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Present studies focus on the biological consequences of protein methylation of
both arginine and lysine residues. We have previously identified in vitro substrates
for the coactivator associated arginine methyltransferase 1 (CARM1) using highdensity protein arrays. These include TARPP (thymocyte cyclic AMP-regulated
phosphoprotein) and CAS3 (CARM1 substrate 3). Here, we report that TARPP and
CAS3 are arginine methylated by CARM1 in vivo. Using CARM1 knockout MEF
cells, we were able to determine that no other enzymes methylate these substrates. In
addition, we mapped the site of arginine methylation in TARPP and CAS3. Because
TARPP expression is restricted to early thymocytes, we investigated the role of
vi

CARM1 in T cell development. CARM1 knockout embryos exhibited a partial
developmental block in the earliest thymocyte progenitor subset. These findings
implicate CARM1 in differentiation and/or survival of T cell precursors.
To identify methyl-arginine binding proteins, we developed a protein domain
microarray approach. Using these arrays we identified three Tudor domain proteins
that specifically interact with methyl-arginine proteins. We further showed that
CARM1 mediated methylation of CAS3 is critical for its interaction with these Tudor
proteins, thereby identifying the first CARM1 dependent protein-protein interactions.
Finally, we used this proteomic approach to identify novel methyl-lysine binding
proteins that interact with histone tails. In addition to the chromo domain which has
been previously identified as a methyl-lysine reader, our study identified Tudor and
MBT domains as new classes of methyl-lysine-binding protein modules.
These studies shed light on the biological roles of protein methylation, by
identifying new methylated proteins and their methyl-dependent interacting proteins.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 Overview of protein methylation

The biological functions of proteins depend on many factors including
interacting proteins and subcellular localization. Further controls on the function of
modifications that occur on the amino acid chains of cellular proteins are given by
modifications after synthesis. There are many post-translational including
phosphorylation, acetylation, and methylation. Protein methylation takes place
predominantly on arginine, lysine or histidine residues in the protein sequence. The
transfer of methyl groups from S-adenosylmethionine (AdoMet), a universal methyl
donor, to the side chain nitrogen atoms of these residues is catalyzed by protein
methyltransferase enzymes.
Arginine

methylation

is

irreversible,

while

most

post

translational

modifications are reversible. The metabolic cost of methylation is high, requiring the
use of 12 ATP molecules per methylation event. By comparison, the phosphorylation
event that is most common post translational modification, expends 1-2 ATPs
(Atkinson, 1977). The fact that evolution has retained such an expensive reaction

stresses the biological importance of these methylation events.
Since protein-arginine N-methyltransferase enzymes (protein methylase) were
identified, the characterization of these enzymes has revealed important functions of
1

arginine methylation in many different biological processes including nuclear
receptor-regulated transcription, cellular localization, and signal transduction. In
addition, recent studies have shown several enzymes that catalyze site-specific
histone lysine methylation. Histone lysine methylation has been implicated in the
“histone code” that regulates different cellular processes that range from
heterochromatin formation to transcription activation and repression.

1.2 Protein arginine methylation

Arginine is a positively charged amino acid, mediating hydrogen bond and
amino-aromatic interactions. The nitrogen of arginine within polypeptides can be
posttranslationally modified to have methyl groups. This process is termed arginine
methylation. This modification has been relatively difficult to detect in vivo, although
the existence of a number of protein arginine methyltransferases (PRMTs) suggest
that this is a relatively prevalent modification. Arginine methylation was discovered
over 30 years ago, but this modification has only recently become implicated in
cellular processes from transcription activation and signaling pathways to protein
subcellular transport in cells.
Three forms of methylarginine have been identified: NG-monomethylarginine
(MMA), asymmetric NG,NG-dimethylarginine (aDMA) and symmetric NG,N’Gdimethylarginine (sDMA) (Nakajima et al., 1971), and all forms involve the
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modification of guanidine nitrogen (NG) atoms (Figure 1.1) (Kakimoto et al., 1971;
Kakimoto and Akazawa, 1970).

Figure 1.1 Four forms of methyl-arginine, along with the type of PRMT enzyme
Type I, II and III PRMTs generate monomethylarginine on one of the terminal (ω) guanidino
nitrogen atoms (MMA(ω)). The subsequent generation of asymmetric dimethylarginine
(aDMA) is catalyzed by type I enzymes, and the production of symmetric dimethylarginine
(sDMA) is catalyzed by the type II enzymes. The type III PRMT only monomethylates
(MMA(ω)). Type IV enzymes monomethylate the internal (σ) nitrogen (MMA(σ))and has
only been described in yeast. The asterisk (*) denotes that PRMT7 has monomethylation
activity on certain peptide substrates, and type II activity on others.
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Arginine methylation is a relatively abundant posttranslational modification
with about 2% of arginine residues asymmetrically dimethylated in rat liver nuclei
(Boffa et al., 1977). Within the nuclear compartment, the majority of nuclear aDMA
residues are found in the heterogeneous nuclear ribonucleoproteins (hnRNP). About
12% of the arginine residues isolated from hnRNPs are asymmetrically dimethylated
(Boffa et al., 1977; Liu and Dreyfuss, 1995).
It was revealed that numerous hnRNPs and other RNA binding proteins are
methylated on arginine residues, frequently in the context of RGG tripeptides. All
methylarginine residues within RGG motifs have reported to be MMA, aDMA and
sDMA. Methylated arginine residues have also been found at RXR and RG motifs of
proteins (McBride and Silver, 2001). These motifs were collectively named as a GAR
domain, glycine and arginine-rich domain.

Protein arginine methyltransferases family of enzymes
Arginine methylation is catalyzed by at least two different classes of protein
arginine methyltransferase (PRMT) enzymes (Gary and Clarke, 1998), utilizing Sadenosyl-L-methionine (AdoMet) as methyl donor. Arginine methyltransferases have
been identified in yeast (Gary and Clarke, 1998; McBride and Silver, 2001),
Drosophila melanogaster (Boulanger et al., 2004), plants, Caenorhabditis elegans
and fish (Hung and Li, 2004), but not in bacteria.
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PRMTs are classified as either type I, type II, type III or type IV enzymes.
Types I, II and III enzymes methylate the terminal nitrogen atoms. Type I enzymes
methylate arginine residues to form NG-monomethylarginine (MMA) residues and
asymmetric NG,NG-dimethylarginine (aDMA) residues. Type II enzymes catalyze the
formation of MMA residues and symmetric NG,N’G-dimethylarginine (sDMA)
residues. Type III enzymes catalyze the formation of NG-monomethylarginine
(MMA) on certain peptide substrates, and type II activity on others. Type IV enzymes
catalyze the monomethylation of the internal nitrogen atom (Miranda et al., 2004)
(Gary and Clarke, 1998).
Nine mammalian PRMTs have been identified to date (Figure 1.2) (Bedford
and Richard, 2005). Seven PRMTs have been shown to catalyze the transfer of a
methyl group from S-adenosylmethionine (AdoMet) to the nitrogen of an arginine
residue, resulting in S-adenosylhomocysteine (AdoHcy) and methylarginine. Activity
for two of the PRMTs has not been demonstrated.
Most PRMT genes discovered to date encode type I enzymes. Currently,
mammalian Type I enzymes include PRMT1 (Scott et al., 1998), the C2H2 zinc
finger-containing enzyme PRMT3 (Tang et al., 1998), the coactivator-associated
arginine methyltransferase CARM1 / PRMT4 (Chen et al., 1999), and the newly
identified nuclear enzyme PRMT6 (Frankel et al., 2002), and membrane bound
enzyme PRMT8 (Lee et al., 2005a). The only identified Type II PRMT is
PRMT5/JBP1 (Janus kinase binding protein 1) (Branscombe et al., 2001). A new

5

methyltransferase, PRMT7, is a type III enzyme, in that it exhibits enzymatic activity
that catalyzes the formation of MMA. It may also have some type II activity on
selected substrates (Miranda et al., 2004). Activity for PRMT2 and PRMT9 has not
been demonstrated.

Figure 1.2 Protein arginine methyltransferase enzymes
There are currently nine mammalian members of the PRMT family, all harbor signature
motifs I, post I, II and III, and the conserved THW loop (in black). PRMT2, PRMT3 and
PRMT9 have a SH3 domain, a Zn2+ finger, and a TPR repeat respectively, which likely
facilitate substrate recognition. The number of residues is indicated at the C-terminus of the
PRMTs.

Studies of the crystal structures of the PRMT3 catalytic core have revealed an
AdoMet-binding domain and barrel-like structure, with the active site residing
between these two domains. The PRMT family all harbor a set of four conserved
amino acid sequence motifs (I, post-I, II, and III) in an AdoMet-binding domain
6

common to the nine beta-strand methyltransferases (Katz et al., 2003; Niewmierzycka
and Clarke, 1999), as well as PRMT active domain containing a conserved THW loop
in the C-terminus that is specific for enzyme classes (Frankel et al., 2002). These
motifs facilitated the classification of the additional members of the PRMT family.

Coactivator associated arginine methyltransferase 1 (CARM1)
The coactivator-associated arginine methyltransferase (CARM1/PRMT4) is
one of the type I PRMTs that catalyze the formation of aDMA residues. CARM1 was
identified in the yeast two-hybrid assay to associate with GRIP1, the p160 steroid
receptor coactivator (Chen et al., 1999). The recruitment of CARM1 to transcriptional
promoters results in the methylation of both histone H3 at arginine 17 (Chen et al.,
1999) and the histone acetyltransferases (HATs), p300/CBP (Figure 1.3) (ChevillardBriet et al., 2002; Lee et al., 2005c; Xu et al., 2001).
This methylation has a positive effect on transcription, therefore CARM1 is
considered a coactivator (Bauer et al., 2002). Like CARM1, PRMT1 also binds p160,
and CARM1 has been shown to synergistically stimulate transcription by nuclear
receptors in combination with the p160 family of coactivators, and forms a ternary
complex with p300/CBP and SRC-2/TIF2/GRIP1 (Koh et al., 2000). Chromatin
immunoprecipitation assays indicated that methylation of the same arginine residue of
histone H3 also occurs in vivo at specific promoters as part of the transcriptional
activation process. Indeed, the prior acetylation of histone H3 by p300 makes histone
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H3 a better substrate for CARM1 methylation. These results suggest that histone
methylation may cooperate with histone acetylation in chromatin remodeling and
transcriptional activation (Daujat et al., 2002).

Figure 1.3 Models for transcription activation by CARM1
The recruitment of CARM1 enhances transcriptional activation by nuclear receptors, possibly
as a result of the specific methylation of histone H3 and CBP/p300. Methylation and
acetylation work together to reshape chromatin.

Recent studies broadened the transcription factor pathways coactivated by
CARM1, and now include the myocyte enhancer factor-2C (MEF2C) (Chen et al.,
2002),

β-catenin-dependent transcription by the lymphoid enhancer factor/T-cell

factor (LEF1/TCF4) (Koh et al., 2002), the tumor suppressor p53-dependent
transcription (An et al., 2004), and NF-κB which is a master regulator of genes
8

involved in inflammation and cell survival (Covic et al., 2004). CARM1 is required
for cAMP-dependent activation of rate-limiting gluconeogenic phosphoenolpyruvate
carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) genes which are
critical components of cAMP-dependent glucose metabolism in the liver (KronesHerig et al., 2006).
Mice with a targeted disruption of Carm1 die immediately after birth and are
smaller than their wild-type littermates, supporting the idea that CARM1 is a crucial
coactivator for gene expression during late embryonic development (Yadav et al.,
2003). Arginine methyltransferases have been identified in yeast (Gary and Clarke,
1998; McBride and Silver, 2001), Drosophila melanogaster, plants, Caenorhabditis
elegans, and fish (Boulanger et al., 2004; Hung and Li, 2004).
Drosophila CARM1 (CARMER) functions as a coactivator for the steroid
hormone ecdysone receptor, indicating the evolutionarily conserved role of CARM1
as a steroid receptor coactivator. The fact that CARM1 is a coactivator for nuclear
receptors makes it a likely candidate for over-expression in prostate and breast
cancers. Indeed, aberrant over expression of CARM1 has been reported in the
development of prostate carcinoma as well as in androgen-independent prostate
carcinoma. Since CARM1 is functionally different from most other transcriptional
coactivators of the androgen receptor (AR), it may serve as a new target for the
treatment of hormone-independent prostate carcinoma (Hong et al., 2004).

9

Other PRMTs
The major protein arginine methyltransferase in Saccharomyces cerevisiae is Hmt1p
(heterogeneous nuclear ribonucleoprotein methyltransferase), and called Rmt1
(protein-arginine methyltransferase 1) (Gary et al., 1996; Henry and Silver, 1996).
Hmt1p and its mammalian counterpart, PRMT1 contribute most of the type I arginine
methyltransferase activity in yeast and mammalian cells. In contrast to the
mammalian PRMTs, Hmt1p is the only identified type I protein methyltransferase
enzyme in Saccharomyces cerevisiae and is not essential for normal growth. Hmt1p
is predominantly localized in the nucleus and its substrates include mRNA-binding
proteins that shuttle between the nucleus and the cytoplasm. It was shown that rmt1
(hmt1p) knockouts fail to export a number of known substrates including Hrp1 and
Npl3, indicating the nuclear export of proteins as a biological function for arginine
methylation (Green et al., 2002; Shen et al., 1998). Recently, the three-dimensional
structure of the core regions of yeast Hmt1p was determined by X-ray
crystallography, demonstrating dimerization for its enzymatic function (Weiss et al.,
2000). In addition to Hmt1p, RMT2 was recently discovered in Saccharomyces
cerevisiae and characterized as a type IV PRMT which monomethylates internal
nitrogen atom.
PRMT1, the predominant mammalian type I enzyme, was identified by yeast
two-hybrid screen as a binding partner for the immediate early genes TIS21/BTG1.
TIS21/BTG1 regulate PRMT1 enzymatic activity (Lin et al., 1996). RNA-binding
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proteins include heterogeneous ribonucleoproteins (hnRNPs) which take part in RNA
processing, transport, and expression, and are also potential substrates for PRMT1
(Liu and Dreyfuss, 1995). These arginine residues lie within the GAR domain which
is found in consensus sequences for RNA binding.
PRMT1 also methylates histone H4 at arginine 3, which functions as a
transcriptional activation mark (Strahl et al., 2001; Wang et al., 2001; Huang et al.,
2005). PRMT1 is recruited to promoters through the association with other DNAbound transcription factors, including p53 (An et al., 2004) and YY1 (Rezai-Zadeh et
al., 2003) PRMT1 can function synergistically with other PRMTs as a nuclear
receptor coactivator (An et al., 2004; Koh et al., 2001). Once recruited to the target
gene promoter region PRMT1 cooperates with other histone-modifying enzymes to
mediate chromatin remodeling and transcriptional activation. PRMT1 null embryos
die at approximately embryonic day 6.5, demonstrating that PRMT1 regulates protein
function (Pawlak et al., 2000). It was reported that the inhibition of arginine
methylation using a small molecule (AdOx, peroxidated-oxidized adenosine) results
in decreased PRMT1-substrate dissociation (Herrmann et al., 2005). This
phenomenon is not seen for PRMT6 or CARM1.
The first homologue of PRMT1 to be identified was PRMT2. This study used
expressed sequence tags (ESTs) to expand the PRMT family (Katsanis et al., 1997).
PRMT2 is also called HRMT1L1. The unique property of PRMT2 is that it harbors a
SH3 domain at its N-terminus (Katsanis et al., 1997; Scott et al., 1998). The SH3
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domain of PRMT2 is likely to be responsible for recognition of its substrates.
Although PRMT2 has been shown to bind AdoMet (Qi et al., 2002), the enzyme
activity of PRMT2 has not been demonstrated. Recently, functional analysis of
PRMT2 through targeted disruption of prmt2 gene implicated this enzyme to be
involved in the cell cycle and apoptosis. PRMT2 knockout study indicated that
PRMT2 repressed E2F1 transcriptional activity through interacting with the
retinoblastoma gene product (RB), and that increased G1-S phase progression was
found in PRMT2-/- MEFs (Yoshimoto et al., 2006). PRMT2 also plays a role as a
negative regulator in cell activation, resulting in apoptosis. PRMT2 exerts this effect
by blocking nuclear export of IκB-α and decreasing NF-κB DNA binding (Ganesh et
al., 2006).
PRMT3 was discovered as a PRMT1 binding protein in a yeast two-hybrid
screen (Tang et al., 1998). The amino acid sequence of PRMT3 is 46% identical to
PRMT1 but has an extra 194 residues at its N-terminus. PRMT3 harbors a zinc-finger
domain at its N-terminus, which may determine its substrate specificity, like the SH3
domain of PRMT2. The three dimensional structure of the catalytic core of PRMT3
was recently reported by X-ray crystallography. It was recently found that the 40S
ribosomal protein S2 (rpS2) is a zinc-finger dependent substrate of PRMT3 (Swiercz
et al., 2005). Importantly, in fission yeast this same enzyme/substrate pair
(PRMT3/rpS2) exists (Bachand and Silver, 2004), and the disruption of the prmt3
gene in this organism results in an imbalance in the 40S:60S free subunit ratio. These
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findings demonstrate a highly conserved role for arginine methylation in ribosomal
RNA assembly and protein biosynthesis.
PRMT5/JBP1 was identified as a binding protein of Janus kinase Jak2, which
is required for signaling between the interferon receptor and Stats. PRMT5/JBP1 has
been shown to have type II PRMT activity which catalyzes the formation of sDMA
(Branscombe et al., 2001; Pollack et al., 1999). PRMT5/JBP1 can methylate histones
H2A, H3 and H4 as well as myelin basic protein in vitro (Pollack et al., 1999).
However, it remains unclear whether these proteins are in vivo substrates of
PRMT5/JBP1 (McBride and Silver, 2001). An immunolocalization study has
demonstrated that endogenous PRMT5/JBP1 localizes in both the cytoplasm and
nucleus as complexes with one of at least three different proteins. Two complexes are
nuclear and the third is cytoplasmic. Cytoplasmic PRMT5/JBP1 is found in the
“methylosome” complex, where Sm proteins are methylated, implicating a role for
PRMT5/JBP1 in snRNP biogenesis (Friesen et al., 2001b). Nuclear PRMT5/JBP1
associates with the regulator of transcriptional elongation, SPT4, and SPT5, and
pICln (which is also a component of the methylosome) (Kwak et al., 2003). Nuclear
PRMT5/JBP1 also forms a complex with BRG and BRM which are hSWI/SNF
chromatin remodeling proteins. This association enhances PRMT5/JBP1 activity for
methylation of arginine 8 on histone H3 (Pal et al., 2004).
PRMT6 is one of Type I enzymes which is ubiquitously expressed in all tissues
and displays predominant nuclear localization. The novel feature of PRMT6 is the
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auto-methylation ability (Frankel et al., 2002). Like PRMT1, PRMT6 methylates a
GAR motif. However, it methylates histones H3 and H4 in vitro (Lee et al., 2004b);
whereas PRMT1 only methylates histone H4 (Strahl et al., 2001: Wang et al., 2001).
Another specific substrate for PRMT6 is the HIV transactivator protein, Tat
(Boulanger et al., 2005).
PRMT7 is one of two PRMTs that contain two conserved AdoMet-binding
motifs. PRMT7 catalyzes the formation of MMA but not DMA when a fibrillarin
derived-peptide was used as a substrate (Miranda et al., 2004). This fact classified
PRMT7 as a type III enzyme. However, using a different peptide, it was shown that
PRMT7 catalyzed the formation of sDMA, which also classifies this enzyme as a
type II PRMT (Lee et al., 2005b). It is possible that the methylation capacity of
PRMT7 is substrate specific.
PRMT8 was identified due to its high degree of homology with the
predominant arginine methyltransferase, PRMT1. Its N-terminal end harbors a
functional myristoylation motif that facilitates its targeting to the plasma membrane.
Another property of PRMT8 is its tissue specific expression, predominantly in the
brain (Lee et al., 2005a).
Database searches reveal evidence for at least one more PRMT, which we have
designated PRMT9 (NP_612373). It is possible that PRMT9 encodes a protein that
harbors two putative AdoMet-binding motifs like PRMT7. However, the enzyme
activity of PRMT9 has yet to be studied. At its N-terminal end PRMT9 has a TPR
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repeat that is a structural motif of right-handed superhelix as a tandem repeat of 34
amino acid residues. This repeat may mediate protein-protein interactions and multi
protein complex formation (Blatch and Lassle, 1999).

PRMT substrate specificity
Specific PRMT substrates have been identified through candidate approaches
(Chen et al., 1999; Li et al., 2002), through chance discovery (Xu et al., 2001),
through focused in vitro substrate screens (Kim et al., 2004; Lee and Bedford, 2002;
Wada et al., 2002) and by using proteomic based mass spectrometry approaches
(Boisvert et al., 2003; Ong et al., 2004). The majority of type I arginine methylation is
found in glycine- and arginine-rich (GAR) domains (Najbauer et al., 1993). Proteins
with methylated GAR domains include Sam68, hnRNP K, hnRNP U, ILF3, FUS, and
PABPN1 (Bedford et al., 2000; Cote et al., 2003, Lee and Bedford, 2002).
CARM1 displays a higher degree of specificity than other Type 1 enzymes and
does not methylate GAR domains (Lee and Bedford, 2002), indicating that CARM1
substrates may harbor a distinct motif. However, there is no obvious motif that is
recognized by CARM1, making it difficult to predict potential substrates. CARM1
substrates identified so far include histone H3 (Chen et al., 1999), HuR (Li et al.,
2002), CBP/p300 (Xu et al., 2001) PABP1 (Lee and Bedford, 2002), and TARPP
(Kim et al., 2004).
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The type II enzymes, PRMT5/JBP1 and PRMT7, methylate isolated arginine
residues as well as arginines within GAR motifs. Known substrates that contain
sDMA, type II PRMT targets are myelin basic proteins (MBP) and Sm
ribonucleoproteins D1, D3 and B (Brahms et al., 2000). However, the function of this
modification of MBP remains unclear (McBride and Silver, 2001). Three enzymes
that methylate GAR motifs have been crystallized, demonstrating that their core
structures are very similar (Weiss et al., 2000; Zhang and Cheng, 2003; Zhang et al.,
2000).

Effects of arginine methylation on protein function
Protein arginine methylation has been implicated in chromatin remodeling,
transcriptional regulation, RNA processing, trafficking, signal transduction, and DNA
repair (Bedford and Richard, 2005). Further cellular pathways and mechanisms by
which these functions are achieved by protein arginine methylation have been studied.
Recently, protein arginine methylation was implicated in controlling tumorigenesis
has been reported (Chen et al., 1996; Jiang and Newsham, 2006; Hong et al., 2004).

RNA Processing
RNA binding proteins (RBPs) play critical roles in proper processing and
folding as well as the stabilization and localization of RNAs and mRNA translation.
Many RBPs have been identified to be arginine methylated (Herrmann et al., 2004;
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Liu and Dreyfuss, 1995). The methylation of RBP such as Sm B, B’ D1, and D3
which are splicing factors by PRMT4 and PRMT5/JBP1 mediates their assembly into
mature small nuclear ribonucleoprotein particles (snRNPs) (Brahms et al., 2001;
Friesen et al., 2001a), indicating that arginine methylation serves as a RNP
(Ribonucleoprotein particles) maturation signal. Arginine methylation also plays a
role in shuttling arginine methylated proteins between the cytoplasm and the nucleus
(Cote et al., 2003; Herrmann et al., 2004). Heterogeneous ribonucleoproteins
(hnRNPs) harbor GAR motif. Methylation of certain hnRNPs, Npl3 and Hrp1 by
arginine methyltransferase Hmt1p/Rmt1 is critical for efficient nuclear export of
these proteins (Shen et al., 1998). It was also reported that several RBPs including
Sam68 (a mitotic substrate for the Src kinase), are mislocalized in their
hypomethylated state (Lukong and Richard, 2004). The methylation of ribosomal
protein S2 is conserved from yeast to humans and has been shown to influence
ribosomal RNA biosynthesis (Bachand and Silver, 2004; Swiercz et al., 2005).

Chromatin remodeling and transcriptional Regulation
The large number of studies on transcriptional coactivators suggests that
chromatin remodeling and transcriptional activation are complex and subject to
regulation by many different signaling pathways. Indeed, posttranslational
modifications of histones and nonhistone proteins have been implicated in
transcriptional regulation. Gene transcription can be regulated by arginine
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methylation of histones which are substrates for PRMT1, CARM1, and PRMT5
( McBride and Silver, 2001; Pal et al., 2004).
The discovery of CARM1 as a histone methyltransferase and a secondary
coactivator for nuclear receptors implicated protein methylation in transcriptional
activation (Lee et al., 2005c). Chromatin immunoprecipitation assays showed that
CARM1 recruitment to the promoter region in a hormone-dependent manner and the
methylation of histone H3 at Arginine 17 were associated with CARM1
methyltransferase activity (Cuthbert et al., 2004). Thus, both recruitment of CARM1
and arginine methylation of histone H3 are integral parts of the transcriptional
activation process. PRMT1 has also been confirmed as an arginine-specific histone
methyltransferase. PRMT1 methylates histone H4 at Arginine 3 in vitro and in vivo
(Strahl et al., 2001: Wang et al., 2001). PRMT1 has been shown to interact with the
p160 cofactors to enhance transcriptional activation by nuclear receptors. Chromatin
immunoprecipitation also showed PRMT1 recruitment to a hormone-activated
promoter.
Transcription factors, p53 (An et al., 2004), YY1 (Rezai-Zadeh et al., 2003),
and NF-kB (Covic et al., 2004) have been shown to contribute to the recruitment of
PRMTs to promoter regions. PRMTs have been shown to alter the activity of
coactivators including CBP/p300 (Chevillard-Briet et al., 2002; Xu et al., 2001),
transcriptional elongation factors SPT5 (Kwak et al., 2003) and HIV Tat (Boulanger
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et al., 2005) through methylation. These results support arginine methylation as a
regulator of the initiation and elongation steps of transcription.
The high-mobility group proteins (HMGs) are transcription factors that
modulate chromatin structure. The HMGA proteins, a number of the HMG protein
family, contain highly cationic motifs called AT hooks, which bind the minor groove
of AT-rich DNA and other nuclear factors. The AT hooks of HMGA1a harbor
consensus GRG sequences that are arginine methylated by PRMT6 (Miranda et al.,
2005), and the degree of methylation increases during apotosis of tumor cells (Sgarra
et al., 2006). It has been proposed that the methylation increase of AT hooks may be
related to heterochromatin and chromatin remodeling of apoptotic cells.

Signal Transduction
Several pathways utilize arginine methylation as a downstream signal including
the interferon receptor, the T cell receptor, cytokine receptors, and nerve growth
factor (NGF) receptor. PRMT1 was the first arginine methyltransferase to be linked
to signal transduction, with the finding that it constitutively associates with the
cytoplasmic region of the type I interferon receptor (Abramovich et al., 1997).
T cell receptor (TCR) engagement triggers a cascade of post-translational
events leading to increased cytokine gene expression. The NF-AT pathway is also
modulated by arginine methylation. NF-AT coactivator, NIP45 is arginine methylated
by PRMT1. Methylation facilitates the interaction of NIP45 with NF-AT, and
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overexpression of PRMT1 results in increase of NF-AT mediated gene expression of
cytokines (Mowen et al., 2004). Recent reports support this idea that arginine
methylation may

participate in T cell signaling, in that CD28 signal induced protein

arginine methyltransferase activity and IL-2 production (Blanchet et al., 2005), and in
that sDMA-containing proteins were directly associated with the IL-2 promoter after
T-cell activation (Richard et al., 2005).
Arginine methylation has been implicated in the JAK-STAT pathway of
cytokine receptors by regulating the functions of STAT1 and STAT6. Arginine
methylation of STAT1 blocks the association of STAT1 with its negative regulator,
PIAS, which results in transcriptional activation of STAT1-dependent gene
expression (Meissner et al., 2004). STAT6 is activated by IL-13 via the IL-13
receptor complex for IL-4-dependent gene induction. Methylation of STAT6
modulates STAT6 tyrosine phosphorylation, nuclear translocation, and DNA-binding
activity (Chen et al., 2004). Thus arginine methylation by PRMT1 regulates the
cytokine response at two levels: (1) initial signal by NFAT transcription factors
(Mowen et al., 2004), and (2) the secondary signal induced by the STAT proteins
(Mowen et al., 2001; Chen et al., 2004). Both reports demonstrate that arginine
methylation plays a role as a positive regulator in cytokine gene activation and
signaling.
It was shown that the amounts of arginine methylation increased after NGF
treatment of PC12 cells, and PRMT1 negative regulator, BTG, inhibited
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differentiation of PC12 cells (Cimato et al., 1997). Furthermore, it was reported that
CARM1 methylates HuD which induces neuronal differentiation by stabilizing labile
mRNA carrying AU-rich instability elements, and that CARM1 knockdown resulted
in a slow growth rate of PC12 cells in response to NGF (Fugiwara et al., 2006).
These results suggest that arginine methylation is required during NGF-induced
differentiation of PC12 cells.

DNA Repair
The role of protein methylation in the DNA damage response pathway has
remained unclear and unexploited. As more PRMT substrates including DNA repair
proteins are identified, DNA repair is emerging as a cellular pathway regulated by
arginine methylation. DNA repair proteins which are modified by methylation
include Mre11, 53BP1 and DNA polymerase β.
The MRE11-RAD50-NBS1 (MRN) double-strand break-repair protein
complex was identified with ASYM25, an aDMA-specific antibody (Boisvert et al.,
2003). In addition, it was recently demonstrated that the GAR motif of MRE11 is
arginine methylated by PRMT1 (Boisvert et al., 2005b). The methylation of MRE11
does not have any effect on MRN complex formation. However, mutations within the
GAR motif abolish the exonuclease activity of MRE11, indicating that arginine
methylation of MRE11 is required for its enzymatic activity. Because the exonuclease
domain resides at the N-terminus of the protein, these data also suggest that the GAR

21

motif is a regulatory region that may adjust the activity of MRE11 in response to
signals that modulate arginine methylation. Cell cycle arrest is a common feature of
normal cells that undergo DNA damage. This permits the cell to monitor and repair
the damaged DNA or undergo apoptosis. Cells with hypomorphic alleles of MRE11
are known to display cell cycle checkpoint defects similar to cells derived from
patients with ataxia-telangiectasia and continue to cell cycle in response to DNA
damage (Stewart et al., 1999). Cells treated with methylase inhibitors or PRMT1
siRNA show cell cycle-checkpoint defects in response to DNA damage (Boisvert et
al., 2005b). This effect was partially rescued with purified methylated MRN complex.
These findings suggest that PRMTs play a significant role in DNA damage response.
53BP1 is another central mediator of the DNA damage checkpoint, and it also
harbors a GAR motif, which is linked with its Tudor domains (Charier et al., 2004). It
is likely that GAR motif of 53BP1 will be a substrate of either PRMT1 or
PRMT5/JBP1. Recently it was shown that the 53BP1 Tudor domains targeted to sites
of DNA damage by association with methylated lysine within histones (Huyen et al.,
2004). Although it was reported that DNA damage induces conformational changes
in DNA and then render methylated lysine 79 of histone H3 accessible to 53BP1, the
molecular mechanisms underlying the function of lysine methylation on DNA repair
are unclear. However, it is obvious that lysine methylation is involved in signaling
pathways involved in the DNA damage response. Furthermore, arginine methylation
seems to control this pathway through arginine methylation of 53BP1.
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Mammalian DNA polymerase β (Pol β) has been implicated in BER (base
excision repair) of oxidized DNA, alkylated DNA, and unnatural DNA bases (Beard
and Wilson, 2006). Recently, it was reported that Pol β forms a complex with
PRMT6 and is methylated in vivo. Furthermore, Pol β methylation increased when
cells were treated with an alkylating agent, MMS (Methyl methanesulfonate).
Methylated Pol β showed significantly higher DNA polymerase activity, when
compared with that of unmodified one. Indeed, Pol β-/- cells showed lower cell
recovery yield than wildtype cells after MMS treatment. Methylation exerted these
effects by enhancing DNA binding activity and processivity of Pol β (El-Andaloussi
et al., 2006). Therefore, the arginine residues methylated by PRMT6 increase Pol-β
activity in DNA damage repair.

Methyl-arginine binding proteins
Methylation increases steric hindrance and removes an amino hydrogen that
may be used for hydrogen bonds. Therefore, methylation could regulate intra- or
intermolecular protein-protein interactions. Indeed, methylated arginines have been
shown to block some interactions and to promote others (McBride and Silver, 2001).
Even though RNA binding proteins are major targets of arginine methylation, there
are few studies showing the direct effect of arginine methylation on target protein
binding to RNA. Methylation of hnRNPA1 had an effect on its RNA binding
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(Rajpurohit et al., 1994), whereas methylation of yeast hnRNP Hrp1 did not affect its
binding to specific RNA (Henry et al., 2003).
It was reported that arginine methylation may modulate the function of proteins
by altering specific protein-protein interactions. For instances, Sam68, a mitotic
substrate for the Src kinase, is thought to act as an adaptor protein in signaling
pathways.

It binds to both WW domain and SH3 domain-containing proteins

through proline-rich regions, and arginine residues within proline-rich regions are
asymmetrically dimethylated. Interestingly, methylation of Sam68 within proline-rich
regions has a negative effect on the binding of Sam68 to Src homology 3 (SH3)
proteins but not to WW domain proteins (Bedford et al., 2000).
In addition, inhibitor of STAT1 (signal transducer and activator of
transcription) transcription factor, PIAS1 prevents STAT1 translocation into the
nucleus as a scaffolding protein. Arginine methylation of the Stat1 decreases its
affinity for PIAS1 (Mowen et al., 2001), resulting in nuclear translocation of STAT1.
Although the STAT data is somewhat controversial at the moment (Meissner et al.,
2004; Komyod et al., 2005), arginine methylation has been implicated in the JAKSTAT pathway of cytokine receptors by regulating the function of STAT1 and
STAT6.
Arginine methylation of Ewing sarcoma (EWS) protein decreases its
interaction with SMN, the product of the spinal muscular atrophy gene (Young et al.,
2003). In contrast, symmetric dimethylation of Sm proteins positively regulated the
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interaction between SMN and small nuclear ribonucleoprotein SmB/B’, SmD1 and
SmD3 (Friesen et al., 2001a). Arginine methylation by PRMT5 methylosome may be
a signal for the recognition and targeting to SMN complex for small nuclear
ribonucleoprotein (snRNP) assembly (Friesen et al., 2001b). The Tudor domain of
SMN is likely to mediate this interaction. Recent studies demonstrated that the SMN
Tudor domain mediates several interactions with RG domain-containing proteins
(Young et al., 2003). RG domains are motifs for methylation by protein arginine
methyltransferases and Tudor domains are potential binding partners for methylated
proteins because data show Tudors binding to methylarginine (Cote and Richard,
2005) .

Arginine methylation and tumorigenesis
STAT1 arginine methylation has been shown to be functionally necessary in
the interferon signaling pathway since it inhibits association of STAT1 with its
inhibitor, PIAS and required for its dephosphorylation by phosphatase TcPTP
(Simoncic et al., 2002). Since cancer cells frequently lose expression of
methylthioadenosine phosphorylase (MTAP) that inactivates the methylation
inhibitor, methylthioadenosine (MTA), the loss of arginine methylation by the lost of
MTAP might be involved in interferon resistance of cancer cells (Chen et al., 1996).
DAL-1/4.1B is a tumor suppressor protein and suppresses growth in lung,
breast, and brain tumor cells. Recently, PRMT3 was identified as a DAL-1/4.1B
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binding protein, and this interaction regulates the methylation of PRMT3 substrates.
DAL-1/4.1B inducible MCF-7 cells showed decreased apotosis in the presence of
protein methylation inhibitor, AdOx (Jiang and Newsham, 2006). These results
implicate protein arginine methylation in cell death pathway induced by DAL-1/4.1B
and further in controlling tumorigenesis.
Both PRMT1 and CARM1 are transcriptional coactivators of nuclear steroid
receptors, thus they may be involved in hormone dependent tumor progression (Koh
et al., 2000). This activity is facilitated by the ability of PRMT1 and CARM1 to
methylate histones H4 and H3, respectively (Chen et al., 1999; Wang et al., 2001). In
addition, CARM1 can methylate p300/CBP, which in turn regulates histone
acetylation (Chevillard-Briet et al., 2002; Chen et al., 2002). The fact that CARM1 is
a coactivator for nuclear receptors makes it a likely candidate for over-expression in
prostate and breast cancers. Indeed, aberrant expression of CARM1 has been reported
in the development of prostate carcinoma in androgen-independent status (Hong et al.,
2004).

1.3 Lysine Methylation

Overview of histone modifications
In Eukaryotic organisms, the structural repeating subunit of chromatin is the
nucleosome. 146 bp of DNA wraps around an octamer of core histones, consisting of
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pairs of H3, H4, H2A, and H2B in the nucleosomes (Luger et al., 2006). This
structure helps compacting DNA in the nucleus. The state of chromatin compaction is
defined as two forms of chromatin; either heterochromatin (a condensed and
'transcriptionally silent' chromatin) or euchromatin (a loosely packed and
'transcriptionally active' chromatin which comprises active and inactive genes).
Because the packaging of nucleosome precludes general access of nuclear factors to
the underlying DNA, chromatin has to unfold for regulating DNA processes such as
transcription, replication or DNA-repair (Luger et al., 2006; Lee et al., 2004a).
Chromatin structure may change transiently in local areas of the genome as a
response to cellular stimuli by cellular mechanisms. These mechanisms include ATPdependent chromatin remodeling (Santos-Rosa et al., 2005) and post-translational
covalent modifications of the histones that also control access to histone-associated
DNA (Wood et al., 2005).
Post-translational modifications of the histones within a nucleosome includes
acetylation of lysines (K), methylation of arginines (R) and lysines (K),
phosphorylation of serines (S) and threonines (T), ubiquitylation and sumoylation of
lysines, as well as ADP ribosylation (Peterson et al., 2004). These events play an
important role in regulating chromatin structure and the interactions of chromatin
with non-histone regulatory factors. Many of these modifications occur on the “tail”
of the histone proteins, extending outwards from the core of the nucleosome. Even
though many of the histone modifications were discovered years ago, only recently,
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studies have seen able to decipher their biological significance (Martin and Zhang,
2006).
In general, the acetylation of histones is linked to transcriptional activation
because this modification decreases interactions between DNA and the nucleosome.
In contrast, histone methylation has either transcriptional activation or repressive
effects which determine the degree and sites of modification (Margueron et al., 2005).
Histone modifications can either create or disrupt binding sites for regulatory proteins
that recognize specific acetylated or methylated residues on histone tails through
bromo and chromo domains, respectively (de la Cruz et al., 2005). Thus, it was
proposed that histone modifications could serve as a “mark” that facilitates
downstream for altering gene expression.
Histone modifications are deposited in a combinatorial manner in various states.
These sequential or concurrent combinations of histone modifications that harbor the
information about gene expression have been termed as the “Histone code” (Strahl
and Allis, 2000; Jenuwein and Allis, 2001). The histone code constitutes signals that
are read by regulatory proteins, like transcription factors or protein complexes,
involved in chromatin condensation, chromain opening or DNA repair. It is now clear
that together with DNA methylation, histone modifications play a major role in the
regulation of nuclear function through the histone code (Mellor, 2005; Morillon et al.,
2005).
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Histone lysine methylation
In addition to epigenetic maintenance through regulating the state of chromatin
compaction, histone lysine methylation apparently plays a central role in regulating
transcription activation and repression within euchromatin (Bannister and Kouzarides,
2005). The most studied sites of lysine methylation lie in the amino terminus of
histone H3 and H4. To date, there are five methylated lysines within histone H3 (K4,
K9, K27, K36, K79) and one within histone H4 (K20) (Figure 1.4B). A nomenclature
is presented that allows patterns of histone modification to be clearly specified
(Turner, 2005). For instance, monomethylation of histone H3 at lysine 4 is denoted as
H3K4me1.
The methylated sites found within heterochromatin are H3K9, H3K27, H3K79
and H4K20. H3K9me3 and H4K20me3 are enriched in pericentric heterochromatin,
whereas H3K27me3 is enriched at the inactive X-chromosome (Rougeulle et al.,
2004). Methylation of histone H3K4 and H3K36 are associated with potential of gene
activation within euchromatin (Martin and Zhang, 2006). Histone lysine methylation
is catalyzed by histone methyltransferases (HMTs) and there are at least 50 SETdomain HMTases in mammalian cells that confer methylation of the six major lysine
residues in histone H3 and H4 tail (Cheng et al., 2005; Wood et al., 2005).
Studies in different organisms have resulted in the identification of several
proteins and domains that recognize these histone lysine modifications. Repressive
proteins, such as heterochromatin protein 1 (HP1) (Stewart et al., 2005) or the
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Drosophila Polycomb (PC) protein (Cao, 2002) use their chromodomains to
recognize repressive methylation mark, H3K9 and H3K27 respectively. In humans
the chromodomain helicase DNA-binding protein 1 (CHD1) binds to methylated
H3K4 via its chromodomain (Sims et al., 2005). Therefore, the ultimate function of
the methyl group is to recruit either activator or repressor proteins of transcription. As
a last specificity of lysine methylation, each lysine residue can accept one, two or
even three methyl groups, and HMTs then add one or more methyl groups in a
symmetric or asymmetric manner, resulting in mono-, di-, or tri-methylated lysine
(Figure 1.4A) (Peterson et al., 2004).

Histone lysine demethylation
In contrast to other covalent modifications, histone lysine methylation has been
considered an extremely stable and irreversible epigenetic mark until it was reported
that lysine specific demethylase1 (LSD1) induces amino oxidation of mono- and di(not tri-) methylated lysine 4 of histone H3 to generate unmodified lysine and
formaldehyde (Shi et al., 2004). There are approximately 10 LSD1-like mammalian
amino oxidases that share sequence homology. They contain a nuclear localization
signal (NLS) and a SWIRM (named after the proteins SWI3, RSC8 and MOIRA in
which it was first recognized) domain that is often found in chromatin-associated
proteins (Lunyak et al., 2002; Shi et al., 2004).
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Figure 1.4 Lysine methylation on histones H3 and H4
(A) Multiple states of methylation of lysine, that are mono-, di-, or tri-methylated lysine. (B)
There are five methyl lysines within histone H3 (K4, K9, K27, K36, K79) and one within
histone H4 (K20).
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Recently, the JmjC domain-containing histone demethylase was identified by
using biochemical assays coupled with chromatography. JHDM1 (JmjC domaincontaining histone demethylase 1) specifically demethylates histone H3 at lysine 36
(H3K36) in the presence of cofactors, Fe(II) and α-ketoglutarate (Tsukada et al.,
2006). Like JHDM1, JHDM2A (JmjC domain-containing histone demethylase 2, also
called JMJD2A) requires both Fe(II) and α-ketoglutarate. RNAi depletion of the C.
elegans JMJD2A homolog resulted in an increase in general H3K9me3
(trimethylation), indicating that this enzyme specifically reversed H3K9me3 to
H3K9me2 but not H3K9me1 or unmethylated products.
Interestingly, JHDM2A was found to be recruited to androgen-receptor target
genes in a hormone-dependent fashion (Yamane et al., 2006), providing evidence that
H3K9me2 plays a role in hormone-dependent transcriptional activation. The finding
that these families of demethylases generate different methylated states at the same
lysine residues provides a mechanism for fine-tuning histone methylation (Whetstine
et al., 2006). The subgroup of murine Jmjd2 proteins also removes H3K36
methylation and antagonizes H3K9me3 at pericentric heterochromatin as an active
process that occurs well before replication of chromatin (Fodor et al., 2006).

The lysine methyltransferases enzymes
Histone lysine methylation occurs on histone H3 at lysine -4, -9, -27, -36, and 79 and on histone H4 at lysine 20. Several enzymes that modify specific lysine sites
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have been identified and characterized (Figure 1.4B). The characterization of these
enzymes has revealed important functions of histone methylation in many different
biological processes (Table 1.1). In addition, crystal structures have been determined
for some of them (Cheng, 2005; Marmorstein, 2003).
All of the histone lysine methyltransferases (HMTs) except DOT1 share a
conserved SET domain that was originally identified in three Drosophila
melanogaster genes in epigenetic processes (the suppressor of position-effect
variegation 3-9), Su(var)3-9; Enhancer of zeste, En(zeste); and homeotic gene
regulator Trithorax (Cheng et al., 2005). SET domain forms a knot-like structure, and
there are several conserved residues within the knot. This conserved domain is
essential for catalysis and binding of cofactor S-adenosyl-L-methionine (AdoMet),
and is found throughout eukaryotic proteins (Alvarez-Venegas and Avramova, 2002).
So far, SET-domain containing HMTs that methylate lysine-4, -9, -27, or -36 of
histone H3 and lysine 20 of histone H4 have been identified (Martin and Zhang,
2005). Human homolog of Drosophila melanogaster Su(var) 3-9, Suv39h1 was the
first identified SET domain HMT, which has H3K9-specific methyltransferase
activity (Rea et al., 2000). S. pombe homolog of Su(var) 3-9 was identified as Clr4, a
cullin family protein that serves as a scaffold for assembling ubiquitin ligases. Clr4
methyltransferase is responsible for H3K9 methylation across all heterochromatic
domains. However, the mechanism of Clr4 recruitment to these loci is poorly
understood (Jia et al., 2005).
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In addition to Suv39h1/Clr4, G9a and ESET/SETDB1 have also been reported
to target H3K9 for methylation (Tachibana, 2002). Recent studies have identified
SET1 which is responsible for histone H3K4 methylation in budding yeast (Briggs et
al., 2001). SET7 (also called SET9) was purified from HeLa cells as human homolog
of SET1, and characterized as the H3K4 specific enzyme even though SET7 has little
sequence similarity to yeast SET1 (Wang et al., 2001). SET8 and EZH2 (the enhancer
of zeste homolog 2) (Cha et al., 2005) were also identified as SET domain HMTs
which are responsible for histone H4K20 methylation and histone H3K27,
respectively and histone H3K36 is methylated by NSD1 (Rayasam et al., 2002).
DOT1 (disruptor of telomeric silencing) that is involved in repression of
telomeric genes was identified by a genomic screen for suppressors of telomeric
silencing in Saccharomyces cerevisiae (Singer et al., 1998). DOT1 contains AdoMetbinding motifs and a catalytic domain, but not a SET domain, which is one of the
characteristic features of Type I arginine methyltransferases. DOT1 specifically
methylates H3K79 within the core of the histone octamer (Feng et al., 2002).

Functional consequences of histone lysine methylation
Lysine methylation could provide the binding site for the recruitment of
specific proteins involved in chromatin remodeling or enhance activity of enzymes to
make additional histone modifications for these regulations (Dutnall, 2003; Martin
and Zhang, 2006). In addition, lysine methylation could inhibit binding of proteins or
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enzymes that make additional modifications on histone tails. Therefore, almost all
lysine methylation marks lead to a distinct biological outcome including the
regulation of transcription, chromatin structure, and DNA damage response
(Table1.1).

Histone

Residues
K4

H3

K9
K27
K36
K79

H4

K20

Effects
Transcriptional activation, ISWI recruitment,
transcriptional elongation
Heterochromatin
establishment,
euchromatic
silencing, DNA methylation in heterochromatin
Euchromatic silencing
Transcriptional elongation
Inhibition of telomeric silencing, DNA repair
Transcriptional silencing, mitotic chromosome
segregation, cytokinesis, DNA repair

Table 1.1 Differential effects of histone lysine methylation
Lysine methylation marks on histones lead to central roles in regulating transcription
activation and repression within euchromatin in addition to epigenetic maintenance through
regulating the state of chromatin compaction.

A methyltransferase activity on histone H3K4 was found in transcriptionally
active nuclei of Tetrahymena but not in inactive nuclei (Strahl et al., 1999), indicating
that histone methylation occurs on active chromatin. Studies on methylation events of
budding yeast showed that H3K4 methylation was found to inhibit binding of
mammalian nucleosome remodeling and deacetylase (NuRD) corepressor complex
containing HDAC (histone deacetylase)(Zegerman et al., 2002).
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In contrast, this modification enhances mammalian p300 HAT activity and
stimulates the recruitment of coactivator Isw1p ATPases in budding yeast (Lee et al.,
2005c). On the other hand, H3K9 and K27 methylation creates a high affinity binding
site for the chromodomains of Drosophila HP1 (Heterochromatin protein 1) and PC
(Polycomb) protein, respectively (Stewart et al., 2005; Cao, 2002), most likely for
heterochromatin structure formation. A recent study proposes that H3K9 me3 by the
Suv39h is required for the induction of H4K20me3, suggesting a function for
H4K20me3 in gene silencing and H3K9 and H4K20me3 as important components of
a repressive pathway that can index pericentric heterochromatin (Schotta et al., 2004).
Recently, methylation of histones has been revealed to be necessary for the
establishment of a checkpoint control following DNA damage. This checkpoint is
necessary for the cell to arrest and repair its DNA. In mammals, 53BP1 (p53 binding
protein) is recruited to sites of DNA damage where it binds methylated H3K79 via its
Tudor domian (Huyen et al., 2004). SiRNA-based suppression of DOT1L, the
enzyme that methylates H3K79, also inhibited recruitment of 53BP1 to DSBs (DNA
double strand breaks). The situation is similar in Schizosaccharomyces pombe, but
here the Tudor domain of Cut5-repeat-binding protein 2 (CRB2; an orthologue of
p53BP1 in S. pombe) mediates binding to methylated H4K20 generated by SET9.
Loss of set9 activity impaired cell survival upon treatment with genotoxic challenge,
such as IR. In addition, CRB2 are mislocalized and the DNA checkpoint is then
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disrupted (Sanders et al., 2004). These findings implicate that H4K20 methylation
plays a crucial role I DNA damage response.
Recent studies showed that DNA methylation and histone methylation work
together as parts of epigenetic networks that integrate gene-silencing within the cell.
For instance, methylation of chromatin at H3K9 is linked to the DNA methylation:
Suv39h-mediated H3K9 methylation is necessary for DNA methylation to take place
at pericentric heterochromatin (Lehnertz et al., 2003). Furthermore, it was also
reported that disruption of DNA methylation was linked to the loss of H4K20
methylation in cancer cells, highlighting the tight connection between these two
modifications (Fraga et al., 2005).

Methyl-lysine binding proteins
The different patterns of chemical modifications provide binding sites for
proteins that can change the chromatin state to either active or repressed. Interestingly,
some domains present in histone-modifying proteins were known to interact with
these modification marks at the histone tails. This was first shown for the
bromodomain, which was found to interact selectively with acetylated lysines at the
histone tails (Owen et al., 2000).
In contrast to bromodomains, early studies have demonstrated that the
chromodomain can be targeted to methylation marks in histone N-terminal tail. These
domains recognize methyl-lysines within the context of a specific sequence or motif.
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For example, the chromodomain of HP1 interacts specifically with H3K9me (Stewart
et al., 2005), whereas that of Polycomb (PC) protein (Cao, 2002) interacts specifically
with H3K27me, resulting in different biological outcomes. HP1 bound to H3K9me3
can recruit Suv39h1, which trimethylates the H3 tail to mediate further HP1 binding
with resultant spreading of heterochromatin. It is known that PC contains a
chromodomain and forms dimers, which might bind to H3K27me3 of two adjacent
nucleosomes, thereby causing a higher degree of compaction to chromatin
remodeling complex SWI/SNF binding (Orlando et al., 1998).
More recently, four domains that are distinct from the chromodomain were also
shown to recognize methylated lysine residues; The Tudor domain, WD40 domain
(Trp-Asp (W-D) dipeptide repeat as 40 amino acid motifs), MBT (Malignant brain
tumor domain) and PhD domains (plant homeodomain). Therefore, it has been
described to date that methyl-lysine binding proteins contain one of five methyllysine binding domains: the chromodomain, the Tudor domain, the WD40-repeat
domain, the MBT domain or the PhD domain (Figure 1.5).
Within the Tudor domain, DNA-repair checkpoint protein p53-binding protein
1 (53BP1) recognizes methylated H3K79, a widely distributed histone modification
in mammalian cells (Huyen et al., 2004). The WD40 repeats of the vertebrate
transcriptional activator WDR5 (WD40 repeat containing protein5) also forms a
binding site for a methylated lysine, in this case di- and H3K4me3 (Wysocka et al.,
2005).
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Figure 1.5 Methyl-lysine histone binding proteins
Domains present in chromatin-associating proteins were known to interact with these
modification marks at the histone tails. Bromodomain interacts selectively with acetylated
lysines, whereas chromodomain, Tudor domain, WD40 domain, MBT domain and PhD
domain can be targeted to methylation marks in histone N-terminal tail.
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MBT repeats have unique discriminatory binding activity for H3K9me1,
H3K9me2, H4K20me1, and H4K20me2 (Klymenko et al., 2006). PhD domains were
also found to interact with methylated lysines at the histone tails. For instances, a
PhD finger of NURF was found to couple H3K4me3 with chromatin remodeling
(Wysocka et al., 2006; Li et al., 2006), and the ING2 PhD domain was reported to
link H3K4 methylation to active gene repression (Shi et al., 2006). In addition, the
PhD domain of the transcriptional cofactor p300 was reported to bind to nucleosomes.
Since PhD fingers often occur in proteins next to bromodomains, both the
bromodomain and the PhD finger contact the nucleosome while simultaneously
interacting with each other (Ragvin et al., 2004).
These findings fulfill the prediction for members of the larger Royal Family
domain, which were thought to bind methylated lysine (Maurer-Stroh et al., 2003).
The challenge to screen more histone code ‘readers’ in the future is important for
deciphering more histone codes as well as understanding how the recruitment of
specific proteins to methylated sites mediate the desired biological functions.

1.4 Protein methylation as therapeutic targets for cancer

Prostate and breast cancers are often hormone dependent. The fact that PRMTs
are known as coactivators for nuclear receptors makes them likely candidates to be
overexpressed in these cancers. Indeed, it has been found that aberrant over
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expression of CARM1 correlates with human prostate carcinoma as well as with
androgen independent prostate carcinoma. In recurrent prostate cancer in the absence
of testicular androgens, increased CARM1 may allow the induction of AR (androgen
receptor) transcription by low-affinity of steroids (Hong et al., 2004). In mouse
embryonic fibroblast cell lines derived from Carm1 null embryos, estrogen receptormediated transactivation is decreased (Yadav et al., 2003).
In addition, when overexpressed, PRMT5 promotes anchorage-independent cell
growth, indicating that PRMT5/JBP1 may be a candidate for deregulation in
transformed cellular states (Pal et al., 2004). PRMT5/JBP1 may inhibit the expression
of tumor suppressors. Therefore, the manipulation of PRMTs is a strategy for the
treatment of cancers caused by dysregulated transcription.
Although the PRMTs have not been convincingly identified as oncogenes or
tumor suppressors, a precedent has been set by the lysine methyltransferases for the
involvement of protein methylation in transformation (Hamamoto et al., 2004;
Marmorstein et al., 2003). It was reported that Rb-mediated silencing of growthpromoting genes is associated with methylation of H3K9, and this gene silencing may
depend on the histone methyltransferase Suv39h1 (Czvitkovich et al., 2001; Braig et
al., 2005). Moreover, a recent study demonstrated a loss of H4K20me3 in the
pericentric repeats, which is associated with overall reduction in DNA methylation in
certain cancer cells (Tryndyak et al., 2006). This demonstrates a link between
epigenetic alterations and malignant properties of cancer cells.
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It has become evident that proteins that contain a SET domain are involved in
cancer, which suggests that a strict regulation of the genome wide HMT activity is
required for preservation of an untransformed state. For instance, the expression of
Enhancer of Zeste homolog 2 (EZH2), a methyltransferase which make H3K27me3
was found to be up-regulated in early stages of prostate and breast cancer (Margueron
et al., 2005). Up-regulation of EZH2 might alter the histone methylation profile and
cause gene silencing of tumor suppressor gene. In addition, it was reported that Akt
(PKB) phosphorylates EZH2 at serine 21 and suppresses its methyltransferase activity
by impeding EZH2 binding to histone H3, which results in a decrease of H3K27me3
and disruption of gene silencing of oncogene (Cha et al., 2005). Furthermore,
dominant negative mutant S21D-EZH2 enhanced cell growth in culture and tumor
development in animals, and phosphorylated EZH2 was correlated with Ki67, a
proliferative marker in primary tumor tissues (Said, 2005). Since Akt signaling has
been implicated in cancer development, phosphorylation of EZH2 by activated Akt
may contribute to oncogenesis through altering the histone methylation profile and
causing dysregulation of transcription.

1.5 Goals and Rationale

The understanding of the biological significance of protein methylation has
recently become an important topic for research. Elucidation of the biological role of
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CARM1 has been achieved mainly through the targeted disruption of the Carm1
genes in mice (Yadav et al., 2003). Another important part of understanding the
biological role of CARM1 is identifying the range of substrates methylated by
CARM1. CARM1 substrates identified so far include histone H3 (Chen et al., 1999),
HuR (Li et al., 2002), CBP/p300 (Xu et al., 2001) and PABP1 (Lee and Bedford,
2002). We thus carried out a substrate screen for CARM1 using high-density protein
filter arrays (Lee and Bedford, 2002) (Figure 1.6) with human brain protein library of
37,200 clones as His-tagged fusion proteins which were arrayed in a duplicate pattern
on two PVDF membranes.

Figure 1.6 Screening for CARM1 substrates on high density protein arrays
CARM1 substrates were identified through large scale in vitro methylation by CARM1 using
high-density protein filter arrays with human brain protein library of 55,000 clones as Histagged fusion protein form (right panel) which were arrayed in a duplicate pattern on two
PVDF membranes. Arginine methylated His-tagged proteins were detected by fluorography
(left panel).

43

Using macroarray of proteins and large-scale enzyme reactions we have identified
three proteins that can be methylated in vitro by CARM1. The first substrate is the
poly-A binding protein, PABP1. The second substrate is Thymocyte Cyclic AMPregulated Phosphoprotein (TARPP), and was recently described as an abundant
protein in immature thymocytes and may be involved in early T-cell development
(Kisielow et al., 2001). The third substrate, CAS3 (CARM1 substrate 3), is a gene
product of BC043098 cDNA clone.

None of these CARM1 substrates harbors RGG

motifs and the cellular functions of TARPP and CAS3 have yet to be addressed.
This study has explored the biological role of protein arginine methylation by
CARM1 through the characterization of TARPP and CAS3 methylation. We have
examined CARM1 function in thymic T cell development using both knockout and
conditional knockout approaches. We also investigated the possibility that CARM1
can regulate CAS3 subcellular localization and possibly also regulate interactions
with Tudor proteins. Arginine methylation has been implicated in protein-protein
interactions by both inhibiting and permitting interactions in different signaling
pathways. However, the regulation of protein-protein interactions by CARM1 has not
been addressed.
In contrast with arginine methylation, protein-protein interactions regulated by lysine
methylation have been studied mainly in regard to histones and histone binding
proteins. To date, five protein domains such as the chromo, Tudor, WD40, MBT, and
PhD domains have been identified as methyl-lysine binders. Studies on cellular
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pathways involving interactions between histone and methyl-lysine binding proteins
have revealed “readers” of the histone codes. Clearly, the identification of additional
protein domains that recognize specific sites of histone methylation will extend our
understanding of the histone code and how it regulates transcription.
In this study we focused on the role of protein methylation in the establishment
of protein-protein interactions and preservation of correct T cell development patterns.
How loss of CARM1 contributes to deregulation of T cell development will be
investigated in the first part of the study. In the second part we will use protein
domain arrays to identify methyl-arginine binding proteins that require CARM1
activity. Finally, the same array approach will be used to identify proteins that bind
lysine methylated histone tails and can be regarded as code readers.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Plasmid constructs

All GST fusion proteins were subcloned in pGEX6P-1 (Amersham Pharmacia
Biotech). For GFP fusion constructs pGEX6P-1 fusion constructs were cut and
directly subcloned into pEGFP-C1 (Clontech).

GST-GAR and GST-, GFP-PABP
GST-glycine- and arginine-rich (GAR) and GST-PABP have been described
(Gary and Clarke 1998; Lee and Bedford 2002).

GST- and GFP-TARPP
The expression construct of GST-TARPP was generated by PCR from a human
brain cDNA library by using the following oligonucleotide set: 5'-TAA GTC GAC
TTA ACA TGG GTC AAC AGC CAG CC-3' and 5'-TGA GCG GCC GCT CAG
GAA GAA CTA GAC ATT TGT GC-3'. The resulting PCR product was cloned into
BamHI and EcoRI sites of pGEX-6P-1 (Amersham Biosciences). All deletion mutants
of TARPP-GST fusion proteins were subcloned in pGEX6P-1. For GFP fusion
constructs pGEX6P-1 fusion constructs were cut and directly subcloned into pEGFPC1 (Clontech).
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GST- and GFP-CAS3
The expression construct of GST-TARPP was generated by PCR from a human
brain cDNA library by using the following oligonucleotide set: 5'-TAA GTC GAC
TTA ACA TGG GTC AAC AGC CAG CC-3' and 5'-TGA GCG GCC GCT CAG
GAA GAA CTA GAC ATT TGT GC-3'. The resulting PCR product was cloned into
BamHI and EcoRI sites of pGEX-6P-1 (Amersham Biosciences). For GFP fusion
constructs pGEX6P-1 fusion constructs were cut and directly subcloned into pEGFPC1 (Clontech).

GST-TDRD3
For domain microarray and in vitro pull down assay, GST-TDRD3 which
encodes Tudor domain of full length TDRD3 were previously generated in our lab.
The expression construct of GST-TDRD3 was generated as by PCR from a human
brain cDNA library. The resulting PCR product which encodes only Tudor domain of
TDRD3 was cloned into BamHI and EcoRI sites of pGEX-6P-1 (Amersham
Biosciences). For the generation of TDRD3 antibody, GST fusion TDRD3 which
encodes the middle portion (about 700 bases) of full length of TDRD3 was
constructed. PCR product was generated from full length of GFP-TDRD3 by using
the following oligonucleotide set: 5'-TAA GAA TTC TTA TGG CTT AAT AGG
TC-3' and 5'-TTC GGA TCC GAA CCT AAA TCA CGA CC-3'. The resulting PCR
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product was cloned into BamHI and EcoRI sites of pGEX-6P-1 (Amersham
Biosciences).

2.2 Site-directed mutagenesis on full-length TARPP and CAS3

Site specific point mutations on GST-, GFP- fusion constructs were performed
by using QuickChange® XL Site-Directed Mutagenesis Kit (STRATAGENE). Two
synthetic oligonucleotide primers were used for each dsDNA GST or GFP vector
with an insert of interest. QuickChange® XL Site-Directed Mutagenesis method is
performed using PfuTurbo DNA polymerase.

2.3 Cell culture and transient transfection

The generation of wildtype and CARM1-/- mouse embryonic fibroblasts
(MEFs) has been described (Yadav et al., 2003). HeLa cells and the BW5147 T cell
lymphoma (mature T cells) were obtained from the American Type Culture
Collection (ATCC). The immature T cell lines, LR1-9531, was derived from an
ATM-/-RAG-2-/- thymoma of 6.5 month male mouse and has been described (Reizis
and Leder, 1999). Its phenotype is low CD2, CD25-/- and CD44-/-. G9a ES cells were
cultured with ES cell medium containing LIF (Leukemia inhibitory factor) on the
MEF feeder cells (p21-/-) and Suv39h 1/2 KO MEF cell lines were grown in MDEM.
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2.4 Antibodies

The TARPP antibody was raised in rabbits against GST-TARPPd fragment.
The CAS3 antibody was raised in rabbits against the peptide sequence
QTAVYPVR87SAYPQQ which harbors methyl arginine 87. This CAS3 antibody is
able to detect methylated form of CAS3. The CARM1 antibody was raised in rabbits
against the peptide sequence KTMGGPAISMASPMSIPTNTMHYGS. The TDRD3
antibody was raised in rabbits against GST fusion TDRD3 which encodes the middle
portion (about 700 bases) of full length of TDRD3. Other antibodies were purchased:
αGFP (Clontech), αKeratin5 (Covance), αKeratin8 (Developmental Studies
Hybridoma Bank), αH3K9me2, αH3K9me3, αH4K20me2 and αH4K20me3
(Upstate). Antibodies for immunofluorescence were also purchased: Calnexin, 58K
Golgi, TGN38 (Abcam), HSP60 (Stressgene), LAMP1, and MAPLC3 (Santa cruz).

2.5 Methylation reactions

In vitro methylation assay
In vitro methylation reactions were performed in a final volume of 30 ㎕ of l X
PBS (pH 7.4). The reaction contained 0.5~1 ㎍of substrate and 1 ㎍ of recombinant
PRMT. All methylation reactions were carried out in the presence of 0.42 µM [3H]
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AdoMet ([3H] AdoMet; 79 Ci/mmol from a 12.6 mM stock solution; Amersham
Biosciences). The reaction was incubated at 30°C for 1 hr and then subjected to
fluorography by separation on a 10% SDS polyacrylamide gel electrophoresis,
transfer to a PVDF membrane, treatment with EnhanceTM (NEN) and exposure to
film overnight.

In vitro methylation assay with cell lines
MEF cell lines were grown to 80% confluency on a 10-cm tissue culture plate.
Cells were washed with 1X PBS (pH 7.4) and scraped off the plate into 500 ㎕ of
mild lysis buffer (150 mM NaCl, 5 mM EDTA, 1% Triton X100, 10 mM Tris·HCl,
pH 7.5). Cells were lysed by sonication for 10 seconds and then the supernatant was
used as the enzyme source. In vitro methylation reactions were performed by adding
the cell lysate to 1 g of GST fusion proteins bound to glutathione beads in the
presence of 0.42 M [3H] AdoMet. The reaction was incubated at 30°C for 1.5 hr and
then the beads were washed three times with PBS. The GST fusion protein-bound
beads were boiled to separate substrates. Methylation of substrates was analyzed by
fluorography.

Transient transfection and in vivo methylation assay
GFP fusion constructs of PABP1, TARPP and CAS3 (Full length) were
transiently transfected into HeLa cells using lipofectamine 2000 (Gibco BRL).
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1 ㎍ of each plasmid and 30 ㎕ of lipofectamine 2000 were used for transient
expression of proteins. 24 hours after transfection, the cells were labeled using same
method which was a previously described in in vivo methylation assay (Liu and
Dreyfuss, 1995). The cells were lysed for 30 min in a mild lysis buffer and
immunoprecipitation were performed with anti-GFP, -Sam68 or -TARPP antibodies.
Samples were then subjected to fluorography. For AdOX treatment experiments, cells
were previously treated with 20 μM AdOx for 7 days before in vivo methylation
assay. AdOx was dissolved in DMSO (Dimethylsulfoxide). Using same method as
previously described, immunoprecipitated proteins were analyzed by fluorography to
determine whether endogenously expressed proteins are methylated or not by
endogenous PRMTs.

2.6 Subcellular localization of proteins

Subcellular fractionation
All steps were performed at 4 °C. HeLa cells grown up to 80% confluence was
harvested and washed three times with ice-cold PBS. Pelleted cells was suspended (5
× 108 cells/㎖) in homogenizing hypotonic buffer (10 mM KCl, 1.5 mM MgCl2,
0.1mM EGTA and protease inhibitor cocktail in 10 mM HEPES, pH 7.2). Cells were
homogenized with a Dounce homogenizer (100 strokes type B pestle) and the
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suspension was centrifuged at 3,000 rpm for 5 min to obtain the nuclear fraction.
Nuclear fraction was then resuspended with hypotonic buffer for the further
homogenization two times more. After washing with nuclear washing buffer (0.1%
NP-40, 0.05% Na-Deoxycholate, 10 mM NaCl, 3 mM MgCl2 in 10 mM Tris-HCl, pH
7.4), nuclear proteins were finally eluted with high salt lysis buffer (0.5 M NaCl,
0.5% NP-40, 1.5 mM MgCl2 in 20 mM HEPES, pH 7.4) by sonication and centrifuge.
The supernatant separated from nuclear pellet was then further centrifuged at 150,000
x g for 1 hr to obtain cytosolic fraction. Membrane fraction was then eluted by mild
lysis buffer from the remaining pellet. Total amounts of protein from each fraction
were measured by Bradford methods before using for further analysis.

Immunofluorescence and confocal microscope
The full open reading frame of TARPP, CAS3 and CDY1 were cloned into
pEGFP (Clontech) and HP1 was cloned into DsRed2 (Clontech). GFP-fused proteins
were directly visualized by green fluorescence, whereas HP1 was immuno-stained to
determine its subcellular localization. Cells growing on four-chamber well slides
were fixed in 4 % paraformaldehyde for 30 min at room temperature, rinsed, and
permeabilized with 0.4% Triton X-100 in PBS for 15 min. Fixed cells were then
incubated with 10% bovine serum in PBS for 1 hr at 37 °C to block nonspecific
binding of antibodies. Without rinsing, cells were incubated with the anti-flag primary
antibody for 1 hr at 37 °C. Slides were 2 times rinsed with 10% bovine serum in PBS
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for 5 min each time and incubated with Texas red-secondary antibody. The cells were
rinsed 3 times for 5 min, and mounted in p-phenylenediamine medium containing
1 mM TO-PRO-3 (far-red DNA dye excitable with a helium-neon laser; Molecular
Probes, Eugene, OR) to stain DNA. The cells were examined in either a
immunofluorescence microscopy or a Leica TCS NT SP confocal laser-scanning
microscope equipped with argon (488 nm), krypton (568 nm), and helium-neon
(633 nm) lasers. The subcellular localization of endogenous CAS3 and TDRD3 were
determined by immunofluorescence microscopy. Endogenous proteins were stained
by primary antibody against each protein after fixation with 4 % paraformaldehyde,
and then blocking with 10% bovine serum in PBS. Cells were then incubated with
anti-rabbit secondary antibody conjugated with FITC, subjected to be mounted in pphenylenediamine medium containing 1 mM TO-PRO-3 for examination.

2.7 Protein-protein interactions

Preparation of the GST fusion proteins
GST fusion proteins were overexpressed in Escherichia coli DH5α cells
(Invitrogen) by induction with a final concentration of 0.4 mM isopropyl-β-Dthiogalactopyranoside. Washed cells were resuspended in 2 ml of phosphate-buffered
saline (PBS; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH
7.4) and 100 µM phenylmethylsulfonyl fluoride/g of cells and subsequently broken
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by two 30-s sonicator pulses (50% duty; setting 3) on ice with a Sonifier cell disruptor
W-350 (SmithKline Corp.). The resulting lysate was centrifuged for 30 min at
23,000 × g at 4 °C. The GST fusion protein was then purified from extracts by
binding to glutathione-Sepharose 4B beads (Amersham Biosciences, Inc.) and washed
in PBS in the presence of protease inhibitor, 100 µM phenylmethylsulfonyl fluoride.
The purified proteins were eluted from the beads with 30 mM reduced glutathione,
50 mM Tris·HCl, pH 7.5, 120 mM NaCl, and then quantified by Bradford method.
Expression and purity of the GST-fusion protein preparation were analyzed using
SDS polyacrylamide gel electrophoresis stained with Coomassie Blue.

GST pull down
Whole cell lysate from HeLa cells expressing either GFP or GFP-CAS3 were
incubated for 2.5 hrs with the purified GST fusion proteins which are covalently
attached to the Glutathione Sepharose beads in a “mild” buffer (150 mM NaCl, 5 mM
EDTA, 1% Triton X100, 10 mM Tris·HCl, pH 7.5). Protease inhibitors were also
included in the buffer. The beads were washed 5 times with the same buffer, and the
bound proteins were analyzed by western blotting by using anti GFP antibody.

Co-immunoprecipitation
To determine whether CAS3 and TDRD3 are associated in vivo, HeLa cells
were lysed in a “mild” buffer and endogenously expressed CAS3 were
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immunoprecipitated with anti-CAS3 antibody. Co-immunoprecipitated proteins were
detected by western blotting with anti-TDRD3 antibody. At reciprocal coimmunoprecipitation assay, endogenous TDRD3 were immunoprecipitated first, and
then interaction with CAS3 was determined by western blotting by using anti-CAS3
antibody. To determine whether interaction between CAS3 and TDRD3 is
methylation dependent or not, co-immunoprecipitation analysis was carried out in
HeLa cells which were either 20 μM AdOx treated or not.

Peptide pull down
Histone tail-protein interactions were exploited by using synthetic, biotinylated
peptides derived from histone tails in vitro pull down binding studies. 25 ㎍ of
biotinylated peptides were immobilized on 10 ㎕ of streptavidin-sepharose beads in
200 ㎕ of 1X PBS at 4°C. Next day, beads were washed three times with PBS to
remove unbound peptides. The biotinylated peptides immobilized on streptavidinsepharose beads were incubated with 50 ㎍ of GST fusion proteins in 1X PBS for
2.5 hrs on a rotator at 4°C. After being washed five times with PBS very vigorously,
bound proteins were eluted in SDS-PAGE loading buffer by boiling for 5mins,
fractionated by 10% SDS polyacrylamide gel electrophoresis, and subjected to
western blotting by using anti GST antibody to detect GST-fusion proteins bound to
peptides.
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Acid extraction of core histones
G9a embryonic stem (ES) cells and Suv39h MEF cell lines were grown to 80%
confluency. After washing with PBS, cells were collected in PBS by scraping
followed by centrifuge at 500 x g for 5 min. Cells were resuspended in RSB buffer
(10 mM Tris·HCl, pH 7.4 / 10 mM NaCl / 3 mM MgCl2) and centrifuge again. Pellet
was resuspended in RSB plus 0.5% Nonidet P-40 for homogenization. Homogenized
cells were placed on ice for 10 min, and then centrifuged at 500 x g for 5 min.
Resulting nuclei fraction was resuspended in an equal volume of 5 mM MgCl2 and
0.8 M HCl, and histones were extracted for 20 min on ice followed by centrifuge at
8,000 x g for 10 min. Core histones were precipitated with final 25% (wt/vol)
trichloroacetic acid (TCA) for 20 min on ice and then followed by centrifugation at
8,000 x g for 20 min. The pellet was washed once with cold acetone plus 0.3N HCl
and additional twice wash with cold acetone. Histone pellet was dissolved in water.
20 mM Tris·HCl (pH8.8) was directly added in histone solution to neutralize pH. To
increase solubility of histone prepared, histone solution containing undissolved pellet
was incubated at 37°C for 15 min. Total amounts of core histone proteins were
measured by Bradford method before using it for further analysis.

Far Western analysis
Core histones were acid purified (Butler et al., 1986) from G9a knockout /
wildtype cell lines and Suv39h double knockout / wildtype cell lines, and 4 ㎍of
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each sample was run on SDS polyacrylamide gel electrophoresis, and then transferred
onto a PVDF membrane. Blots were blocked in PBS plus tween 20 containing 5%
non-fat dry milk, and then incubated with 50 ㎍of the indicated GST fusion protein in
the blocking buffer overnight at 4 °C. Next day, the blots were washed three times for
10 min to fully remove non-specific GST-protein bound on histones. The blots were
then probed with an anti GST antibody followed by anti-rabbit horseradish
peroxidase conjugated and then subjected to enhanced chemiluminescence
(Amersham, Uppsala, Sweden) detection. Western blotting was formed with
antibodies specific to H3K9me2 and H3K9me3.

2.8 Chromatin-associated domain array (CADOR) chip

Cloning and purification of GST fusion proteins
The complementary DNAs (cDNA) encoding the domains used in chromatinassociated domain array (CADOR) chip (Figure 2.1) were cloned into the pGEX-6P1
vectors by PCR using a human cDNA library (Origene), and then insertion was
verified by DNA sequencing. Subcloned domains and regions are listed in Table 5.1.
GST fusion proteins were overexpressed in Escherichia coli DH5α cells (Invitrogen)
by

induction

with

a

final

concentration

of

0.4 mM

isopropyl-β-D-

thiogalactopyranoside. GST fusion proteins were then purified as described
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previously in “Preparation of the GST fusion proteins” of 2.7 protein-protein
interactions.

Production of protein microarrays
The proteins were arrayed in duplicate manner using a FLEXYS robot
(Genomic Solutions, Ann Arbor, MI, U.S.A.). We used a high-density arrayer (HAD)
48 Pin Head (FLX 12021) for arraying. The GST fusion proteins were arrayed from a
384-well plate which contains 10 ㎕ of each protein at a concentration of 1 µg/㎕.
The protein stocks were in elution buffer, and each protein was arrayed five times on
to the same spot to increase the local concentration of protein. Proteins were spotted
onto a glass slide precoated with nitrocellulose polymer (FAST Slide: Schleicher &
Schuell, Keene, NH). Protein spotting was repeated 5 times to increase GST protein
concentration upto detectable amounts.
Array consists of 11 blocks (A-K) which contain 25 GST-fusion protein spots.
Total 12 different fusion proteins were arrayed in duplicate with different directions
on each block of the array. GST alone was also spotted in the middle of the grid as a
negative control. 12 fusion proteins (1-12) of each block (A-K) on the array are
represented from A1 to K12. GST alone in the middle of the grid was represented as
M. Individual protein spots contain ∼250 ng of each GST-fusion protein. The arrayed
proteins were air-dried. Produced chromatin-associated domain array (CADOR) chip
is shown in Figure 2.1.
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Figure 2.1 Subcloned domains and regions in Chromatin-associated domain array
(CADOR) chip
Each block on the array contains 12 fusion proteins (1-12) arrayed in duplicate, with GST
alone (M) spotted in the middle of the grid as a negative control. Individual protein spots
contain ~250 ng of fusion protein.
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Peptide synthesis and labeling
Peptides were synthesized by the W.M. Keck Center (New Haven, CT, USA).
Methylated form and unmethylated counter part form of peptides were synthesized as
follows: histone H3 (1-8) acetyl-ARTKQTARKSTGGKAPRK-biotin, histone H4 (118)

acetyl-GKGGAKRHRKVLRDNIQGK-biotin,

LVREIAQDFKTDLRFQSSK-biotin

and

KGRGRGRRGGRGQNSASRGGSQR-cooh

(all

histone

H3

SmD3
arginines

are

(7-18)

acetylbiotin-

symmetrically

dimethylated). 10 ㎍of biotinylated peptides were pre-bound to 5 ㎕of Cy3streptavidin or Cy5-streptavidin (FluorolinkTM; Amersham Pharmacia Biotech) in
500 ㎕of PBS plus 0.5% Tween 20.

Probing the protein-domain array and probe detection
Arrayed slides were blocked in PBST containing 3% (w/v) non-fat dry milk,
followed by the addition of 400 ㎕of labelled peptide in PBST. After 1h incubation at
room temperature, the unbound peptide was washed away three times with PBST for
10min. Arrayed slides were then probed with FITC-conjugated secondary antibodies.
After 1h incubation at room temperature, slides were washed three times with PBST
for 10min. After centrifugation to dry, the interaction signal on the slide was detected
by using a GeneTACTM LSIV scanner (Genomic Solutions). A 550 nm long pass filter
was used for the detection of Cy3-labelled probes and FITC-conjugated secondary
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antibodies. A 675 nm band pass filter was used for the detection of Cy5-labelled
probes.

Surface Plasmon Resonance (SPR)
Peptide-protein interactions were evaluated using HTS Biosystems’ (East
Hartford, CT) FlexChip Kinetic Analysis System that utilizes grating-coupled SPR
microarray technology. Biotinylated peptides derived from histone tails were diluted
to 125 μM and 25 μM in PBS plus 50 ㎍/㎖ BSA. These were spotted on a
neutravidin coated affinity chip in triplicate spots using a Cartesian pin contact
arrayer, and then sealed with a fluid tight flowcell.
The array was blocked with 1X PBS plus 0.5% Tween (PBST), 1:10 Super
block (Pierce) and 1 mM d-biotin (Sigma), and then sequentially followed with (1)
running buffer (PBS plus 0.5% Tween) for 30 min of equilibration, (2) GST fusion
protein resuspended in running buffer at a set concentration for 60 min of sample
association, and (3) running buffer alone for 30 min of sample dissociation. Specific
binding to each spot results in a change in mass locally. This was recorded
simultaneously for all spots in real time by measuring SPR change using a CCD
camera during the entire run. Resonance changes between the onset and the end of the
sample association phase were calculated as end-point values for each spot using the
FlexChip Data Analysis software.
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2.9 Phenotypic analysis of T cell specific conditional knockout mouse
of CARM1 in early T cells

Generation of CARM1flox mice
CARM1 knockout construct was previously generated by introducing a
neomycin-resistance (neo) cassette, flanked by frt sites, into an intronic region. The
neo expression cassette was removed by crossing the gene-targeted mouse with a
germline expressing Flp (Flipase) mouse (Farley et al., 2000), which leave the
‘floxed’ exon 2 and 3. Therefore, the resultant CARM1flox conditional allele was
constructed by flanking exon 2 and 3 that encode for 71 amino acids of CARM1 gene
with two LoxP sites. This conditional allele was subsequently excised by crossing the
gene-targeted mouse with an early T cell expressing preTα-Cre (Cre recombinase)
mouse, which remove the ‘floxed’ exons to generate T cell-specific CARM1
conditional knockout mouse (Figure 6.1).

Genotyping of mice
Detection of the flox and Δflox alleles by Southern blotting was performed
using a restriction enzyme, BamHI digestion. After electrophoresis on 0.8 % agarose
gel, the DNA was transferred onto membrane. DNA fragments were detected using
hybridization with α32P labeled 3' external Carm1 probe. The PCR primers used to
generate the external probe are 5'-CTA AAG TCC TAG CAG CAG TGC-3' and 5'62

CCA GCT TAA CAC AGT GAG ACC-3'. The positions of bands complementary to
the probe were determined by autoradiography. The α32P labeled Carm1 probe was
generated by using Prime-It® II Random Primer Labeling Kit (Stratagene). To
determine the deletion efficiency of carm1 gene by Cre recombinase in different
tissues of T cell specific conditional knock-out, 7 ㎍of genomic DNA of different
tissues was digested with 20 U of restriction enzyme, BglII, and then subjected to
southern blotting analysis with Carm1 probe. The presence of transgene Cre
recombinase was confirmed by PCR with specific primers. 0.5 ㎍of genomic DNA
was used as a template and Taq polymerase (Promega) was used for polymerization
reaction.

Flow cytometry analysis of T cells
For three-color immunofluorescence analysis, cells in HBSS containing 1%
BSA and 0.1% sodium azide were incubated with directly conjugated or biotinylated
Abs on ice for 30 min followed by three washes. Binding of biotinylated antibody
was detected with APC-SA. The cells were fixed in 1% paraformaldehyde before
analysis. For determination of DN subsets, lineage positive were gated out after
staining with a mixture of biotinylated Abs to lineage markers CD4, CD8, CD3, B220,
CD11b, and Gr-1 as well as with anti-CD44-PE and anti-CD25-FITC (PharMingen).
Cells were analyzed with a Coulter Epics Elite flow cytometer (Miami, FL) and
analysed using Coulter Elite Software.
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Immunohistochemistry (IHC)
Mouse embryos were obtained from pregnant CARM1+/neo+ (denoted same as
CARM1+/-) female which was mated with CARM1+/neo+ male, and then fixed
immediately in LN2 upon embedded in O.C.T solution. Thymus cross sections were
stained with hematoxylin and eosin (H&E) for light microscopy. The Science Park
Histology Service performed the work involved in embedding, sectioning and
staining for light microscopy. The morphology of thymus was determined by
antibody staining of K5 (Keratin 5) and assessed at a magnification of 40 X. CD25
thymic expression was assessed by antibody staining of CD25 in 13.5-day-old
CARM1 knockout mouse and wildtype mouse.

Reconstitution of properties of CARM1-/- fetal liver cells and thymic graft
To directly test whether CARM1 is critical for thymocyte development in a cell
autonomous manner or due to negative effects on the stromal microenvironment,
CARM1-/- and CARM1+/+ fetal liver cells, a rich source of hematopoietic progenitors
were injected into irradiated RAG2-/- gamma common-/- mice, which possess severe
defects in normal T and B cell development. In addition, CARM1-/- and CARM1+/+
fetal thymic grafts depleted of hematopoietic cells were transplanted under the kidney
capsule of nude mice. The recipients were maintained on antibiotic containing
drinking water and were sacrificed at 6 weeks after injection for analysis of T and B
lymphocyte subsets in the thymus and peripheral lymphoid organs.
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CHAPTER 3: LOSS OF CARM1 RESULTS IN
HPOMETHYLATION OF THYMOCYTE CYCLIC AMPREGULATED PHOSPHOPROTEIN AND DEREGULATED
EARLY T CELLS DEVELOPMENT

3.1 INTRODUCTION

Arginine methylation is a common posttranslational modification that can
regulate protein function (Bedford et al., 2000; Friesen et al., 2001). The main pools
of proteins that are arginine-methylated possess RNA binding properties (Gary et al.,
1998). In addition, enzymes that facilitate histone acetylation (CBP/p300), and
histones are themselves arginine methylated, thus implicating this posttranslational
modification in chromatin remodeling and transcriptional regulation (Chen et al.,
1999; Schurter et al., 2001; Xu et al., 2001; Chevillard-Briet et al., 2002). The
methylation of arginine residues is catalyzed by at least two different classes of
protein arginine methyltransferase (PRMT) enzymes (Gary et al., 1998).

*Portions of this Chapter have been published previously in the Journal of
Biological Chemistry (Kim et al.2004)

65

The Type I enzymes catalyze the formation of asymmetric NG,NGdimethylarginine residues, and the Type II enzyme catalyzes the formation of
symmetric NG,N'G-dimethylarginine residues. Both enzyme types generate NGmonomethylarginine (MMA) intermediates. The cloning of the yeast Type I arginine
methyltransferase enzyme (Henry et al., 1996; Gary et al., 1996) Hmt1p (also known
as Rmt1p) provided the molecular framework for the identification of six homologs in
mammals (PRMT1–6). Currently, known mammalian Type I enzymes include
PRMT1 (Lin et al., 1996, Scott et al., 1998), the zinc finger-containing enzyme
PRMT3 (Tang et al., 1998), the coactivator-associated arginine methyltransferase
PRMT4/CARM1 (Chen et al., 1999), and the nuclear enzyme PRMT6 (Frankel et al.,
2002). The only mammalian Type II PRMT identified to date is the Janus kinasebinding protein JBP1/PRMT5 (Branscombe et al., 2001; Pollack et al., 1999).
Activity for the SH3 domain-containing arginine methyltransferase PRMT2 has yet to
be clearly demonstrated.
The coactivator-associated arginine methyltransferase (CARM1/PRMT4) is an
enzyme that catalyzes the formation of asymmetric NG,NG-dimethylarginine residues
(Schurter et al., 2001). CARM1 was identified as a binding partner for the p160
family of nuclear hormone receptor coactivators (Chen et al., 1999). The recruitment
of CARM1 enhances transcriptional activation by nuclear receptors, possibly as a
result of the specific methylation of histone H3 and/or CBP/p300. Further attempts to
elucidate the biological role of CARM1 have included the targeted disruption of the
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Carm1 genes in mice and the search for in vivo substrates for this enzyme (Lee and
Bedford, 2002; Yadav et al., 2003).
PRMTs target a wide array of different proteins for posttranslational
modification. The majority of asymmetric NG,NG-dimethylarginine residues occur
within glycine- and arginine-rich (GAR) domains (Gary et al., 1998). Proteins with
methylated GAR domains include Sam68, heterogeneous nuclear ribonucleoprotein K,
heterogeneous nuclear ribonucleoprotein U, ILF3, and FUS (Lee and Bedford, 2002;
Cote et al., 2003).
CARM1 displays a higher degree of specificity than other Type 1 enzymes and
does not methylate GAR domains (Lee and Bedford, 2002). CARM1 substrates have
been identified through candidate approaches (histone H3 and Hu antigen R) (Chen et
al., 1999; Gary et al., 1996), through serendipitous discovery (CBP/p300) (Xu et al.,
2001), and through focused in vitro substrate screens (PABP1 and TARPP) (Lee and
Bedford, 2002). Here we have demonstrated that the early T cell-specific factor
TARPP (thymocyte cyclic AMP-regulated phosphoprotein) (Kisielow et al., 2001),
which was identified as a CARM1 substrate using high density protein arrays, is
methylated in vivo. We went on to map the single arginine residue that is targeted for
posttranslational modification by CARM1. Finally, we have shown that T cell
development in CARM1 knockout embryos (E18.5) is aberrant, concomitant with the
start of TARPP expression.
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3.2 RESULTS

Full-length TARPP is methylated in vivo
To determine whether TARPP is methylated in cells we used an in vivo
methylation assay described by Liu and Dreyfuss (Yadav et al., 2003). The total
methylated protein pool is labeled by incubating cells with L-[methyl-3H]methionine
in the presence of the protein synthesis inhibitor, cycloheximide. HeLa cells were
transiently transfected with GFP, GFP·TARPP, and GFP·PABP1 (Full length
constructs) and the endogenously expressed GFP fused proteins were labeled as
described under "Experimental Procedures." GFP·PABP1 serves as a positive control
for in vivo methylation (Lee and Bedford, 2002). GFP is a negative control to confirm
that translation was indeed inhibited. Both the GFP fusions of TARPP and PABP1 are
methylated in HeLa cells, whereas GFP alone remains largely unmodified (Figure 3.1),
indicating that cellular TARPP (fused to GFP) is methylated.

Methylation of TARPP is CARM1 specific pathway
Next, we used MEF cell extracts as a source of methyltransferase activity for in
vitro methylation (Figure 3.2B) to transfer a tritium-labeled methyl group from
AdoMet onto GST fusion proteins harboring the methylatable motifs of TARPP and
PABP1, and the GAR motif of fibrillarin. Cell extracts from CARM1-/- MEF cell lines
were unable to methylate GST·TARPP or GST·PABP1, but GST·GAR (an in vitro
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substrate for PRMT1, -3 and -6) was methylated by the knock-out lines (Figure 3.2A).
There is a major methylated band that runs at the gel front. This phenomenon has
been seen in other studies (Scott et al., 1998; Tang et al., 1998) and is likely because
of degraded recombinant protein that acts as a good substrate. These in vitro data
identify the region of arginine methylation in the TARPP molecule and suggest that
methylation of TARPP by CARM1 is a non-redundant process.

Figure 3.1 TARPP is in vivo methylated in HeLa cells
The GFP fusion protein of TARPP is methylated in vivo. HeLa cells were transiently
transfected with GFP, GFP-PABP1 and GFP-TARPP. Methylated proteins were labeled in
vivo. Immunoprecipitations (IP) were performed with
GFP antibodies. The 3H-labled
proteins were visualized by fluorography (left panel), and the same membrane was
subsequently immunoblotted with a αGFP antibody (right panel).
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Figure 3.2 Methylation of TARPP is CARM1 specific pathway
(A) GST-TARPPd cannot be methylated when using CARM1 knockout cell extracts as an
enzyme source. A wildtype MEF extract, but not an extract from a CARM1 knockout line,
was able to methylate recombinant CARM1 substrates, GST-PABP1 and GST-TARPP. Both
CARM1 knockout and wildtype cell line extracts methylated the PRMT1 substrate, GSTGAR. (B) CARM1 expression in CARM1 MEF +/+, +/-, -/- and rescued cells.

Mapping of the methylated site in TARPP
Using an arrayed protein library (Bussow et al., 1998), we screened 37,200
clones of His-tagged fusion protein for substrates of the CARM1 arginine
methyltransferase. In this manner we identified PABP1 and TARPP as in vitro
substrates for CARM1 (Lee and Bedford, 2002). It has since been established that
PABP1 is methylated by CARM1 in vivo (Yadav et al., 2003).
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To determine the region of TARPP methylation by CARM1, we generated a
contiguous set of GST·TARPP fusion constructs (Figure 3.3A). For in vitro
methylation, GST fusion proteins containing the sequences depicted in Figure 3.3A
were incubated with recombinant CARM1 in the presence of [3H] AdoMet. The Cterminal-most 185 amino acids, harboring four arginine residues, are methylated by
CARM1 (Figure 3.3B, denoted as construct d). This C-terminal portion of TARPP
was further subdivided into two fragments of ∼100 amino acids each, with construct
"e" being a good methyl-acceptor and construct "f" far less so. The fact that fragment
f can be methylated in vitro, albeit at a low level, may point toward an additional
minor methylation site closer to the C-terminal end of TARPP. We concentrated on
identifying the major methylation site and subdivided construct "e" into two pieces
that each harbored just one arginine residue. In this manner the predominant in vitro
methylated region was mapped to an 80-amino acid stretch that contained a single
arginine residue (Arg650) (Figure 3.3B, construct g).

Arg650 is unique in vivo methylation site by CARM1 in TARPP
Next, the single arginine residue that was identified as the in vitro methylation
site (Figure 3.1) was replaced with an alanine residue to generate GFP·TARPPA650.
HeLa cells were transiently transfected with GFP·TARPP and GFP·TARPPA650 and
the methylated proteins labeled. After immunoprecipitation with αGFP antibodies it
was clear that the GFP fusion of TARPP but not TARPPA650 was methylated in HeLa
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cells (Figure 3.4A), demonstrating that arginine 650 is the only methylated residue in
TARPP. In a number of studies arginine methylation has been implicated in the
regulation of protein subcellular localization (McBride and Silver, 2001). We thus
compared the localization of GFP·TARPP and GFP·TARPPA650. Even though
GFP·TARPPA650 cannot be methylated in the cell (Figure3.4A), no effect on its
subcellular localization was observed (Figure 3.4B).

Figure 3.3 Deletion analysis of TARPP identifies the arginine methylated region
(A) Diagram of the regions of TARPP that were fused to GST for deletion analysis. The
number of arginine residues within each fragment is indicated in a circle. (B) Purified GST
fusion proteins were incubated with recombinant CARM1 in the presence of [3H]AdoMet,
separated by SDS-PAGE (C), and the methylated proteins visualized by fluorography.
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Figure 3.4 Confirmation that R650 is in vivo methylation residue in TARPP
(A) Arginine 650 is the site of TARPP methylation in vivo. HeLa cells were transiently
transfected with GFP-TARPP and GFP-TARPPA650. Methylated proteins were labeled in vivo.
Immunoprecipitations were performed with GFP antibodies. The 3H-labeled proteins were
visualized by fluorography (left panel) and the same membrane was immunoblotted with a
GFP antibody (right panel). (B) The subcellular localization of GFP-TARPPA650 is not altered.
HeLa cells were transiently transfected with GFP-TARPP and GFP-TARPPA650. Confocal
images were captured.
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TARPP is methylated in immature T cells
TARPP expression is restricted to the brain and immature T cells (Kisielow et
al., 2001). We have demonstrated that ectopically expressed TARPP is methylated in
HeLa cells (Figure 3.1) and that the site of methylation is Arg650 (Figure 3.4A). To
study endogenous TARPP we generated polyclonal antibodies to the human protein.
TARPP expression was detected in a T cell line (LR1–9531) derived from an ATM-/RAG-2-/- thymoma that displays an immature T cell phenotype (Reizis et al., 1999)
(Figure 3.5A). TARPP expression was not detected in the mature T cell line BW5147.
Both mature and immature T cell lines express CARM1.
To establish that endogenous TARPP is methylated, an in vivo methylation
assay was performed on the T cells by incubating them with L-[methyl-3H]
methionine in the presence of cycloheximide. TARPP was immunoprecipitated from
these labeled cell extracts. TARPP was methylated in the immature T cell line (9531),
and this methylation was inhibited in the presence of the global methylation inhibitor,
AdOX, adenosine dialdehyde (Figure 3.5B). Similar results were obtained when a
known arginine-methylated protein, Sam68 (Figure 3.5C). The nonspecific bands
seen in the TARPP fluorography may be because of the long exposure time (30 days)
This long exposure time is needed because only a single site (Arg650) on TARPP is
methylated, as opposed to multiple arginine methylation sites in Sam68 (Cote et al.,
2003) and PABP1 (Lee and Bedford, 2002) . Thus, during its brief period of
expression in immature T cells, TARPP is likely methylated specifically by CARM1.
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Figure 3.5 Endogenous TARPP is arginine methylated in immature T cells
(A) An immature T cell line expresses both TARPP and CARM1. Protein was extracted from
a mature (BW5147) and immature (LR1-9531) T cell lines and subjected to Western blot
analysis with αTARPP (left panel) and αCARM1 (right panel) antibodies. (B) TARPP is
methylated in the immature (LR1-9531) T cell line. Methylated proteins were labeled in vivo.
Immunoprecipitations were performed with a αTARPP antibody. The 3H-labeled proteins
were visualized by fluorography (upper panel), and the same membrane was immunoblotted
with a αTARPP antibody (lower panel). In the presence of 10 μM AdOx and 20 μM AdOx, a
global methylation inhibitor, methylation of endogenous TARPP is lost. (C) Methylation of
endogenous Sam68 in the immature T cell line. Under the same conditions as depicted in
figure 3B, Sam68 methylation in T cells is inhibited with 20 μM AdOx.
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Methyl specific anti-TARPP antibody detects methylation of endogenous
TARPP in immature T cells
To confirm the in vivo methylation of endogenous TARPP, we generated methyl
specific αTARPP antibody using methylated GST fusion TARPP fragment
(TARPPb) which harbor methylated arginine region (Figure 3.6A). The same
experiment as described in Figure 3.5B was performed and then immunoprecipitated
TARPP was detected by western blot analysis with methyl specific αTARPP antibody.
Methylation of the endogenous TARPP in immature T cells was detected and its level
was decreased in the presence of the global methylation inhibitor, AdOx (Figure
3.6B).

Figure 3.6 Detection of arginine methylation of endogenous TARPP in immature T cells
by methyl-specific anti-TARPP antibody
Arginine methylation of endogenous TARPP in immature T cells is detected by methyl
specific antibody. (A) Generation of methyl specific αTARPP antibody. (B) Methylated
TARPP in immature T cells were immunoblotted with methyl specific αTARPP antibody.
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CARM1 knockout mice exhibit aberrant T cell development
TARPP is expressed in thymocyte progenitors (Kisielow et al., 2001) and is
methylated by CARM1 (Lee and Bedford, 2002) (Figures 3.1, 2, and 5). These results,
together with the smaller thymi observed in sections of CARM1-/- embryos (data not
shown), prompted us to investigate T cell development in the CARM1-/- embryos. T
cell maturation is a highly ordered process in which discrete developmental stages are
defined by cell surface expression of well defined differentiation markers such as the
coreceptor molecules CD4 and CD8 (Figure 3.7).

Figure 3.7 The T cell development process
Thymic T cell development process which can be subdivided into two major phages: an early
T cell development stages before CD4 and CD8 corepressor expression and the T cell
selection phage in which DP cells become either CD4+ helper or CD8+ cytotoxic T cells. HSC,
hematopoietic stem cell; ISP, immature single-positive.

The earliest intrathymic progenitors, which have a CD4-CD8- DN phenotype,
give rise to the predominant cortical CD4+CD8+ double positive subset. Double
positive thymocytes that express αβ-T cell receptors (TCRs) with appropriate affinity
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for endogenous peptide/major histocompatibility complexes undergo positive
selection during which either CD4 or CD8 is down-regulated. The resulting single
positive thymocytes migrate to the medulla, undergo further maturation, and emigrate
as naïve T cells to peripheral lymphoid tissues (Sebzda et al., 1999; Jameson et al.,
1996). Thymocyte cellularity is greatly reduced in E18.5 CARM1-/- embryos
compared with wild type littermates (Figure 3.8A). Flow cytometric analysis showed a
decrease in the percentage of DN thymocytes in CARM1-/- (8%) compared with wild
type (22%) thymi (Figure 3.8D). Although there is a corresponding increase in the
percentage of DP thymocytes in homozygous CARM1-/- mice, the total number of
thymocytes in each major subset is reduced (Figure 3.8B and C).

3.3 DISCUSSION

These findings suggested that CARM1 affects the differentiation and/or
survival of T cell precursors. To explore this possibility, we evaluated DN thymocyte
maturation in greater detail. Subsets within the DN population can be recognized by
the pattern of CD44 and CD25 expression (Godfrey et al., 1993). The CD44+CD25DN1 subset contains multipotent progenitors that are not yet committed to the T cell
lineage (Zuniga-Pflucker et al., 1996; Shortman et al., 1996). Rearrangement of the
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TCR β-chain locus is initiated at the CD44+CD25+ DN2 stage and continues as
thymocytes advance to the CD44-CD25+ DN3 stage.

Figure 3.8 Embryos with a disrupted CARM1 gene display aberrant T cell development
Graphic representation of thymocyte cellularity (A) and thymocyte subset distribution (B &
C). Thymocytes from E18.5 embryos were counted prior to immunofluorescence staining and
flow cytometric analysis for the expression of differentiation markers. Three litters of
embryos were analyzed comprising +/+ (n=6), +/- (n=11), and -/- (n=5). The standard
deviation for each group is shown. (D & E) Flow cytometric analysis of thymocytes from
wildtype cells (+/+ panels) and CARM1 mutant (-/- panels) mice for the expression of CD4
vs. CD8 in the total thymocyte population and CD44 vs. CD25 in the gated DN compartment.
The percentage of cells in each quadrant is depicted in the upper corners.

DN3 thymocytes are committed to the T lineage but cannot differentiate to the
CD44-CD25- DN4 stage unless they express pre-TCR heterodimers that consist of a
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TCR β-chain associated with an invariant pre-TCRα polypeptide. Pre-TCR signaling
results in CD25 down-regulation, multiple rounds of proliferation, CD4 and CD8
expression, allelic exclusion at the TCR β-chain locus, and initiation of TCR α-chain
gene rearrangement (Michie et al., 2002).
Interestingly, Figure 3.8E shows an increased proportion of DN1 thymocytes in
CARM1-/- mice. Thus, the absence of CARM1 results in a partial arrest of thymocyte
maturation at an early progenitor stage. Because of the developmental block at the
DN1 stage, there is a notable reduction in the frequency and absolute number of DN2
thymocytes in CARM1-/- compared with wild type mice. Nevertheless, the small
numbers of DN2 thymocytes that escape or bypass the developmental block imposed
by a deficiency in CARM1 retain the ability to undergo developmental progression to
DN3 and DN4 stages. Because it has been shown that the DN2 subset contains a high
frequency of proliferating cells (Penit et al., 1995), it is not surprising that the minor
DN2 subset in CARM1-/- mice generates readily detectable DN3 cells, which are the
immediate precursors of the DN4 thymocytes. DN4 thymocytes then undergo further
expansion to generate the double positive subset (Penit et al., 1995). However,
because of the developmental block at the DN1 progenitor stage in CARM1-/- mice,
there is a severe reduction in the absolute number of thymocytes at subsequent
maturation stages, an effect that accounts for the overall reduction in thymocyte
cellularity that occurs in the absence of CARM1 expression. Finally, the results
demonstrate that CARM1 plays a role in the differentiation of early thymocyte
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progenitors. The block at the DN1 to DN2 transition is consistent with the fact that
TARPP expression is initiated at the DN2 stage in wild type thymocytes (Kisielow et
al., 2001).
Here we have presented the following evidence that TARPP is methylated
predominantly at one arginine residue by CARM1: 1) TARPP was identified in an in
vitro screen as a specific substrate for recombinant CARM1 (Chevillard-Briet et al.,
2002);

2) the in vitro methylation of TARPP was mapped to arginine 650 within the

C-terminal portion of the molecule (Figure 3.3) 3) TARPP is not methylated when
using a cell extract from CARM1 knock-out cells as the enzyme source (Figure 3.2),
thus providing genetic proof that CARM1 is the enzyme that is modifying TARPP;
and 4) a GFP·TARPP fusion that has arginine 650 replaced with an alanine is not
methylated in vivo (Figure 3.4). Thus within the context of the full-length TARPP the
replacement of a single arginine residue prevents in vivo methylation. The fact that
TARPP expression is largely restricted to thymocyte progenitors led us to compare T
cell development in CARM1 wild type and knockout embryos.
The T cell developmental block in CARM1-/- mice at the CD44+CD25- stage
may be caused by the lack of TARPP arginine methylation at the CD44+CD25+ stage.
The biological function of TARPP is unknown. However, it is intriguing that TARPP
expression accompanies TCR gene rearrangement and that TARPP harbors a R3H
domain that is likely involved in nucleic acid binding (Grishin et al., 1998). Many
CARM1 substrates possess nucleic acid binding properties (PABP1, Hu antigen R,
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SmB, and histone H3), but others can remodel chromatin (p300/CBP). CARM1 is a
positive regulator of p300/CBP function (Xu et al., 2001, Chevillard-Briet et al.,
2002), and it may be this co-activator property of CARM1 that, when lost, results in
reduced TCR gene rearrangement because of diminished accessibility to the
recombination machinery.
Indeed, there is a strong correlation between hyperacetylated and accessible
regions of TCR loci in vivo (McMurry and Krangel, 2000). Thus, lysine acetylation
and arginine methylation may work together to enhance chromatin accessibility for
RAG-mediated cleavage in the same way that these modifications synergize for
nuclear receptor-regulated transcription (Lee et al., 2002). Finally, it is possible that
the absence of CARM1 indirectly affects thymocyte development by impairing the
function of non-lymphoid cells that comprise the thymic microenvironment. In
particular, thymocyte differentiation and survival are dependent on signals emanating
from the thymic epithelial compartment (Anderson and Jenkinson, 2001). Therefore,
future studies will dissect the significance of CARM1 expression in thymocytes
versus thymic stromal cells.
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CHAPTER 4: CARM1 REGULATES ITS SUBSTRATE
INTERACTION WITH TUDOR PROTEINS

4.1 INTRODUCTION

One way to understand the biological roles of enzymes are to know the
substrates. Further attempts to elucidate the biological role of CARM1 have included
the search for in vivo substrates for this enzyme (Lee and Bedford, 2002; Yadav et al.,
2003). The majority of aDMA residues are often found within glycine- and argininerich (GAR) domains, and are major asymmetrically methylated (Gary and Clarke,
1998). CARM1 displays a distinct substrate specificity from other Type 1 enzymes
since it does not methylate GAR domains (Lee and Bedford, 2002).
We thus carried out a substrate screen for CARM1 using high-density protein filter
arrays (Lee and Bedford, 2002) (Figure 1.6). Using this approach we have identified
three proteins that can be methylated in vitro by CARM1. The first two substrates are
the poly-A binding protein, PABP1 (Lee and Bedford, 2002) and thymocyte cyclic
AMP-regulated phosphoprotein (TARPP), and was recently described as CARM1 in
vivo substrates (Lee and Bedford, 2002; Kim et al., 2004). The third substrate, CAS3
(CARM1 substrate 3), is a gene product of BC043098 cDNA clone (Figure 4.1). The
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methylation of TARPP (Chapter 3) and CAS3 (Chapter 4) are addressed in this
dissertation.

MNPVYSPGSS GVPYANAKGI GYPAGFPVGY AAAPAYSPNM
YPGANPTFQT GYTPGTPYKV SCSPTSGAVP PYSSSPNPYQ
TAVYPVRSAY PQQSPYAQQG TYYTQPLYAA PPHVIHHTTV
Arg 87
VQPNGMPATV YPAPIPPPRG SGVTMGMVAG TTMAMSAGTL
Arg 140
LTAHSPTPVA PHPVTVPTYR APGTPTYS YVPPQW
Arg 180

Figure 4.1 Amino acid sequence of CAS3

Arginine methylation has been implicated in regulating protein-protein interactions
by, both inhibiting and permitting interactions in different signaling pathways. It was
discovered that PRMT1 mediated asymmetric dimethylation of arginine residues
flanking proline-rich motifs can inhibit the binding of SH3 domains in vitro (Bedford
et al., 2000). Symmetrical arginine dimethylation was also shown to mediate the
interactions between the survival of motor neurons protein (SMN) and the snRNP
proteins (Friesen et al., 2001). However, the regulation of protein-protein interactions
by CARM1 have not been addressed.
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Here we have demonstrated that CAS3, which was identified as a CARM1
substrate by using both high density protein arrays and in vitro enzyme reactions, is
methylated in vivo. Using CARM1-/- mouse embryonic fibroblast (MEF) cell lines
(Yadav et al., 2003), we have shown that CAS3 is methylated in wildtype cells but
hypomethylated in knockout cells. This established that CAS3 is a CARM1 substrate,
and that it is not methylated by other PRMTs. We determined arginine 87 as a major
target residue for methylation by CARM1 through site directed mutagenesis mapping
analyses. Finally we have found that methylation of this residue is very critical for
CAS3 interaction with Tudor domain containing protein 3 (TDRD3). These results
represent the first example of CARM1-regulated protein-protein interaction.

4.2 RESULTS

In vitro methylation study of GST-CAS3
CAS3 proteins have been identified as substrates for CARM1 using high
density protein filter which contains His-tagged fusion proteins spotted in duplicate
patterns (Lee and Bedford, 2002). To confirm the methylation of these proteins by
CARM1, we generated αGST-CAS3 fusion constructs. In vitro methylation reactions
were performed in a final volume of 30 ㎕ PBS (pH 7.2). The reaction contained
0.5-1 ㎍ of substrates and 1 ㎍ of recombinant CARM1. All methylation reactions
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were carried out in the presence of 0.42 μM [3H] AdoMet ([3H]AdoMet; 79 Ci/mmol
from a 12.6 μM stock solution; Amersham Biosciences). The reaction was incubated
at 30°C for 1 hour and then subjected to fluorography by separation on a 10% SDSPAGE, transfer to a PVDF membrane, treatment with EnhanceTM (NEN) and
exposure to film overnight. GST and GST-PABPf were used as negative and positive
controls. PABPf was already characterized as in vitro substrates for CARM1 (Lee
and Bedford, 2002). GST fusion of CAS3 and PABP1f were methylated by
recombinant CARM1, whereas GST alone remained unmodified (Figure 4.2),
indicating that CAS3 (fused to GST) is an in vitro substrate for CARM1.

Figure 4.2 GST-CAS3 is methylated in in vitro methylation reaction
GST fusion proteins was visualized by coomassie staining of SDS PAGE (left panel), and the
3
H-labled proteins was visualized by fluorography (right panel).
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Full-length cellular CAS3 is methylated in vivo
To establish that CAS3 is methylated in eukaryotic cells, we generated
expression constructs tagged with GFP (pGFPC1). HeLa cells were transiently
transfected with GFP, GFP-CAS3 or GFP-PABP1 fusion constructs using
lipofectamine 2000 (Gibco BRL) in the absence of serum. GFP-PABP1 served as a
positive control for in vivo methylation because this protein was previously
characterized as CARM1 in vivo substrate (Lee and Bedford, 2002). GFP is a
negative control to verify that translation was fully inhibited during in vivo
methylation reaction. 24 hours after transfection, the total methylated protein pool
were labeled by incubating the cells with [methyl-3H]-L-methionine in the presence of
the protein synthesis inhibitor, cycloheximide (Liu and Dreyfuss, 1995).
The cells were lysed in a “mild” buffer (150 mM NaCl, 5 mM EDTA, 1%
Triton X100, 10 mM Tris-Hcl, pH 7.5) and immunoprecipitation were performed
with αGFP antibody to obtain the methylated proteins. Samples were then subjected
to fluorography to detect methylation signal. Both the GFP fusion of CAS3 and
PABP1 are methylated in HeLa cells, whereas GFP alone remains unmodified
(Figure 4.3), indicating that cellular CAS3 (fused to GFP) is methylated.

Methylation status of CAS3 in CARM1-/- cells
Wildtype and CARM1-/- mouse embryonic fibroblasts (MEFs) have been
previously established in our lab (Yadav et al., 2003). MEF cell lines were grown to
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80% confluency on a 10-cm plate for next analysis. Whether CAS3 is a CARM1
specific substrate or not was determined via in vivo methylation assay using these
CARM1 MEF cell lines. Wildtype and CARM1-/- MEF cell lines were transiently
transfected with GFP-CAS3 construct. 24 hours after transfection, the total
methylated proteins were labeled by incubating cells with [methyl-3H]-L-methionine
in the presence of the protein synthesis inhibitor, cycloheximide. GFP fused CAS3
was immunoprecipitated using αGFP antibody from cell extracts which was already
labelled, and then subjected to fluorography. GFP-CAS3 was methylated in CARM1
wild type MEF cell line, but not in the knockout line (Figure 4.4). This in vivo data
suggests that CAS3 is a CARM1 specific substrate.

Figure 4.3 GFP-CAS3 is in vivo methylated in HeLa cells
The 3H-labled proteins were visualized by fluorography (left panel), and the same membrane
was subsequently analyzed by western blot with GFP antibody (right panel).
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Figure 4.4 CAS3 is hypomethylated in CARM1 knockout cells
CARM1 wild-type and knockout cells transiently expressing GFP and GFP-CAS3 were
incubated with chloramphenicol, cycloheximide and [methyl-3H]-L-methionine for three
hours. Next, cell lysates were prepared and the GFP-fusion proteins were immunoprecipitated
with αGFP antibody. In vivo methylation was visualized by fluorography (left panel).
Expression of GFP and GFP-CAS3 was analyzed by Western blot with an α-GFP antibody
(right panel).

Mapping the methylation regions in CAS3
CAS3 is 194 amino acids in size and harbors only 3 arginine residues at
positions 87, 140 and 180 (Figure 4.1). Site-directed mutagenesis of arginine residues
within GST-CAS3 was carried out in GFP-tagged full-length CAS3 to generate three
double mutants (which harbor one arginine residue) and one triple mutant (which
does not have arginine sites). Mutants were then subjected to in vivo methylation
assays. In vivo methylation reactions demonstrated that the primary site of
methylation was arginine 87 (AVYPV87RSAY PQ), and that arginine 180
(TVPTY140RAPGTP) was a minor methylation site (Figure 4.5).
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Figure 4.5 Mapping of methylation sites in CAS3 using in vivo methylation of double
and triple mutant GFP-CAS3
Double mutants and triple mutant of GFP fused CAS3 were constructed and expressed in
HeLa cells (lower panel). In vivo methylation (upper panel) was carried out to determined
methylation region in CAS3.

Protein-domain microarrays identify methyl-arginine dependent interactions
To screen for protein-domains that possess the ability to “read” the methylmark mediated by CARM1 on its substrates we have taken advantage of a proteindomain microarray approach. This approach was previously developed to determine
methyl-arginine binders in our lab. We have focused on the Tudor domains because a
sDMA peptide from the splicing factor SmD3 has previously been demonstrated to
bind the Tudor domain of SMN (Friesen et al., 2001). Therefore, Tudor domains are
potential binding partners for arginine methylated proteins. However, it is currently
unclear whether asymmetric dimethylation of proteins facilitates or inhibits
interactions with Tudor domains.
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To address this issue we generated Tudor domain microarrays. This array
consists of three blocks (A-C), and each block contains 12 Tudor domain containing
proteins (1-12). Total 36 Tudor domains were spotted as duplicated manner on the
three blocks, and represented as A1-A12, B1-B12, and C1-C12 (Figure 4.7). In
addition, we generated a CARM1 motif peptide library that is recognized by CARM1.
To determine conserved CARM1 motif, the CARM1 methylation sites were
mapped on four CARM1 substrates – histone H3, CBP, TARPP and PABP1. The
CAS3 motif was not included in this library because this site was only recently
mapped. The CARM1 methylation motif is not conserved, thus we made a library of
partially degenerate methyl peptides biased to a methylation motif that is composed
from an alignment of four CARM1 substrates.
A methyl motif peptide library and its unmethylated counterpart were
constructed as followed: Biotin-Z-G-Z-G-G-A-X-B-C-D-mR-E-F-H-X-X-A-K-K-K
and biotin-Z-G-Z-G-G-A-X-B-C-D-R-E-F-H-X-X-A-K-K-K. mR is methylarginine,
Z is aminohexanoic acid, B is a biased mixture of the amino acids G,A,Q,K,M. C is
of A,Q,G,

D is of I,P,Y,

E is of P,K,A,

F is of A,P,L,Q,

H is of A,F,L,S,

respectively (Figure 4.6). Biotinylated peptides were labeled with Cy3 for detection
of interaction on the array. The collection of 36 GST-Tudor fusion proteins was
arrayed in duplicate on a nitrocellulose slide. The layout of the array is shown in
Figure 4.7.
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Figure 4.6 Generation of methyl-peptide and unmethyl-peptide libraries
22 amino acid-long peptides were generated as biotinylated forms using amino acids
sequences around methylation regions in identified CARM1 substrates (bottom panel).

The array was probed with Cy3-labeled peptides from RG repeats of SmD3
(D3) that harbors symmetrically dimethylated arginine residues, RG repeats of
MRE11 that harbors asymmetrically dimethylated arginine residues, or the CARM1
motif library. Interactions were thus detected by fluorescence from Cy3.
As expected, we found specific binding of SmD3 (sDMA) to SMN as well as
novel interactions with the Tudor domains of TDRD3 and a Schizosaccharomyces
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pombe protein. A similar binding profile is seen with the peptides that harbor an
aDMA residue(s). These interactions are all methyl-specific, but the peptide sequence
and the nature of the methylation (sDMA of aDMA) do not alter the binding
specificity to any large degree. The CARM1 motif library also displays interactions
with the TDRD4 Tudor domain, in addition to TDRD3, SMN and Pombe 1 Tudors
(Figure 4.7).
The domain array results indicate that the SMN Tudor not only interacts with
the SmD3 sDMA peptide but also with aDMA peptides from MRE11 and CARM1
motif peptides mix. It thus identifies 3 new Tudor domains − TDRD3, TDRD4 and
Pombe 1 − as methyl-arginine readers. In case of TDRD4, this Tudor protein also
binds to unmethylated CARM1 motif peptides mix, indicating non methyl-specific
interactions.

CARM1-mediated methylation regulates interactions with Tudor proteins
Using protein-domain microarrays we have shown that 3 Tudor domains are
able to read methyl-marks generated by CARM1, indicating the possible interaction
between CARM1 substrates and these Tudor domain containing proteins. Next, to
determine whether these interactions are CARM1 dependent or not, we used in vitro
GST-Tudor protein pull down assays with CAS3, one of the CARM1 substrates.
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Figure 4.7 Protein domain microarrays with GST fusion proteins containing Tudor
domains
GST fusion proteins were arrayed in duplicate on to a nitrocellulose slide. The array was
probed with D3, Mre11, or CARM1 motif containing methylpeptide libraries or
unmethylated counterparts. Interactions were detected with a FITC-conjugated secondary
antibody. GST fusion proteins containing Tudor domains are listed in the bottom panel.
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Since pombe1 originated from fission yeast and TDRD4 failed to interact with
GFP-CAS3 in later experiments (data not shown), we used only the Tudor domain of
TDRD3 for in vitro pull down assays. The Tudor domain of SMN was previously
reported to interact with sDMA peptide from the splicing factor SmD3 which harbor
symmetrically methylated arginine, thus we used the Tudor domain of SMN as a
positive control for in vitro pull down assays. CARM1+/+ or

-/-

MEF cell extracts

expressing GFP-CAS3 were pulled down on GST (negative control), GST-TDRD3,
or GST-SMN (positive control) proteins. GFP-CAS3 was expressed either in
CARM1+/+ MEF cells or in CARM1-/- MEF cells. Cell extracts were pulled down
either on GST-SMN or on GST-TDRD3. GST-TDRD was found to interact with
methylated GFP-CAS3 in CARM1+/+ MEF cells, not in CARM1-/- MEF cells,
demonstrating CARM1 dependent interaction (Figure 4.8A). These results indicate
CARM1 dependent protein-protein interactions.
In vivo methylation results of mutants GFP-CAS3 demonstrate that the primary
site of methylation is arginine 87 and additional methylation site is arginine 180
(Figure 4.5). Pull down assay showed that these arginine sites are also required for
the interaction with the TDRD3 Tudor domain. HeLa cell extracts expressing mutant
forms of GFP-CAS3 which were used for mapping analysis using in vivo methylation
reaction were were pulled down on GST-TDRD3. When the primary site of
methylation, arginine 87 was replaced with alanine (lane 2, 4, and 5 in Figure 4.8B),
GFP-CAS3 lost its interaction with GST-TDRD3, indicates that methylation residue
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of CAS3 is critical for its interaction with TDRD3. These pull down results
demonstrate that CARM1 mediates protein-protein interactions between TDRD3 and
CAS3.

Figure 4.8 CAS3 interacts with Tudor domains in a CARM1 specific fashion
(A) GFP-CAS3 was transfected into CARM1 wild type and knock out MEF cell lines. Pulldowns were performed with GST or GST fused with the Tudor domains of SMN and TDRD3.
Western analysis was performed with GFP antibodies. (B) Mutational analysis of CAS3
reveals arginine 87 as the major site of CARM1 methylation and its methylation is critical for
Tudor domain binding.
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Endogenous CAS3 interacts with TDRD3 in a CARM1 dependent fashion
To trace endogenously expressed CAS3 and TDRD3, we raised antibodies
against

a

peptide

from

the

motif

surrounding

arginine

87

of

CAS3:

TAVYPVRmeSAYPQQS (methyl-specific antibody), as well as antibodies to
TDRD3 against GST-TDRD3. With these two antibodies we were able to confirm
endogenous interactions between CAS3 and TDRD3. In addition, we established that
this interaction is formed in a methylation dependent manner, and is generated by
CARM1.
We previously found endogenous CAS3 expression in HeLa cells, but not in
CARM1-/- MEFs in western and immunoprecipitation analyses (data not shown).
Endogenous

CAS3–TDRD3

interaction

was

thus

determined

by

co-

immunoprecipitation assay in HeLa cells. To determine whether endogenous CAS3–
TDRD3 interaction is formed by CARM1 mediated methylation, methylation of
endogenous proteins were inhibited with universal methylation inhibitor, AdOx.
HeLa cells were previously treated with 20 μM AdOx for 7 days before coimmunoprecipitation with CAS3 and TDRD3 specific antibodies. We found that
endogenous CAS3 co-immunoprecipitated with TDRD3 in HeLa cells, and the same
result was found in reverse co-immunoprecipitation. In addition, this interaction was
significantly deceased in 20 μM AdOx treated HeLa cells (Figure 4.9) in both coimmunoprecipitation assays. These results indicate that endogenous CAS3–TDRD3
interaction is specific for methylation by CARM1 since CAS3 was previously
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identified as a CARM1 specific substrate which is not methylated by other PRMTs
(Figure 4.4).

Figure 4.9 Endogenous CAS3 interacts with TDRD3 in a CARM1 dependent fashion
Endogenously expressed CAS3 co-immunoprecipitates with TDRD3 in HeLa cells.
Interaction between these two proteins is significantly deceased in AdOx treated cells.
Methylation of endogenous proteins in HeLa cells were inhibited by 20μM AdOx for 7 day
before co-immunoprecipitation.

4.3 DICUSSION

In this study, we have demonstrated that CAS3, which was identified as a
CARM1 substrate by using both high density protein arrays and in vitro enzyme
reactions, is methylated in vivo. Using CARM1-/- mouse embryonic fibroblast (MEF)
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cell lines (Yadav et al., 2003), we found that CAS3 methylation is CARM1 specific,
like many other CARM1 substrates which have been previously characterized. These
results also demonstrate a high degree of CARM1 substrate specificity.
We identified arginine 87 as a primary methylation region in CAS3. This
residue was also very critical for CAS3 interactions with Tudor domain containing
protein 3 (TDRD3). This is the first example showing CARM1-mediated proteinprotein interaction. We have also found that transcription repressor proteins, CA150
is methylated by CARM1, and the only methylated form of CA150 interacted with
TDRD3 in a CARM1 dependent manner (data not shown). It adds further evidence to
support the hypothesis that CARM1 mediates protein-protein interactions, by
emphasizing the prominent function of Tudor protein as a binder protein of methylarginine marks generated by CARM1.
Both CAS3 and TDRD3 proteins are expressed ubiquitously, showing similar
expression pattern in different mouse tissues. Interestingly, when overexpressed as
GFP fused forms, CAS3 and TDRD3 may be co-localized in perinuclear speckles. In
addition, we found similar patterns in the subcellular fractionation of these two
proteins (data not shown). Thus, we co-localized the endogenous proteins by
immunofluorescence staining with antibodies to both proteins. Whereas endogenous
CAS3 localizes cytoplasm as well as perinuclear speckles, subcellular localization
TDRD3 is mainly in the perinuclear membrane. However, we failed to establish colocalization of these two proteins in immunofluorescence since CAS3 antibody was
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not amenable to immunofluorescence staining due to cross-reactivity with other
proteins (data not shown).
Recently, a paper reported that a TDRD3 homologous protein expressed in the
nucleus has a function in DNA repair pathways (Yin et al., 2005). Previous reports
proposed that arginine methylation is one mechanism by which Mre11 (DNA repair
molecule) activation can be regulated. It is likely that TDRD3 may also be involved
in DNA repair signaling in view of its interaction with Mre11 (Figure 4.8). A
functional study of these two proteins may provide us information concerning
biological consequence of CARM1-mediated methylation.
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CHAPTER 5: TUDOR, MBT AND CHROMO DOMAINS GAUGE
THE DEGREE OF LYSINE METHYLATION

5.1 INTRODUCTION

Covalent modification of histones is important for the regulation of
transcription and chromatin dynamics (Ehrenhofer-Murray, 2004). These covalent
modifications are deposited in a combinatorial manner, predominantly on the aminoterminal tails of the core histones. This combinatorial assortment of phosphorylation,
acetylation and methylation on these tails has been termed the 'Histone code' (Strahl
and Allis, 2000; Jenuwein and Allis, 2001). The complexity of this code is further
enhanced by the fact that there are three forms of lysine methylation (mono-, di- and
tri-) and two forms of arginine methylation (mono- and di-; Aletta et al., 1998). It has
been demonstrated that different codes are associated with active and suppressed
transcriptional states, which in turn results in the recruitment of distinct protein
complexes that affect chromatin structure. A subset of proteins within these
complexes harbor conserved protein domains, which are believed to be responsible
for mediating these interactions.

* Portions of this Chapter have been published previously in the EMBO Report
(Kim J. et al. 2006)
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These include chromo domains that bind to methylated lysine residues and
bromo domains that bind to acetylated lysine residues (Jenuwein and Allis, 2001).
Histone acetylation is associated with an active transcriptional state, whereas lysine
methylation can be either repressive or activating, depending on the site of the posttranslational modification. In support of the idea that distinct methyl-lysine marks
recruit different proteins that in turn specify different transcriptional responses, it has
been shown that lysine 9 methylation on histone H3 (H3K9me) results in the chromo
domain-dependent recruitment of HP1 (Bannister et al., 2001; Lachner et al., 2001).
Likewise, specific chromo domain-mediated interactions occur between H3K27me
and Polycomb (Fischle et al., 2003; Min et al., 2003), and between H3K4me and
Chd1 (Pray-Grant et al., 2005). Recently, the WD40 repeats of WDR5 were shown to
directly associate with H3K4me (Wysocka et al., 2005). Thus, methyl marks on
histone tails are not read by chromo domain-containing proteins alone.
Chromo domains and bromo domains are usually found in proteins that are
associated with chromatin. There are several other domain types that are also found
predominantly in chromatin-associated proteins, including Tudors, PhDs, SANTs,
SWIRMs, MBTs and PWWPs. Indeed, some of these domain types (Tudors, MBTs
and PWWPs) are structurally related to chromo domains and have been collectively
called the 'royal family' (Maurer-Stroh et al., 2003). It has been suggested that the
'royal family' of protein domains may have functional similarities. In keeping with
this idea, the Tudor domain of the protein mutated in spinal muscular atrophy, the
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SMN protein, binds to a symmetrically dimethylated arginine motif (Friesen et al.,
2001), and recent studies have shown that the Tudor domain of the double-stranded
break-sensing protein, 53BP1, can bind to H3K79me2 (Huyen et al., 2004).
To screen for protein domains that possess the ability to 'read' the modification
status of the histone tails, we have taken a protein-domain microarray approach.
Similar microarray approaches have been used to identify protein-protein interactions,
including interactions that are sensitive to arginine methylation and are phosphoserine dependent (Espejo et al., 2002; Liu et al., 2002).
To address the subject of modified histone tails binding to protein domains, we
generated a microarray that focused on domains found in chromatin-associated
proteins. This chromatin-associated domain array (CADOR) chip contains bromo,
chromo, Tudor, PhD, SANT, SWIRM, MBT, CW and PWWP domains fused to GST.
To identify novel methyl-lysine-dependent protein-protein interactions, we have
probed the CADOR chip with fluorophore-tagged N-terminal peptides from histones
H3 and H4 that vary in their degree and position of methylation. The welldocumented interaction between the chromo domains of HP1 (α, β and γ) and H3K9me peptides was detected. In addition, novel methyl-dependent interactions are
seen with a chromo domain (CDY1), tudor domains (53BP1, C20orf104 and
JMJD2A) and MBT domains (CGI-72 and L(3)MBTL), thus demonstrating the
feasibility of this approach for identifying proteins that read the histone code.
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5.2 RESULTS

Detection of known methyl-dependent interactions
To identify potential proteins that can bind to histone tails in a modificationdependent manner, we generated protein microarrays using domains found
predominantly in chromatin-associated proteins. To generate these CADOR chips,
109 different protein domains were cloned as GST fusions (Figure 5.1B) and spotted
onto nitrocellulose-coated glass slides (Figure 5.1A), to establish that the binding
integrity of the domains has been maintained, the array was first probed with a
symmetrically arginine methylated peptide from the splicing factor SmD3 (SmD3Rme2s), which has previously been demonstrated to bind to the Tudor domain of
SMN (Friesen et al., 2001).
As expected, we see specific binding to SMN, as well as novel interactions
with the Tudor domains of TDRD3 and a Schizosaccharomyces pombe protein
(Figure 5.1C). This raises the possibility that asymmetrically arginine methylated
peptide may also bind to Tudor domains. It has also been reported that the Tudor
domains of the double-stranded break-sensing protein, 53BP1, can bind to
H3K79me2 (Huyen et al., 2004). The CADOR chip was thus also probed with a
peptide from histone H3 that harbors the dimethylated K79 residue. In this case,
methyl-dependent binding to the Tudor domain C20orf104 (red oval) was observed,
but not that of 53BP1 (blue oval).
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Figure 5.1 Methylated peptides bind to Tudor domains on the CADOR chip
(A) A collection of 109 glutathione S-transferase (GST) fusion proteins were arrayed in
duplicate on a nitrocellulose slide. The layout of the array is shown. The middle position (M)
contains GST alone as a background indicator. (B) The arrayed GST fusion proteins are
listed. The accession numbers and regions cloned can be found in the supplementary
information online. (C) The array was first probed with an anti-GST antibody and detected
with a fluorescein isothiocyanate-conjugated secondary antibody to establish roughly equal
loading. The array was subsequently probed with Cy3-labelled peptides, including a peptide
from SmD3 that harbours symmetrically dimethylated arginine residues and peptides
harbouring K79 from histone H3 in dimethylated and unmethylated forms. The H3K79me2
peptide shows a high degree of methyl-independent binding. A methyl-dependent interaction
is seen with the Tudor domain of C20orf104 (red oval). The Tudor domains of 53BP1 are
marked (blue oval).

105

Detection of novel methyl-dependent interactions
Next, to identify novel protein domains that could 'read' the various posttranslational modifications on histone tails, we probed the CADOR chip with
peptides that were mono-, di- or tri-methylated at lysines 4 and 9 of histone H3 and
lysine 20 of histone H4 (Figure 5.2). The binding of the HP1 chromo domain to the
H3K9 methyl mark is well accepted, and this interaction is clearly seen with all three
HP1 variants. In addition, a novel interaction between the CDY1 chromo domain and
the H3K9me2 and H3K9me3 peptides is observed. Only the H3K9 methyl mark
possesses the ability to bind to the arrayed chromo domains, and no chromo domain
interactions are seen with methylated peptides harboring H3K4 or H4K20.
MBT domains bind most strongly to a mono-methylated lysine mark. The
MBT domains of both L(3)MBTL and CGI-72 show this ability at H3K4me1. The
MBT domain of CGI-72 also binds to H4K20me1, and although L(3)MBTL does not
bind to the mono-methylated mark here, it binds to H4K20me2. To independently
validate the domain peptide interactions that we detected with the CADOR chip, we
used the more traditional approaches of peptide pull-down (Figure 5.3) and surface
plasmon resonance (Figure 5.4, SPR).
In this case, instead of probing an array of protein domains with a single
labeled peptide, we probed an array of differentially modified peptides with a single
domain. A peptide array was generated with the nine modified peptides used to probe
the domain array. Unmethylated control peptides were also included. We first
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demonstrated that the chromo domain of HP1β binds specifically to the methylated
H3K9 motif (Figure 5.2). We then probed the Flex Chip with the Tudor domains
(JMJD2A, 53BP1 and C20orf104) that we had detected as methyl-dependent histone
tail binders. This approach allows us to judge the relative binding affinity of a Tudor
domain with the arrayed peptide set. The JMJD2A binds most strongly to H4K20me2
and H4K20me3 states. It also binds H3K4me2, H3K4me3 and H3K9me3.

Figure 5.2 CADOR chip-based approach detects methyl-dependent interactions
between domains (chromo, Tudor and MBT) and methylated histone tail peptides
Probing the CADOR chip with a series of methylated peptides from the tails of histones H3
and H4. The protein-domain microarray was probed with Cy3-labelled peptides. The
unmethylated H3(1–18) and H4(11–28) peptides showed no binding (data not shown).
Chromo domain interactions are blocked with a white square. Tudor domain interactions are
highlighted with ovals: C20orf104 (red), 53BP1 (blue) and JMJD2A (turquoise). MBT
domain interactions are marked with rectangles: CGI-72 (orange) and L(3)MBTL (yellow).
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Figure 5.3 A pull-down-based approach confirms CADOR chip based approach
A pull-down-based approach detects methyl-dependent interactions between domains
(Chromo, Tudor and MBT) and methylated histone tail peptides. Biotinylated peptides were
immobilized on streptavidin beads and used to pull down the indicated glutathione Stransferase fusion proteins.
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Figure 5.4 A surface plasmon
resonance based approach confirms
CADOR chip and peptide pull
down based approaches
A surface plasmon resonance based
approach detects methyl-dependent
interactions of Tudor domains with
arrayed peptides from histone tails.
The proteins were diluted to the
following concentrations: HP1beta to
1 μM, JMJD2A to 5 μM, 53BP1 to 10
μM and C20orf104 to 25 μM. A
control sample of GST fusion protein
alone was also compared at 25 μM.
The protein samples were allowed to
flow over a chip spotted with
biotinylated
peptides
at
two
concentrations (25 μM and 125 (M).
The background spot was comprised
of the peptide diluents only. Binding
was quantitated by measuring the
change in surface plasmon resonance
units over each spot following 60
minutes of sample flow over the chip.
Data from 3 replicate spots was
averaged to show the resonance
change units (RCU) measurement for
each peptide as a histogram and the
corresponding standard deviations
depicted as error bars.
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The Tudor domains of 53BP1 bind strongly to H4K20me1 and H4K20me2
states. Weak binding of 53BP1 Tudor is also seen with H3K4me2 and H3K9me2.
The C20orf104 Tudor again displays a binding profile similar to that of the 53BP1
Tudors, with selective binding to di-methylated peptides (H3K4me2, H3K9me2 and
H4K20me2). Thus, using this approach (Figure 5.1), we confirmed the specific Tudor
domain interactions first detected on the CADOR chip (Figure 5.2) and observed by
the pull-down experiments (Figure 5.3). These reciprocal approaches confirmed the
methyl-dependant domain interactions first detected on the CADOR chip (Figure 5.2).
The binding data are summarized in Table 5.1.

Table 5.1. Summary of interactions detected in the pull-down assay
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Tudor and MBT domains bind core histones
We have found that the peptides from the N-terminal tails of histones H3 and
H4 have the ability to bind to a subset of Tudor domains. To establish that these
domains not only bind to peptides but also can interact with histones as a whole, we
performed far western assays with GST Tudor fusion proteins on core histone.
Core histones were isolated from G9a wildtype and knockout embryonic stem
cells and from Suv39h double knockout mouse embryonic fibroblasts (MEFs;
Lachner et al., 2001; Tachibana et al., 2002). G9a-null cells lack the di-methyl mark
on H3K9, and Suv39h double-null cells are not tri-methylated at H3K9 (Figure 5.4A
Western). As a control in this assay, we see that HP1β binds to histone H3, and that
the binding is reduced to histone H3 isolated from both the G9a-null and Suv39h
double knockout cells. The HP1β chromo domain binds to H3K9me1, H3K9me2, and
H3K9me3 (Figures 5.2 and 3), and the loss of any one methylated form reduces this
binding to the histone, but does not eliminate it (Figure 5.4A Far western). The
chromo domains of HP1β and CDY1 show similar binding profiles on both the
CADOR array and by pull-down (Figures 5.2 and 3). This similarity is again seen in
the far western experiment, in which the CDY1 chromo domain binds only to histone
H3, and this binding is sensitive to lysine 9 methylations by Suv39h and G9a.
Furthermore, full-length versions of these two chromo domain-containing
proteins colocalize in Suv39h wildtype but not double knockout MEFs, when cotransfected as DsRed HP1β and green fluorescent protein GFP CDY1 fusions (Figure
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5.5B). Probing with the tudor domains of JMJD2A, C20orf104 and 53BP1 show that
they all bind to histones H3 and H4, but not to H2A or H2B (Figure 5.5A Far
western), as would be predicted from the domain and peptide pull-down experiments
(Figures 5.2 and 3). Interestingly, binding of the JMJD2A Tudor domains to histones
H3 and H4 requires the presence of the Suv39h enzymes. This could be explained by
the recent findings that tri-methylation of H3K9 is required for the subsequent trimethylation of H4K20 (Schotta et al., 2004), and suggests that the JMJD2A protein
has repressor activity.

112

Figure 5.5 Tudor and chromo domains bind to histones
(A) Tudor domains bind to histones H3 and H4, and CDY1 binds to histone H3. Core
histones were acid purified from G9a wild-type and knockout cells and Suv39h wild-type and
double-knockout cells. Core histones were subjected to far western analysis by incubation
with the indicated glutathione S-transferase (GST) fusion proteins. Western analysis was
performed with methyl-specific antibodies to confirm the null status of the cell lines. The
arrowheads denote the position of histones H3 (closed) and H4 (open). Further description of
western analysis is given in the supplementary information online. (B) Green fluorescent
protein (GFP)–CDY1 and DsRed–HP1bwere co-transfected into Suv39h wild-type and
double-knockout mouse embryonic fibroblasts (MEFs). GFP–CDY1 and DsRed–
HP1bcolocalize to heterochromatin. This colocalization is lost in Suv39h-/- MEFs.
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5.3 DICUSSION

Here we describe the use of a protein-domain microarray approach to screen
for chromatin-associated domains that specifically recognize histone H3 and H4 tail
peptides methylated to varying degrees on specific lysine residues. It is important to
note that interactions may be missed when using this approach. This could occur if
the GST fusion protein has not retained its structure under these relatively harsh
conditions, or if two domains within the same protein (or in the same complex) are
binding different marks on the histone tails, thus stabilizing an interaction due to an
avidity effect. However, using this approach, we identified six novel methyldependent interactions between domains and histone tails. The chromo domain of
CDY1 can interact with H3K9me2 and H3K9me3. CDY1 is found on the Y
chromosome and has been implicated in the process of spermatogenesis, and there is
a strong association between the loss of CDY1 function and male infertility (Machev
et al., 2004).
From this study, Tudor domains have emerged as a new domain type that can
bind to histone tails. The Tudor domains of JMJD2A bind most strongly to
H4K20me2 and H4K20me3 and also to H3K4me3 and H3K9me3 (Figures5.2 and 3).
JMJD2A is a member of the JMJD2 gene family. Three of the six JMJD2 family
members harbor two Tudor domains (Katoh, 2004). Notably, JMJD2A (KIAA0677)
was recently identified as a component of the N-CoR corepressor complex (Yoon et
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al., 2003), and the Tudor domains of JMJD2A are required for its repressor activity
(Zhang et al., 2005). In addition, JMJD2A binds the retinoblastoma protein (Rb) and
has been implicated in the repression of E2F-regulated promoters (Gray et al., 2005).
This is consistent with our finding that the Tudor domains of JMJD2A lose their
ability to bind to histones H3 and H4 in the absence of Suv39h activity (Figure 5.4)
as signal that is implicated in gene silencing (Lachner et al., 2001).
53BP1 is involved in sensing DNA double-stranded breaks (Charier et al.,
2004; Stucki and Jackson, 2004). The Tudor domains of 53BP1 were recently shown
to bind to di-methylated lysine 79 on histone H3 (Huyen et al., 2004). Using a
domain array approach, we do not see methyl-dependent binding of this peptide to the
Tudor domains of 53BP1 (Figure 5.1C). However, we do see binding of these Tudor
domains to other di-methylated peptides, including H3K4me2, H3K9me2 and
H4K20me2 (Figure 5.6). The strongest relative binding of the 53BP1 Tudor domains
is to H4K20me2 (Figure 5.5). This is in keeping with the recent finding that in
Schizosaccharomyces pombe, there is a genetic link between H4K20 methylation and
Crb2, the homologue of 53BP1 (Sanders et al., 2004). A similar profile of binding is
seen for the single Tudor domain of C20orf104. The C20orf104 has been identified as
a tumor antigen (Behrends et al., 2003).
The MBT domain-containing proteins CGI-72 and L(3)MBTL bind to 3K4me1
mark. CGI-72 also binds to the mono-methylated form of H4K20, and L(3)MBTL
binds to H4K20me2 (Figures 5.2 and 3). L(3)MBTL is a member of the Polycomb
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group proteins, which associates with condensed chromosomes during mitosis (Koga
et al., 1999) and possesses transcriptional repressor activity (Boccuni et al., 2003). In
addition, deletions of the L(3)MBTL locus are associated with myeloid malignancies
(Li et al., 2004). CGI-72 has not been studied, but it is structurally similar to
C20orf104.
This study uses a novel approach to identify protein domains that can 'read'
post-translational modifications laid down on histone tails, suggesting that the 'royal
family' of protein domains are an important class of methyl-dependent protein
interaction domains. Using this approach, it is likely that other domain peptide
interactions will be detected, as more of the histone code is used to probe this array.
Furthermore, this approach will allow us to investigate the importance of not only the
degree of methylation but also the combinations of different post-translational
modifications that promote or inhibit specific interactions, thus getting at the crux of
the histone code.
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Figure 5.6 Western analysis was performed with methyl-specific antibodies to confirm
the presence of different methyl marks on the core histones
Western analysis was performed with the following specific antibodies; H3 (Upstate Cat# 06755), H4 (Upstate Cat# 07-108), H4K20me3 (Upstate Cat# 07-463) and H3K4me3 (Upstate
Cat# 07-473).
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CHAPTER 6: DISSECTION OF CARM1 ROLE IN T CELLS
USING CARM1 KNOCKOUT AND CONDITIONAL KNOCKOUT
MOUSE MODELS

6.1 INTRODUCTION

More recently, a role for arginine methylation and PRMTs in the regulation of
the immune system has emerged. For instance, arginine methylation promotes
cytokine gene expression by regulating the activity of the NF-AT transcription factors
through PRMT1-mediated arginine methylation of the nuclear cofactor NIP45
(Mowen et al., 2001). This study implicated PRMTs in T cell receptor signaling.
Although protein phosphorylation is a primary protein modification in
lymphocyte activation by initiating signal transduction, symmetrical methylation
mediated by PRMT5 via NF-AT can regulate lymphocyte activation (Richard et al.,
2005). A recent study provides a more complete explanation for the role of arginine
methylation in lymphocyte activation. A study showed that CD28-induced T cell
activation increased protein arginine methylation of Vav-1 and Itk, two key effectors
of CD28 signaling (Blanchet et al., 2005). CARM1 was shown to be involved in class
II major histocompatibility (MHC-II) gene expression by functioning in concert with
the class II transactivator (CIITA) (Zika et al., 2005).
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Our study also raises interest in better understanding the significance of
arginine methylation by CARM1 in lymphocyte signaling and activation. We
previously reported that CARM1 deficient embryos showed partial developmental
arrest at DN1 Æ DN2 stage (Kim et al., 2004). But, it still remains unclear which
pathway is affected by arginine methylation mediated by CARM1. Since aberrant T
cell development in CARM1 mutant embryo (E18.5) was concomitant with the start
of TARPP expression in immature T cells and TARPP was identified as a CARM1
specific substrate, we speculate that CARM1 plays a role in T-cell development.
Although early T cell developmental abnormalities have been discovered in
CARM1 knockout E18.5 embryos (Kim et al., 2004), CARM1 null mice died
perinataly by respiratory failure (Yadav et al., 2002). To overcome this problem and
to investigate the biological role of CARM1 in T cell signaling and cytokine gene
activation, we set out to establish a mouse strain in which CARM1 was selectively
inactivated in a tissue-specific manner.
The aim of this study was to assess the role of CARM1 during T cell
development and T cell activation using an in vivo model. To this end, we have
generated a mouse allowing conditional CARM1 inactivation upon Cre
recombination. Our data confirmed that CARM1 loss resulted in T cell developmental
defects in the T cell specific conditional knockout mouse model. This developmental
phenotype is similar to that seen in the E18.5 CARM1 knockout embryos (Figure 3.8),
which displays a partial block at the DN1 to DN2 transition. Immunohistochemical
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staining revealed that the thymic rudiment at E13.5 is clearly much smaller than the
normal control, and that the absence of CARM1 results in fewer CD25 positive
thymocytes. These results support further evidence that CARM1 loss results in a T
cell developmental block at the DN1 Æ DN2 transition.
Studies on knockout and conditional knockout of CARM1 in early T cells
provided us with in vivo evidence for a new role of CARM1 in T cell development
and cytokine gene activation.

6.2 RESULTS

Conditional CARM1 inactivation in T cells
We have generated a mouse with two LoxP sites in the CARM1 genomic locus
flanking exons 2 and 3 (CARM1fl/fl). CARM1fl/fl mice showed normal T cell
development and thymocyte subset distribution as determined by FACS analysis. We
previously observed a DN1 Æ DN2 transition block in the CARM1 knockout
embryos. We used preTα-Cre transgenic mice in which the cre coding gene is
expressed under the control of the lymphocyte-specific preTα promoter. The
homozygous floxed mouse (CARM1fl/fl) was crossed to CARM1fl/+ - preTα-Cre
transgenic mouse to generate preTα Cre-CARM1fl/fl mouse to establish a null locus of
CARM1 selectively in early stage of T cell development (Figure 6.1).
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Figure 6.1 Strategy for generating T cell-specific CARM1 conditional knockout mouse
A neo cassette flanked by frt sites was introduced into the intronic region of CARM1. Two
exons, which encode a portion of the substrate-binding region, were floxed. Arrowheads
depict loxP sites, solid boxes depict exons and hatched boxes depict frt sites.
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The preTα Cre mouse was a gift from Boris Reizis (Columbia University, NY)
and is unpublished. The pre-T cell receptor (pTα) promoter drives expression in
lymphoid precursors in the thymus (Reizis and Leder, 1999). Cre recombinase which
is expressed specifically in early T cells can target two LoxP sites and then delete
exons 2 and 3 of this gene, which encodes three helix segment regions (amino acids
117-187) involved in cofactor binding (AdoMet).
The fact that the pTα promoter is expressed in the DN1 (CD44+CD25-) fraction
of the thymus makes it a good promoter to use in this study, since a DN1 Æ DN2
transition block was observed in the CARM1 knockout embryo. PreTα CreCARM1fl/fl mice generate an active recombinase that is expressed in T cells, and
causes the specific deletion of floxed alleles in the thymus. Conditional CARM1
deficient mice were not born at the expected Mendelian frequency, and most of them
died around 4 weeks after birth. Viable mice showed abnormal growth, and
abnormalities in thymus and spleen size (Figure 6.4). We determined deletion
efficiency of CARM1 gene in the thymus by purifying genomic DNA from thymic
tissue and performing Southern blotting. Both alleles of thymic DNA were deleted in
preTα Cre-CARM1fl/fl mice, not in preTα Cre-CARM1fl/+ or CARM1fl/fl mice (Figure
6.2A). In addition, protein extracts from the thymus of these conditional knockout
mice showed the absence of CARM1 expression (Figure 6.2B).
Most of the conditional CARM1-/- mice were smaller than heterozygote
littermates, possibly due to “leakiness” of this promoter in skeletal muscle (Boris
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Reizis, personal correspondence). Their thymus and spleens were smaller than
heterozygous littermates (Figure 6.4A). Most conditional CARM1-/- mice survived
embryonic/fetal development, but died around 4 weeks after birth. This CARM1
conditional knockout mouse showed a complete deletion of CARM1 gene in thymus,
and partial deletion in many other tissues as determined by Southern blotting (Figure
6.3).

Figure 6.2 pTα-Cre deletes CARM1 expression in the thymus
Both Southern and Western analysis of the thymus reveals tissue specific targeting of
CARM1. (A) For the Southern blot, DNA was purified from isolated thymi. (B) For the
protein analysis thymi were subjected to IP/Western with αCARM1.
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Figure 6.3 Deletion efficiency of CARM1 alleles in Tissues of CARM1f/f PreTα-Cre
mouse by southern blot analysis
CARM1 conditional knock-out mouse shows a complete deletion of CARM1 gene in thymus
but in other tissues (K, conditional knock out, C, control), and smaller than heterozygote
littermates.

T cell developmental in CARM1 conditional knockout mice
To address the question of whether CARM1 plays a cell autonomous role in T
cell development, we investigated the composition of thymocyte subpopulations of
the conditional knockout mice by flow cytometry analyses. Fluorescence activated
cell sorter (FACS) analyses revealed an alteration in the composition of thymocyte
subpopulations (Figure 6.4B), with an increased proportion of DN1 thymocytes in
these CARM1 conditional knockout mice (preTα Cre-CARM1fl/fl) compared with its
CARM1fl/fl littermates. This T cell developmental phenotype is similar to that seen in
126

the E18.5 CARM1 knockout embryos (Figure 3.8), which display a partial block at
the DN1 to DN2 transition (Kim et al., 2004). These findings suggest that CARM1
plays a cell autonomous role during the earliest steps of thymic development.

Figure 6.4 Aberrant T cell developments in pTα-Cre/CARM1 mouse with a
disrupted CARM1 gene
(A) The CKO mice are smaller than wild type littermates, as are the CKO thymi and spleen.
(B) Flow cytometric analysis of thymocytes from wild type mice (+/+ panel) and CARM1
CKO mice (-/- panel) for the expression of CD44 versus CD25 in the gated DN (CD4 versus
CD8) compartment.

Embryos homozygous for the targeted CARM1 alleles have smaller thymus than
littermates
We previously reported that thymocyte cellularity is reduced at E18.5 in
CARM1 knockout embryos compared to wildtype littermate controls (Figure 3.8A).
Additional studies have been performed to characterize the profound thymus
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phenotype in CARM1 knockout embryos. As shown in Figure 6.5, there is a
significant difference in the size of the thymus of both E13.5 and E18.5 embryos. The
thymic rudiment in the CARM1 knockout embryo at both days is much smaller than
normal control. The size difference observed between wildtype and knockout mice
may be caused either by immigration defect of hematopoietic precursors into the
thymic rudiment or by increased cell death shortly after entry.

Figure 6.5 CARM1 knockouts (-/-) embryos have significant smaller thymus
Cryosections of CARM1 wildtype (+/+) (left panels) and knockout (-/-) (right panels) 13.5
and 18.5 d.p.c embryos were co-stained for expression of Keratin5 (Texas red). The thymic
rudiment is clearly much smaller than normal in the CARM1 knockout embryo. The area
marked by the stippled box is shown at higher magnification in the right hand panels.
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Down-regulation of cell surface molecules involved in thymic developmental
processes in CARM1-/- mice
To obtain further insight into the molecular mechanisms underlying the altered
thymic development in conditional CARM1-/- mice, we analyzed the expression levels
of surface markers whose expression is known to be regulated during thymic
development using E13.5 days CARM1-/- embryos.
DN1 thymocytes express only surface markers CD44; whereas DN2
thymocytes harbor both CD25 and CD44. Therefore, a developmental block at the
DN1 Æ DN2 transition could result in reduced expression levels of CD25, not CD44.
We examined T cell differentiation using antibodies, including αCD25. In contrast to
c-kit (data not shown), immunohistochemical staining revealed that the absence of
CARM1 induces decreases of hematopoietic precursors identified by CD25 within
the thymic rudiment. This suggests that CARM1 loss results in a T cell
developmental block at the DN1 Æ DN2 transition (Figure 6.5).
We also examined compartmentalization of thymic epithelial cells using
αKeratin 5 antibody to determine if the lack of CARM1 is associated with defective
development of the stromal microenvironment. As shown in Figure 6.6, there is a
difference in the size of the thymic rudiment (represented by Keratin 5 expression) as
early as E13.5, consistent with Figure 6.5.
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Figure 6.6 Embryos (E13.5) homozygous for the targeted alleles of CARM1 have
smaller thymus with few CD25 positive thymocytes
Cryosections of CARM1 wildtype (+/+) (first panels) and knockout (-/-) (middle and lower
panels) 13.5 d.p.c embryos were co-stained for expression of Keratin5 (Texas red) and CD25
(FITC-green). The analysis of one wildtype and two different knockout embryos is depicted.
The area marked by the stippled box is shown at higher magnification in the right hand
panels.
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6.3 DISCUSSION

A CARM1 conditional knock out mouse model has allowed us to use in vivo
approaches to investigate T cell development in mice lacking arginine
methyltransferase enzyme. Our findings support previous results showing CARM1
plays a critical role in T cell development (Kim et al., 2004). Conditional CARM1
deficient thymocytes showed higher levels of DN1 and lower DN2 subpopulations of
early stage of thymocytes than wildtype littermate controls. These results reflect T
cell developmental defects within the thymus rudiment of CARM1-/- mice. Although
T cells of thymus rudiment were reduced, the developmental defect within the
CARM1-/- did not completely eliminate T cells.
In previous work (Kim et al., 2004), it was speculated that TARPP methylation
by CARM1 might be one mechanism by which T cell development can be regulated
because of the fact that TARPP is CARM1 specifically arginine methylated, and most
highly expressed in early stage of thymocytes. However, further studies are required
to determine whether the T cell developmental defect is indeed due to TARPP
methylation defect in CARM1-/- environment. This question could be resolved by
determining whether mice expressing mutant TARPP lack the ability to develop T
cells in the presence of normal CARM1 activity.
Besides regulating thymic development, CARM1 may partially control the
proportion of mature SP thymocytes of the peripheral T cells because of the mild
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reduction in the numbers of peripheral T cells in CARM1-/- embryos (Figure 1.8B).
Alternatively, CARM1 inactivation in thymocytes may have an effect on peripheral T
cell homeostasis, resulting in altered reactivity towards TCR-mediated signaling, with
the consequence of altered cytokine expression. Some PRMTs have been linked to
mature T cell function. For instance, both PRMT1 and PRMT5/JBP1 were reported to
regulate cytokine gene activation in T cells (Mowen et al., 2004 ; Richard et al.,
2005). In addition to having a function in T cell development, CARM1 may play
another role in downstream T cell activation. Recently, CARM1-/- T cell lines were
generated to determine whether CARM1 also plays a role in cytokine production.
Expectations are that these cell lines will provide evidence of whether or not CARM1
function in cytokine activation signaling.
Although the molecular mechanisms underlying CARM1 function are unclear,
data presented here showed that CARM1 controls signaling pathways within T cell
populations. Primarily, CARM1-mediated signals are required to maintain a proper T
cell repertoire. Furthermore, they may control cytokine production of particular
peripheral T cell populations. In both cases, CARM1 seems to act as a positive
regulator of T cell -mediated signaling processes.
T cell development also requires signals provided by the microenvironment.
For example, essential signals from interactions with thymic epithelial cells (TECs)
are required to insure proper thymocyte development (Klug et al., 1998). Therefore,
the partial arrest in T cell development in the mutant mice may result from a defect in
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thymocytes or a defect in the thymus microenvironment. This question can be
determined by the transplantation of CARM1-/- fetal liver cells into irradiated
CARM1 sufficient recipient mice, which have T and B cell developmental defects.
This chimeric mouse has stromal cells containing normal CARM1 and hematopoietic
cells without CARM1. If there will then be a block in thymocyte development in
chimeric recipient mouse, like that seen in the E18.5 knockout embryos (Figure 6.6),
this would imply that CARM1 plays a critical role in thymocyte development in a T
cell autonomous manner.
The reverse construct can be also created, yielding mice that have CARM1 in
hematopoietic cells but lack it in stromal elements. CARM1-/- fetal thymic grafts will
be transplanted under the kidney capsule of nude mice, which possess severe defects
in normal TEC signaling. Therefore, recipient mice are reconstituted with CARM1depleted stromal cells. Then T cell development will be determined. If CARM1 is
essential in TEC signal from stromal cells to establish normal T cell development,
there would be a thymocyte developmental defect in recipient mouse because of
depletion of CARM1 in stromal cells. Alternatively, if CARM1 is critical for
thymocyte development in a cell autonomous manner, there would be a normal
thymocyte development in recipient mouse.
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CHAPTER 7: SUMMARY, DISCUSSION AND FUTURE
DIRECTIONS

7.1 SUMMARY

The present study explored the biological consequences of protein methylation
in both arginine and lysine residues. In the first and second part, we have established
that TARPP and CAS3 are in vivo CARM1 substrates and methylation sites were
mapped through the characterization of TARPP and CAS3 methylation processes.
Experiments were designed, focusing on the establishment of methyl-arginine
specific protein-protein interactions and preservation of normal T cell development.
In contrast with arginine methylation, methyl-lysine specific protein-protein
interactions have been studied with a focus on interactions between histone and
histone binding proteins which read methyl-lysine marks.
In the first part of the study, how CARM1 deficiency contributes to
deregulation of T cell development was investigated. We have examined CARM1
function in thymic T cell development using CARM1 knockout cell lines and a
CARM1 knockout and conditional knockout mouse models. We have demonstrated
that the early T cell-specific factor TARPP (thymocyte cyclic AMP-regulated
phosphoprotein), which was identified as a CARM1 substrate using high density
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protein arrays, is methylated in vivo, and that this methylation reaction is CARM1
specific. We have mapped the single arginine residue, Arg 650 that is targeted for
posttranslational modification by CARM1. Finally, we have shown that T cell
development in CARM1 knockout embryos (E18.5) is aberrant, with a partial block
between the DN1 Æ DN2 stages, a time when TARPP expression starts. These
findings suggested that CARM1 affects the differentiation and/or survival of T cell
precursors.
In the second part of the study, we investigated whether CARM1 mediated
arginine methylation regulates interactions between CARM1 substrates and its
binding partners. We have shown that CAS3, which was also identified as a CARM1
substrate by using high density protein arrays, is methylated in vivo. Using CARM1-/mouse embryonic fibroblast (MEF) cell lines, we were able to show that CAS3
methylation was by CARM1 only, like other CARM1 substrates which have been
previously characterized. These results further indicate a high degree of CARM1
substrate specificity. We have determined that arginine 87 is a primary target residue
for methylation by CARM1 through site directed mutagenesis mapping analyses.
Another important finding is that arginine methylated residues are very critical for
CAS3’s interaction with Tudor domain containing protein 3 (TDRD3). These results
present the first example of CARM1-dependent protein-protein interactions.
In the third part of the study, we investigated the biological consequences of
lysine methylation by identifying novel methyl-lysine-specific protein-protein
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interactions on histone tails. We found novel domains that can 'read' methyl-lysine
marks by using proteomic approaches such as CADOR chip probing, peptide pulldowns, and Far Western analyses. In addition to the chromo domains of HP1 (α, β
and γ), novel methyl-dependent interactions on histones are seen with another chromo
domain (CDY1), Tudor domains (53BP1, C20orf104 and JMJD2A) and MBT
domains (CGI-72 and L(3)MBTL). These results demonstrate the feasibility of this
approach for identifying proteins that read the histone code.
In addition, we report the characterization of thymus development in mice
lacking CARM1 in T cells. Thymocytes of conditional CARM1 knockout mice
exhibited higher levels of DN1 and lower DN2 subpopulations of early stage
thymocytes than wildtype littermate controls. Taken together results from the
reduction of CD25 positive cells in CARM1 knockout embryos, it is obvious that
CARM1 plays a role as a positive regulator in thymocyte maturation in a T cell
autonomous manner.
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7.2 DISCUSSION AND FUTURE DIRECTIONS

Like other types of posttranslational modifications, arginine and lysine
methylation of proteins have been implicated in regulating protein functions. Here,
we report further biological consequences of protein methylation in both arginine and
lysine through the functional study for CARM1 as well as histone methylation.
Although results from the present studies add further understanding to the protein
methylation field, there are still several unanswered questions.
Although it is obvious that CARM1-mediated methylation is required to
maintain a proper T cell repertoire, the mechanisms by which this modification
contributes to T cell development processes are still unknown. The ability of CARM1
to methylate RNA binding proteins (PABP1, TARPP and HuR) indicates possible
roles in RNA processing. Indeed, a recent paper reported that CARM1 interacts with
the U1C splicing factor and regulates alternative splicing (Ohkura et al., 2005).
Alternative splicing and the existence of different protein isoforms have been
implicated in cytokine (IL6, Bihl et al., 2002), cytokine receptors (IL-4, Kruse et al.,
1999) and signal transduction molecules (Fyn, Davidson et al., 1994). Future study on
the role of CARM1 in alternative splicing of immune system will help to address the
mechanisms by which this enzyme contributes to T cell development processes, and
may show alternative splicing to be playing a role in T cell development in immune
system.
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In a previous paper (Kim et al., 2004), it was speculated that TARPP
methylation by CARM1 might be one mechanism by which T cell development can
be regulated. This hypothesis was based on facts that TARPP is arginine methylated
specifically by CARM1 and its expression starts from DN1 stage of development
process, and that aberrant T cell development in CARM1-/- embryos were found at
DN1 to DN2 stages. However, further studies are required to determine whether T
cell developmental defects are indeed due to TARPP methylation defect in CARM1-/mice. This question could be uncovered through the test of whether a mouse
expressing a mutant TARPP molecule lacks the ability to promote T cell development
even in the presence of normal CARM1.
Besides regulating early thymic development, CARM1 may partially control
the proportion of mature SP thymocytes of the peripheral T cells because the mild
reduction in the numbers of SP thymocytes in CARM1-/- embryos could be partially
responsible for the numbers of mature peripheral T cells. To address this question,
conditional CARM1 disruption in mature thymocytes by CD4-driven Cre, and the
phenotypic analysis of T cells can be performed to look at the role of CARM1 in
mature T cell populations.
Otherwise, CARM1 inactivation in thymocytes may have an effect on
peripheral T cell homeostasis, resulting in altered reactivity towards TCR-mediated
signaling, with the consequence of altered cytokines expression. Some PRMTs have
been linked to mature T cell functions. For example, both PRMT1 and PRMT5/JBP1
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were reported to regulate cytokine production in T cells (Mowen et al., 2004; Richard
et al., 2005). In addition to functions in T cell development, whether arginine
methylation by CARM1 regulates cytokine production still remains an open question.
Arginine methylation has been implicated in regulating protein-protein interactions
by both inhibiting and permitting interactions in different signaling pathways
(Bedford et al., 2000; Friesen et al., 2001). Our study demonstrates that methylarginine residue of CAS3 generated by CARM1 is critical for the interaction with the
Tudor domain-containing protein 3 (TDRD3). This result emphasizes the function of
Tudor protein as a reader protein of methyl-arginine mark generated by CARM1.
However, the biological significance of this interaction still remains to be studied. To
date, the cellular functions of both CAS3 and TDRD3 proteins have not been
elucidated. Functional study of these proteins may provide information concerning
the biological consequences of CARM1-mediated methylation. In addition, it will be
interesting to investigate the ability of Tudor domains to bind other CARM1
substrates. We have previously characterized PABP1 and TARPP as CARM1 specific
substrates. One can speculate Tudor domain’s interaction with these two CARM1
substrates.
More challenging work also lies ahead in the field of lysine methylation.
Identification of additional proteins that target methylated lysine residues on histone
tails will help decipher the histone code. Through the proteomic approaches such as
the CADOR chip, peptide pull-downs, and Far Western analyses, we have identified
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novel domains that can “read” methyl-lysine marks. In addition to the chromo
domains, novel methyl-dependent interactions on histones were seen with Tudor
domains (53BP1, C20orf104 and JMJD2A) and MBT domains (CGI-72 and
L(3)MBTL). Among these interactions, the C20orf104 Tudor domain displays a
binding profile similar to that of the 53BP1 Tudors which is a central mediator of the
DNA damage checkpoint. They show selective binding to di-methylated peptides
including H3K4me2, H3K9me2 and H4K20me2.
Recently, it was shown that the Tudor domain of 53BP1 targets to sites of
DNA damage by association with methylated lysine within histones (Huyen et al.,
2004). The situation is similar in Schizosaccharomyces pombe, but here the Tudor
domain of Cut5-repeat-binding protein 2 (Crb2; an orthologue of p53BP1 in S.
pombe) mediates binding to methylated H4K20 for DNA repair (Sanders et al., 2004).
This report is in keeping with our finding that the strongest relative binding of the
C20 (and 53BP1) Tudor is to H4K20me2, and also suggests that C20 may be
involved in DNA damage responses. In addition, a recent study reports that disruption
of DNA methylation was linked to the loss of H4K20 methylation in cancer cells
(Tryndyak et al., 2006), highlighting this modification harbor transcriptional
repression effects. Since C20 has been characterized as a tumor antigen, it is likely
that disruption of C20 may render a DNA damage checkpoint disruption in cancer
cells. Future studies will focus on determining whether C20 is indeed involved in the
DNA damage response, like 53BP1.
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