substantially downregulated
in CFP1-depleted basal conditions (BHLHE40 and KLF10). Experiments were repeated in
triplicate, following the same conditions as were used to prepare samples for the microarray. We
analyzed the data as relative enrichment in two ways: first with all conditions normalized to the
basal stimulation for the nontargeting control oligonucleotide knockdown (Figure 4-7), then by
fold change over the basal condition by each knockdown individually (Figure 4-8).

By fold induction over the control Basal condition, CFP1 knockdown invoked subtle but
significant changes on basal and serum-induced mRNA concentrations of many of the genes
examined. The most consistent significant result was that the fold induction of mRNA following
serum treatment was less in the siCFP1-treated cells than the control set, noted for all assayed
transcripts but EGR1. To assess whether induced changes were a consequence of altered basal
expression, we also looked at these genes, comparing fold induction over basal expression for the
control and CFP1 depleted conditions separately. Two gene targets, FOSB and EGR3, were still
significantly downregulated in the CFP1 knockdown condition. This second analysis also
identified a strong reduction in inducible EGRI1 transcript, not seen when all samples are
normalized to basal control values. This is likely the consequence of increased basal transcription
of EGR1 under siCFP1 conditions (where induced values with serum treatment are similar in the

knockdown and control conditions). This particular analysis would benefit from comparison to a
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Figure 4-8: Fold induction of ERK1/2-regulated genes with and without CFP1 depletion.
HeLa cells were subjected to 72 hours of siRNA treatment with either control or CFP1-targeted
oligonucleotides. Cells were lysed with Trizol and mRNA was extracted. qRT-PCR was
performed for the indicated target mRNAs. All changes were normalized to the knockdown-
matched basal condition. Error bars represent standard deviation of three separate experiments.
Statistical significance was assessed by Student’s two-tailed t-test; ** = p < 0.05 and *** =p <
0.005.

standard curve to assess transcript copy number as an unbiased means of comparison between

conditions.

DISCUSSION

The literature concerning the function that CFP1 performs in H3K4 trimethylation is
limited mainly to mouse embryonic stem cells (mESCs; (210)), where loss has been reported to
have no detectable effect, or even increase global H3K4 trimethylation (220). Differentiation of
these cells, induced by cytokine removal, resulted in a four-fold increase in this marking. Further
investigation in this knockout mESC line revealed widespread dysregulation of H3K4
trimethylation deposition throughout the genome that was interpreted to indicate altered
regulation of Setl A/B complex localization (4). Therefore, we did not anticipate the decrease in

H3K4 trimethylation levels that we observed following CFP1 knockdown in HeLa cells.
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In contrast to data from mESCs, loss of the CFP1 homolog from budding and fission

yeasts had a profound impact on H3K4 trimethylation with an 80% reduction found in S.
cerevisiae (121) and a complete loss of detectable signal observed in S. pombe (218). The impact
observed in HelLa cells compared to mESCs may reflect effects restricted to particular
differentiation states. H3K4 trimethylation plays a special role in ESCs, where in addition to
marking transcriptionally active promoters, it is present at bivalent domains. Bivalent domains
are promoters where both H3K4 and inhibitory H3K27 trimethylation are present in
undifferentiated cells, and represent chromatin primed to be turned either “on” or “off” for
tissue-specific development (258). Although H3K4 trimethylation at bivalent promoters has been
attributed to the MLL2 methyltransferase complex (127), it remains a possibility that global
regulation of this marking is very different in ESCs than in terminally differentiated cells.
Studies to date on CFP1 in differentiated cells have been extremely limited. Evidence to support
this hypothesis is limited by the embryonic lethality of CFP1 loss in mice, and neither
conditional knockouts nor the effects of knockdown in other cell lines have been reported.

We had hoped to bypass the technical limitations of phosphorylation site identification by
assessing phosphorylation point mutant competency in functional assays. We chose two sites that
we reasoned were most likely to be phosphorylated (S224 and T227) based on prediction from
primary amino acid sequence and presence in our mass spectrometry analysis, anticipating that
one or both might be important for global H3K4 trimethylation and transcriptional
transactivation. Our data indicated that CFP1 T227V, but not S224A, blocks global H3K4
trimethylation to a similar extent as CFP1 knockdown in HeLa cells.

As a consequence, we expected that the T227V mutant would also fail to appropriately
transactivate a CpG-rich target promoter. However, T227V functioned as well as the wild type
overexpressed protein. In contrast, the other mutant that we assayed, S224A, did a poor job of
inducing transactivation, even at very high concentrations. This was particularly unexpected,
because CFP1 T227V typically expresses at approximately 50% the extent of wild type protein,
and S224A expresses about twice as well. CFP1 transactivates its own expression, as the pPCMV
plasmids regulate protein expression by a CpG-rich promoter, so differential expression could be
the result of transcriptional effects or protein stability changes. Neither site appears to result in a

gross impact on nuclear localization or integration into a complex with Set1B, suggesting that
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changes to function might be the result of targeting to chromatin. Both of these sites appear to

positively contribute to the function of CFP1 in supporting transcriptional activation.

The discrepancy between functional outcomes of these two mutants may lie with
differences in the specific functions of phosphorylation at these sites, but also may reflect
limitations of the assays used to study them. Although we observe a loss in global H3K4
trimethylation after introduction of CFP1 T227V, further work is required to verify that this
reflects decreased trimethylation at target promoters and that this mutant impairs transcription of
CFP1-regulated target genes.

Problems of interpretation exist for the transactivation assay. Results are not only
confounded by auto-regulation of Flag-CFP1 expression, but also CFP1 roles in translation
initiation and protein turnover. In one report, CFP1 loss in murine ESCs potentiates
phosphorylation of elF2a, resulting in decreased translation initiation (23) This same report
indicated that translated DNMT1 protein stability was impaired, although whether this extended
to other proteins was unclear. This means that the outcome of the transactivation assay, which
examined steady-state expression of GFP, is suspect without additional validation of CFPI
phosphorylation on transcriptional effects. Issues with self-regulated transcription of CFP1
constructs from the CMV promoter might be evaded by subcloning these constructs into
plasmids bearing other promoters, by making genomically integrated inducible forms of the
protein or by replacing the wild type endogenous protein using Cas/CRISPR technology (259).

Finally, we have not ruled out the possibility that the effects we have seen are not the
consequence of CFP1 interaction with DNMT1. This seems less likely than effects mediated by
the SetlA/B complexes, given that H3K4 trimethylation is typically associated with subtle
changes in gene expression, whereas DNA methylation robustly silences gene expression. None
of the phenotypes we observed suggested this type of regulation, and cytosine and H3K4
methylation in mammals appear to be generally uncoupled from one another (4).

We are currently generating point mutants of the other most probable phosphorylation
sites based on a combination of bioinformatics data and our in vitro mass spectrometry results.
For large stretches with multiple potential phosphorylation sites, we are making short deletions

from the protein for use in functional assays. It is an additional possibility that several sites are
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phosphorylated and important for functional effects. Whether they act in a concerted manner

or oppose one another will have to be tested.

If ERK1/2 can direct accumulation of H3K4 trimethylation to target promoters by
phosphorylating CFP1, this would parse well with the existing literature on ERK1/2-mediated
immediate early gene expression. Phosphorylation of multiple components of the transcriptional
machinery, transactivating proteins and histone modification complexes collectively aid in
promoting target gene expression. H3K4 trimethylation would serve as another layer of
regulation to positively reinforce transcription of targeted genes. Moving forward, we are
interested in determining whether CFP1 phosphorylation is important for gene expression, what
the mechanisms of this process may be, and whether the importance of this event extends to
genes other than just those that are inducibly ERK1/2-regulated.

Evidence from other inducible transcriptional events has suggested that H3K4
trimethylation can be upregulated at target genes in response to pathway activation, though
documented instances occur on longer time scales than we tested. p38-directed deposition on
H3K4 trimethylation to muscle-specific genes during myogenesis occurred over a period of days
(193). p53-dependent Setl activity at stress-responsive loci was examined hours after stimulation
(252). We may not see acute changes at ERK1/2-dependent immediate early gene targets in
response to serum stimulation.

This would not necessarily preclude the hypothesis that CFP1 phosphorylation by
ERK1/2 induces H3K4 trimethylation at serum-inducible genes. Many inducible genes have
paused RNA polymerase II resident at their promoters, waiting for a strong transactivation signal
to induce rapid activation. In such a case, we might find that H3K4 trimethylation is
constitutively maintained at a high level, potentially maintained by basal ERK1/2 signaling. We
hope to clarify the role that ERK1/2 phosphorylation plays by assaying promoter-specific H3K4
trimethylation levels by chromatin immunoprecipitation under various states of serum and
inhibitor treatment. Furthermore, we plan to overexpress phosphorylation site point mutants of
CFP1 to assess the role of specific phosphorylation events in gene transcription and histone
methylation under both basal and serum-induced conditions.

To this point, our assays had examined the steady-state involvement of CFP1 and various

point mutants in physiological readouts. In our first step towards looking at the role that CFP1
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plays in inducible transcriptional responses, we sought to define genes rapidly upregulated by

serum that were ERK1/2 dependent. Our rationale was that if CFP1 were an ERK1/2-responsive
substrate, direct transcriptional effects of CFP1 phosphorylation might be most clear in early
rounds of transcription prior to significant contribution of newly-translated proteins. We
identified 29 genes for which ERK1/2 clearly contributes to gene expression. A majority of these
were not induced to the same extent in CFPI-depleted cells. Seven genes were selected for
validation by qRT-PCR, which highlighted the fact that CFP1 has an inconsistent effect on basal
regulation of many genes, but that serum-induced expression changes can by significantly
hampered by CFP1 loss.

In our analysis of the microarray data set, one startling observation we made was that
there was substantial overlap between protein-coding genes upregulated by serum and transcripts
basally increased by CFP1 knockdown, with both lists sharing the same top hit: EGR1. Nine
other transcripts, including FOS, FOSB, JUNB, BTG2 and ZFP36, all substantially upregulated
in the presence of serum, exhibited a high degree of basal upregulation in the absence of CFP1.
This certainly suggests that both ERK1/2 and CFP1 are important for the expression of this
subset of genes, though what it means for serum-dependent CFP1 function is murkier.

At face value, this observation appears to be at odds with the idea that CFP1 has a
positive effect on transcription. We anticipated that CFP1 knockdown would result in diminution
of induced gene expression, or perhaps decreased basal expression. Our observations suggest the
opposite. The reasoning for this may underscore the requirement for basal expression of these
genes for continued cell survival. It will be interesting to determine if overexpression of any of
the ERK1/2 phosphorylation point mutants phenocopies this effect.

Basal upregulation of these genes may be a consequence of their general importance in
cell survival, although what compensatory mechanisms are employed to achieve this are unclear.
Importantly, three days are required to effectively knock down CFP1 with targeted siRNAs. One
topic that is often overlooked is the role of kinase induction in the “physiological” function of
ERK1/2 outside of the context of an acute stimulus. They are no less important to cellular
functions, particularly functions that are essential to cell proliferation, but these outcomes are
frequently overlooked in favor of defining large, stimulus-dependent changes. We propose that

phosphorylation of CFP1 by ERK1/2 under basal conditions may play a key role in constitutive
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basal transcription of these co-regulated transcripts. The next logical step will be to determine

whether loss of promoter H3K4 trimethylation contributes to the diminished expression of
immediate early gene mRNAs following CFP1 knockdown. This would further implicate
enzymatic activities associated with CFP1 in supporting ERK1/2-dependent transcription.
Furthermore, it will be informative to observe what effect point mutant overexpression will play

in basal and inducible transcript concentrations of these genes.



CHAPTER FIVE
Conclusions and Recommendations

OVERVIEW

We have demonstrated that CFP1 interacts with ERK1/2 in the context of chromatin and
is an ERK1/2 substrate in vifro and in cells (Chapter 3). CFP1 is instrumental in eliciting full
ERK1/2-directed transcriptional responses to mitogenic stimulation at multiple serum-responsive
genes. Overexpressed CFP1 bearing point mutants of putative ERK1/2 phosphorylation sites
function abnormally in a transcriptional transactivation assay and in analysis of global H3K4
trimethylation (Chapter 4). Together, these results suggest that ERK1/2 phosphorylation of CFP1
may be important in supporting transcription of ERK1/2 target genes. In addition to other
experiments outlined in the Discussion sections of Chapters 3 and 4, we put forth the following
proposals for further examination of the consequences of post-translational modification to CFP1

function.

CFP1 acetylation

We were unable to determine the functional consequences of acetylation after we failed
to define sites of modification or the lysine acetyltransferase (KAT) responsible for modification.
Based on our broad hypothesis that collaborative post-translational modifications occur at
ERK1/2 target promoters to support transcription, we suspected that p300 might be the KAT
responsible for CFP1 modification. This was based on evidence that ERK1/2 phosphorylation of
p300 helps to direct its activity and transactivational capacity at target genes (16). Our lab has
unpublished chromatin immunoprecipitation evidence that ERK1/2 and p300 co-occupy a large
subset of promoters in pancreatic beta cells, and other reports suggest coordinated binding of
these factors in other cell types (110). Setl complexes and p300 are both recruited to p53 target
genes following DNA damage (253). It therefore seemed parsimonious that p300 might target
CFP1 to coordinate its recruitment to target genes.

Testing requirements for CFP1 acetylation on protein function would take an approach
similar to that for phosphorylation. Identification of acetylation site(s) would be validated by

mutagenesis and immunoblotting. Ideally, any acetyltransferase responsible for this modification
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would be identified by measuring relative acetylation levels of CFP1 in the presence of

knockdown or pharmacological inhibition of the relevant KAT. The requirement for acetylation
on CFP1 function at target genes would be assessed by introduction of lysine point mutants of
the protein and measuring changes in gene expression. Finally, it would be interesting to
determine the extent of collaboration between the KAT and H3K4 trimethylation on regulated
genes by ChIP-sequencing analysis. If the KAT responsible for CFP1 acetylation is p300, it
would be useful to determine whether activation of p300 by ERK1/2, is also essential for CFP1

recruitment to target genes and vice versa.

Other Set1A/B complex subunits as putative ERK1/2 substrates

We were interested in other subunits of the SetlA/B complexes following our
identification of CFP1 as an ERK1/2 substrate. The Setl A/B complexes are distinguished from
the MLL family of H3K4 trimethylases by unique enzymatic and accessory subunits, including
CFP1 and Wdr82 (Figure 2-2). Presumably, unique subunit association contributes to targeting
of the Setl A/B complexes to genomic loci distinct from the related MLL complexes. Targeting
of Setl A and SetlB appears to be mutually exclusive, suggesting further regulatory differences
between the two complexes (245). Recently, two new subunits unique to the SetlB complex
were reported, Bod1 and Bod1L (128), which have been implicated in mitotic progression and
may point to specific roles for the Set1B complex in this process (260).

Human SetlA and SetlB are large proteins at 1707 and 1966 amino acids respectively,
and despite sharing a highly-conserved C-terminal methyltransferase domain, otherwise display
limited identity throughout the rest of the primary amino acid sequence. Unique regulation and
targeting may occur as a consequence of divergent post-translational modifications. Setl A and
SetlB both represent good hypothetical ERK1/2 substrates, based on primary amino acid
sequence. 23 Ser/Thr-Pro sites are present on Setl A and 38 are present on SetlB, with 5 and 8
predicted consensus sites (Pro-X-Ser/Thr-Pro) respectively.

Our preliminary in vitro studies suggest that Set1B and ERK?2 bind directly, and that
ERK?2 is able to robustly phosphorylate Set1B. Notably, though perhaps not unsurprisingly,
ERK?2 phosphorylates a C-terminal Set1B fragment encompassing approximately 800 residues of

the mouse protein to a greater extent than any other potential ERK1/2 substrate that we have
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studied to date, with a molar incorporation of 4 phosphates per mole Set1B. Coupled with

phosphorylation of CFP1 and potentially other complex subunits by ERK1/2, this could serve to
fine-tune targeting or activity of methyltransferase activity towards substrate chromatin. It may
also contribute to phenotypes observed in our studies on the transcriptional effects of CFP1

depletion.

CFP1 interactions with DNMT1

The role that CFP1 phosphorylation might play in directing DNMT1 function,
particularly in the context of Ras-activated cancers, appealed to us for further study. In one
model, mutation of KRas leading to sustained ERK1/2 pathway activation specifically silences a
subset of genes, including the pro-apoptotic Fas gene (21,198). Silencing is the result of
heterochromatin formation, and an siRNA screen was employed to define signaling and
chromatin-modifying elements required for maintenance of the silenced state. This screen
identified the maintenance DNA methyltransferase DNMTI, as well as ERK2, as requisite
components of the signaling cascade that enforces silencing.

This was particularly intriguing, since CFP1 and DNMT1 interact both physically and
functionally. We hypothesized that CFP1 might be a link between DNMT]1 targeting and ERK?2
signaling in this system. The initial screen was performed in KRas-mutated NIH3T3 cells (21),
but tests in a human cell line carrying an activating mutation in HRas suggested that the effect
was a general one. However, efforts in our own lab with several human Ras-activated cancer
lines as well as in the NIH3T3 line employed in the initial screen failed to replicate changes in
Fas protein or mRNA expression with knockdown or pharmacological inhibition of either

DNMT1 or ERK2.

CFP1 phosphorylation and binding partner interactions

Although CFP1 exists in complex with SetlA and Set1B at stoichiometric concentrations
(128), the extent of interaction between CFP1 and DNMT1 remains unclear. Attempts to co-
immunoprecipitate other Setl A/B complex components with DNMT1 (128,209) have failed, and
mutation of residues on CFPI1 that ablate interaction with Setl have no impact on DNMT1

binding (23) suggesting that CFP1 exists in separate complexes. Interaction studies using
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truncation mutants of CFP1 and DNMT1 to determine minimal interacting domains suggest

that interactions are complex and rely on multiple points of contact (23).

We hypothesized that CFP1 phosphorylation by ERK1/2 might dictate changes in
interaction with its various binding partners, and perhaps mediate switching of CFP1 from one
complex to another. In such a paradigm, stable activation of ERK1/2 might promote binding of
CFP1 to DNMT]1 instead of the Setl A/B complexes, resulting in mislocalization of this complex
to genes containing unmethylated CpG islands that were otherwise actively transcribed and
instead, silencing them. To date, neither of the CFP1 phosphorylation point mutants that we have
tested have detectably impacted interaction with Set1B, but we have yet to test interactions with
DNMTI1, or with other point mutants. Figure 5-1 outlines experimentally-observed
phosphorylation sites on CFP1 and where they lie in relation to regions responsible for binding
with DNMT1 and Setl A/B. We are in the process of generating point and deletion mutants to
test in binding and functional assays. In addition to interaction studies with point mutants, we are
also interested in assaying pairwise interactions between CFP1 and its binding partners under

conditions of ERK1/2 pathway activation and inhibition.

L ad [CETT)
— oo o ® 00 00 00 e o
PHD CXXC cc
28 76 160 209 422 474 656
Set1A/B: 302-656
L —————,—,....
360 ESSENTIAL | 597
DNMT1: 1-367 423 ESSENTIAL | 656

213| ESSENTIAL _ |367

Figure 5-1: Observed phosphorylation sites on CFP1 by mass spectrometry with pERK2
(black circles) and from Phosphosite.org (red circles). Full site numbering, including sites that
were predicted to be ERK2 targets and were not experimentally observed, is available in Table 3-
2.
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CFP1 and ERK1/2 interaction in development

Proliferation defects were consistently observed in CFP1 depleted systems (208,250),
attributed to an increased rate of apoptosis. CFP1 knockout mice die early in embryogenesis,
typically between embryonic days 4.5-6.5. Embryonic lethality associated with ERK2 knockout
occurs at a somewhat later stage of development, around embryonic day 8.5 (38). CFP1
phosphorylation by ERK1/2 might exert developmentally-restricted phenotypic effects. In this
case, loss of ERK1/2-directed CFP1 function might contribute to early lethality in these systems.

To address this, CFP1 constructs bearing point mutations at putative ERKI1/2
phosphorylation sites would be introduced into CFP1-null mESCs. The competency of these
cells to develop and proliferate similar to rescue with a wild type construct would be assessed
and compared. DNA methylation would also be assayed by methyl acceptance assay. Based on
previous work, we could also determine whether phosphorylation point mutant constructs could
rescue aberrant upregulation of H3K4 trimethylation observed during induced differentiation by
immunoblotting, as well as ectopic expression of this marking observed by ChIP-sequencing

studies.

In closing, identification of CFP1 as an ERK1/2-associated epigenetic regulator and substrate
was of great interest for further study. Although the complexity of CFP1 modification has
limited our ability to fully dissect the functional consequences of phosphorylation, our work to
date has served to direct future study on this topic. We anticipate that CFP1 phosphorylation by
ERK1/2 may have broad impact on physiological and pathological outcomes of histone and
DNA methylation, and look forward to performing a more detailed investigation into this

subject.
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Full Mass Spectrometry Results for Phosphorylated
CFP1 1-481 by Trypsin Digestion

This report summarizes post-transiational modifications in K7EQ21, that were assigned amongst peptide to spectrum
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i xPhospho (ST)
QEXL_S03161.18841 123412 (HD)

ESYKYFPSSLSPVTPSESLPRPR
2xPhospho (ST)
QEXL_S03161.15237.19237.3 (HD)

YFPSSLSPVTPSESLPRFR
1 xPhospho (ST)
QEXL_S03161.19327.19327.3 (HD)

RPLPTQQQPQPSOX
i xPhospho (ST)
QEXL_503161.11247.11247.2 (HD)

RPLFTQQQPQPSOX
1 xPhospho (ST)
QEXL_503161.11033.11053.2 (HD)

IREDEGAVASSTVK
i xPhospho (ST)
QEXL_S03161.11798.11738.2 (HD)

IREDEGAVASSTVK
1 xPhospho (ST)
QEXL_S03161.11304.11304.2 (HD)

IREDEGAVASSTVKEPPEATATPEPLSDEDLPLD
i xPhospho (ST)
QEXL_S03161.18780.12720.3 (HD)

DPASLPQCLGPGOVRPAQPSSXYCSDDCOGMK
4 xCarbamidomethyl (C] £ x Oxication (M) 1 x Phospho

(57)
QEXL_S03161.16181 161213 (HD)

ADAKDPASLPQOLGPGCVRPAQFSSK
2 x Carbamidomethyl (C) £ x Phospho (5T)
QEXL_S03161.13653.13693.3 (HD)

2ogllis
PTMScore: 248
1D Prob: 1
q-value: 0.000
ModiS 163
PTMScore: 313
1D Prob: 1
q-value: 0.000
Modiolisl
PTMScore: 345
1D Prob: 1
q-value: 0.000
ModisS 22
PTMScore: 353
1D Prob: 1
q-value: 0.000
Modiollls
PTMScore: 258
1D Prob: 1
q-value: 0.000
Modis 73
PTMScore: 324
1D Prob: 0.2859
q-value: 0013

ModlLs: 3
PTMScore: 137
1D Prob: 1
q-value: 0.000
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T227 1.000 Phozpho (ST}

5224 1.000 Phospho (5T)

T227 1.000 Phospho (5T)

5215 0.988 Phospho (5T)
52210.005 Phospho (ST)
5222 0.007 Phospho (5T}
T227 0.016 Phospho (ST)
52290.984 Phozpho (5T)

5231 1.000 Phospho (5T)

T241 1.000 Phospho (5T)

5242 1.000 Phospho (5T)

5263 0.934 Phospho (5T)
52654 0.006 Phozpho (ST)

5264 1.000 Phospho (5T)

T275 1.000 Phozpho (ST)

53710.513 Phospho (5T}
(375 1.000 Cardamidomethyl

@

(320 1.000 Carbamidomethyl
@

5327 0.162 Phospho (ST)
5322 0.162 Phospho (5T)
Y330 0.162 Phospho (Y}

(391 1.000 Cardbamidomethyl
@

(395 1.000 Carbamidomethyl
©

M357 1.000 Oxcation (M)
(375 1.000 Cardbamidomethyl
@

(320 1.000 Carbamidomethyl
=)

5327 0.973 Phoszpho (ST)
5322 0.025 Phospho [5T)



¥350 Phospho (Y)

53s2 (

Fhospho
(s7)

Fhospho

Fhospho

ADAKDPASLPQOLGPGCOVRPAQPSSK
2 x Carbamidomethyl (C] £ x Phozpho (5T)
QEXY_S03161.13871 138713 [HCD)

YCSDDOGMK
1 xPhospho (Y) 2 x Carbamidomethyl (C) 1 x Oxidation

L]
QEX:_503161.8332.8352 2 [HCD)

ADAKDPASLPQOLGPGOVRPAQPSSXYCSDDCGMK
4 x Carbamidomethyl (C] £ x Phozpho (5T)
QEXL_S03161.13485 134854 (H(D)

1QOWQQSPCIAEEHGK
1 x Carbamidomethyl (C) 1 x Phozpho (57)
QEXL_S03161.14342 143423 (HD)

PTMScore: 352
ID Prob: 1
q-value: 0.000

PTMScore: 305
1D Prob: 1
q-value: 0.000

Modis: 1
PTMScore: 131
1D Prob: 1
q-value: 0.000

Modis:
Jnampizuous,
PTMScore: 314
1D Prob: 1
q-value: 0.000
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(375 1.000 Carbamidomethyl
=)

(320 1.000 Carbamidomethyl
@

5337 0.443 Phospho [5T)
5332 0.357 Phozpho (5T)

Y330 1.000 Phospho (Y)

(391 1.000 Cardbamidomethyl
©

(395 1.000 Carbamidomethyl
©

M357 1.000 Oxcation (M)

5371 0.008 Phospho (ST)
G375 1.000 Carbamidomethyl
@

(320 1.000 Carbamidomethyl
@

5387 0.304 Phozpho (5T)
5322 0.304 Phozpho (5T)
(391 1.000 Carbamidomethyl
©

5392 0.383 Phospho (5T}
(395 1.000 Carbamidomethyl

(©

5412 1.000 Phospho (5T)
C420 1.000 Carbamidomethyl

@

CFFP version 2.1.0 @ CPFP UTSW Live (provix-cpfp-0iswmed.edu)
Page requested 13:27:32 22-May-2014 by provix-we b-01.swmed.edu

CPFP is built on the 158 Trans-Proteomic Fipeline, GPM X!'Tandem, and NCBI OMSSA.



APPENDIX B
Full Mass Spectrometry Results for Phosphorylated
CFP1 1-481 by Elastase Digestion

This report summarizes post-transiational modifications in K7EQ21, that were assigned amongst peptide to spectrum
matches (PSMs) with a g-value <= 0.01. Each site listed was the "best’ localization in at least one PSM considered by the
ModLs localization scoring algorithm. For each site, details of the supporting PSM with the highest PTMScore (highest
quality match) are given. Contact the Proteomics Core if you have queries about reading or understanding these resuits.
Due to the limitations of site assignment from MS/MS data, conflicting PTM site assignments may be given for identical or
overiapping peptides. These conflicts require knowledge of correct data interpretation practices to resolve.

K7EQ21 - K7EQ21_HUMAN CXXC finger 1 (PHD domain), isoform CRA_c OS=Homo sapiens GN=CXXC1 PE=2 SV=1

Percent Coverage: 77.7%

MEGDGSTFEF FDAGELSESE NGEMAFIYCI CREPDINCFN IGCDNCNEWF EGDCIRITEX MAKAIREWYC RECRERDFEL 80
SIEXEHEESE ZEDCMEFLSS ZEENRCCCRE ECVEDELLCS EAGICTCUCE MIARCOASEH ECSCECELVAT ECOHHCCQQQ 160
QIKRSARNCG ECEACRRTED CGECDECRIN KKFGGENXIR QKCRIRCCQL RARESYRYFF SSLSFVTFSE SLERERRFLE 240
Z00000FSCK LCGEIERLECE JACCIUEZEE EATATEECLS DEDLELLEDL XODECRCAID DECLESMILZ EEIEELIEEL 320
BERAVEVKHV XRREKKSEXX XEERYKRHRQ KQKEKTEWEH PERACAKDPA SLEQCIGFGC WRPAQFSSHY CSDICGNELA 400
SUELEILLC ZIOCNLCIEC JACCHCIILL EEICEECCCE EIDLLZNISC ZELLZEILLL AKOLREVDZLZ EOMICLISILT 40
DLOIFCVSCG HPINPRVALR HMERCYAKYE SQTSFGSMYP TRIEGAKHTV SGSRCCAPST EGTPKCQOLTR YAGAPLYVNS 560
LSSRVTSAAC PSASATAITA GRSCGVREWT WSACVCGTSW TSCLSRSANC AQP

PTM Summary - Top sites and best supporting peptide spectrum matches

Found in Group: Al

- e sper v T T
Modis 25

TGV

T126 Phospho :‘:GSG ﬁhi?sn PTMScore: 157 5124 0.003 Phospho (ST)
6T e soviszotzasis2 e 10 Prob: 02513 Ti26 0557 Posph (ST
Phospho RGSASPHKSSPQPL % - 5136 1.000 Phospho (ST)
5136 (sT) 2 xpPhospho (5T) 1D Prob: 03942 5142 0.557 Phospho (ST)
QEX1_S03162.10840.10840.2 (HCD) “lu'_ . 5143 0.443 Phospho (ST)

ModLs: 22
s138 Phospho :i:::;f: ( ST]H PTMScore: 455 5136 0.006 Phospho (ST)
(sT) QEX1_S503162.10024.10024.2 (HCD) ;D\:lt;: :‘: w0 5138 0.994 Phospho (ST)

Modis 1
phospho RGSASPHKSSPQPL =L~ 5136 1.000 Phospho (ST)
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5142 (T)

Fhospho

5483 (sm)

Fhospho
(sT)

Fhospho

583 (s

Fhospho

23 (o)

Fhospho

Fhospho
S22 (o)

Fhospho

528 (o)

Fhospho
(sT)

Fhospho

23 o1y

Fhospho

5231 (sT)

Fhospho

T4 1)

Fhospho
(sm)

Fhospho

5283 (o)

2 xPnospho (5T)
QEX1_503162.10240.10840.2 (HCD)

RGSASPHESSPQPL
2 xPhospho (ST)
QEX1_503162.10570.10670.2 (HCD)

RGSASPHKSSPQPLVATPS
2 xPhozpho (5T)
QEX1_S503162.12433.12483.3 (HCD)

QHHQOQQQQIXRSAR
1 xPhospho (5T)
QEX1_S03162.77127718.3 (HCD)

RESYKYFFS
1 xPhospho (5T)
QEX1_S03162.14312 148122 (HCD)

YFPSSLSPVTPSESLPRPR
1 xPhospho (Y] L xPhospho (5T)
QEX1_S03162.19173.19178.3 (HCD)

SLSPVTPSESLPRPR
2 xPhoszpho (5T)
QEX1_S503162.17039.17035.2 (HCD)

SLSPVTPSESLPRFR
1 xPhozpho (5T)
QEX1_S03162.13876.13876.2 (HCD)

SPVTPSESLPRPR
1 xPhospho (5T)
QEX1_S03162 14351 143612 (HCD)

SLSPVTPSESLPRFR
2 xPhospho (5T)
QEX1_503162.15676.16676.2 (HCD)

SLSPVTPSESLPR
1 xPnospho (5T)
QEX1_S03162 16383 16383.2 (HCD)

RPLFTQQQPQFS
1 xPhospho (ST)
QEX1_S503162.12777.12777.2 (HCD)

QQOFQPSQMLGR
1 xPhospho (5T)
QEX1_503162.10513 10513.2 (HCD)

IREDEGAVASSTVKEPFEAT
1 xPhospho (ST)

1D Prob: 0.3542
q-value: 0.012

MoglSiio
PTMScore: 326
1D Prob: 0.7966
q-value:0.012
Moglol2l
PTMScore: 413
1D Prob: 0.5248
q-value: 0012
MogiS:
Loampizuous
PTMScore: 53
1D Prob: 0.0652
q-value: 0043
Moglolizs
PTMScore: 176
1D Prob: 0.6353
q-value:0.013

ModiSi1

PTMScore: 108
1D Prob: 0.887
q-value: 0012

Mogls: 3
PTMScore: 288
1D Prob: 0.7505
q-value: 0012

Moglollio
PTMScore: 419
1D Prob: 0.789
q-value: 0012
MoglSi71
PTMScore: 389
1D Prob: 0.8274
q-value: 0.012
Moglsidl
PTMScore: 313
1D Prob: 0.7226
q-value:0.012
ModISi33
PTMScore: 273
1D Prob: 1
q-value: 0.000
Moglollll
PTMScore: 331
1D Prob: 0.631
q-value:0.012
ModlS:
doampizuous,
PTMScore: 262
1D Prob: 0.8833
q-value: 0012
Moglolll
PTMScore: 433
1D Prob: 1

5142 0.357 Phozpho (57)
5143 0.443 Phospho (57)

5138 1.000 Phozpho (57)
5142 0.012 Phozpho (57)
5143 0.923 Phozpho (57

5136 0.005 Phospho (ST)
5132 0.994 Phozpho (ST)
T130 1.000 Phozpho (ST)

5163 1.000 Phozpho (5T)

5213 1.000 Phospho (5T)

Y212 0.327 Phozpho (Y)

5221 0.206 Phospho (57)
5222 0.206 Phozpho (5T)
5224 0.260 Phozpho (57)
T227 1.000 Phozpho (5T)
5222 0.523 Phozpho (57)
5224 0.077 Phospho (57)
T227 0.632 Phospho (ST)
5229 0.302 Phozpho (57)

5224 0.593 Phozpho (5T)
T227 0.001 Phozpho (ST)

T227 1.000 Phozpho (S5T)

5224 0.993 Phozpho (57
5229 1.000 Phospho (57)

5231 0.593 Phospho (5T)

T241 1.000 Phozpho (ST)

5248 1.000 Phospho (5T)

5263 0.582 Phozpho (ST)
5264 0.005 Phozpho (ST)
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Fhospho

S28% (sm)

Fhospho
(=T

Fhospho
(sm)

Fhospho

T3 (1)

Fhospho

Fhospho

5371 (sT)

Fhospho

5”7(51’)

Fhospho

5388 (s

Phospho
(v}

QEX1_S03162.13163.13163.2 (HCD)

IREDEGAVASSTVKEPFEAT
1 xPnospho (57)
QEX1_S503162.13217.13217.2 (HCD)

SSTVKEFFEATATPEFL
2 xPnospho (57)
QEX1_S03162.17212 172182 (HCD)

SSTVKEFFEATATFEFL
1 xPhospho (57)
QEX1_S503162.16072.16072.2 (HCD)

SSTVKEFFEATATFPEPL
1 xPhospho (5T)
QEX1_503162 13502 13802.2 (HCD)

SSTVKEFFPEATATFEPLSDEDLFLD
1 xPhospho (5T)
QEX1_S503162.19057.19057.2 (HCD)

AFDDHGLPWMSDTEESFFLDPALRKR
1 xOxcation (M) 1 xPhospho (ST)
QEX1_S03162.19292.19292.3 (HCD)

AFDDHGLPWMSDTEESFFLDPALRKR
1 xOxcation (M) 1 xPhospho (ST)
QEX1_S03162.19243.19243.4 (HCD)

DAKDPASLFPQCL

1 x Carbamidomethyt (C] 1 xPhozpho [5T)

QEX1_S03162.13214 18214.2 (HCD)

GPGCVRPAQPSSKYCSDDCGMEL

3 x Carbamidomethyt [C] 1 x Oxidation (M) £ x Phospho (5T}

QEX1_503162.12202 12802.3 (HCD)

GPGCVRPAQPSSKYCSDDCGMEL

3 x Carbamidomethyt (C] 1 xPhospho [ST)

QEX1_503162.14310.14310.3 (HCD)

QPSSKYCSDDCGMKL

1 xPhospho (Y] 2 x Carbamidomethyt [C] 1 x Oxidation (M)

QEX1_S03162 12288 122883 (HCD)

q-value:0.000

Mogdls: 0
PTMScore: 383
1D Prob: 1
q-value:0.000

Mogloll

PTMScore: 123
1D Prob: 0.737
q-value: 0.012

Mogls:9l
PTMScore: 336
1D Prob: 1
q-value:0.000
Moglolsl
PTMScore: 443
1D Prob: 1
q-value:0.000
ModlSi 21
PTMScore: 138
1D Prob: 0.6065
q-value:0.013
Meglold
PTMScore: 110
1D Prob: 1
q-value:0.000
MogiSi20
PTMScore: 238
1D Prob: 1
q-value:0.000
Moglsl
Yoampizuous,
PTMScore: 114
1D Prob: 0.1033
q-value: 0033

E

PTMScore: 333
1D Prob: 0.5436
q-value:0.012

F
3

&9

T263 0.005 Phozpho (ST)

5263 0.333 Phozpho (57)
5264 0.333 Phozpho (57)
T263 0.333 Phospho (5T)

5263 0.307 Phozpho (5T)
5264 0.307 Phozpho (5T)
T263 0.335 Phospho (ST)
T273 0.002 Phozpho (ST)
T273 0.5952 Phospho (S5T)

T273 1.000 Phozpho (ST)

T273 1.000 Phozpho (ST)

T273 0.008 Phozpho (ST)
5220 0.992 Phospho (5T)

M307 1.000 Oxidation (M)
S30€ 0.333 Phospho (ST)
T310 0.333 Phospho (5T)
5313 0.333 Phozpho (5T)

M307 1.000 Oxidation (M)
T310 0.010 Phospho (5T)
5313 0.5%0 Phozpho (57)

5374 1.000 Phozpho (57)
€373 1.000 Carbamidomethyl

€

C320 1.000 Carbamicdomethyl
(€

5387 1.000 Phospho (ST)
(351 1.000 Carbamicomethyl
(€

(€393 1.000 Carbamicdomethyl

€
M337 1.000 Oxidation (M)

C320 1.000 Carbamidomethyl
(€

5387 0.020 Phospho (ST)
5388 0.520 Phozpho (57)
(351 1.000 Carbamicdomethyl
(€

(€353 1.000 Carbamidomethyl
(€

5387 0.024 Phospho (5T)
5388 0.019 Phospho (5T)
Y350 0.957 Phozpho (Y)

(351 1.000 Carbamidomethyl

(€
(€353 1.000 Carbamidomethyl



90

)
M337 1.000 Oxidation (M)
KIWQSPAAEERS Rl Unamb'iggous :‘:;)MG' E—_—
Fhospho  1xCarbamidomethyl (C] 1 x Gin->pyro-Giu (N-term Q) 1 x
(sT) Fhozpho [5T) PTMScore: 253 5412 1000 Pnospm_: (s7)
1D Prob: 0.5701 C420 1.000 Carbamicomethyl
QEX1_S03162.12405.18406.3 (HCD) q-value: [

CFFP version 2.1.0 @ CPFP UTSW Live (provix-cpfp-0iswmed.edu)
Page requested 13:26:28 22-Ma y-2014 by provix-web-01l swmed.edu
CPFP is built on the 158 Trans-Proteomic Fipeline, GPM X!Tandem, and NCBI OMSSA.



APPENDIX C

Microarray Results
mRNA-Encoding Genes Most Changed by FBS Treatment, Dependent on ERK1/2

Fold Change Relationships

siCFP1 siCFP1
siCtl FBS/ |siCtl PDO03/ [siCFP1 FBS/ [PD03/ Basal/ siFBS

Gene Name Description Public Gene IDs |siCtl Basal |siCtl Basal [siCFP1 Basal|siCFP1 Basal |Basal

EGR1 early growth response 1 NM_001964 23.19 1.05 7.09 1.01 3.21
CYR61 cysteine-rich, angiogenic inducer, 61  NM_001554 6.65 6.6 5.63 5.41 1.04
FOSB FBJ murine osteosarcoma viral oncogen NM_001114171 5.18 22 2.62 1.27 1.79
FOS FBJ murine osteosarcoma viral oncogen NM_005252 5.05 3.72 3.16 1.85 1.51
BTG2 BTG family, member 2 NM_006763 4.7 2.1 2.52 1.19 1.69
ZFP36 ZFP36 ring finger protein NM_003407 4.5 2.12 2.19 1.33 1.88
CTGF connective tissue growth factor NM_001901 4.39 2.89 4.82 3 -1.54
DUSP1 dual specificity phosphatase 1 NM_004417 3.7 2.54 3.41 2.1 -1.03
1L6 interleukin 6 (interferon, beta 2) NM_000600 3.44 2.36 1.84 1.36 -1.33
DUSPS5 dual specificity phosphatase 5 NM_004419 3.27 1.57 3 1.73 -1.21
NR4A2 nuclear receptor subfamily 4, group A, 1 NM_006186 3.18 1.92 2.17 1.43 1.35
NR4A1 nuclear receptor subfamily 4, group A, t NM_001202233 3.08 2.19 2.64 1.89 1.12
JUNB jun B proto-oncogene BC009465 2.96 1.41 2.46 1.22 1.46
ATF3 activating transcription factor 3 NM_001030287 2.56 3.52 2.06 2.39 1.09
NR4A3 nuclear receptor subfamily 4, group A, t NM_173199 2.52 1.67 2.34 1.64 -1.36
ADAMTS1 ADAM metallopeptidase with thrombos NM_006988 2.25 2.57 2.13 2.38 1.36
DUSP2 dual specificity phosphatase 2 NM_004418 2.2 1.35 2.32 1.24 1.31
TNFAIP3  tumor necrosis factor, alpha-induced pre NM_006290 22 1.97 1.63 1.53 -1.19
PTGS2 prostaglandin-endoperoxide synthase 2 (NM_000963 2.09 1.64 1.92 1.37 -1.06
C8orf4 chromosome 8 open reading frame 4 ~ NM_020130 2.03 1.92 1.33 1.37 -1.07
IER2 immediate early response 2 NM_004907 1.98 1.14 1.71 1.15 1.33
EDNI1 endothelin 1 NM_001168319 1.9 1.39 1.81 1.43 1.08
ZC3HI2A  zinc finger CCCH-type containing 12A NM_025079 1.74 1.18 1.57 1.14 1.11
EGR2 early growth response 2 NM_000399 1.71 1.03 1.76 1.03 1.05
1IER3 immediate early response 3 NM_003897 1.68 -1.14 1.79 -1.08 1.09
KRT17 keratin 17 NM_000422 1.66 1.43 1.93 1.47 -1.69
THBSI1 thrombospondin 1 NM_003246 1.66 1.55 1.78 1.54 -1.71
NUAK?2 NUAK family, SNF1-like kinase, 2 NM_030952 1.65 1.21 1.51 1.24 -1.1
RHOB ras homolog family member B NM_004040 1.62 2.87 1.42 1.94 1.5
KLF10 Kruppel-like factor 10 NM_001032282 1.57 1.08 1.54 1.11 -1.2
GPR183 G protein-coupled receptor 183 NM_004951 1.57 1.27 1.39 1.33 -1.72
CITED2 Cbp/p300-interacting transactivator, witt NM_001168388 1.56 1.79 1.19 1.39 1.3
KIR2DLSB killer cell immunoglobulin-like receptor NM_001018081 1.56 1.02 -1.04 1.32 1.21
ARC activity-regulated cytoskeleton-associatt NM_015193 1.55 1.36 1.43 1.08 1.75
SOCS3 suppressor of cytokine signaling 3 NM_003955 1.55 1.2 1.28 1.07 1.21
TRIB1 tribbles homolog 1 (Drosophila) NM_025195 1.55 1.52 1.34 1.39 1.04
EGR3 early growth response 3 NM_001199880 1.54 -1.01 1.63 1.12 1.03
TMEMS88  transmembrane protein 88 NM 203411 1.54 1.46 1.09 1.31 1.19
RASDI1 RAS, dexamethasone-induced 1 NM_001199989 1.53 1.28 1.13 1.15 2.84
CCIN calicin NM_005893 1.52 1.46 -1.54 -1.49 2.09
BHLHE40 basic helix-loop-helix family, member ¢ NM_003670 1.52 -1.08 1.34 -1.13 -1.34
FOSL1 FOS-like antigen 1 NM_005438 1.49 1.15 1.37 -1.07 1.14
MYADM  myeloid-associated differentiation marki NM_001020821 1.48 1.31 1.25 1.2 -1.25
DEFBI115  defensin, beta 115 NM_001037730 1.47 1.24 1.22 1.38 1.14
HESI1 hairy and enhancer of split 1, (Drosophil NM_005524 1.46 -1.01 1.26 -1.01 1.25
MAGEL2 MAGE-like 2 NM_019066 1.46 1.22 1.3 1.45 -1.03
NFKBIZ  nuclear factor of kappa light polypeptide NM_001005474 1.46 1.66 1.14 1.24 1.03
LCE3E late cornified envelope 3E NM_ 178435 1.45 1.31 1.13 -1.09 1.35
SRF serum response factor (c-fos serum resp NM_003131 1.45 1.33 1.38 1.42 -1.05
FLJ44838  uncharacterized LOC644767 BC140939 1.45 1.13 1.18 1.43 -1.08
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mRNA-encoding Genes Most Upregulated with CFP1 Knockdown

Fold Change

Gene Name Description Public Gene IDs siCFP1/siCtl

EGRI1 early growth response 1 NM_001964 3.21
RASDI1 RAS, dexamethasone-induced 1 NM_001199989 2.84
METTLI12 methyltransferase like 12; small nucleolar RNA, H/ACA box 57 NM_001043229 2.29
SPINKS5S serine peptidase inhibitor, Kazal type 5 NM_001127699 2.26
ADRB2 adrenoceptor beta 2, surface NM_000024 2.14
CCIN calicin NM_005893 2.09
GADD45B growth arrest and DNA-damage-inducible, beta NM_ 015675 1.98
MAFB v-maf musculoaponeurotic fibrosarcoma oncogene homolog B (avian) NM_005461 1.91
MAFA v-maf musculoaponeurotic fibrosarcoma oncogene homolog A (avian) NM 201589 1.89
ZFP36 ZFP36 ring finger protein NM 003407 1.88
CABYR calcium binding tyrosine-(Y)-phosphorylation regulated NM_153769 1.87
JUN jun proto-oncogene NM_002228 1.86
SNAI1 snail family zinc finger 1 NM_005985 1.83
FOSB FBJ murine osteosarcoma viral oncogene homolog B NM_001114171 1.79
FRG2 FSHD region gene 2; FSHD region gene 2-like NM_001005217 1.78
FRG2 FSHD region gene 2; FSHD region gene 2-like NM_001005217 1.78
SLC7A2 solute carrier family 7 (cationic amino acid transporter, y+ system), member 2 NM_001008539 1.78
MBOAT4 membrane bound O-acyltransferase domain containing 4 NM_ 001100916 1.78
KLLN killin, pS3-regulated DNA replication inhibitor NM_001126049 1.78
ARC activity-regulated cytoskeleton-associated protein NM 015193 1.75
ORS51A4 olfactory receptor, family 51, subfamily A, member 4 NM 001005329 1.71
ADRA2A adrenoceptor alpha 2A NM_000681 1.7
BTG2 BTG family, member 2 NM_006763 1.69
CKMTIA creatine kinase, mitochondrial 1A; creatine kinase, mitochondrial 1B NM_001015001 1.68
FBXO048 F-box protein 48 NM_001024680 1.68
TMEM133 transmembrane protein 133 NM_032021 1.65
ZNHIT6 zinc finger, HIT-type containing 6 NM_001170670 1.63
RGS2 regulator of G-protein signaling 2, 24kDa NM_002923 1.62
YRDC yrdC domain containing (E. coli) NM_ 024640 1.62
MET met proto-oncogene (hepatocyte growth factor receptor) NM_000245 1.61
SLC27A2 solute carrier family 27 (fatty acid transporter), member 2 NM_ 001159629 1.61
CD70 CD70 molecule NM_001252 1.61
DDX10 DEAD (Asp-Glu-Ala-Asp) box polypeptide 10 NM_004398 1.61
IERSL immediate early response 5-like NM 203434 1.61
FKBP14 FK506 binding protein 14, 22 kDa NM 017946 1.6
OR2A2 olfactory receptor, family 2, subfamily A, member 2 NM_001005480 1.59
MUCI13 mucin 13, cell surface associated NM_033049 1.59
DOCK10 dedicator of cytokinesis 10 NM_014689 1.58
MARS?2 methionyl-tRNA synthetase 2, mitochondrial NM_ 138395 1.58
CD68 CD68 molecule NM_001040059 1.57
USP17 ubiquitin specific peptidase 17 NM_001105662 1.57
CKMTIB creatine kinase, mitochondrial 1B NM_020990 1.57
CCDC86 coiled-coil domain containing 86 NM_024098 1.57
CPM carboxypeptidase M NM_001005502 1.56
TOMM20 translocase of outer mitochondrial membrane 20 homolog (yeast) NM 014765 1.56
RFESD Rieske (Fe-S) domain containing NM 001131065 1.55
PPP2RI1B protein phosphatase 2, regulatory subunit A, beta NM_001177562 1.55
EXOSCS exosome component 5 NM_020158 1.55
DPH2 DPH2 homolog (S. cerevisiae) NM_001039589 1.54
TAF4B TAF4b RNA polymerase II, TATA box binding protein (TBP)-associated factor, I§NM_005640 1.54
HOXA13 homeobox A13 NM_000522 1.53
HBAI1 hemoglobin, alpha 1; hemoglobin, alpha 2 NM_000558 1.53
DIO3 deiodinase, iodothyronine, type 11 NM_001362 1.53
NOP16 NOP16 nucleolar protein; NOP16 nucleolar protein homolog (yeast) NM 016391 1.53
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PNOL1 partner of NOB1 homolog (S. cerevisiae) NM_020143 1.52
NRARP NOTCH-regulated ankyrin repeat protein NM_001004354 1.51
ID2 inhibitor of DNA binding 2, dominant negative helix-loop-helix protein NM 002166 1.51
FOS FBJ murine osteosarcoma viral oncogene homolog NM_005252 1.51
RHOB ras homolog family member B NM_004040 1.5
OR10Z1 olfactory receptor, family 10, subfamily Z, member 1 NM_001004478 1.49
GEMINS gem (nuclear organelle) associated protein 5 NM_001252156 1.49
SAT1 spermidine/spermine N1-acetyltransferase 1 NM_002970 1.49
TNFSF9 tumor necrosis factor (ligand) superfamily, member 9 NM_003811 1.49
C12o0rf66 chromosome 12 open reading frame 66 NM 152440 1.49
RNF151 ring finger protein 151 NM_ 174903 1.49
LOC554207 uncharacterized LOC554207 BC031469 1.48
ABCC2 ATP-binding cassette, sub-family C (CFTR/MRP), member 2 NM_000392 1.48
HPGD hydroxyprostaglandin dehydrogenase 15-(NAD) NM_000860 1.48
ITGA2 integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 receptor) NM_002203 1.48
RRS1 RRS1 ribosome biogenesis regulator homolog (S. cerevisiae) NM 015169 1.48
TCTA T-cell leukemia translocation altered NM_022171 1.48
HORMADI HORMA domain containing 1 NM_ 001199829 1.47
RGS16 regulator of G-protein signaling 16 NM_002928 1.47
JUNB jun B proto-oncogene BC009465 1.46
MYC v-myc myelocytomatosis viral oncogene homolog (avian) NM_002467 1.46
UBXNS UBX domain protein 8 NM_005671 1.46
SERTAD1 SERTA domain containing 1 NM 013376 1.46
PDSS1 prenyl (decaprenyl) diphosphate synthase, subunit 1 NM_014317 1.46
DZIP3 DAZ interacting zinc finger protein 3; DAZ interacting protein 3, zinc finger NM_014648 1.46
Cllorfl chromosome 11 open reading frame 1 NM_ 022761 1.46
MAK16 MAK16 homolog (S. cerevisiae) NM_032509 1.46
TMEM145 transmembrane protein 145 NM 173633 1.46
ARRDC4 arrestin domain containing 4 NM_183376 1.46
ANKRDI8B ankyrin repeat domain 18B NM_001244752 1.45
P13 peptidase inhibitor 3, skin-derived NM_002638 1.45
POLG2 polymerase (DNA directed), gamma 2, accessory subunit NM_007215 1.45
PMAIP1 phorbol-12-myristate-13-acetate-induced protein 1 NM 021127 1.45
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TULP3 tubby like protein 3 NM_001160408 -2.37
NCEHI neutral cholesterol ester hydrolase 1 NM_020792 -2.12
TGM2 transglutaminase 2 (C polypeptide, protein-glutamine-gamma-glutamyltransferase| NM_004613 -2.08
CXXCl1 CXXC finger protein 1 NM 001101654 -2.07
NXT2 nuclear transport factor 2-like export factor 2 NM_001242617 -1.95
SLCY9A6 solute carrier family 9, subfamily A (NHEG6, cation proton antiporter 6), member 6|{NM_001042537 -1.92
ANXASL1 annexin A8-like 1; annexin A8 NM_001098845 -1.89
B4GALTI UDP-Gal:betaGIcNAc beta 1,4- galactosyltransferase, polypeptide 1 NM_001497 -1.83
LPGAT1 lysophosphatidylglycerol acyltransferase 1 NM 014873 -1.83
ANXASL2 annexin A8-like 2 NM_001630 -1.81
MAPK6 mitogen-activated protein kinase 6 NM_002748 -1.77
LGALSI1 lectin, galactoside-binding, soluble, 1 NM_002305 -1.75
SLFNS5 schlafen family member 5 NM_144975 -1.74
CPA4 carboxypeptidase A4 NM_001163446 -1.72
GPR183 G protein-coupled receptor 183 NM_004951 -1.72
ANXASLI annexin A8-like 1; annexin A8 NM_001098845 -1.71
THBS1 thrombospondin 1; NULL NM_ 003246 -1.71
FAMI111B family with sequence similarity 111, member B NM_001142703 -1.7
KRT17 keratin 17 NM_000422 -1.69
SLC4A4 solute carrier family 4, sodium bicarbonate cotransporter, member 4 NM_003759 -1.66
PPPIR3C protein phosphatase 1, regulatory subunit 3C NM_005398 -1.69
ABHDA4 abhydrolase domain containing 4 NM_022060 -1.69
ASS1 argininosuccinate synthase 1 NM_000050 -1.67
LAPTM4A lysosomal protein transmembrane 4 alpha NM 014713 -1.67
SLC44A1 solute carrier family 44, member 1 NM 080546 -1.67
LGALS9B lectin, galactoside-binding, soluble, 9B NM_001042685 -1.6¢€
LGALS9C lectin, galactoside-binding, soluble, 9C; lectin, galactoside-binding, soluble, 9B |[NM_001040078 -1.65
ATP13A3 ATPase type 13A3 NM_024524 -1.65
CEP112 centrosomal protein 112kDa NM_001037325 -1.61
ANO6 anoctamin 6 NM_ 001142680 -1.61
CSTF2T cleavage stimulation factor, 3' pre-RNA, subunit 2, 64kDa, tau variant NM 015235 -1.61
Cl50rf38 chromosome 15 open reading frame 38 NM 182616 -1.61
VWA9 von Willebrand factor A domain containing 9 NM_001207058 -1.56
LIF leukemia inhibitory factor NM_002309 -1.56
DAB2 Dab, mitogen-responsive phosphoprotein, homolog 2 (Drosophila) NM_001244871 -1.58
ST6GALNAC2 |ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-acetylgalactosaminid NM_006456 -1.58
LUM lumican NM_002345 -1.57
ITGB4 integrin, beta 4 NM_000213 -1.5¢
ZSCAN31 zinc finger and SCAN domain containing 31 NM_001135216 -1.5€
PTPRU protein tyrosine phosphatase, receptor type, U NM_001195001 -1.5€¢
CD9 CD9 molecule; uncharacterized LOC100653288; uncharacterized LOC100652804NM_001769 -1.5€
ANPEP alanyl (membrane) aminopeptidase NM_001150 -1.55
PIEZO2 piezo-type mechanosensitive ion channel component 2 NM_ 022068 -1.55
CTGF connective tissue growth factor NM_001901 -1.54
STRA6 stimulated by retinoic acid 6; stimulated by retinoic acid gene 6 homolog (mouse) |[NM_001142617 -1.53
PSME1 proteasome (prosome, macropain) activator subunit 1 (PA28 alpha) NM_006263 -1.53
SPA17 sperm autoantigenic protein 17 NM_017425 -1.53
RAP2A RAP2A, member of RAS oncogene family NM 021033 -1.53
EMC4 ER membrane protein complex subunit 4 NM_016454 -1.52
AHNAK2 AHNAK nucleoprotein 2 NM_138420 -1.52
OLFML2A olfactomedin-like 2A NM_ 182487 -1.52
IFNAR2 interferon (alpha, beta and omega) receptor 2 NM_000874 -1.51
IFIT2 interferon-induced protein with tetratricopeptide repeats 2 NM 001547 -1.51
KLRC3 killer cell lectin-like receptor subfamily C, member 3 NM 002261 -1.51
AMMECRI1 Alport syndrome, mental retardation, midface hypoplasia and elliptocytosis chrom{NM_001025580 -1.5
IFIT1 interferon-induced protein with tetratricopeptide repeats 1 NM 001548 -1.5
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ARL2BP ADP-ribosylation factor-like 2 binding protein NM 012106 -1.5
OR14A16 olfactory receptor, family 14, subfamily A, member 16 NM_001001966 -1.49
HEY1 hairy/enhancer-of-split related with YRPW motif 1 NM 012258 -1.49
FAM114A1 family with sequence similarity 114, member A1l NM 138389 -1.49
TMEM205 transmembrane protein 205 NM_198536 -1.49
UEVLD UEV and lactate/malate dehyrogenase domains NM_001040697 -1.48
SYNPO synaptopodin NM_ 001109974 -1.48
RAB3D RAB3D, member RAS oncogene family NM_004283 -1.48
SPTLC1 serine palmitoyltransferase, long chain base subunit 1 NM_006415 -1.48
DEFAS defensin, alpha 5, Paneth cell-specific NM_021010 -1.48
SLC2A12 solute carrier family 2 (facilitated glucose transporter), member 12 NM_ 145176 -1.48
IGSF3 immunoglobulin superfamily, member 3 NM_001542 -1.47
TNFAIP2 tumor necrosis factor, alpha-induced protein 2 NM_006291 -1.47
CD24 CD24 molecule NM_013230 -1.47
PAX6 paired box 6 NM_000280 -1.46
GPD2 glycerol-3-phosphate dehydrogenase 2 (mitochondrial) NM_000408 -1.46
MGP matrix Gla protein NM_ 000900 -1.46
RNASE13 ribonuclease, RNase A family, 13 (non-active) NM 001012264 -1.46
KRT19 keratin 19 NM_002276 -1.46
TMEM2 transmembrane protein 2 NM 013390 -1.46
LGSN lengsin, lens protein with glutamine synthetase domain NM_001143940 -1.45
SH3RF1 SH3 domain containing ring finger 1 NM 02087 -1.45
SPZ1 spermatogenic leucine zipper 1 NM 032567 -1.45
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