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ABSTRACT
Estrogen and progesterone are critically involved in the development of breast cancer and
their effects are mediated by the estrogen receptor (ER) and progesterone receptor (PR)
respectively. The activities of ER and PR are regulated at multiple steps of steroid
hormone receptor (SHR) signaling pathway. Post-translational modifications (PTMs) play
pivotal roles in regulating SHR signaling, enable quick responses of these receptors to
stimuli without the need for new protein synthesis. Initial mass spectrometry analysis of
PTMs on ER identified multiple methylated arginines, suggesting that arginine
methylation is an important player regulating ER activity. The objectives of the first part
of the thesis were to identify protein arginine methyltransferases (PRMTs) that methylate
ER and PR and to determine the functional relevance of the methylation. This study
showed that PRMT6 binds to ER, PR and androgen receptor (AR), and methylates them
independent of ligand. The site of the interaction and mode of regulation by PRMT6
seems to vary among the receptors but the role of PRMT6 in regulating ER activity has
been further defined. PRMT6 binds to ER at the C-terminus domains (LBO-region F) and
proximity ligation assays indicated that PRMT6 interacts with ER exclusively in the
nucleus. PRMT6 overexpression enhances ER ligand-independent and ligand-induced
activity via different mechanisms. PRMT6 significantly enhances the ligand-independent
activity of ER without the need for its methyltransferase activity. We present evidences
suggesting that the ligand-independent activation of ER by PRMT6 is mediated through
its binding to ER which may lead to dissociation of chaperone heat shock protein 70
(Hsp70) and Hsp90. On the other hand, enhancement of ligang-induced ER activity
requires enzymatically active PRMT6 and possible arginine residues targeted by PRMT6
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have been identified. In light of the recent report that PRMT6 dysfunction is associated
with worse prognosis in ER-positive breast cancers, our results suggest that PRMT6 may
promote the mitogenic effect of ER both in the presence and absence of estrogen. The
increase in ligand-independent ER signaling with high PRMT6 expression level may
result in hormone-independent tumor growth which is resistant to the inhibitory effect of
tamoxifen.

In contrast to the mitogenic role of ER in breast cancer, PR can exert inhibitory effect on
breast cancer growth. Progesterone-induced growth inhibition in PR-transfected MDAMB-231 cells was associated with a remarkable upregulation of tripartite motif-containing
22 (TRIM22), a p53 and interferon (lFN) target gene. The objective of the second part of
the thesis work was to understand the regulation of TRIM22 gene expression and its
clinical significance. TRIM22 protein level is consistently downregulated in breast cancer
cell lines and breast tumor tissues as compared to non-malignant mammary epithelial cells
and normal breast tissues, making it a potential marker for breast malignancy. TRIM22
expression also correlates with p53 expression in normal breast tissue and it can be
induced upon p53 activation in non-malignant cell. However, in breast cancer cells,
TRIM22 expression is not inducible in response to p53 activation by genotoxic drugs,
suggesting that regulation of TRIM22 by

p53

is specifically disrupted during

tumorigenesis. In addition, TRIM22 is also a regulator of PR activity. It upregulates both
the expression level and ligand induced activity of full length PR but inhibits ligandindependent activity of LBO truncation PRo Together with the reported growth inhibitory
role of TRIM22 for leukemic cells, this study presents evidence that TRIM22 may inhibit

XII
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the growth of breast cancer cells via p53 and PR signaling pathway. Further correlation of
TRIM22 expression in clinical breast cancer samples with clinicopathological parameters
will shed light on the prognostic value of TRIM22 in breast cancer.
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Introduction

1.1 Steroid hormone receptors
Steroid hormones are important regulators of cellular processes such as reproduction,
development, metabolism and homeostasis. There are five groups of steroid hormones,
namely estrogens, progestogens, androgens, glucocorticoids and mineralocorticoids. They
are

synthesized

in the

adrenal

cortex

(adrenal

androgen,

glucocorticoids

and

mineralocorticoids), the testes (testicular androgen, estrogens), the ovary and placenta
(estrogens and progestogens). Steroid hormones are all derived from cholesterol and are
lipophilic in nature. Upon release from site of synthesis, they travel in the blood stream
with carrier proteins and enter the target cells via passive diffusion. Cellular effects of
steroid hormones are transduced by their cognate receptors, the steroid hormone receptors
(SHRs).

1.1.1 Classification and domain structure of steroid hormone receptors
SHRs are transcriptional factors belonging to the nuclear receptor superfamily. They are
classified as the nuclear receptor subfamily 3 (NR3). This subfamily comprises of the
estrogen receptor (ER, NR3A), glucocorticoid receptor (GR, NR3C 1), mineralocorticoid
receptor (MR, NR3C2), progesterone receptor (PR, NR3C3) and androgen receptor (AR,
NR3C4). In addition, the estrogen related orphan receptors (ERR, NR3B) which were
cloned by sequence homology to other steroid hormone receptors but have no known
ligand identified are also included in this subfamily (Benoit et aI., 2006; Dahlman-Wright
et al., 2006; Lu et al., 2006).

SHRs share a common domain organization, consisting of the N-terminal variable region
(VR, region A/B), a central DNA-binding domain (DBD, region C), a hinge region

2

p:s
ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Introduction

(region D) linking DBD and the ligand binding domain (LBD~ region E). An additional Cterminal region F is also present in some cases.

Variable region
The VR of SHR contains the transactivation domain, activation function 1 (AF I)~ which
acts in a constitutive manner (Simental et al., 1991). Although AF 1 of the various SHRs
differ in size and location, their secondary structures are all mainly random coils in nature
in the absence of interacting proteins. Presence of interacting partner stimulates the proper
folding of AFI to facilitate protein binding (Kumar and Thompson, 2003). AFI can
activate transcription independent of ligand; it also synergizes the ligand dependent
transcriptional activity of the receptors, possible by direct interaction between the N- and
C-terminal domains of the receptors (Metivier et al., 2001).

DNA binding domain
The DBD of SHRs is the most conserved region between the family members. The core
structure of DBD comprises of two adjacent zinc fingers made up by about 70 amino
acids, involved in making protein-DNA and protein-protein contacts (Luisi et al., 1991;
Schwabe et aI., 1993a). Three amino acids located at the C-terminal base of the first zinc
finger (P box) are critical for the recognition of specific DNA sequence for receptor
binding. They are Glu, Gly and Ala in estrogen receptor and Gly, Ser and Val in the other
four receptors. Difference in P box residues distinguishes the DNA binding site for
estrogen receptor from the other steroid hormone receptors (Aranda and Pascual, 2001;
Fairall et aI., 1993; Mader et al., 1989). Residues at the N-terminal base of the second zinc
finger (D box) are also shown to be important for the dimerization of receptors. D box

3
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forms the dimerization interface and mutation in these residues affect receptor binding to
target gene promoters (Kaspar et aI., 1993; Schwabe et aI., 1993b; Takimoto et aI., 1992).

Hinge region
The hinge region is a flexible region linking the OBO and LBO. Its sequence is not well
conserved between the SHRs. It often harbors the nuclear localization signal and may be
involved in interaction with corepressors (Aranda and Pascual, 2001).

Ligand binding domain
LBO is the second most conserved region of the SHRs. LBO consists of 12 a-helices
which folds into a three layered anti-parallel a-helical sandwich. This forms the
hydrophobic pocket for hormone binding. Subtle differences in the conformation of ligand
binding pocket are responsible for the ligand selectivity of SHRs (Bledsoe et aI., 2002).
LBO also contains the ligand-dependent activation function 2 (AF2), this AF2 function is
mainly facilitated by helix 12 (Oanielian et aI., 1992). Upon ligand binding, the position
of helix 12 undergoes changes, favoring AF2 interaction with coactivators (Brzozowski et
aI., 1997). In addition, LBO is also found to be involved in receptor dimerization (Bledsoe
et aI., 2002).

Region F
ER and some other nuclear receptors also contain a C-terminus region F which is involved
in the regulation of ligand binding and interaction with coregulators, modulating the
activity of the receptor (Koide et aI., 2007; Skafar and Zhao, 2008).

4
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1.1.2 Mechanism of action
As transcriptional factors, it has long been recognized that SHRs mediate the effect of
steroid hormones mainly by direct binding to specific DNA sequences in the nucleus to
regulate gene expression. Subsequent research on the SHR signaling reveals that a much
more complex network of coregulatory factors and pathways is involved; action of SHRs
can be dependent or independent of ligands and mayor may not involve direct DNA
binding.

Genomic signaling
Unliganded SHRs are associated with chaperone protein complex consisting of heat shock
protein 66, 70 and 90 (hspoo, hsp70, hsp90), p23 and many other molecules. Interaction
with the chaperone proteins not only facilitates proper folding of the receptors, keeping it
in a conformation that favors ligand binding and receptor activation; it is also essential for
dimerization of the receptors. Inhibition of hsp90 ATPase activity is associated with
receptor degradation (Gougelet et aI., 2005; Kimmins and Mackae, 2000; Powell et al.,
2010; Pratt and Toft, 1997b, 2003b).

Under the classical signaling pathway for SHRs, upon ligand binding, SHRs undergo
conformational changes and dissociate from the chaperone complex. Ligand binding
induces dimerization of the receptors, enabling them to bind to specific regulatory DNA
sequences, the hormone response elements (HREs), located at the promoter of target
genes. HRE is made up by two inverted repeats of 6 nucleotides, separated by 3
unspecified nucleotides. GR, PR, AR and MR can bind to the same set of HREs
(AGAACAnnnTGTTCT), whereas ER and ERR recognize a distinct set of HREs

5
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(AGGTCAnnnTGACCT) (Truss et al., 1992; Truss et al., 1990). SHRs bind to
palindromic HREs in the form of dimers to regulate gene expression (Aumais et al., 1996).

Transcriptional activity of DNA-bound SHRs is mediated by N-terminus AFI and Cterminus AF2. AF 1 is constitutively active whereas activation of AF2 is ligand dependent
(Danielian et al., 1992; Tora et al., 1989). Synergy between AFI and AF2 is required for
full transcriptional activity of SHRs (Benecke et al., 2000). AF 1 and AF2 regulate gene
expression by recruiting and interacting with general transcriptional factors and
intermediary coregulatory proteins, which are proteins needed for chromatin remodeling
and transcription initiation.

Pioneer transcription factors have been demonstrated to be important for the initiation of
transcription by SHRs. They prime transcription initiation by prior binding to specific
regulatory DNA sequences such as the enhancer elements; they also bind to compact
chromatin such as nucleosomes and help to open up the chromatin structure or enable the
binding of other transcriptional factors (Carroll et al., 2005; Cirillo et al., 2002; Cirillo and
Zaret, 1999). Forkhead box Al (FOXA 1) is one of the main pioneer factors involving in
gene expression induced by SHRs. Forkhead motif is enriched in 560/0 of ER bound
chromatin. FOXA 1 recognizes and binds to these forkhead motifs, opening the chromatin
structure even in the absence of hormone, making these sites accessible for ER binding
upon hormone stimulation (Carroll et al., 2005). Similar observation is made by studying
the cistrom of other SHRs (Belikov et al., 2009; Wang et al., 2009). Pioneer factors are
important determinants for the DNA binding profile and cell type specific action of SHRs.
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In osteosarcoma cell line U20S where FOXA] is absent, the binding profile of exogenous
ER is determined by another pioneer factor GATA-binding protein 4 (GATA4). In this
case, the region bound by ER and the set of genes transcribed is different from that in
breast cancer cells (Krum et aI., 2008; Miranda-Carboni et aI., 20]]). However,
overexpression of FOXA I in U20S cells can recruit ER to region that it only recognizes
in breast cancer cells but not in U20S cells, altering the gene expression profile induced
by estrogen (Hurtado et aI., 20] 0). In addition, FOXA] is recruited to chromatin in a cell
type specific manner, contributing to the lineage specific cistroms for SHRs (Eeckhoute et
aI., 2006; Lupien and Brown, 2009).

Coregulators of SHRs can be divided into two groups depending on their actions coactivators and corepressors. The most well studied coactivators are the p 160 family
proteins. Steroid receptor coactivator-l (SRC-l) is the first nuclear receptor coactivator
identified (Onate et al., ]995). Subsequently, more members of this p 160 family were
cloned, such as transcriptional intermediary factor 2 (TIF2) and translocation associated
membrane protein 1 (TRAM]) (Takeshita et al., ]997; Voegel et aI., ]996). These
coactivators contain the basic helix-loop-helix motif for DNA binding and the signature
nuclear receptor box (LXXLL, L denotes leucine; and X is any amino acid) for interacting
with receptors (Aranda and Pascual, 200]; Savkur and Burris, 2004). SRC-] binds to
SHRs directly and coactivates the transcriptional activity directed by AF] and AF2. It also
promotes the interaction between AF] and AF2 to facilitate transcriptional synergy of
these two activation functions. SRC-] is not only involved in the recruitment and
assembly

of various

transcriptional

factors,

it also

possesses

intrinsic

histone

7

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Introduction

acetyltransferase (HAT) activity and helps in the unpacking of chromatin, making it more
accessible to the transcriptional factors (Onate et aI., 1998~ Spencer et aI., 1997). The
transcriptional repression function of SHRs is mediated by various corepressor molecules.
Nuclear hormone receptor corepressor (NCoR) and silencing mediator of retinoid and
thyroid hormone receptors (SMRT) are two examples of receptor corepressors. NCoR and
SMRT complex with histone deacetylase (HOAC) to inhibit gene expression when they
are recruited to the target gene promoters via interaction with LBO region of receptors
(Lazar, 2003). Furthermore, actions of coregulators are also cell type or target specific;
coactivators can function as corepressors in specific context and vice versa (Rogatsky et
aI., 2001).

Besides direct binding to canonical HREs, ligand activated SHRs can also bind to target
gene promoters indirectly by interacting with DNA-bound transcriptional factors such as
activator protein 1 (AP-1) and stimulating protein 1 (Sp 1) to regulate transcription of
genes that do not contain canonical HREs (Gottlicher et aI., 1998). For example, upon
estrogen treatment, ER interacts with Sp 1, enhances Sp 1 binding to Sp 1 sites on the
promoter of insulin-like growth factor (IGF) and upregulates expression of IGF (Maor et
aI.,

2006~

Porter et aI., 1997). Glucocorticoid induced interaction between GR and AP-1

represses the expression of AP-1 target genes such as keratin K5 and K 17 in the skin
(Radoja et aI., 2000).

Non-genomic signaling
Steroid hormones can induce rapid cellular changes within seconds through plasma
membrane receptors without the need for direct transcriptional activation or de novo

8
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protein synthesis. The identities of these membrane bound receptors are still under debate,
but at least a certain proportion of this activity is caused by cytoplasmic localized SHRs.
Membrane-bound SHRs have been reported for all the SHRs and the presence of nine
amino acids membrane localization sequence has been identified in the LBO of

ER~

PR

and AR. It mediates palmitoylation of the receptors, facilitates association with caceolin-l
and the subsequent membrane localization (Chaudhri et al., 2012; Pedram et al., 2007;
Strehl et aI., 2011; Tasker et al., 2006). Membrane initiated non-genomic signaling
usually involves the activation of cytoplasmic signaling cascades such as mitogen
activated protein kinase (MAPK) or phosphatidylinositol-3-0H kinase (PI3K) signaling
via interaction of SHRs with membrane associated receptors such as G-protein coupled
receptors (GPCR) (Watson, 1999). ER interacts with G protein in osteoblast to activate
phospholipase C (PLC)~ lead to increase in intracellular Ca 2+ concentration by
mobilization of Ca2+ from endoplasmic reticulum (Le Mellay et al., 1997). Estrogen
induced acute activation of endothelial nitric oxide synthase (eNOS), increased nitric
oxide (NO) production and vasodilation was found to associate with the activation of
MAPK signaling via direct interaction between ERa and Gai subunit of GPCR in
endothelial cells (Chen et al., 1999c; Wyckoff et al., 2001). Another study by Simoncini et

al also suggested that ligand bound ER can increase NO production by interacting with
the p85a regulatory subunit of PI3K in the cytoplasm, upregulates PI3K kinase activity
and activates protein kinase B/Akt (Simoncini et al., 2000). Similar protective effect on
cardiovascular system has been observed for GR by the same mechanism (HafeziMoghadam et al., 2002). Glucocorticoid also inhibits the activation of high-voltageactivated Ca2+ channel and Ca2+ influx in dorsal root ganglion by interacting with GPCR

9
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and activating protein kinase C (PKC) downstream (He et aI., 2003). PR binds to SH3
domains of many cytoplasmic signaling molecules via its N-terminus proline rich region.
It associates with c-Src tyrosine kinase to activate c-Src and the downstream MAPK

directly, upregulates cell cycle genes such as cyclin 01, which is responsible for
progesterone induced proliferation in breast cancer (Boonyaratanakornkit et aI., 2001;
Skildum et aI., 2005).

Ligand-independent signaling
Although activation of SHRs was initially reported to be dependent on direct hormone
binding, it has become more apparent that SHR can also be stimulated by other agents
such as growth factors. These hormone-independent transcriptional activities mediate the
cross-talk between SHR and other cellular signaling pathways and it is responsible for
many important biological functions of SHRs (Aguirre et aI., 2007; Eickelberg et al., 1999;
Hardy et aI., 2008; Jenster, 2000; Kim and Lee, 2009; Ueda et aI., 2002; Zhang et aI.,
2010a).

Ligand independent activation of SHRs is achieved mainly by direct

phosphorylation on SHRs or their coregulators by kinases (Carascossa et aI., 2010;
Galliher-Beckley et aI., 2011; Pierson-Mullany and Lange, 2004a; Rowan et aI., 2000).

External stress conditions such as glucose starvation or oxidative stress stimulate the
production of glucocorticoids by adrenal glands to activate GR and restore homeostatic
balance (Chrousos, 2009). These stress conditions also induce the direct phosphorylation
of GR at serine residue 134 (S 134) by p38 MAPK, upregulates the binding of GR to zeta
isoform of the 14-3-3 signaling proteins

(14-3-3~)

at the promoter region of GR target

genes and alters gene expression patterns in response to glucocorticoid (Galliher-Beckley
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et al., 2011). ERa can be activated by growth factors in a AF 1 dependent and AF2
independent manner (Bunone et al., 1996). The requirement of ERa in epidermal growth
factor (EGF) induced uterine growth is demonstrated by the failure of EGF to induce
DNA synthesis in the uterus of ER knockout mice as compare to wild type mice (Curtis et
al., 1996). ERa knock-in mice with mutant ERa that is defective in response to estrogen
show normal increased uterine epithelial proliferation with growth factor treatment
(Sinkevicius et al., 2008). EGF activates ERa through the phosphorylation of both serine
118 (S 118) by MAPK and phosphorylation of S 167 by 90kDa ribosomal S6 kinase (RSK)
(Bunone et al., 1996; Joel et al., 1998). Elevated level of cyclic AMP (cAMP) activates
protein kinase A (PKA), which can phosphorylate coactivator associated arginine
methyltransferase (CARM 1) at serine 448 (S448), enable it to bind to ERa LBO directly
and enhance ERa transcriptional activity (Carascossa et al., 2010). Activation of AR by
interleukin-6 (IL-6), EGF, IGF and Her2/Neu is associated with progression of androgenindependent prostate cancer (Craft et al., 1999; Hobisch et al., 1998; Jenster, 2000). IL-6
activates MAPK which phosphorylates AR and SRC-l to activate AR (Ueda et al., 2002).
EGF induces proliferation and invasion of prostate cancer by activating PI3K/Akt which
phosphorylates and activates AR (Bonaccorsi et al., 2004). EGF and IGF also upregulates
the expression of Rho guanosine triphosphatase (GTPase) guanine nucleotide exchange
factor (GEF) Vav3, which promotes nuclear localization and activation of AR (Lyons et
al.,

2008).

PR can

also

be

activated

by

cyclin-dependent kinase

2

(CDK2)

phosphorylation of serine residue 400 when stimulated by growth factors (PiersonMullany and Lange, 2004b).
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1.2 Estrogen receptor
1.2.1 Estrogens
Naturally occurring estrogens exist in three forms - estrone (E 1), estradiol (E2) and estriol
(E3). They act at different stages in life. Estradiol is the predominant form in nonpregnant woman before menopause; estrone is produced during menopause and estriol is
important during pregnancy. All three forms bind to ER with high affinity, but estrone and
estriol are weaker agonists on ER than estradiol (Gruber and Huber, 1999; Kuiper et aI.,
1997). Estrogen is essential for the development of reproductive tract, mammary gland,
skeletal and central nervous system (Couse and Korach, 1999). Estrogen also reduces
bone resorption, the decrease in estrogen level after menopause is the key reason for
osteoporosis in women (Krum and Brown, 2008). Furthermore, estrogen is involved in
many other processes such as regulation of metabolism.

1.2.2 Isoforms and structures of estrogen receptor
ER is well conserved during evolution; orthologs of ER have been identified in
invertebrates with ER-like functionality (Thornton et al., 2003). There are two isoforms of
ER (ERa and ER~) encoded by two separate genes, ESR 1 and ESR2 on chromosome six
and chromosome fourteen respectively (Green et al., 1986; Greene et aI., 1986; Kuiper et

al., 1996). ESR 1 encodes for 595 amino acids whereas ESR2 encodes for 530 amino acids.
There is about 970/0 sequence homology between ERa and ER~ at the DBD region, lesser
at the LBO region (about 56%) and only 24% at the N-terminal variable region (DahlmanWright et al., 2006). Differences at the N terminus AFI region account for their ability to
interact with different subsets of coregulatory proteins.
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The tissue expression pattern

IS

different for these two isoforms. ERa mRNA is

predominantly expressed in the uterus, mammary gland, testis, pituitary, liver, kidney,
heart and skeletal muscle, whereas ERp transcripts are expressed higher in the ovary and
prostate (Couse et aI., 1997). ERa and ERp also have distinct biological functions. ERa
promotes breast cell proliferation whereas ERp has been found to be antiproliferative
(Treeck et aI., 2009). Distinctive defects were observed in ERa and ERp knockout mice.
ERa knockout mice are viable but infertile for both male and female. Impaired
spermatogenesis with low sperm count and decreased sperm motility is observed in ERa
knockout male mice (Couse et al., 2001). Initial development and differentiation of the
female reproductive tracts are normal but sexual maturation is disrupted, results in a
rudimentary mammary gland, hypoplastic uteri and hyperemic ovaries. Uteri of ERa
knockout mice are insensitive to E2, no increase in uterine wet weight was observed after
E2 treatment in these knockout mice (Couse and Korach,

1999~

Lubahn et aI., 1993). On

the other hand, ERp knockout female mice develop normal mammary gland and uterus
but they are subfertile as follicle maturation is disrupted, resulting in fewer and smaller
litters than wild type (Dupont et aI.,

2000~

Emmen et aI.,

2005~

Krege et aI., 1998). In

contrast, ERp knockout male mice are fertile and show no abnormalities in sexual
behavior (Arpino et aI., 2008). In addition to the effects on reproductive system, ERa and
ERp also affect bone metabolism and homeostasis. ERa knockout mice develop shorter
femurs, female mice have smaller bone diameters while male mice have lower bone
density (Fagan and Vee,

2008~

Gaben et aI., 2012). ERp knockout female mice show an

increase in bone mineral density content (Gaben et aI., 2012). For this study, we focus
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mainly on ERa as it is the predominant receptor responsible for the mitogenic effect of
estrogen in breast tissue. ER will refer only to ERa hereafter.

1.2.3 Post-translational modifications of ER
Various types of post-translational modifications (PTMs) such as phosphorylation,
acetylation and methylation have been identified in ER and shown to be important for the
receptor's activity.

Phosphorylation
ER is a phosphoprotein and its transcriptional activity can be regulated by the direct
phosphorylation at multiple sites of the receptor. ER serine 118 (S 118) phosphorylation
was the first site identified as it reduces gel mobility for ER, making it easier to be
detected and studied (Joel et aI., 1995). E2 induced phosphorylation at S 118 can be
carried out by cyclin dependent kinase 7 (CDK7) and it involves interaction with
transcriptional factor IIH (Chen et aI., 2000c). S 118 phosphorylation is important for the
regulation of ER target gene expression and ER dimerization (Sheeler et aI., 2003). It is
necessary for ER recognition by splice factor; it also increases recruitment of p68 RNA
helicase (Endoh et aI.,

1999~

Masuhiro et aI., 2005). In addition, S 118 phosphorylation is

critical for the ligand-independent activation of ER by MAPK upon EGF treatment
(Bunone et aI., 1996). The induction of S 118 phosphorylation results in the recruitment of
peptidyl prolyl cis/trans isomerase Pin 1 which isomerizes the serine 118-proline 119 bond
from a cis to trans isomer, hence upregulates AF 1 transcriptional activity (Rajbhandari et
aI., 2011).

14
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Phosphorylation on serine residues 167 (S 167) is reported to be the main ligand induced
phosphorylation site by only one study but not supported by others (Arnold et al.,

1994~

Yamnik and Holz, 2010). S 167 to alanine mutation at this site leads to 70% decrease in
E2 induced transcriptional activity and 10 fold decrease in DNA binding affinity of ER
(Arnold et al.,

1994~

Castano et al., 1997). S 167 can be phosphorylated by Pl3KI Akt2, 90

kDa ribosomal S6 kinase (RSK) and l-kappa-B kinase £ (lKK£) both in the presence and
absence of E2, which contributes to E2 independent growth and tamoxifen resistance for
breast cancer cells (Guo et al.,

2009~

Joel et al.,

1998~

Sun et al., 2001). A recent study

presented new evidence suggesting that Akt and RSK do not act on S 167 directly; these
kinases upregulate S 167 phosphorylation by activating 40 S ribosomal S6 kinase 1
(S6K 1). S6K 1 is the kinase responsible for S 167 phosphorylation in vivo (Yamnik et al.,
2009). S 167 phosphorylation has also been found to be associated with better response to
endocrine treatment and longer survival in breast cancer patients (Jiang et al., 2007~
Skliris et al., 20 1O~ Yamashita et al., 2005).

S236 phosphorylation by PKA is another example of ligand independent phosphorylation.
Mutating S236 to glutamic acid generates phosphomimic that blocks ER dimerization and
DNA binding, whereas mutation to alanine has little effect on dimerization and DNA
binding (Chen et al., 1999b). Furthermore, ER phosphorylated at S236 by PKA is
protected from proteasomal degradation. Knocking down of PKA activity leads to reduce
in ER stability (Tsai et al., 2004). S305 phosphorylation by PKA also enhances binding to
target gene promoter.

Phospho mimic S305E mutation shows increased ligand-

independent DNA binding and transcriptional activity (Tharakan et al., 2008). Absence of
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this phosphorylation correlates with favorable outcome with tamoxifen treatment in breast
cancer patients (Kok et aI., 2011).

Tyrosine 537 (Y537) phosphorylation in ER facilitate homodimerization and ERE binding
(Arnold et aI., 1995). Mutation of Y537 to alanine or serine gives rise to constitutively
active ER mutants that interact with SRC-l even in the absence of E2 (Weis et aI., 1996).
This phosphorylation also regulates the direct interaction between ER and SH2 domain of
kinases. Phospho Y537 peptide can inhibit the interaction between ER and Src tyrosine
kinase, blocking the E2 induced G 1IS transition in MCF7 cells. It also inhibits the growth
of mammary cancer cell xenografts. Action of this phospho Y537 peptide appears to be
specific to the ER expressing cells and targets ER specifically, making it a good
antagonist for therapeutic targeting of ER (Auricchio et aI., 2008).

Acetylation
HAT p3001 cAMP response element-binding (CREB) binding protein (CBP) coactivates
transcriptional activity of ER by acetylating histone, enabling unpacking of chromatin.
p300 also regulates ER's activity by direct acetylation on five lysine residues. Acetylation
at lysine 266 and 268 is ligand dependent and it enhances ER binding to DNA (Pang et aI.,
2006). Acetylation at lysine 299, 302 and 303 is constitutive and it suppresses ER's
sensitivity to hormone (Wang et aI., 2001 a).

Methylation
There are two methylation sites reported for ER, one is arginine 260 and the other is
lysine

302

(K302).

Methylation

at

arginine

260

(R260)

by

protein

arginine

methyltransferase 1 (PRMTl) occurs in the cytoplasm and it affects mainly the non-
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genomic activity of ER. R260 methylation facilitates the recruitment of Src, p85 and focal
adhesion kinase (FAK) to the ER complex which in turn activates Akt and regulates cell
cycle

progression

(Le

Romancer

et

aI.,

2008).

K302

methylation

by

SET7

methyltransferase stabilizes ER~ facilitates the recruitment of ER to its target genes
(Subramanian et aI., 2008).

Cross-talk between different types of PTM
It has been found that PTM at one residue may affect other modifications at nearby sites

or different modifications on the same site. S305 phosphorylation negatively regulates
K303 acetylation. Mutation of S305 to phosphorylated mimic (Aspartic acid) blocks K303
acetylation, give rise to ER

mutant with enhanced transcriptional activity and

hypersensitive to low dose of estrogen, resemble the phenotype of naturally occurring
K303R mutant observed in one third of premalignant breast hyperplasia (Cui et aI., 2004).
K302 can be either methylated or acetylation, resulting in stabilization or inhibition of ER
activity respectively. Acetylation on K302 exhibits inhibitory effect for methylation on
the same site. This may present a mechanism of destabilizing ER to facilitate the
downregulation of ER activity with K302 acetylation (Subramanian et aI., 2008).
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1.3 Progesterone receptor
1.3.1 Progesterone
Progesterone is also known as P4 (pregn-4-ene-3,20-dione). It is mainly synthesized in the
ovary or placenta (during pregnancy) from cholesterol. Progesterone is essential for
female fertility. Its level undergoes regular cyclical changes during menstrual cycle and it
plays important roles in various stages throughout the pregnancy (Robker et aI., 2000). It
is essential for normal breast development during puberty and during preparation for
lactation. Progesterone induces ductal branching and alveolargenesis in the mammary
gland (Atwood et aI., 2000). Progesterone can also be synthesized in both central and
peripheral nervous system, exerts neuroprotective effect and promotes myelination
(Schumacher et aI., 2004). In addition, progesterone is involved in many other functions
such as bone formation and glucose metabolism (Azizi et aI., 2003; Picard et aI., 2002).

1.3.2 Isoforms and structures of progesterone receptor
PR gene has been mapped to chromosome 11q22. Its transcription can be initiated from
two different promoters, giving rise to two main isoforms of PR, form A and B, differ
only by the presence of additional 164 amino acids at the N-terminus of PRB. Although
they have identical DNA-binding and ligand-binding domain, PRA and PRB have
overlapping as well as distinct functions from each other (Kastner et aI., 1990).

Similar to other steroid hormone receptors, PR is made up by the N-terminus variable
region, DNA binding domain, hinge region and Iigand binding domain. The extra 164
amino acid in PRB is named as B-upstream segment (BUS). BUS contains the third
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activation function (AF3) of PRB and it can activate transcription autonomously. BUS
facilitates intramolecular interaction between the N- and C-terminus of PRB~ enhancing
the interaction of PRB with coactivators such as SRC-l (Tung et al., 2006). It synergizes
the transcriptional activity of AF2 and AF 1 in both a ligand dependent and a ligand
independent manner (Sartorius et al., 1994). Motifs 55LXXLL59~ 115LXXLLI19 and the
tryptophan 140 in BUS have been shown to be critical for this AF3 activity. Mutation of
any of these three sites reduces the AF3 activity. The variable region also contains an
inhibitory function (IF) between AF 1 and AF3; it is responsible for recruitment of
transcriptional inhibitory corepressor proteins. IF downregulates the transcriptional
activity of PRA but not PRB. Most probably its inhibitory effect is masked by the
presence of BUS upstream in PRB. Deletion of IF drastically increases the transcriptional
activity of PRA. IF also makes PRA a trans-dominant repressor of PRB~ blocking PRB
activity when a high level of PRA is present (Hovland et al., 1998; Huse et al., 1998).
Different abnormalities in the reproductive system are observed in PRA and PRB
knockout mice, suggesting that they may have different tissue specific functions. PRA
knock out leads to impaired superovulation and uterus implantation; whereas defect in
mammary gland morphogenesis and alveolar differentiation is observed in PRB knockout
mice (Conneely et aI., 2001; Mulac-Jericevic et al., 2003). We focus on the activity of
PRB in this study as it is a much stronger transactivator than PRA for mediating the effect
of progesterone. PR will refer only to the PRB isoform hereafter unless specified
otherwise.
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1.3.3 Post-translational modifications of PR
Phosphorylation
Action of PR is closely regulated by PTM on specific amino acids of PRo The most well
studied modification on PR is phosphorylation. There are 14 reported phosphorylation
sites on human PR, include both basal/constitutive and hormone induced phosphorylation
sites. 13 of these phosphorylation sites are located at the N-terminal half of PR, 6 of them
are in the unique BUS region, suggesting the importance of phosphorylation in regulating
AF 1 and AF3 function in PR (Hagan et aI., 20 11a~ Lange, 2004).

PR phosphorylation at S294 by MAPK is induced by hormone treatment and it regulates
the turnover of PR protein. S294 phosphorylated PR is targeted for degradation via the
26S proteasomal pathway. Mutation at this site stabilizes PR by blocking the
ubiquitination on PR (Lange et aI., 2000). EGF can also induce transient phosphorylation
on S294. Inhibition of S294 phosphorylation by mutating it to alanine abolishes EGF
induced PR nuclear translocation and DNA binding. EGF pretreatment to induced S294
phosphorylation prior to progesterone treatment enhances ligand induced transcriptional
activity (Daniel et aI., 2007b).

S345

is rapidly

phosphorylated

by

MAPK

after progesterone treatment.

This

phosphorylation results in the interaction of PR with transcriptional factor Sp 1, regulating
the expression of cell cycle genes p2I and other growth promoting genes to stimulate
proliferation (Faivre et aI., 2008).
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CDK2 phosphorylates PR at multiple sites both dependent and independent of ligand. It
phosphorylates PR at S81 when treated with ligand or when the cells enter G I IS phase of
cell cycle. Phosphorylation at S81 has been shown to be important for the binding of PR
to PRE site and activation of specific target genes (Hagan et aI., 20 II b). S400 is a basal
phosphorylation site and the level of phospho S400 can be further increased by
progesterone or mitogen treatment with corresponding increase in CDK2 level.
Expression of constitutively active CDK2 alone can induce PR nuclear localization via
S400 phosphorylation, as demonstrated by the absence of nuclear localization when S400
is mutated. When CDK2 level is upregulated by cyclin E during G l/S phase, increase in
S400 phosphorylation is also observed, this acts as a mechanism regulating PR activity
during cell cycle stages (Pierson-Mullany and Lange, 2004b).

Acetylation
PR's activity can also be regulated by acetylation. Acetylation has been found in the
KXKK consensus sequence in the hinge region (amino acid 638-641). Blocking the
acetylation at this site leads to delayed nuclear entry in response to hormone treatment and
delay in target gene induction, demonstrating that acetylation in the hinge is important in
nuclear-cytoplasmic shuttling and transcriptional response kinetic of PR to hormone
treatment (Daniel et aI., 20 10).

Sumoylation
PR lysine residue 388 (K388) can be sumoylated by small ubiquitin-like modifier-I
(SUMO-I). Initial study showed overexpression of SUMO-I upregulates transcriptional
activity of PR not through direct sumoylation on PR but by sumoylation on coactivator
SRC-I. Progesterone induced SRC-I sumoylation is associate with enhanced interaction
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between PR and SRC-I and increased SRC-I nuclear retention (Chauchereau et aI., 2003).
Conversely, K388 sumoylation downregulates transcriptional activity of PR, represses PR
sensitivity to ligand and anchorage independent growth for breast cancer cells. Decrease
in rate of degradation for PR is also observed with K388 sumoylation. Daniel et al
showed

that

stabilization

of PR

protein

with

sumoylation

is

coupled

with

dephosphorylation at S294. S294A mutant is heavily sumoylated, double mutation on
S294 and K388 rescues the turnover rate of PR upon hormone treatment. Whereas AbdelHafiz et al suggested that although sumoylation on Lys 388 slows down PR degradation,
there is no coupling of PR sumoylation with phosphorylation (Abdel-Hafiz et aI., 2009;
Daniel et aI., 2007a).
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1.4 Complex role of ER and PR in breast cancer
Breast cancer is the most frequent cancer diagnosed in women, and ranked second as a
cause of cancer death in women in the United States of America (American Cancer
Society) (2012). In Singapore, breast cancer is the most common type of cancer in female
population, 7458 new cases of breast cancer were diagnosed from year 2005 to 2009,
29.40/0 of the total incidence of cancer reported in this period of time. Breast cancer is also
the leading cause of cancer death in Singapore female, responsible for 1769 cases of
cancer death (17.80/0) from year 2005 to 2009 (Singapore Cancer Registry report) (2011).
Beside known risk factors such as gender, age, inherited genetic mutations (BRAC 1,
BRAC2), prolonged exposure to estrogen (early menarche or late menopause), more than
500/0 of breast cancer has no identifiable risk factors (Lynch et al., 2008).

ER and PR play important roles in the development, prognosis and treatment of breast
cancer. Although both ERa and ERp are mediators of estrogen signaling, they display
distinct expression patterns and functional roles in human breast. ERa expression is low in
normal breast and it is mainly found in luminal cells. However, ERa overexpression has
been found in 800/0 of atypical ductal hyperplasia and 60-70% of invasive breast cancers
(Giri et al., 1989; Pallis et al., 1992; Shoker et al., 1999). 55-90% of early breast cancers
analyzed are ERa positive. High ERa expression level at early stage may sensitize the
cancer cells to the growth stimulatory effect of estrogen. Breast cancer cells tend to lose
ERa expression at later stage and proliferate independent of hormone (Althuis et al., 2004;
Schmitt, 1995). Due to the mitogenic activity of estrogen and ERa in breast cancer, antiestrogens are commonly used in breast cancer treatment with ERa positive breast cancer.
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ERa antagonist tamoxifen has shown 250/0 reduction in recurrence and 17% reduction in
mortality in the treatment of ER positive breast cancer (1992). Aromatase inhibitor
anastrozole which inhibits the production of estrogen has also been shown to be effective
in breast cancer treatment (Baum et al., 2003).

ERp expression

IS

high in normal breast and benign breast tumor but its level is

downregulated in breast cancer tissues (Park et al., 2003). It has been found that ERp
promoter is unmethylated in normal breast epithelial cells but hypermethylated in breast
cancer cells. Inhibition of DNA methylation can reactivate ERp expression, making DNA
methylation a possible mechanism responsible for the downregulation of ERp expression
in breast cancer (Zhao et aI., 2003). This diminishment of ERp expression in breast cancer
may be associated with breast tumorigenesis. When ERp is expressed alone, it inhibits
proliferation of invasive breast cancer cells in a hormone-independent manner; increase in

ERp expression also inhibits hormone-dependent proliferation in T47D breast cancer cell
line (Lazennec et aI., 2001; Strom et al., 2004). Studies carried out using murine epithelial
cell line HC 11 also demonstrated that ERa and ERp exert opposite effect on growth upon
estrogen treatment; while ERa induces cell proliferation in response to estrogen treatment,

ERp promotes apoptosis in an estrogen-dependent manner, knock down of ERp
expression also favors HC 11 transformation (Helguero et aI., 2005). Microarray study for
T47D breast cancer cells showed that ERp suppresses ERa upregulated genes involving in
proliferation, steroid metabolism and ion transport (Williams et aI., 2008). This possible
antiproliferative activity of ERp in breast cancer makes it an attractive therapeutic target
for breast cancer treatment.
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PR status is also an important marker in predicting clinical outcomes for breast cancer
treatments. It often correlates positively with ER status and indicates presence of
functional ER. More favorable outcome for endocrine therapy is usually achieved with
ERiPR double positive breast cancer (Bardou et aI., 2003). The higher PR expression
level in ER-positive breast cancer correlates with increase probability of response to
tamoxifen (Ravdin et aI., 1992). Absence of PR in ER positive breast cancer made it more
aggressive and less responsive to selective estrogen receptor modulators (SERMs) such as
tamoxifen. Recurrent rate increases from 7.60/0 in ER-positive/PR-positive tumors to
14.8% in ER-positive/PR-negative tumors for early breast cancer treated with tamoxifen
(Baum et aI., 2003). So far, direct function of progesterone receptor in breast cancer
remains controversial. Progesterones in oral contraceptives were first reported to stimulate
proliferation of breast cancer cell (Jeng et aI., 1992). The million women study shows that
combination of estrogen plus progesterone in hormone replacement therapy is associated
with increased risk of incidence and fatal breast cancer (Beral, 2003). Studies using breast
cancer cell lines showed that progesterone induces transient proliferation followed by
long-term growth inhibition (Chen et aI., 20 11 ~ Groshong et aI.,

1997~

Leo et aI.,

2004~

Skildum et aI., 2005). In the absence of hormone, PR itself can inhibit the growth of
breast cancer cell lines (Jacobsen et aI., 2005).
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1.5 Protein arginine methyltransferase (PRMT)
Evidence is emerging that protein methylation plays an important role in fine-tuning
cellular response to external stimuli. Protein methylation mainly occurs at lysine and
arginine residues, mediated by protein lysine methyltransferases (PKMTs) and protein
arginine methyltransferases (PRMTs) respectively. PKMT can be divided into Su(var)3-9,
enhancer of zeste, trithorax (SET)-domain containing and non-SET domain containing
PKMTs. There are about 50 human SET-domain containing PKMTs but Dotl L is the only
non-SET domain containing PKMT found so far (Dillon et aI., 2005; Min et aI., 2003;
Schapira, 2011). In contrast to high number of PKMTs known, until now, there are only
11 PRMTs identified, all of them contain conserved catalytic domain (Wolf, 2009). Both
PKMT and PRMT enzymes transfer methyl group from the donor molecule S-adenosylL-methionine (SAM) to lysine or arginine residues of their target proteins. Lysine
methylation occurs only at the £-NH 2 group whereas arginine methylation can occur at
either or both of the two terminal (0 nitrogen atoms of the guanidine side chain (Wu and
Zhang, 2009). This study focuses on protein arginine methylation by PRMTs.

1.5.1 Classification and structure of PRMT
PRMT homologs have been found in varIOUS species including yeast, Drosophila
melanogaster and zebrafish, suggesting that this class of enzymes is evolutionally
conserved in eukaryotes (Bachand, 2007; Boulanger et aI., 2004; Hung and Li, 2004). Of
the 11 PRMTs identified in human so far, they can be divided into three groups. Type I
PRMT includes PRMT 1, 2, 3, 4, 6 and

8. They catalyze the

formation of

G
monomethylarginine «(O_N -monomethylarginine) and asymmetric dimethylarginine «(0NG,NG-dimethylarginine). PRMT5 and 9 belong to type II PRMT, catalyzing the
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formation

of

monomethylarginine

(co-N'<monomethylarginine)

and

symmetric

dimethylarginine (w-N G ~N ,G -dimethylarginine). Contradictory results have been reported
for PRMT7. It was first classified as type II

PRMT~

but recent study on the activity of

PRMT7 presented new findings suggesting that PRMT7 may be a type III

PRMT~

only

capable of catalyzing the formation of w_NG -monomethylarginine. Enzymatic activity of
PRMTI0 and 11 has yet to be determined. In addition, there is fourth type of PRMT
methylating the internal & nitrogen. This type IV PRMT has only be described in yeast so
far (Cook et aI., 2006; Lakowski and Frankel, 2009; Lee et aI., 2005b; Wolf, 2009; ZuritaLopez et aI., 2012).

PRMT family members share a conserved methyltransferase catalytic core domain of
about 310 amino acids. This catalytic domain contains four short motifs that are involved
in the interaction with SAM to facilitate methyltransfer to occur. The signature motif I has
highly conserved amino acid sequence of VLD/ExGxGxG (residue varies at position x),
mutation of these residues lead to loss of enzymatic activity. The other three motifs are
post I (V/IxG/AxD/E), motif II (F/I/VDI/L/K) and III (LR/KxxG). There is also a
conserved THW loop at the C-terminus of all the PRMT proteins. Motif

I~

post I and

THW loop form part of the SAM binding pocket (Bedford, 2007; Kagan and Clarke, 1994;
Katz et aI., 2003). In addition, each PRMT has unique N- and C-terminus sequence and
motifs. For example, PRMT3 has a zinc finger, PRMT4 has a Plekstrin Homology (PH)
domain and PRMT8 has a myristoylation motif at the N-terminus; PRMT9 has a zinc
finger at the N -terminus and an F box at the C-terminus. These different motifs may
determine the substrate specificity for the respective PRMTs (Wolf, 2009; Zhang and
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Cheng, 2003; Zhang et aI., 2000). PRMTs exist as homo- or hetero-oligomers in vivo;
interaction between different PRMTs has been shown to have synergistic effect on their
enzymatic activity (Lee et aI., 2005a; Pak et aI., 2011; Rho et aI., 2001).

1.5.2 PRMT family members
Methylation by PRMTs affects a broad range of cellular processes. PRMTI is the first
mammalian arginine methyltransferase identified. It is the most abundant PRMT and it is
responsible for about 85% of protein arginine methylation activity in mammalian cells
(Lin et aI., 1996; Tang et aI., 2000). PRMT2 has been found to be able to coactivate ER
and AR (Meyer et aI., 2007; Qi et aI., 2002). PRMT3 methylates ribosomal proteins to
regulate their cellular levels (Bachand and Silver, 2004; Swiercz et aI., 2005). PRMT4
activates gene expression by methylating histone H3, it also coactivates steroid hormone
receptors (Bauer et aI., 2002; Chen et aI., 1999a). PRMT5 is the main methyltransferase
responsible for generating symmetrical dimethylarginines (Branscombe et aI., 2001). It
mediates assembly of spliceosome by direct methylation of Sm protein (Meister et aI.,
2001). PRMT6 downregulates gene expression by methylating histone H3 arginine 2
(Hyllus et aI., 2007). It also possesses antiviral activity through direct methylation of viral
structure protein (Invernizzi et aI., 2007). PRMT7's enzymatic activity is still under
investigation and no direct target has been identified. PRMT8 is membrane bound and it
is expressed specifically in the brain (Lee et aI., 2005a; Taneda et aI., 2007). The only
possible target of PRMT8 identified so far is the Ewing sarcoma (EWS) protein (Kim et
aI., 2008). No direct target has been reported for human PRMT9, 10 and 11. Activities of
PRMTI and PRMT4 have been better characterized and will be discuss in detail below.
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PRMTI
PRMTI has been mapped to I9qI3.3 and it gives rise to three transcript variants (v l , 2, 3)
by alternative splicing (Scorilas et al., 2000). In addition to that, study by Goulet et al
showed that PRMTI can have up to seven transcript variants, differing by their Nterminal sequences. Unlike the first three isoforms whose tissue expression is ubiquitous,
expression of these additional isoforms v4 to v7 are only detectable in specific tissues. For
instance, v4 is only found in heart, v5 in pancreas and v7 in heart and skeletal muscle. V6
expression is not detected in any of the tissues tested. All variants are enzymatically active
except v7 (Goulet et al., 2007). Studies on the first three isoforms revealed that low
expression of v 1correlates significantly with longer disease free survival in breast cancer
patients but not v2 or v3 (Mathioudaki et al., 2011). High expression of v 1 also associates
with highly malignant colon tumors and advance stage colon tumors, suggesting that high
PRMTl-v 1 expression may serve as a prognostic marker for cancer with unfavorable
outcomes (Mathioudaki et al., 2008).

PRMTI methylates histone H4 arginine (R) 3, stimulates the acetylation of lysine (K) 8
and 12 on H4 tail by p300 and transcriptional activation. PRMTI knock down leads to
loss of histone acetylation on both H3 and H4, as well as an increase in H3K9 and H3K27
methylation, indicating that methylation by PRMT 1 on H4R3 is a pre-requisite for histone
acetylation and chromatin activation. In contrast, histone acetylation also regulates its own
methylation. H4R3 methylation is inhibited on acetylated H4 (Huang et al.,

2005~

Wang

et aI., 2001 b). PRMT 1 methylates a wide range of non-histone substrates. It preferentially
recognizes arginine in glycine and arginine rich region (RG or RGG repeats), such as
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RNA binding proteins fibrillarin (GGRGRGG), heterogeneous nuclear ribonuclear protein
(hnRNP) (GGRGGS) and TATA-binding protein (TBP) associated factor 15 (TAFI5)
(DRGGGYGG). PRMTI methylation on TAFI5 keeps it in the nucleus for gene
activation (Jobert et aI., 2009; Kim et aI., 1997). PRMTI targets the cell survival regulator
Forkhead box 0 (FOXO) at R248 and 250 within its Akt recognition motif. This
methylation blocks FOXO phosphorylation by Akt and prevents the nuclear export and
degradation of FOXO (Yamagata et aI., 2008). PRMTI interacts and methylates R378 of
Axin, stabilize Axin protein by decreasing Axin ubiquitination, in turn it downregulates
the level of ~-catenin and Wnt signaling (Cha et aI., 20 11). PRMTI is also involved in ER
signaling. E2 induces ER methylation at residue R260 by PRMTI specifically. This
facilitates the interaction of ER with PI3K and Src tyrosine kinase, activates Akt and
downstream cellular signaling (Le Romancer et aI., 2008).

PRMT4/CARMI
PRMT4 is also called coactivator-associated arginine methyltransferase I (CARM I) as it
was first identified as a coactivator of nuclear receptor, enhances transcriptional activity
of nuclear receptors by interacting with the p 160 coactivators (Chen et aI., 1999a). There
is only one transcript of 2968 base pairs (bp) found, encodes for 608 amino acids. PRMT4
tissue expression is ubiquitous and PRMT4 knockout mice appear smaller during
embryonic development and die just after birth (Yadav et aI., 2003). PRMT4 is
overexpressed in colorectal cancer and breast cancer (EI Messaoudi et aI., 2006; Kim et aI.,
2010). PRMT4 methylation of histone H3R 17 and H3R26 have been associated with gene
activation. Specific antibody raised against methylated H3R 17 demonstrated that PRMT4
methylates H3R 17 in vivo. Binding of PRMT4 to target gene promoter region results in
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increase H3R 17 methylation and activation of genes such as pS2 (ER downstream target)
(Bauer et al., 2002). PRMT4 can also upregulates cyclin E 1 expression in response to
growth stimulatory signal via H3R 17 and H3R26 methylation (El Messaoudi et al., 2006).
PRMT4 works closely with the histone acetylation. Prior acetylation of H3K 18 and K23
by CBP acetylase tethers PRMT4 to histone H3 tail for methylation to occur (Daujat et al.,
2002). It can repress CBP activation by methylating KIX domain of CBP and blocks
CREB binding (Xu et al., 2001).

PRMT4 is important In SHR signaling and it is necessary for estrogen-dependent
transcription. ER and PRMT4 recruitment to enhancer region upon E2 treatment is
associated with binding of other coactivators, increase histone modifications and
chromatin opening. No such activity is observed in regions without PRMT4 occupancy
(Lupien et al., 2009). ER reporter gene activity is lost in mouse embryonic fibroblast
(MEF) with PRMT4 knock out (Yadav et al., 2003). PRMT4 regulates both the initiation
and termination of ER signaling. It upregulates ER target gene expression by histone
methylation at the target gene promoter, such as pS2 and E2F 1 (Bauer et al., 2002; Frietze
et al., 2008). Conversely, it also regulates the disassembly of coactivator complex by
methylating SRC-3 and p300/CBP (Feng et al., 2006; Xu et al., 2001). In addition,
PRMT4 interacts directly with ER and methylates ER at LBO when it is phosphorylated
by PKA at S448, facilitates ligand-independent activation of ER (Carascossa et al., 2010).

PRMT4 is also involved in many other cellular processes. For example, it regulates
alternative splicing by directly methylating splicing factors (Cheng et al., 2007). It also
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coactivates nuclear factor KB (NF -KB) transcriptional activity upon tumor necrosis factor
a (TNFa) or phorbol-12-myristate-13-acetate (PMA) simulation independent of its
enzymatic activity (Jayne et aI., 2009).
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1.6 PRMT6
1.6.1 Identification ofPRMT6
PRMT6 is the focus of this study. It was identified from the human genome by sequence
homology with other family members. There is only one PRMT6 transcript of 2665 base
pairs identified, encoding 375 amino acids. PRMT6 expression appears to be tissue
specific. Preliminary study showed that its expression is high in kidney and testis, but low
in muscle and heart. Using green fluorescence protein (GFP), PRMT6 was found to
localize in the nucleus. PRMT6 displays automethylation activity, capable of generating
monomethyl- and asymmetrical dimethylarginine (Frankel et al., 2002).

1.6.2 Histone targets ofPRMT6
PRMT6 methylates histones at multiples sites to regulate gene expression. It is the
primary methyltransferase responsible for asymmetrical dimethylation of histone H3R2
(H3R2me2a). H3R2 methylation by PRMT6 antagonized H3K4 trimethylation, which is
associated with activated promoter regions. These two methylations can only coexist in

vitro but appear to be mutually exclusive in vivo. Dimethylated H3R2 inhibits H3K4
trimethylation

by

blocking the

recruitment

of mixed

lineage

leukemia

(MLL)

methyltransferase complex to H3, resulting in transcriptional repression. Conversely,
PRMT6 recruitment and H3R2 methylation is downregulated at promoter sites with H3K4
di- and tri-methylation. Overexpression of PRMT6 leads to a decrease in transcription of
H3K4 trimethylation target genes, such as HOX genes and myc-dependent genes
(Guccione et al.,

2007~

Hyllus et aI.,

2007~

Iberg et al., 2008). PRMT6 is also found to

methylate histone H2AR29 both in vitro and in vivo. Methylated H2AR29 is enriched in
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genes repressed by PRMT6 and on inaccessible chromatin, suggesting that PRMT6
downregulated gene expression through specific methylation on H2AR29 (Waldmann et
aI., 2011).

1.6.3 Non-histone targets ofPRMT6
PRMT6 as antiviral factor
PRMT6 may act as an antiviral factor against HIV infection. It has been found to
methylate three components of HIV - Tat, Rev and nucleocapsid (NC). PRMT6
methylates HIV transactivator protein Tat at R52 and 53, reduces the interaction between
Tat and the Tat transactivation region (TAR) of viral RNA and the formation of Tat-TARcyclin Tl tertiary complex, diminishes cyclin Tl dependent Tat transactivation activity.
Overexpression of PRMT6 decreases Tat transactivation of HIV -1 long terminal repeat
whereas PRMT6 knock down increases HIV production (Boulanger et al.,

2005~

Xie et al.,

2007). PRMT6 methylation of HIV Rev protein at R38 leads to reduced Rev-mediated
viral RNA export. It is also able to downregulate Rev expression independent of its
enzymatic activity (lnvernizzi et al., 2006). In addition, PRMT6 methylates HIV NC at
R 10 and 32, makes it less able to promote viral RNA annealing and reverse transcription
(lnvemizzi et al., 2007).

PRMT6 in cell migration and DNA repair
Thrombospondin-l (TSP-l) is a natural inhibitor of endothelial cell migration and
angiogenesis (Dawson et al.,

1997~

Dawson et al., 1999). PRMT6 is recruited to the

promoter region of TSP-l and it represses the transcription of TSP-l by dimethylating
H3R2 at its promoter region. PRMT6 knock down in osteosarcoma U20S cells lead to a
loss of H3R2me2a at the TSP-l promoter and increase in H3K4me3, resulting in
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upregulation of TSP-I expression and inhibition of cell migration (Michaud-Levesque and
Richard, 2009).

PRMT6 directly interacts with DNA p oymerase

p

(Po I P) N-terminus deoxyribose

phosphate (dRP)-lyase domain, methylating arginine residues 83 and 152 of Pol
methylation by PRMT6 increases in response to DNA damage. It enhances Pol

p.

Pol

P

Pbinding

to DNA and processivity, which may increase the efficiency of base excision repair (ElAndaloussi et aI., 2006).

PRMT6 and steroid hormone signaling
PRMT6 coactivates hormone induced transcriptional activity for ER, PR and GR in the
luciferase reporter gene assay. Methyltransferase activity is essential for this coactivator
function. Chromatin immunoprecipitation (ChIP) showed that PRMT6 is recruited to the
promoter region of ER target genes upon E2 treatment. It cooperates with PRMT4 and
SRC-I to enhance E2 induced transcriptional activation. PRMT6 knock down decreases
E2 induced gene expression such as growth regulation by estrogen in breast cancer 1
(GREB 1) and PR (Harrison et aI., 2010).
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1.7 Tripartite motif containing (TRIM) family of proteins
1.7.1 Domain structure of TRIM family proteins
Tripartite motif containing (TRIM) protein family has 74 members identified in human so
far. with more yet to be discovered (Hatakeyama, 2011). They are characterized by the
presence of RBCC motif, consisting of a RING domain, B-boxes and a Coiled-coil region
arranged in conserved order. The RING domain at the N-terminus is a zinc finger of 4060 residues containing regular arrangement of cysteine and histidine, and is able to bind
two zinc atoms (Saurin et al., 1996). The RING domain is mainly involved in proteinprotein interaction. It has been shown to be responsible for the ubiquitin E3 ligase activity
in many TRIM proteins by promoting E2-dependent ubiquitin conjugation to specific
substrate, including TRIM protein themselves (Freemont, 2000).

The B-box is a unique structural feature and main determinant of TRIM proteins. There
are two different B-box domains, B-box 1 and

2~

both are CHC3H2 zinc-finger motifs of

about 40 residues, mainly differ by the presence of cysteine in the second coordination
residue in B-box 1 but histidine in B-box 2 (Reddy et al., 1992; Reymond et al., 2001).
Metal binding stoichiometry experiment using Xenopus TRIM protein Xnf7 demonstrated
that each B-box can bind one atom of zinc (Borden et al., 1993). One or both B-boxes
may be presence in one TRIM protein, either in the form of B-box 1 followed by B-box 2
or B-box 2 alone (Reymond et al., 2001). The specific function of B-boxes is still unclear.
Mutation in B-boxes in TRIM 18/Midline 1 (MID 1) has been shown to contribute to Xlinked Opitz G/BBB syndrome, causing the malformations of the ventral midline
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(Ferrentino et aI., 2007). It may also facilitates the recognition of viral capsid by the Cterminal SplA and ryanodine receptor (SPRY) domain ofTRIM5a (Li et aI., 2007).

The coiled-coil region is formed by supercoil of a-helices. The pnmary sequence of
coiled-coil is not conserved except for the presence of hydrophobic residues, often leucine
or isoleucine, that allows the tight packing of the different helices (Lupas, 1996). Coiledcoil mediates protein oligomerization, which is important for the localization and function
of TRIM proteins (Reymond et al., 2001). For instance, this region is essential for the
nuclear body formation and the growth suppressor activity of TRIM 19/Promyelocytic
leukaemia (PML) (Fagioli et al., 1998).

The C-terminal region of TRIM proteins IS less conserved. Currently there are ten
different C-terminal domains found in TRIM protein, give nse to greater functional
diversity of TRIM family proteins (Ozato et al., 2008). The most common C-terminal
domain found is SPRY/830.2 domain. This domain has been suggested to be necessary
for the trimerization and antiviral activity of TRIM5a (Javanbakht et aI., 2006).

1.7.2 Function of TRIM proteins
TRIM proteins have been implicated In vanous cellular processes, including cell
proliferation and differentiation, apoptosis, oncogenesis and antiviral defense. These
effects are closely associated with their E3 ubiquitin ligase and E3 SUMO ligase activity.

TRIM proteins and innate immunity
The most studied function of TRIM proteins is their ability to restrict retroviral infection
and multiple TRIM proteins possess this activity. A comprehensive screening of 55 TRIM
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proteins (36 human, 19 mice) showed that 20 of them exhibit antiretroviral activity.
Overexpression of human

TRIM5~

11 ~ 26 and 31 inhibit human immunodeficiency virus-l

(HIV-1) entry, overexpression of human TRIM 1~

5~ 25~

26 and 62 inhibit N-tropic murine

leukemia virus (N-MLV) entry. TRIM proteins also affect late stage of retroviral
replication. Human TRIM 15~ 26 and 32 inhibit HIV release from cell, human TRIM
19~ 25~ 26~

8~ 15~

28 and 35 interfere with the release of MLV whereas human TRIMl, 1 L 13,

14, 21, 27, 3 L 32 and 62 inhibit viral gene expression (Uchil et aI., 2008).

TRIM5a is the longest isoform of TRIM5. It inhibits HIV infection in Rhesus monkey
and to a lesser extent in human. TRIM5a trimerizes via its coiled-coil and B30.2 Cterminus domain, binds to HIV capsid protein to displace and destabilize the capsid lattice,
causing it to dissociate into individual capsid proteins (Javanbakht et aI., 2006; Sebastian
and Luban, 2005). Furthermore, the E3 ubiqutin ligase activity of TRIM5a is also
important in HIV restriction. Mutation of its amino acid residues in the E2 binding region
of RING domain causes the loss of both its ubiquitin ligase activity and the ability to
inhibit HIV infection (Lienlaf et al., 2011).

It has been found that TRIM proteins' involvement in innate immunity is more than
antiviral response. They also playa part in the defense against other pathogens. Interferon
(IFN) production is stimulated when immune system is activated by pathogen and
expression of many TRIM proteins can be upregulated by both type I and type II IFN
(Ozato et aI., 2008). Suppressor of cytokine signaling 1 (SOCS 1) is a negative regulator
of IFN stimulated gene expression. TRIM8 which has been shown to be induced by IFNy
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can interact with

sacs 1 to

promote its degradation, hence blocking its inhibitory effect

on IFN signaling (Toniato et al., 2002). Retinoic-acid-inducible gene I (RIG-I) RNA
helicase recognizes viral RNAs and activates interferon regulator factor 3 (IRF-3) and
NF-KB (Yoneyama and Fujita, 2007). TRIM25 interacts with the caspase-recruitment
domain (CARD) of RIG-I through its B30.2 domain and exerts two opposing effects, it
can negatively regulate RIG-I expression by ubiquitination or positively regulate it by
conjugating the ubiquitin-like ISG 15 molecule to RIG-I (Gack et al., 2007).

TRIM proteins and cancer
TRIM family genes are involved directly in tumorigenesis via chromosomal translocation.
TRIM 19/PML t( 15; 17) translocation is found in acute promyelocytic leukemia (APL).
This translocation gives rise to PML-retinoic acid receptor a (RARa) fusion protein which
abolishes the formation of PML nuclear bodies (PML-NB) and interferes with normal
function of both PML and RAR (de The et al., 1991; Gallagher et al., 1997; Kakizuka et
aI., 1991; Melnick and Licht, 1999). Fusion of TRIM241 transcriptional intermediary
factor 1 (TIFl) with fibroblast growth factor receptor 1 (FGFRl) via t(7;8)(q34;pll)
rearrangement leads to the formation of TIF I-FGFR 1 fusion protein which turns on the
receptor tyrosine kinase activity of FGFR 1 constitutively. This oncogenic fusion protein is
associated with 8p 11 myeloproliferative syndrome (Belloni et al., 2005). In addition,
TRIM24 fusion with RET tyrosine kinase domain is found in thyroid carcinoma and
TRIM24 fusion with B-raf forms oncogenic protein T 18 (Klugbauer and Rabes, 1999; Le
Douarin et aI., 1995). TRIM27/ret finger protein (RFP) can fuse with the 5' truncated half
of ret receptor tyrosine kinase to produce the ret transforming gene (Takahashi et al.,
1988).
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TRIM proteins also play important roles in the p53 pathways. TRIM 13/ret finger protein 2
(RFP2) ubiquitylates murine double minutes 2 (MDM2). Its expression increases upon
induction of apoptosis by ionizing radiation and helps to stabilize p53 (Joo et aI., 2011).
TRIM 19/PML is usually associated with highly acetylated chromatin and may regulate
transcription by modulating the availability or activity of transcription factors (Bernardi
and Pandolfi, 2007). It regulates apoptotic pathway by recruiting both p53 and p300 to the
PML-NBs, facilitates p53 acetylation and activation. It also helps to stabilize p53 by
interfering with the ubiquitination of p53 by MDM2 (Bernardi et aI., 2008). TRIM24
interacts directly with p53. It mediates the ubiquitination of p53 and downregulates p53
protein level. Knock down of TRIM24 leads to p53-dependent apoptosis (Allton et aI.,
2009). TRIM27/RFP also associates with SUMO E2 conjugase Ubc9 and Mdm2.
Sumoylation of Mdm2 by TRIM27/RFP stabilizes Mdm2 by inhibiting ubiquitination of
Mdm2 (Chu and Yang, 2011). TRIM28 promotes p53 ubiquitination and degradation via
direct interaction with MDM2 (Wang et aI., 2005). It also recruits HDACI to p53-MDM2
complex and inhibits the acetylation and activation of p53 (Yang et aI., 2007).

Expression level of TRIM proteins

IS

associated with vanous types of cancer.

Overexpression of TRIM24, 25 and 27 is found in breast cancer. Expression of TRIM27
correlates with invasive breast carcinoma and ErbB2 expression; positive expression of
TRIM27 is also a predictive marker for poor clinical outcome in endometrial cancer
(Tezel et al., 2009; Tsukamoto et al., 2009).
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TRIM proteins in growth and differentiation
TRIM proteins affect cellular growth and differentiation in various types of tissue/cells.
TRIM27/RFP is highly expressed in neonatal skeletal muscle. It interacts with enhancer
of polycomb 1 (Epc 1), interfering the interaction between Epc 1 and serum response factor
(SRF), blocking myoblast differentiation. Enhanced myotube formation and muscle fiber
differentiation is observed in TRIM27/RFP knockout mice (Kee et aI., 2012). TRIM32
determines neural cell fate in the mice neocortex. During progenitor cell division,
TRIM32 is polarized and concentrated in one of the daughter cell. Overexpression of
TRIM32 lead to neural differentiation whereas cells containing low TRIM32 level retain
progenitor cell fate (Schwamborn et al., 2009). TRIM 19/PML is a mediator of various
apoptosis pathways. Functional PML is essential for the activation of caspase 1 and
caspase 3. PML knockout mice became resistant to various apoptotic stimuli such as yirradiation and anti-Fas antibody. Loss of functional PML due to PML- RARa protects the
APL progenitor cells from Fas-, TNF- and IFN-induced apoptosis (Wang et al., 1998).

41

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Introduction

1.8 Tripartite motif containing 22 (TRIM22)

1.8.1 Identification of TRIM22
TRIM22 (also known as Stimulated Trans-Acting Factor of 50kDa, Staf-50) was first
identified as an IFN inducible gene by Tissot et al when screening a eDNA library
prepared from IFN treated Daudi cells. The basal expression level of TRIM22 varies
between different types of tissues, with higher level detected in peripheral blood
leukocytes, lymphoid tissues and ovary. The first TRIM22 transcript cloned was 2811 bp
which encode for 442 amino acids. Later, a longer transcript of 3111 bp was identified and
shown to be the predominant TRIM22 mRNA species expressed. It contains eight exons and
an open reading frame of 1497 bp which encodes for 498 amino acids (Gongora et aI., 2000;
Tissot and Mechti, 1995).

TRIM22 has been mapped to 11p 15 by in situ hybridization (Tissot et aI., 1996), located
in a cluster of closely related TRIM genes (TRIM6/34/5/22), each has 40-600/0 homology
to TRIM22. Comparison of this cluster in human, cow and dog genomes revealed that
while TRIM6 and 34 remain more static and are preserved as single gene orthologs, the
cow genome contains an expanded cluster of eight TRIM5 genes but has lost TRIM22. In
contrast, the dog genome has TRIM22 but does not encode any functional TRIM5. Both
TRIM5 and TRIM22 have evolved under positive selection in primates, possibly caused
by their antiviral activities and the direct interaction with viral proteins. However, this
positive selection acting on TRIM5 and TRIM22 is mutually exclusive, with only one
being positively selected in any given primate lineage (Sawyer et aI., 2007).
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1.8.2 Domain structure and cellular localization of TRIM22
TRIM22 contains the typical RBCC motif (with only one B-box 2) and a SPRY domain at
the C-terminal (Nisole et al., 2005). It localizes mainly in the nucleus in the form of
distinct nuclear bodies (NBs). Deletion of N-terminus RING domain or the nuclear
localization signal of TRIM22 (residue 257-275) abolishes NBs formation completely.
However, mutation of cysteine 15 and 18, two residues reported to be important for the E3
ubiquitin ligase activity of TRIM22, does not affect NB formation. Valine 493 in the
SPRY domain is also found to be important for proper NB formation. Mutation of this
residue to alanine changed the NB to a hollow ring structure. Mutation of both residue
493 and 494 to alanine causes decrease in number of NB formed in the nucleus. Nuclear
localization of TRIM22 is not affected significantly by the truncation of RING domain or
B box, but much higher cytoplamic localization is observed when the whole RBCC motif
is removed. In contrast, TRIM22 protein is predominantly cytoplasmic once the Cterminus SPRY domain is truncated (Sivaramakrishnan et aI., 2009; Tissot and Mechti,
1995).

1.8.3 Regulation of TRIM22 expression
TRIM22 induction by p53 activation
TRIM22 works downstream of the tumor suppressor p53; its expression is upregulated
upon p53 activation in U-937-4~ K562 and MCF7 cells. This induction is rapid and
independent of de novo protein synthesis, demonstrating that TRIM22 is a direct target of
p53 (Obad et aI., 2004). Three independent studies have identified the p53 response
element in intron 1 of the TRIM22 gene (Kaneshiro et al., 2007; Obad et aI., 2004; Wei et
aI., 2006). The binding of p53 to this response element was demonstrated by mobility
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retardation in gel shift assay. This p53 response element was also shown to be able to

It

enhance the SV40-driven Luciferase expression in a p53 dependent manner (Obad et aI.,

~f

2004).

r

TRIM22 induction by interferon
TRIM22 can be induced by both type I and type II IFN s, suggesting their possible
involvement in IFN regulated antiviral activity. Induction of the shorter transcript variant
of TRIM22 by IFN-a/p is first shown to be independent of de novo protein synthesis in
HeLa cells (Tissot and Mechti, 1995). However, a recent study demonstrated that
induction of the longer transcript variant of TRIM22 by IFN-y treatment in HepG2 cells is
abolished in the presence of cycloheximide, indicating that de novo protein synthesis is
needed for TRIM22 induction by IFN-y. A further study in the mechanism of induction
reveals that upon IFN-y treatment, interferon regulatory factor-I (lRF-I) binds to an
extended interferon-stimulating response element (eISRE) - an ISRE-like motif with a 6
bp sequence (AATTTA) upstream of it, at the 5' end of TRIM22. The access of IRF-I to
the TRIM22 promoter site is facilitated by chromatin remodeling enzyme Brahma-related
gene I (BRG I) and this binding is critical for activating the transcription of TRIM22.
Overexpression of IRF -I upregulates TRIM22 mRNA level whereas silencing of IRF-I
downregulates TRIM22 protein expression induced by IFN -y (Gao et aI., 20 l Oa; Wang et
aI., 20 II).

TRIM22 induction by progesterone
Work done in our lab has shown that TRIM22 expression level can be upregulated
drastically after progesterone treatment in T470 cells and MDA-MB-23I derived ABe28
cells, suggesting that TRIM22 was involved in the progesterone pathway.
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1.8.4 Functions ofTRIM22
TRIM22 as an E3 ubiquitin ligase
It has been found that many proteins containing the RING finger domain have the ability
to bind to E2 ubiquitin conjugase and the substrate, acting as E3 ubiquitin ligase. In vitro
ubiquitination assay using TRIM22 recombinant protein, ubiquitin and reticulocyte lysate
(as a source of E1 and E2 enzymes) showed that TRIM22 was capable of self
ubiquitination. Further screening using different recombinant E2 ubiquitin conjugase
(UbcH2, UbcH5B, UbcH7, UbcH 10 UbcH 10, and hCDC34) showed that TRIM22 is an
E3 ubiquitin ligase that works specifically with UbcH5B. Deletion of RING domain or
point mutation of the conserved cysteine residue (C 15A) in the RING domain abolished
the E3 ligase activity of TRIM22, demonstrating that RING finger domain is crucial for
this function (Duan et al., 2008).

Antiviral property of TRIM22
The antiviral property of TRIM22 has been extensively investigated and many of these
studies have focused on TRIM22's action against HIV infection. TRIM22 inhibits the
transcriptional activity directed by HIV long terminal repeats promoter by 60-90% in
reporter gene assay (Tissot and Mechti, 1995). Its expression is induced in HIV-1 infected
monocyte-derived macrophages (MAC). Overexpression of TRIM22 inhibited the HIV-1
infection by 50-90% in 293T CD4/CCR5 cells as well as in MAC (Bouazzaoui et aI.,
2006). Further studies demonstrated that TRIM22 is mainly involved in the anti-HIV
response induced by type I IFN. It disrupts the trafficking of HIV Gag protein to the
plasma membrane and blocks the budding of HIV virions. TRIM22 knock down allows
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the production of HIV particles in the presence of IFN -~. The E3 ubiquitin ligase activity
of TRIM22 is needed for this antiviral activity (Barr et al., 2008).

Studies USIng cell lines expressing Latency-associated nuclear antigen (LANA) or
replication and transcription activator (RTA) of Kaposi's sarcoma-associated Herpesvirus
showed that TRIM22 expression level increases both during latency and during switching
from latency to lytic cycle (Renne et aI., 200 1~ Zhang et aI., 2005). In addition, TRIM22
expression can also be stimulated in Epstein-Barr virus (EBV), Human Papillomavirus 16
(HPVI6) and Hepatitis B virus (HBV) infected cells (Javanbakht et aI.,
2006~

Wieland et aI.,

2004~

2006~

Pett et al.,

Zhang et al., 2004). Transient and stable expression of Flag-

TRIM22 confers protection against encephalomyocarditis virus (EMCV) in HeLa cells by
promoting the ubiquitination and degradation of viral 3C protease (Eldin et aI., 2009).

In addition to their association with IFN pathway, TRIM22 also acts as an activator for
NF-KB. It activates NF-KB transcriptional activity in reporter gene assay and its
overexpression stimulates the secretion of pro-inflammatory cytokines and participates in
innate immune response. RING domain and SPRY domain are important for this activator
activity (Yu et al., 2011).

TRIM22 in tumorigenesis
TRIM22 may playa role in cancer development with and without viral infection. Increase
in TRIM22 expression is found to associate with latent infection and cellular
transformation. EBV infection leads to various types of cancers such as lymphoma.
Induction of TRIM22 expression by the Latent membrane protein 1 (LMP-l) of EBV is
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associated with the establishment of EBV latency and transformation of primary B cells in

vitro (Zhang et aI., 2004). TRIM22 level is higher in EBV -infected Akata Burkitt B
lymphoblasts than in uninfected Akata cells (Javanbakht et aI., 2006). Kaposi's sarcoma
(KS) is commonly associated with latency infection by human herpesvirus 8 and LANA is
one of the few viral genes expressed during latency and detected in KS patients. It is
shown be important in the maintenance of episomal viral DNA in the cells during division
and it can regulate transcription of cellular genes (Ballestas et aI.,

1999~

Cotter and

Robertson, 1999). An In vitro study shows that TRIM22 expression is upregulated when
cells overexpress LANA. Further testing using Kaposi's sacoma patient tissue showed
that TRIM22 mRNA is indeed higher in the patient tissues (Renne et aI., 2001). In HPV 16
infection, integration of viral genome and disruption of viral transcriptional regulator E2
expression are necessary for the establishment of cervical carcinoma (Daniel et aI.,

1997~

Romanczuk and Howley, 1992) . When culturing cervical keratinocyte cell line W 12 that
was infected by HPV 16 for long term and observing the changes during cervical
carcinogenesis, Pett et al demonstrated that TRIM22 level increased as there was an
increase in integration of the viral genome and a decrease in E2-expressing episomes in
the cells. TRIM22 levels dropped back to the basal level or lower when E2-expressing
episomes were completely lost. This suggests that expression of TRIM22 is important in
the selection of cells containing only integrated HPV 16 (Pett et al., 2006).

TRIM22 expression level is found to be associated with certain cancer. Wilms tumor is
the most common malignant renal tumor in children. Microarray experiments comparing
the gene expression in 63 primary Wilms tumors showed that TRIM22 expression is
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n

higher in relapse-free Wilms tumor than in relapsed Wilms tumor (Zirn et aI., 2006). A

3

later study by the same group using a larger sample size further validated that TRIM22

a

expression is lower in the relapse tumor. Downregulation of TRIM22 expression level

s

correlates with Wilms tumor with fatal outcome (Wittmann et aI., 2008). Furthermore,
TRIM22 level is lower in neuroblasts than in neuroblastoma cells (De Preter et aI., 2006).

TRIM22 in cell proliferation and differentiation
As a downstream target of p53, TRIM22 exerts an anti-proliferative effect on cells.
Overexpression of TRIM22 in U-937 cells resulted in reduced clonogenic growth of the
cells on soft agar (Obad et aI., 2004). TRIM22 expression may correlate inversely to
differentiation in other cases. It is highly expressed in CD34+ human bone marrow
progenitor cells but decreases in mature populations (Obad et aI., 2007).
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1.9 Scope of study
Recent progress on the studies of protein methylation has shown that it is an important
PTM in regulating the activity of proteins such as p53 and FOXO (Kurash et aI., 2008;
Shi et aI., 2007; Yamagata et aI., 2008). Many have reported on the effect of methylation
of SHR signaling by methylating coregulators. For instance, methylation of SRC-3 by
CARM 1 in response to E2 treatment not only leads to the dissociation of SRC-3 from the
coactivator complex, it also increases the rate of SRC-3 degradation. Mutating the
arginine residues and blocking the methylation by CARM 1 result in enhanced coactivator
activity for SRC-3 (Feng et aI., 2006; Naeem et aI., 2007b). Methylation of CBP at R742
by CARM 1 is needed for its coactivating activity in steroid hormone induced gene
expression (Chevillard-Briet et aI., 2002). However, knowledge on how protein
methylation may directly affect SHR activity is still very limited. Only 1 lysine
methylation site and 1 arginine methylation site have been reported for ER, whereas 2
lysine methylation sites are reported for AR. All the lysine sites identified are methylated
by SET7/9 and the arginine methylation is carried out by PRMT 1 (Gaughan et aI., 2010;
Ko et aI., 2011; Le Romancer et aI., 2008; Subramanian et aI., 2008). We have conducted
a comprehensive mapping of ER PTM by mass spectrometry and identified several
putative arginine methylation sites that have not been reported previously and do not share
the Arg-Gly-Gly-rich (RGG) motif. We hypothesized that PRMTs other than PRMTI are
involved in ER methylation to regulate ER activity.
The objectives of this study are to:

1. Screen all 8 PRMTs with known methyltransferase activity to identify PRMT(s)
that can methylate ER.
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2. Locate the arginine sites that are targeted for methylation.

.nt

3. Elucidate the mechanism of regulating ER activity through arginine methylation.

8',

TRIM22 is a downstream target of p53 and it has been found to associate with virus
~y

induced tumorigenesis (Obad et aI., 2004; Renne et al., 2001). While its anti-retroviral

e

activity has been studied intensively, not much is known about its role in tumor

e

development (Gao et al., 2009; Kajaste-Rudnitski et aI., 2011; Singh et aI., 2011). As

r

TRIM22 is one of the most highly upregulated genes in our microarray analysis using
RNA collected from progesterone treated breast cancer cells and it has been reported to
inhibit the growth of leukemic cells, it may be involved in promoting the growth
inhibitory effect of progesterone in breast cancer (Obad et aI., 2004). In part two of my
study, I seek to characterize the TRIM22 induction by different pathways, the regulation
of TRIM22 expression in breast cancer tissues and its prognostic value.
The objectives of this study are to:
1. Examine the expression pattern of TRIM22 in normal mammary tissue and breast
cancer tissue.
2. Study how TRIM22 is regulated by IFN and p53 pathways.
3. Investigate the possible involvement of TRIM22 in progesterone receptor
signaling.
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CHAPTER 2
MATERIALS AND METHODS
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2.1 Chemicals
5-aza-2'deoxycytidine (5-aza-dC), B-mercapthoethanol, bovine serum albumin (BSA),
curcumin, cycloheximide, dextran, human insulin, hydrocortisone, hydroxyurea, cholera
toxin, mitomycin C, propidium iodide, RNase A, pepstatin A, leupeptin, aprotinin, Tris
base, sodium vanadate, phenylmethylsulphonylfluoride (PMSF), ethidium bromide,
formaldehyde, diethylpyrocarbonate (DEPC), sodium fluoride (NaF), 4-(2-hydroxyethyl)
piperazine-l-ethanesulfonic acid (HEPES), 17B-estradiol, progesterone, dexamethasone,
dideoxytestosterone were obtained from Sigma Chemical Co (St. Louis, MO, USA).
Triton-X-I00, ethanol, isopropanol and methanol were from Merck KGaA (Darmstadt,
Germany). Acrylamide, Tetramethylethylenediamine (TEMED), ammonium persulfate
(APS), gel-drying solution were purchased from bio-rad. EGF, IFNy and IFNB was
purchased from ProSpec-Tany TechnoGene Ltd (Rehovot, Israel). S-adenosyl-L-[methyl3H] methionine (SAM) (5-15 Ci/ml), H3-methione, progestin (R5020) and
ENLIGHTENING solution were purchased from Perkin Elmer. Taxol, camptothecin,
nocodazole were gifts from Dr Joe Yoon (Nanyang Technological University, Singapore).
VP16 was a gift from Dr Li Hoi Yeung (Nanyang Technological University, Singapore).

2.2 Cell culture

2.2.1 Cell lines
MCF7 and MDA-MB-231 cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA) in 1995 at passage 147 and 28 respectively. T47D, MDA-MB435 and CRL-1500 cells were obtained from Dr. Suet Feung Chin from the University of
Cambridge

(UK).

ABC28

cells

were

generated

from

MDA-MB-231

cells

by
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overexpression human PR-A and PR-B (Lin et al., 1999). COS7 cells and HeLa cells were
obtained from Dr. Koh Cheng Gee and Dr. Li Hoi Yeung from Nanyang Technological
University (Singapore).

All these cells were routinely maintained in phenol red-containing Dulbecco's modified
Eagle's medium (OM EM) (PAA laboratories) supplemented with 7.5% fetal bovine serum
(FBS) (Sigma), 2 mM L-glutamine, and 40 mg/liter gentamicin (PAA laboratories). CRL1500 cells were routinely maintained in phenol red-containing RPMI 1650 medium
supplemented with 7.50/0 FBS, 2 mM L-glutamine, and 40 mg/liter gentamicin.
MCF 1OA cells were obtained from Dr. Ann Lee from the National Cancer Centre

(NCC~

Singapore). MCF-12A cells were obtained from Dr. Bay Boon Huat from the National
University of Singapore. These cells were routinely maintained in DMEM:F 12 (50:50)
medium supplemented with 5% FBS, 2 mM L-glutamine, and 40 mg/liter gentamicin, 2
ug/ml human insulin and 0.5 ug/ml hydrocortisone, 0.1 ug/ml cholera toxin and 0.01
ug/ml EGF.

Table 2.1 List of mammary epithelial cell lines used
Cell Line

Malignancy

Hl6N2

N

MCFIOA

N

MCF-12A

N

Cama-l

ER status

PR status

y

+

+

CRL-1500

y

+

+

MCF7/MCF7-Ras

y

+

+
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ere

cal

MDA-MB-231 /ABC28

y

MDA-MB-361

y

MDA-MB-435

y

MDA-MB-436

y

SK-BR-3

y

T47D

y

+

+

+

+

n

2.2.2 Hormone treatment
All hormone treatment experiments with cells were conducted using phenol red-free
DMEM supplemented with 2 mM L-glutamine, 40 ug/rnl gentamycin and 5% dextrancoated charcoal-treated FBS (DCC-FBS). FBS was treated with dextran-coated charcoal
overnight to remove the steroid hormones present in serum. For all hormone treatment
experiments, cells were grown in this medium for 48 hrs before treatment to remove the
residual effect of hormone from serum.

2.2.3 Transfection and luciferase assay
Transfection of siRNA for gene silencing was carried out usmg Lipofectamine 2000
(Invitrogen) according to manufacturer's instruction. siRNAs used for knock down in this
study were purchased from Ambion. Negative control siRNA was Ambion silencer select
negative control siRNA 1 (4390844, sequence not revealed). TRIM22 siRNA sequence is
5'GCACCUGCACAUUUAAGAAtt (sense) and 5'UUCUUAAAUGUGCAGGUGCgt
(antisense). PRMT6 siRNA 1 sequence is 5'GAGGCAAGACGGUACUGGAtt (sense)
and 5'UCCAGUACCGUCUUGCCUCgc (antisense). PRMT6 siRNA 2 sequence is
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5'GAAAUAGUAUGGAUUUUUAtt (sense) and 5'UAAAAAUCCAUACUAUUUCtt
(antisense).

Two

reagents

were

used

for

the

transfection

of

DNA

vectors.

Polyethylenimine (PEl) (Polysicences.lnc) dissolved in Milli-Q water at 2 mglml and pH
adjusted to 7.0 was used for the transfection into HeLa and COS7 cells at a ratio of PEl
(1.5 ul): plasmid (1 ug) according to the cellntec advanced cell systems transfection
protocol for PEl. Lipofectamine 2000 was used for the transfection of other cell lines at a
ratio of Lipofectamine (4 ul): plasmid (1 ug) according to manufacturer's instruction.

For luciferase reporter assay, HeLa cells in 60mm dishes were transfected with 1.5 ug of
PRE-Iuciferase or ERE-Iuciferase, 5 ng of SHRs, with various amounts of TRIM22 or
PRMT6 plasmids, depending on the experiment design, empty vector controls (mock)
were used to balance the amount of plasmid used in all experiments. All plasmid amounts
were scale to 1/3 for transfection using 6-well plate. Cells were treated with 10 nM
hormone for 24 hrs after transfected for 24 hrs. Lysate was collected using Promega Dual
Luciferase assay kit and firefly luciferase signal was read using Tecan Safire 2 microplate
reader.

PRMTI to PRMT 8 were subcloned from the various vectors into pcDNA3.1 +/hygro
plasmid using primers containing Flag tag in the forward sequence. PRMT2, 4, 5, 6 and 8
in GFP vector were gifts from Dr. Mark Bedford (The University of Texas M.D.
Anderson Cancer Center), PRMTI, 3 and 7 MGC clones were given by Dr. Tobias
Cornvik (Nanyang Technological University, Singapore). Flag-GR was generated from
pSG5-GR plasmid given by Dr. Ravi Kambadur (Nanyang Technological University,

55

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Materials and methods

Singapore). PRB (indicated as PR in the text as this study only focus on PRB) and ERa
(indicated as ER as this study only focus on ERa but not ERP) truncations constructs were
generated by peR using specific primers targeting different PR and ER domains and
ligate into pcDNA3.1 +/hygro vector. Gene inserts were amplified usmg Taq DNA
polymerase (Ferrnentas), restriction digested with NEB restriction enzymes and ligated
into cut vector backbone with T4 DNA ligase (Fermentas).

Table 2.2 List of primers for cloning
Gene

Primer sequences

PRMTI-F

5TCGGGATCCACCACCATGGACTACAAGGACGACGATGATAAGGAGGTGTCCTGTGGCCAGG

PRMTI-R

5' ATTGCGGCCGCTCAGCGCATCCGGTAGTCGG

PRMT2-F

5'CCGGGATCCGCCACCATGGACTACAAGGACGACGATGATAAGGCAACATCAGGTGACTGTCCC

PRMT2-R

5'ATTGCGGCCGCTCATCTCCAGATGGGGAAGAC

PRMT3-F

5'CCC~GATCCC£CACCATGGACTACAAGGACGACGATGATAAGTGCTCGTTAGCGTCAGGCGC

PRMT3-R

5' ATTGCGGCCGCTCACTGGAGACCATAAGTTTGAG

PRMT4-F

5'CCGAAGCTTGCCACCATGGACTACAAGGACGACGATGATAAGGCAGCGGCGGCAGCGACG

PRMT4-R

5'ATTGCGGCCGCCTAACTCCCATAGTGCATGGTG

PRMT5-F

5'CCGGGATCCC£CACCATGGACTACAAGGACGACGATGATAAGGCGGCGATGGCGGTCGGG

PRMT5-R

5'ATTGCGGCCGCCTAGAGGCC AATGGTATATGAG

PRMT6-F

5'CCGGGATCCGCCACCATGGACTACAAGGACGACGATGATAAGTCGCAGCCCAAGAAAAGAAAGC

PRMT6-R

5' ATTGCGGCCGCTC AGTCCTCCATGGCAAAGTCT

PRMT7-F

5'CCC~GTACCGCCACCATGGACTACAAGGACGACGATGAT

PRMT7-R

5' ATTGCGGCCC£TCAGTCTGGGGTATCTC£ ATG

PRMT8-F

5'CCGGGTACCGCCACCATGGACTACAAGGACGACGATGATAAGGGCATGAAACACTCCTCCCG

PRMT8-R

5' ATTGCGGCCGCCTAACGCATTTTGTAGTCATTAGA

ER-F

5'CCGGCTAGCCACCATGGACTACAAGGACGACGATGATAAGACCATGACCCTCCACACCAAA

ER(VR)F

5'CCGGGTACCGCCACCATGGCAGTGTGCAATGACTATGCTT

AAGAAGATCTTCTGCAGTCGGGCC
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ER(LBD)-F

5'GCTAGCCACCATGGACTACAAGGACGACGATGATAAGCACATGATCAACTGGGCGAAG

ER-R

5' ATTGGATCCTCAGACCGTGGCAGGGAAAC

ER(VR)-R

5' ATTGGT ACCTCAACAGTAGCGAGTCTCCTTGGC

ER(l41 )-R

5'ATTGGTACCTCACACCGTGTAGCCGCTGGGC

ER(l6 l)-R

5' A TTGGTACCTC AGCCACCCTGGCGTCGATT AT

ER(l82)-R

5' A TTGGTACCTC AAGTCTCCTTGGC AGATTCC A TA

PR-F

5'CCGGCTAGCGCCACCATGGACTACAAGGACGACGATGATAAGACTGAGCTGAAGGCAAAGGGT

PR(VR)-F

5'CTAGCT AGC -CACC A TGT AC AGCTTCGAGTC A TT ACCT

PR(BUS)-no stop-R

5'GGGGTACCGAGCGGGGAC AACACCCG

PR(Hinge)-F

5'CCGGGTACCGGTCGAAAATTTAAAAAGTTC AAT AAA

PR(Hinge)-R

5'CCGTCTAGATCATGGTGGAATCAACTGTATGTCTT

PR(LBD)-F

5'CCGGGTACCCTGATC AACCTGTTAATGAGC AT

PR(NLS)-no stop-R

5'GCGGTACCGACTTTATTGAACTTTTTAAATTTTC

PR(NLS)-R

5'GCTCTAGATC AGACTTTA TTGAACTTTTTAAATTTTC

PR-R

5'GCTCTAGATC ACTTTTTATGAAAGAGAAGGG

GR-F

5'CCGGGTACCGCC ACCATGGACTACAAGGACGACGATGATAAGGACTCCAAAGAATCATTAACTCC

GR-R

5'GCTCTAGATCACTTTTTATGAAAGAGAAGGG

Table 2.3 List of plasmids used in transfection
gene insert

plasmid backbone

Cloned by/Given by

Fiag-PRMTI

pcDNA3.1 +/Hygro

Sun Yang

Flag-PRMT2

pcDNA3.1 +/Hygro

Sun Yang

Flag-PRMT3

pcDNA3.1 +/Hygro

Sun Yang

Flag-PRMT4

pcDNA3.1 +/Hygro

Sun Yang

Flag-PRMT5

pcDNA3.1 +/Hygro

Sun Yang

Flag-PRMT6

pcDNA3.1 +/Hygro

Sun Yang

Flag-PRMT7

pcDNA3.1 +/Hygro

Sun Yang
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GGGT

~CTCC

Flag-PRMT8

pcDNA3.1 +/Hygro

Sun Yang

Flag-GR

pcDNA3.1 +/Hygro

flag-AR

pCMV5

Flag-ER

pCMV5

Sun Yang
Gift from Dr. Edwin
Cheung
Gift from Dr. Edwin
Cheung

Flag-PRB

pcDNA3.1 +/Hygro

Raj Mohan

TRIM22

pEF I-Myc/H isA

Sun Yang

Flag-TRIM22

pXJ-Flag

Gayathri Sivaramakrishnan

Flag-TRIM22(CI5/18A)

pXJ-Flag

Gayathri Sivaramakrishnan

GFP-TRIM22

pEGFP-Nl

Gayathri Sivaramakrishnan

Flag- TRIM22(~RING)

pXJ-Flag

Gayathri Sivaramakrishnan

PRB

pcDNA3.1 +/Hygro

Zheng Zeyi

PRA

pcDNA3.1 +/Hygro

Zheng Zeyi

PR(BUS+NLS)

pcDNA3.1 +/Hygro

Zheng Zeyi

PR(BUS-Hinge)

pcDNA3.1 +/Hygro

Zheng Zeyi

PR (BUS-DBD+NLS)

pcDNA3.1 +/Hygro

Zheng Zeyi

PR(VR+DBD+NLS)

pcDNA3.1 +/Hygro

Zheng Zeyi

PR(VR+NLS)

pcDNA3.1 +/Hygro

Sun Yang

PR(BUS+DBD-LBD)

pcDNA3.1 +/Hygro

Sun Yang

PR(BUS+NLS+LBD)

pcDNA3.1 +/Hygro

Sun Yang

Flag-ER(~VR)

pcDNA3.1 +/Hygro

Sun Yang

ER(~VR)

pcDNA3.1 +/Hygro

Sun Yang

Flag-ER(LBD)

pcDNA3.1 +/Hygro

Sun Yang

Flag-ER(VR)

pcDNA3.1 +/Hygro

Sun Yang

Flag-ER(~LBD)

pcDNA3.1 +/Hygro

Sun Yang

Flag-ER(1-141)

pcDNA3.1 +/Hygro

Sun Yang

Flag-ER( 1-161 )

pcDNA3.1 +/Hygro

Sun Yang

Flag-ER( 1-182)

pcDNA3.1 +/Hygro

Sun Yang
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ERE-Luciferase

pGL4

Gift from Dr. Edwin
Cheung

PRE-Luciferase

pGL4

(i

pCMV-Neo-Bam

Bert Vogclstein. Addgcne
plasmid 16434

p53 wt

in lrorn Dr. \1 ing-Jer Tsai

2.3 Cell lysate isolation, cell fractionation and Western blotting
Cells plated in 6-well plate were lysed with cold lysis buffer (50 mM

HEPES~

150 mM

NaCI, 1% Triton X-I 00, 5 ug/rnl pepstatin A, 5 ug/ml leupeptin, 2 ug/rnl aprotinin, 1 mM
PMSF, 100 mM sodium fluoride, and 1 mM sodium vanadate (pH 7.5)) and incubated on
ice for 5 mins. Cells were further broken down using plastic scraper and transferred into
1.5 ml eppendorf tube, homogenized by passing through 29 gauge syringes for 5 times.
Protein supernatants were then collected by centrifugation at 13,800 rpm for 12 mins at 4
DC. 63 breast tumors and 63 matching control breast tissue samples were obtained from
the Tissue Repository at the Singapore National Cancer Centre (CIRB number
2010/361/B). Mashed tissues were homogenized in the presence of 500 ul of cold lysis
buffer and spun down at 13~800 rpm for 12 mins at 4°C. Protein concentration was
analyzed using BCA ™ Protein Assay Kit (PIERCE). Twenty micrograms of the protein
were resolved by SDS-PAGE and transferred to nitrocellulose membranes using a wettransfer system (Biorad-Laboratories, Inc, Hercules, CA, USA). Membranes were
incubated with specific primary antibodies in 50/0 skimmed milk (listed in table 2.4). Antimouse and anti-rabbit HRP conjugated secondary antibodies purchased from GE
healthcare were used in 1:1000 and 1:2000 dilutions respectively. Signal detection was
carried out by using either enhanced chemiluminescence (ECL) or ECL plus system (GE
healthcare, UK) or Imbillion (Millipore) followed by exposing to X-ray films (Eastman
Kodak Co., New Haven, CT).
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For cellular fractionation, cells were trypsinized and spun down at 800 rpm at room
temperature. Cell pellet was re-suspended in buffer S I (10 mM Hepes pH 7.9, 1.5 mM
MgCb, 10 mM KCI, 0.50/0 NP-40, 10 mM OTT, 5 mg/ml pepstatin A, 5 mg/ml leupeptin,
2 mg/ml aprotinin), incubated on ice for 10 mins and passed through a 21G syringe 10
times. Cytoplasmic fraction was obtained by centrifugation at 1000 rpm for 10 mins.
Nuclear pellet was washed once with buffer S 1 and re-suspended in buffer S2 (10 mM
Hepes pH7.9, 1.5 mM MgCI2, 0.4M KCI, 0.50/0 NP-40, 10 mM OTT, 5 mg/ml pepstatin
A, 5 mg/ml leupeptin, 2 mg/ml aprotinin), passed through a 29G syringe 10 times and
nuclear fraction was obtained by centrifugation at 13,800 rpm for 15 min. Protein was
quantitated and used for Western blotting analysis.

Table 2.4 List of antibodies
Antibody

Catalog number

Company

PR

MS-298 (ab8)

Lab vision

PR

Sc-7208 (H 190)

Santa cruz

p294PR

PPS018

R&D systems

p400PR

Gift from Dr. Carol Lange, University of Minnesota Cancer Center

p53

OP43

Calbiochem

ER (rabbit)

Sc-543

Santa cruz

ER (mouse)

Sc-002

Santa cruz

p167ER

2514

Cell signaling
Santa cruz (gift from Dr. Ravi kambadur.

GR

Sc-8992

Nanyang Technological University)

Hsp70

Sc-24

Santa cruz
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Hsp90

Sc-13119

Santa cruz

PRMT6

Sc-271744

Santa cruz

Flag

F1804

Sigma

~-actin

Sc-47778

Santa cruz

GAPDH

AM4300

Ambion

2.4 Co-immunoprecipitation (Co-IP)
500 ug of total protein lysate collected using cold lysis buffer were incubated with 1 ug of
antibody overnight at 4 DC with rotation. 30 J.lI of protein A/G agarose beads suspension
(Santa Cruz) was then added and rotate for additional 2-3 hrs. Beads were spun down at
1000 rpm for 2 mins at 4 DC. Beads was washed three times with lysis buffer before
adding in 15 J.lI of 2X sample buffer and heated at 100 DC for 8 mins for elution. For CoIP using Flag ab affinity gel agarose beads (Flag beads) (Sigma), 12 J.lI of Flag beads were
added to the protein lysate for overnight incubation. Beads were then spun down at 5000
rpm for 30 sec and washed three times with lysis buffer before adding in 10 J.lI of 2X
sample buffer and heated at 100 DC for 8 mins for elution. Both beads and supernatant
were loaded for Western blotting analysis as described in 2.3.

2.5 RNA extraction, cDNA synthesis and real-time PCR
Total RNA was extracted using TRlzol reagent (Life Technologies, Inc., Gaithersburg,
MD, USA), chloroform: isoamyl-ethanol (24: 1) and phenol:chloroform:isoamyl-ethanol
(50:24: 1), precipitated using isopropanol and washed with 75% ethanol in DEPC-treated
water before re-suspending in 0.20/0 DEPC-treated water. RNA was quantitated using
NanoDrop and purity determined by Abs260nm/Abs280nm and Abs260nm/Abs230nm.
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RNA integrity was determined by runnmg 0.5 ug of total RNA on a 1% ethidium
bromide-stained agarose gel. The band intensity of 28S should be about double of I8S.

eDNA was synthesized from 1-5 ug of total RNA using random primer (Promega) and
SuperScript II ™ reverse transcriptase according to manufacturer's instructions (Life
Technologies, Inc., Gaithersburg, MD, USA). Briefly, 1-5 J.1g total RNA was incubated
with 0.25 J.1g random primer in DEPC-treated sterile double-distilled water at 70°C for 10
mins. After the reaction was cooled on ice for 3 mins, it was incubated with a mixture
containing 5X first strand buffer, 0.01 mM dithiothreitol, and 0.4 mM dNTPs at 25°C for
10 mins, then 42°C for 2 mins before incubating with reverse transcriptase for additional
50 mins. The reverse transcriptase was inactivated by heating at 72°C for 10 mins.

Real-time PCR was performed using KAPA SYBR Green PCR reagents on an ABI Prism
7000 and 7500 Sequence Detection System (Applied Biosystems Inc., Foster City, CA,
USA) according to the manufacturer's protocol. PCR for each gene was performed in
triplicates. The relative amount of PCR products generated from each primer set was
determined on the basis of the threshold cycle (Ct) number. Housekeeping gene 36B4 was
used as control to normalize the amount of eDNA used. Relative expression
[[Ct(control)gene

x-

Ct (treatment)gene X] - [Ct(control)3684 - Ct(treatment)3684]].

=

List of primers used is shown

in table 2.5. All the primers have annealing temperature of 60 °C.

Table 2.5 List of primers for real-time peR
Gene

TRIM22

2

Primer sequences
Forward primer: GGA TGCCAGC ACGCTC ATCTC AG
Reverse primer: TTCAGCATCACGTCCACCCAGTAG
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PR

Forward primer: CGCGCTCTACCCTGCACTC
Reverse primer: TGAATCCGGCCTCAGGTAGTT

PRMTI

Forward primer: ATCGTCAAAGCCAACAAGTTAGA
Reverse primer: TGGACTCGTAGAAGAGGCAGTAG

PRMT2

Forward primer: AAGAGTACTTCGGC AGCTATGG
Reverse pnrner: CCGTCAGGGATTCTTTATTCTG

PRMT3

Forward primer: CAA TTTGCTCAGGATTTTGTGA
Reverse pruner: GCCCGTATGAGCTGAAA r AAAC

PRMT4

Forward pruner: TGTTCCTTCTACAACATCCTGAAA
Reverse primer: GACAGGTAGCC Al'AAAACTGGAAG

PRMT5

Forward primer: TCTCCCCACTAGCATTTTCCT
Reverse primer: ATGATGAACTGCACCTCCAAC

PRMT6

Forward primer: CTCCCCCTTTTCCCTCATAG
Reverse primer: l'AAGCACGCTGTATCCGTTG

PRMT7

Forward pruner: CACGATGACTACTGCGTATGGTA
Reverse pruner: GTTCTGTCCTGGTCATTGA TCTC

PRMT8

Forward primer: GAGGAAATCTACGGGACCATATC
Reverse primer: AGCTGTCCCTTAAAA TCC AAGTC

36B4

Forward primer: GATTGGCTACCCAACTGTTGCA
Reverse primer: CAGGGGCAGCAGCCACAAAGGC

2.6 Site-directed mutagenesis
ER mutants were generated using Stratagene site-directed mutagenesis XL II kit

(Stratagene, La Jolla, CA, USA). 100 ng of wild type ER vector was used as a template in
a PCR with PAGE-purified sense and anti-sense primers, fresh dNTPs, reaction buffer
and Pfu Turbo polymerase using the following cycling conditions: Initial denaturation at
95°C for 2 mins, 18 cycles of 95°C for 50 sec, 75°C for 50 sec, 68°C for 18 mins
followed final cycle of 68°C for 7 mins to amplify the plasmid incorporating the desired
mutation. Methylated parental template DNA was digested for 1 hr at 37°C by Dpn 1 (10

units/ul) and 10 ul of resultant product transformed into 45 ul of XL Gold competent cells.
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Transformed bacteria were spread on LB-amp plates and colonies sequenced to identify
clones carrying the desire mutations.

Table 2.6 List of primers for site directed mutagenesis
Gene

Primer sequences

PRMT6

sense primer: : ACTGCGAGGCAAGACGAAGCTGGCAGTGGGCGCGGGCACCG

(V86K/D88A)

antisense primer: CGGTGCCCGCGCCCACTGCCAGCTTCGTCTTGCCTCGCAGT

ER(R233K)

sense primer: : GTGCACCATTGAT AAAAACAAGAGGAAGAGCTGCCA
antisense primer: TGGCAGCTCTTCCTCTTGTTTTTA TCAATGGTGCAC

ER(R234K)

sense primer: CAGTGCACCATTGAT AAAAACAAGAAGAAGAGCTGCCAGGCC
antisense primer: GGCCTGGCAGCTCTTCTTCTTGTTTTTATCAATGGTGCACTG

ER(R233/234K)

sense primer: : ACCATTGATAAAAACAAGAAGAAGAGCTGCCAGGCC
antisense primer: GGCCTGGCAGCTCTTCTTCTTGTTTTTATCAATGGT

ER(R234F)

sense primer: : AGTGCACCATTGAT AAAAACAGGTTCAAGAGCTGCCAGGCCTGC
antisense primer: GCAGGCCTGGCAGCTCTTGAACCTGTTTTTA TCAATGGTGCACT

ER(R260K)

sense primer: : GTGGGAT ACGAAAAGACCGAAAGGGAGGGAGAATGTTGAAA
antisense primer: TTTCAACATTCTCCCTCCCTTTCGGTCTTTTCGTA TCCCAC

2.7 Mass spectrometry sample preparation
Endogenous TRIM22 in MCF] OA was pulled down using TRIM22 conditioned medium
containing TRIM22 monoclonal antibody, Flag tagged ER was overexpressed in COS7
cells and pulled down using Flag beads. Protein bands were separated by SDS-PAGE and
stained by coomassie blue. Specific ER and PR gel strips were cut out, reduced by
dithiothreitol (I 0 mM) for] hr at 60°C, alkylated by adding iodoacetamide (55 mM) for
] hr in the dark at room temperature, in-gel digested with trypsin at 1:100 (trypsin:protein)
mass ratio overnight at 37°C. Peptides were then extracted by sonication and sent for
liquid chromatography-mass spectrometry (LC-MS) analysis. LC-MS analysis and
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Mascot search were carried out by Dr. Newman Sze. Possible peptide hits were further
validated by in vitro methyltransferase assay.

2.8 Immunostaining and proximity ligation assay (PLA)
Cells on cover slip were fixed with 3.7% formaldehyde for 10 mins and permeabilized
with 0.2% triton-X 100 for 10 mins. After washing with PBS, cells were blocked with 20/0
FBS/PBS at room temperature for 1 hr, and incubated with primary antibodies in 20/0
FCS/PBS for 2 hrs at 37°C (antibody dilution 1:200 to 1:1000). Cells were subsequently
incubated with secondary antibodies and 4',6-diamidino-2-phenylindole (DAPI) (0.1

ug/rnl) (Invitrogen, Inc.) in 20/0 FBS/PBS for 2 hrs at 37°C before mounting on glass
slides using anti-fade fluorescence mounting media (Invitrogen, Inc.). The secondary
antibodies used for immunostaining were: Dylight 594 Goat anti-mouse IgG (H+L) (115515-166): from Jackson ImmunoResearch and Alexa Fluor 488 nm anti-rabbit IgG (H+L)
(A 11034): from Invitrogen Molecular Probes.

For PLA, cells were plated on nunc latek chamber slide, fixed and permeabilized. After
overnight primary antibody incubation at 4°C, samples were processed using Duolink II
PLA kit (Olink biosciences) according to the kit manual. Briefly, samples were incubated
with anti-mouse and anti-rabbit PLA probes for 1 hr at 37°C, add in ligation reaction mix
and incubate for additional 30 mins at 37°C. Signal was amplified using amplificationpolymerase for 100 mins at 37°C. The slide was then washed and mounted for viewing.
Detection reagent orange (ex/em 554/579) was used, it appeared red under the microscope.
Red dots represented positive interactions. Images for immunostaining were acquired with
an Olympus Manual Reflected Fluorescence System (Olympus Singapore Pte Ltd,
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~r

Singapore). Images for PLA were acquired using OeltaVision microscope with softWorx
software for image acquisition and processing with help from Dr. Rachel Kraut's lab
(Applied Precision).

j

I

o

2.9 In vitro methyltransferase assay
In vitro methyltransferase assay for PRMT6 was performed in methylation buffer
containing 100 mM of Tris pH 8.0, 25 mM MgCb and 0.004 M OTT. 0.55 JlCi of H

3

_

SAM was used for each sample. Flag tagged SHRs and PRMT6 were transfected into
COS7 cells and pulled down with Flag beads. Beads were incubated in the methylation
buffer for 1 hr at 37 DC with mixing every 15 mins. For assay using peptides, 1 ug of
peptides were incubated with Flag-PRMT6 beads or 200 ng of recombinant PRMT6
(51049, BPSbioscience). Reaction was quenched using protein loading dye and boiled at
100 DC for 8 mins. Samples were separated by SOS-PAGE and signal was enhance using

ELIGHTENING solution (Perkin Elmer). Gels were dried in GelAir dryer (bio-rad) and
dried gels were kept with hyperfilm MP (GE healthcare) for 1-3 weeks at -80 DC to detect
the radioactivity.

2.10 In vivo methyltransferase assay
In vivo methyltransferase assay was carried out by overexpressmg Flag-ER in the
presence and absence of Flag-PRMT6. 24 hrs after transfection, cells were treated with 20
JlM Adenosine, periodate oxidised (AdOx, sigma) for 24 hrs to inhibit protein methylation.
Cells were then pretreated with 100 ug/ml of cycloheximide and 40 ug/ml of
chloramphenicol for 30 mins to inhibit protein synthesis followed by labeling with H3-
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methione for additional 3 hrs. Lysates were collected for immunoprecipitation with Flag
beads and samples were loaded for SDS-PAGE, processed as mentioned in session 2.9.

2.11 Enzyme-Linked Immunosobent Assay (ELISA)
All the incubation was done in a humid box to avoid drying out of plate during the
procedure. Antigen protein was prepared in PBS (containing 0.05% w/v NaN3) at 4 ug/rnl,
The day before the assay, 50 f.ll antigen solutions were added into each well of the 96-well
plate and incubated overnight at 4°C. On the day of assay, the coating antigen solution
was decanted, followed by blocking the plate with 200 ul/well blocking buffer (1 % w/v
BSA, 0.3% v/v Tween 20 and 0.05% w/v NaN3 in PBS) at 37°C for 2 hrs. During
blocking, antisera from mice were diluted in blocking buffer. After blocking, 100 ul
diluted primary antibody was added into each well and incubated for 1 hr at room
temperature. As a negative control, pre-immune serum was included at 1:50 dilution. The
plate was then washed once in ELISA washing buffer and another time in ddH20. 100 ul
of Anti-mouse-IgG-HRP (GE Healthcare) was added into each well at 1:5000 dilutions in
PBS. After 1 hr incubation at room temperature, the plate was washed in ELISA washing
buffer once and another time with ddH20. 100 ul of substrate (Sigma) was added to each
well. The plate was allowed to develop for 5 mins and reaction was inactivated by 0.9 M
HCI, OD read at 450 nm in the dark.

2.12 Bisulfite Sequencing
Genomic DNA were extracted from cell cultures using protein kinase digestion buffer
containing proteinase K (Fermentas Life Sciences, USA) with 2 hrs incubation at 55°C.
The genomic DNA were then twice extracted with phenol:chlorofoam:isoamyl alcohol
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(25 :24: 1), and precipitated with 100% ethanol. Precipitated genomic DNA was washed
with 700/0 ethanol, and dissolved in sterile water at 4 °C overnight. Bisulfite treatment of
genomic DNA was done with Cpt.ienome"

Fast DNA modification kit (Chemicon

International, USA), and sodium hydroxide (Merck, Germany). PCR of bisulfite-treated
Ie

DNA were carried out with primers (designed using MethPrimer (Li and Dahiya, 2002))
specific for the 3 CpG islands as listed in Table 2.7. The PCR products were then cloned

II
into a pCR®2.1-TOPO® vector from TOPO TA Cloning® Kit (Invitrogen, USA) and

n
sequenced. Analysis of bisulfite sequencing results was done using the online software

v
Quantification tool for Methylation Analysis (QUMA).

Table 2.7 List of Primers for bisulfite sequencing
CpG-l Forward primer
5' TTTAGTTTGTAGGGAGGTGTGGAGG 3'
CpG-l Reverse primer
CpG-2 Forward primer

YTTAAACACAACAACTACAACCCAAATACT3'
5'ATAGGATTTATGAATAGAAAAGGAGTTGTA3~

CpG-2 Reverse primer

YAAATAACTAAAACCACAAACACCCY

CpG-3 Forward primer

YGGTGGATTATGAGGTTAGGAGATTGAGATTY

CpG-3 Reverse primer

5'CACCACACACAATTTATCACCAAAATAAAA3'

2.13 Statistical analysis
Charts were plotted using mean value with standard error mean (SEM) indicated as error
bars. Significance was calculated by unpaired Student's z-test (two-tailed, equal variance)
and p values less than 0.05 was considered significant. Pearson correlation was employed
to examine the relationship between p53 and TRIM22 expression.
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CHAPTER 3
METHYLATION OF STEROID HORMONE
RECEPTORS BY PRMT6
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3.1 Detection of methylated arginines in ER
To date, arginine 260 is the only arginine residue shown to be methylated in ER (Le
Romancer et aI., 2008). To identify additional arginine sites methylated in ER (referring
to ERa only and it is the focus of this study), LC-MS technique was adopted to detect
modifications in ER. As post-translational modifications are usually only detectable in
LC-MS when there is sufficient amount of protein sample used, instead of pulling down
endogenous ER from mammary epithelial cell lines or overexpress ER in mammary
epithelial cell lines, COS7 cells which can be transfected at high efficiency was chosen to
express high level of ER protein for MS analysis. In addition, study of progesterone
receptor in our lab has revealed that almost identical post-translational modifications on
progesterone receptor are detected in COS 7 and breast cancer cells. Full length Flag
tagged ER expressed in COS7 cells was immunoprecipitated and processed for MS
analysis to search for methylation sites. ER band intensity for the coomassie stained gel is
shown in Figure 3.1 A. Two independent sets of ER samples were sent for analysis and the
modifications detected were highly consistent. The sequence coverage was 58-600/0 and
the same regions were detected from LC-MS for both sets of data (Figure 3.1 B). This was
most probably due to the limitation that trypsin only cuts after arginine and lysine residues;
some of the regions without these two residues would not be digested and regions rich in
these two residues would be cut into fragments too small to be captured well in the LCMS analysis.

Since exogenously expressed ER protein was used in LC-MS analysis and it may not have
been modified the same way as endogenous ER, the PTMs detected here were compared
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against PTMs published in previous studies. Many published ER PTM sites in breast
cancer cells such as serine 154 phosphorylation, serine 294 phosphorylation and lysine
299 acetylation were also present in our MS data, suggesting that ER expressed in COS7
were post-translationally modified at same residues as in breast cancer cells and the MS
detection was accurate and reliable (Atsriku et aI., 2009; Britton et aI., 2008; Wang et aI.,
2001a).

Multiple arginine sites were identified to be methylated and highlighted in yellow in
Figure 3.1 B. MS spectra for R233 and R234 are shown in Figure 3.1 C & D. Comparison
of the spectra for unmethylated R233 peptide and methylated R233 peptides showed a
mass shift of 14 Da which was caused by addition of one methyl group (Figure 3. 1C).
Spectra for methylated R234 peptide was also included showing the mass shift of 14 Da
as compared to theoretical mass for the fragment (Figure 3.10). Knowing that PRMTI
can regulate ER activity by methylating its arginine residue 260, these methylated
arginines detected in the LC-MS may also contribute to the regulation of ER activity (Le
Romancer et aI., 2008).
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Figure 3.1 Detection of methylated arginine in ER by LC-MS.
(A) Flag-ER were expressed in COS7 and pulled down by Flag beads. Distinct ER band
can be seen on the coomassie blue stained gel. This band was cut out for in gel digest and
LC-MS analysis. (B) Full ER protein sequence shown with the regions detected in LC-MS
marked as red and methylated arginine highlighted in yellow. The sequence coverage for
this detection was 60%. (C) Sequence and MS spectra for unmethylated and methylated
R233 peptides. Mass/charge ration (m/z) for y3 (KNR) fragment showed that addition of
one methyl group to R233 lead to mass shift of 14 Da. Tables showing the lists of peptide
fragments corresponding to the peaks detected are also included; molecular weights of the
detected fragments are marked in red. (D) Sequence and MS spectra of methylated R234
peptide. m/z for y3 (NRR) fragment showed that addition of one methyl group to R234
lead to mass shift of 14 Da as compared to theoretical mass. A table showing the list of
peptide fragments corresponding to the peaks detected is also included; molecular weights
of the detected fragments are marked in red.
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3.2 PRMT6 interacts with steroid hormone receptors ER, PR and AR

tld

ld

IS
or

3.2.1 Expression level ofPRMTI to PRMT8 in mammary epithelial cell lines

~d

To gain insight on the functional significance of PRMTs in breast cancer cell biology, the

)f
Ie

relative expression level of various PRMTs were evaluated by real-time PCR in three

le

4
4

commonly used breast cancer cell lines (MCF7, MDA-M8-23 1 and T47D) and in a non-

If

malignant human mammary epithelial cell line MCFIOA. All the PRMTs tested were

"S

expressed at detectable levels except PRMT8, which has been found to express
specifically in the brain (Lee et aI., 2005a). Expression level of PRMTI and PRMT5 were
higher than the other PRMTs in general. PRMT2 level was higher in MCFIOA but lower
in the breast cancer cells. PRMT 3, 4 and 7 expressions were similar in the four cell lines
tested, whereas PRMT6 expression was higher in MCF7 but much lower level in the other
three cell lines (Figure 3.2).
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Figure 3.2 PRMT expressions in mammary epithelial cell lines.
Total RNA from MCF7, MDA-MB-231, T47D and MCFIOA were collected and reverse
transcribed into cDNA. mRNA expressions of individual PRMTs were analyzed by realtime PCR using specific primers in triplicates. 3684 was used as the internal control.
Relative mRNA expression presented here was obtained by normalization with 36B4.
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3.2.2 Screening the interaction between ERiPR and 8 PRMTs
Since direct protein-protein interaction is important for PRMTs to methylate their target
proteins, I set out to screen the physical interaction between ERiPR and eight PRMTs to
identify the PRMT that can bind and hence may be able to methylate the receptors (Chan
et aI., 2009). Full length PRMTI to PRMT8 coding sequences were inserted into
pcDNA3.1 +/hygro vector with Flag tag at the N terminus which enables detection with
Flag antibody (Figure 3.3A). Individual PRMT was co-expressed with ER or PR in COS7
cells for Co-IP. As shown in Figure 3.3B, all eight PRMT proteins could be pulled down
by Flag antibody specifically, but ER was only pulled down by PRMT2 and PRMT6.
Similarly for PR, only PRMT2 and 6 could interact and Co-IP PR well (Figure 3.3C). I
chose to focus on PRMT6 as the enzymatic activity of PRMT2 was yet to be
demonstrated. Further validation for the interaction with PRMT6 was carried out with
reverse IP using ER and PR antibody. As shown in Figure 3.4, PRMT6 was pulled down
by either ER or PR antibody specifically.
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(A) Full length PRMTI to PRMT8 were cloned into pcDNA3.1 +/hygro vector with Flag tag at the N terminus. Number of amino
acids for each PRMT is indicated on the right. (B&C) ER or PR was co-transfected with different PRMTs in COS7 cells for 48 hrs.
Lysates were collected for co-IP with Flag antibody conjugated beads by overnight rotation. Western blotting analysis showed that
PRMT 1 to PRMT8 were detected well with Flag antibody and 2% input control showed that ER and PR were expressed in all samples,
but ER and PR IP bands were only seen in the presence of PRMT2 and PRMT6.

Figure 3.3 PRMT2 and PRMT6 interact with ER and PRe
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Figure 3.4 Reverse IP for PRMT6 using ER or PR antibody.
(A) Pull down of PRMT6 by ER. PRMT6 was co-transfected with vector control or ER
into COS7 cells for 48 hrs and lysate was collected for co-IP using ER antibody. (8) Pull
down of PRMT6 by PRo PRMT6 was co-transfected with vector control or PR into COS7
cells for 48 hrs and lysate was collected for co-IP using PR antibody. 20/0 input showed
that all proteins were expressed well; ER and PR antibody can pull down the ERiPR
proteins efficiently.
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3.2.3 PRMT6 interacts with non-chaperone bound ER, PR and AR but not GR both
in the presence and absence of hormone treatment
Having shown that PRMT6 can bind to both ER and PR, I investigated if PRMT6 can
interact with all SHRs in general and if this interaction was regulated by hormone
treatment. Co-IP was performed using COS7 cells overexpressing ER, PR, AR or GR
with pcDNA3.1 vector control or with PRMT6. As shown in Figure 3.5, PRMT6 antibody
pulled down PRMT6 protein well and it also co-immunoprecipitated ER, PR and AR.
However, no GR protein could be pulled down by PRMT6. As demonstrated by the
densitometry analysis of protein band intensity, the amount of ERiPRIAR pulled down by
PRMT6 was higher without hormone treatment compared with hormone treatment,
although there was no significant decrease in the input protein level after 3 hrs of
hormone treatment. These interactions were repeated in three independent experiments.

It is well known that SHRs complex with hsp70 and hsp90 and several other proteins in
the absence of ligand binding and this complex formation is critical for receptor folding
and maturation (Kimmins and MacRae, 2000; Pratt and Toft, 1997b, 2003b; Smith and
Toft, 1993). Since PRMT6 binds to the unliganded receptors better, I checked if PRMT6
was also part of this pre-activation chaperone complex. Probing the IP blot with specific
antibodies against hsp70 and hsp90 proteins showed that endogenous hsp70/90 were
expressed at high levels in the input control, but no pull down by PRMT6 was seen
despite the presence of ER, PR and AR proteins co-immunoprecipitated (Figure 3.5A-C).
PRMT6 interacts specifically to the non-chaperone bound receptors both in the presence
and absence of hormone treatment.
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The downregulation in interaction by hormone was further demonstrated by reverse IP
with PR antibody. Although similar amount of PR was directly pulled down by PR
antibody with 6 hrs of 0.1 % ethanol or 10nM progestin R5020 treatment, the level of
PRMT6 pulled down with PR was reduced by more than half in the presence of R5020
(Figure 3.6, last two lanes). Phosphorylations of PR serine 294 and 400 have been found
to be upregulated during PR activation by hormone (Daniel et aI., 2005 ~ Pierson-Mullany
and Lange, 2004b). Interaction of PRMT6 with these phospho-PR proteins was examined
to evaluate if PRMT6 binds to ligand activated PRo Detection using antibody against PR
phosphorylated at serine 294 and 400 showed that PRMT6 could interact with phosphoPR proteins, suggesting that its interaction with liganded receptor was weakened but not
abolished (Figure 3.6).
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Figure 3.5 PRMT6 interacts directly with ER, PR and AR but not GR.
COS7 cells were transfected with (A) ER, (B) PR, (C) AR or (D) GR, in combination
with pcDNA3.1 vector control or Flag-PRMT6 plasmid for 24 hrs. The cells were treated
with 0.1 % ethanol or 10 nM steroid hormones (17p-estradiol (E2) for ER, progestin
R5020 for PR, Dihydroxytestosterone (DHT) for AR and dexamethasone (Dex) for GR)
for 3 hrs before total cell lysate were collected. Samples were incubated with 1 ug of
PRMT6 antibody overnight with rotation, followed by conjugation with protein A/G
agarose beads. 20/0 of the total lysate was used as input control to show that the amount of
proteins used in the IP was similar between all the samples for the same experiment.
Western blotting analysis showed that ER, PR and AR were pulled down only in the
presence of PRMT6, but not GR. No endogenous hsp70 and 90 proteins were pulled down
by PRMT6 with ERlPRIAR. Protein band intensities were analyzed by Densitometer and
the relative protein intensity for ER, PR and AR were indicated at the bottom of the blots.
Band intensities for ERlPRIAR input controls with ethanol treatment were taken as 1 in
the normalization. Consistent results were obtained in three independent experiments.
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Figure 3.6 PRMT6 interacts with phosphorylated PRe
Lysate for COS7 cells overexpressing PR with or without PRMT6 were split equally for
co-IP using PRMT6 antibody or PR antibody. Samples were analyzed using Western
blotting with antibodies targeting phosphozv-ll'R, phospho-lfltll'R, total PR and PRMT6.
PRMT6 can pull down both forms of phosphorylated PRo The amount of PR pulled down
by PRMT6 decreased with R5020 treatment (6 hrs). Similarly, PRMT6 pulled down by
PR also reduced with R5020 treatment.

3.2.4 PRMT6 binds to ER and PR at different domains
To locate the site of interaction between PRMT6 and ERlPR, truncation constructs
containing different ER/PR domain structures were generated using specific primers. First,
the variable region of ER (amino acid 1-185) was removed and tested if there were any
reduction in the interaction. As shown in Figure 3.7 A, PRMT6 bind to ER

(~VR)

at a

high level as compared to full length ER, suggesting that VR might not be involved in the
interaction. Vectors containing VR only (amino acid 1-185), VR to hinge region (amino
acid 1-355) and LBO to region F (amino acid 356-595) were then constructed for further
testing. As expected, VR alone could not interact with PRMT6 and no pull down was seen
in the Co-IP. Extending VR to hinge region did not help in the interaction with PRMT6, it
still did not bind to PRMT6. However, LBO to region F alone was sufficient to interact
with PRMT6. Although the protein expression level for LBO to region F was lower than
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the other domains, it could be pulled down by PRMT6 very well, at a level that was
higher than the input control (Figure 3.7B).

To identify the site of interaction for PR, similar truncations were generated for PRo
Unfortunately, C-terminal domains of PR (from OBO onwards) were not stable and the
protein could not express well. Even though the mRNA transcript expressions could be
detected in real-time PCR for all PR truncation constructs, no protein or an extremely low
protein level was expressed for all of them (Figure 3. 7E). In order to stabilize these
domains, BUS region was added at their N -terminus. This enables the expression of OBO
and low expression for OBO-LBO and LBO region. Removal of BUS from PRB (became
equivalent of PRA) did not have a significant effect on the amount of protein pulled down
by PRMT6. Further truncation of Hinge-LBO region (left with VR+OBO) also did not
abolish the interaction with PRMT6, but the level pulled down was reduced, suggesting
that Hinge-LBO region might help in the protein folding to facilitate binding to PRMT6
(Figure 3.7C). Bands for BUS alone and BUS with LBO overlapped with the light and
heavy IgG bands and could not be seen clearly if they could be pulled down. But since
BUS with OBO-LBO and BUS with OBO did not interact with PRMT6, I deduced that
BUS or LBO most probably did not interact with PRMT6 as well (Figure 3.70). Multiple
bands were present for BUS because this region is heavily phosphorylated (Hagan et aI.,
2011 a). This identification of interaction sites provides us a clue of where PRMT6 may

acts on ER and PR to methylate them. The differences in the sites of interaction also
suggest that PRMT6 may play different role in the regulations of SHR activities, since it
binds to C-terminal AF -2 region for ER but interacts with N -terminal AF -1 region for PRo
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Figure 3.7 PRMT6 binds to ER (LBD-region F) and PR (VR-DBD).
Full length ERiPR or their truncation constructs were co-transfected with PRMT6 vector
into COS7 cells for 24 hrs. Lysates were collected for co-IP using PRMT6 antibody. (A)
Removal of variable region (VR) did not affect interaction with PRMT6. Both ER full
length and ER (~ VR) could be pulled down by PRMT6. (B) PRMT6 interacts with ER at
C-terminus LBO-region F. PRMT6 did not pull down N-terminus VR or VR-Hinge (1355) domains. It only pulled down LBO-region F. Bands were numbered and labeled at
the side for easier identification. (C) PRMT6 interacts with PR at VR-DBD region. PRB,
PRA and VR-DBD could all be pulled down by PRMT6. (D) No interaction was detected
between PRMT6 and C-terminal domains of PRo PRMT6 did not pull down DBD-LBD,
DBD or LBO with BUS tagged at the N-terminus. Bands were numbered and labeled at
the side for easier identification. All co-IP experiments were repeated three times for
confirm the results. (E) Poor protein expression but normal mRNA expression of Cterminal domains of PRo Full length PR and various PR truncations constructs were
transfected into COS7 cells for 24 hrs, total lysates were collected for Western blotting
analysis and total RNA was collected for reverse transcription and real-time PCR analysis.
Protein expressions were detected for full length PR, BUS+NLS+LBD and BUS+DBDLBO but not the rest. mRNA level of those PR truncation constructs which did not have
protein expression or low protein expression showed high mRNA level in real-time PCR
with full length PR as the control. Real-time PCR was carried out in triplicates. Relative
mRNA expression was obtained by normalizing with 36B4 internal control and the error
bars represent standard deviation for the fold changes.
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3.2.5 PRMT6 interacts with ER in the nucleus
To further validate the interaction between PRMT6 and ER in breast cancer cells, MCF7
stable cell lines transfected with pcDNA3.1 vector control or Flag-PRMT6 vector were
established. Both immunostaining and the proximity ligation assay (PLA) were carried
out using these stable cell lines as the endogenous level of PRMT6 was not high enough
for the immunostaining and the commercial PRMT6 antibody available was not good
enough for immunostaining. Immunostaining showed that without E2 treatment, PRMT6
protein mainly localized in the nucleus, while ER had both nuclear and cytoplasmic
staining, with the majority in the nucleus. Image overlay demonstrated high level of
r

colocalization for PRMT6 and ER (Figure 3.8A, top). After E2 treatment, PRMT6
remained in the nucleus, whereas ER protein showed decreased cytoplasmic staining.
These two proteins still colocalized in the nucleus to give the yellow staining for the
overlaid image (Figure 3.8A, middle). For MCF7 transfected with pcDNA3.1 control
vector, only ER staining was detected, showing that the antibodies used in the
immunostaining were highly specific (Figure 3.8A, bottom). Close proximity of PRMT6
and ER was further demonstrated by PLA, red dots represent positive signal amplification
which could only happen if the two proteins were very close «40 nm). In the negative
control with pcDNA3.1 transfected, none or very few red dots were seen after PLA
staining, showing that the assay is highly specific. In the presence of overexpressed
PRMT6, high number of red dots in the nucleus was seen for both ethanol and E2 treated
samples, indicating that PRMT6 interacted with endogenous ER specifically in the
nucleus, similar to what was observed in the immunostaining. There was also overall
decrease in PLA signal intensity after E2 treatment (Figure 3.88). When the number of
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red dots were counted for 30 cells in 6 different fields taken for both ethanol and E2
treated cells, the number of red dots is significantly higher in ethanol treated cells than in
E2 treated cells with a p value less than 0.0001 (Figure 3.8C). Protein expression of ER
and PRMT6 for the stable cell lines were shown in Figure 3.80. Exogenous Flag-PRMT6
was expressed at high level as compared to the pcONA3.1 control but endogenous ER
level in the two stable cell lines were similar, the ER protein level decreased by about half
after treated with 10 nM E2 for 1hr, which might be responsible for the observed decrease
in PLA signal after E2 treatment.
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Figure 3.8 PRMT6 interacts with ER exclusively in the nucleus.
(A) PRMT6 and ER colocalized in the nucleus. MCF7 cells overexpressing Flag-PRMT6
were treated with 0.1 % ethanol (EtOH) or 10 nM E2 for I hr and fixed for
immunostaining with Flag and ER antibodies. MCF7 cells transfected with pcDNA3.1
control was used as control. No Flag-PRMT6 staining was seen in this control but
endogenous ER was detected normally. Images were taken at 60X objective. (B) PRMT6
and ER interacted in the nucleus. MCF7-pcDNA3.1 or MCF7-PRMT6 cells were fixed
and incubated with Flag and ER primary antibody, followed by incubation with PLA
probes, ligation and signal amplification. Amplified signal appeared as red dots under the
microscope. Minimal numbers of red dots in MCF7-pcDNA3.1 cells showed that the
assay was specific. Red dots in the MCF7-PRMT6 cells appear exclusively in the nucleus
demonstrated presence of interaction between PRMT6 and ER in the nucleus. Images
were taken at 40X objective. (C) Number of red dots in each cell was counted for 30 cells
for both ethanol treated control cells and E2 treated cells in six different fields taken.
Average numbers of red dots were plotted with standard deviation shown as error bar. The
number of red dots is significantly higher in Ethanol control treated cells than in E2
treated cells with p value less than 0.000 I by unpaired Student's t test. (D) ER and
PRMT6 protein levels in the stable cell lines. Cell lysates were collected concurrently
with immunostaining and PLA and expression level of ER and Flag-PRMT6 were
analyzed using Western blotting with GAPDH used as loading control.
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3.3 Differential regulations of SHR ligand-dependent and ligand-independent
activities by PRMT6
After characterizing the interaction between PRMT6 and SHRs, the effect of PRMT6 on
SHR activity was examined using luciferase reporter assay in HeLa cells, as it is a human
cervical cancer cell line and hence a better model to study cellular activity of steroid
hormone receptors. It has been reported that PRMT6 increases the hormone induced
transcriptional activity of ER, PR and G R (Harrison et al., 2010). I tested if the same
observation could be made in our hands and if it worked similarly for AR. It turned out
that PRMT6 upregulated hormone induced transcriptional activities of PR, AR and G R,
similar to what has been reported (Figure 3.9 A-C). For PR, AR and GR which has very
low level of constitutive ligand-independent activity, 60-100% increase in ligand induced
activities were observed with 0-50 ng of PRMT6 plasm ids used in the transfection.
without significant effect on their protein expression (Figure 3.9 A-C, E). In addition,
when PRMT6 was co-transfected with PR (L\LBO) which is constitutively active, PRMT6
inhibits PR (L\LBD) activity in a dose-dependent manner (Figure 3.90).

For ER which has much higher ligand-independent activity than the other receptors, in
addition to the enhancement of ligand-induced activity on ER by PRMT6 reported, I
observed that ligand-independent ER activity was also upregulated in the presence of
PRMT6 (Harrison et al., 2010). When ERE-luciferase activities were tested with either
wild type PRMT6 or inactive PRMT6 mutant overexpressed, increase in the ER ligandindependent activity was seen with both wild type and mutant PRMT6, despite the
absence of methyltransferase activity for the mutant. In contrast, the ligand-induced ER
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It

activity was only upregulated by wild type PRMT6 but not the inactive mutant,
demonstrating that methyltransferas activity of PRMT6 was needed for its coactivation of

n

ligand-induced activity (Figure 3.10 A). Knock down of endogenous PRMT6 in MCF7

n

cells showed downregulation for both ligand-independent and ligand-dependent ER
activities without significant effect on the ER protein level; further demonstrate that
PRMT6 was important for ER activation (Figure 3.1 OB). In addition, the level of serine
167 phsophorylation, which is a marker for ligand-independent ER activation, was also
decreased by PRMT6 knock down (Figure 3.1 OB).
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Figure 3.9 Coactivation of PR, AR and GR transcriptional activities by PRMT6.
Transcriptional activities of SHRs in the presence of PRMT6 were examined using
luciferase reporter assay. (A-C) HeLa cells were co-transfected with PRE-Iuciferase (for
PR, AR and GR) and 5 ng of expression vectors for PR and AR (no GR transfected as it is
expressed endogenously in HeLa) and different amount of PRMT6 (0, 25, 50 ng) for 24
hrs, treated with 10 nM of their respective hormone for additional 24 hrs before collection.
(D) HeLa cells were co-transfected with PRE-Iuciferase and 5 ng of PR (~LBD) with 0,
10 and 20 ng of PRMT6 for 48 hrs without treatment. Lysates were collected for analysis
with illuminometer. Fold induction in luciferase activity was calculated using luciferase
signal with hormone treatment over EtOH control after normalizing with empty vector
control. Relative luciferase activity was calculated using receptor luciferase signal over
empty vector control signal. Results shown for panel A to E are from a single experiment
using triplicates, which is representative of three independent experiments, error bar
represents standard error of mean and the p values were obtained by unpaired student's t
test. *p<0.05; ** p<O.Ol. (E) Protein expression of SHRs in the presence of PRMT6.
Total protein lysates were collected concurrently with the luciferase assays following the
same condition for Western blotting analysis. PRMT6 overexpression did not affect the
SHR expressions significantly. GAPDH was used as the loading control.
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Figure 3.10 PRMT6 enhances both ligand-independent and Iigang-dependent ER
activities and PRMT6 knock down downregulates both activities.
(A) Transcriptional activities of ER in the presence of PRMT6 were examined using
ERE-Iuciferase assay in HeLa cells. 50 ng of pcDNA3.1 vector control or wild type
PRMT6 or PRMT6 (V86K/D88A) mutant were transfected with 5 ng of ER plasmid or
pCMV control for 24 hrs followed by 24 hrs treated with E2 (10 nM). Relative luciferase
activity was calculated using receptor luciferase signal over empty vector control signal
after normalizing with protein concentration for each sample. (8) PRMT6 specific siRNA
was transfected into MCF7 cells to knock down PRMT6 expression. ERE-Iuciferase
plasmid was transfected 24 hrs following the knock down. 48 hrs after knock down cells
were treated for additional 24 hrs before collected for illuminometer reading. Relative
ERE-Iuciferase activity is the firefly luciferase signal normalized with protein
concentration for each sample. Results shown for both panel A and 8 are from a single
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experiment using triplicates, which is representative of three independent experiments,
error bar represents standard error of mean and the p values were obtained by unpaired
student's ttest. *p<0.05~ ** p<O.Ol. Protein lysate was collected concurrently for Western
blotting analysis for both experiments and GAPDH was used as the loading control.

3.4 PRMT6 methylates steroid hormone receptors
Since PRMT6 interacts with the SHRs and regulates their transcriptional activities,
examined whether SHRs are direct targets for PRMT6 methylation.

3.4.1 PRMT6 methylates full length ER, PR, AR but not GR
In vitro methyitransferase assay was carried out using exogenous Flag tagged PRMT6 and
Flag tagged SHRs co-expressed in COS7 and pulled down by Flag conjugated beads.
Proteins attached to the Flag beads were at close proximity which facilitated the
methylation reaction to happen. Flag-PRMT6, Flag-ER and Flag-AR were pulled down
well, less Flag-PR was pulled down and the band for Flag-G R was not distinguishable as
the size of Flag-GR overlapped with one non-specific band between 75 and 100 kDa.
3

Beads were incubated with methylation buffer and H -SAM for labeling at 37°C for 1hr.
Proteins were separated by SDS-PAGE and stained with G250 coomassie blue. Dried gel
was kept for developing at -80°C for 1 week. Autoradiogram showed that PRMT6 was
capable of self-methylation. No radioactivity was detected in the absence of PRMT6.
Bands corresponding to the size of AR, PR and ER were seen but no specific band for GR
was detected. ER methylation band was the strongest and PR methylation band was much
weaker and appeared just below one background band (Figure 3.11 A).
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To further demonstrate that the labeling was indeed caused by the methyltransferase
activity of PRMT6, ER methylation in the presence of inactive PRMT6 mutant
(V86KJD88A) was also tested. As shown in Figure 3.11 B, although both ER and PRMT6
mutant protein levels were high in the coomassie blue staining, no ER methylation band
could be seen in the autoradiogram, confirming that presence of active PRMT6 was
needed for the labeling to occur.

In vitro methylation labels target proteins after they are released into reaction buffer by
cell lysis. These proteins were brought close together by immunoprecipitation and the
reaction condition used might not resemble cellular condition well. However, in vivo
methyltransferase assay allows the examination of methylation carried out in live cells.
After 24 hrs of treatment with methylation inhibitor adenosine dialdehyde (AdOx) to
enrich unmethylated proteins, In vivo labeling with H 3 -methionine in the presence of
protein synthesis inhibitor was then carried out for ER with and without PRMT6
overexpression. Cell lysates were collected after 3 hrs of labeling and proteins were pulled
down using Flag beads and loaded for SDS-PAGE. Amount of ER and PRMT6 proteins
detected was lower due to the treatments done. After 2 weeks developing at -80°C, no
bands appeared in the absence of PRMT6. ER bands could be seen only in the presence of
PRMT6 and PRMT6 still specifically methylated itself. There was no significant change
in ER methylation band intensity in the 3 hrs of E2 treatment during labeling (Figure
3.11C).
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Figure 3.11 PRMT6 methylates full length AR, PR and ER.
(A) In vitro methyltransferase assay was carried out by pulling down full length Flag
tagged PRMT6 alone or together with Flag tagged AR/GRlPRIER overexpressed in COS7
cells. Flag beads were incubated with PRMT6 methylation buffer with H 3 -SAM for 1 hr
at 37 DC for methylation to occur. In addition to the self-methylation bands for PRMT6,
specific bands corresponding to the size of AR, PR and ER were detected for both
coomassie blue stained gel and autoradiogram. G R protein band overlap with one nonspecific background band and its methylation could not be determined. Similar results
were obtained in at least two independent experiments. * Marks the position for the
receptors, in this case, they are AR, GR, PR and ER. (B) Speicificity of ER methylation
by PRMT6 was further demonstrated with enzymatically inactive PRMT6 mutant
(V86K/D88A). In vitro methyltransferase asay were carried out by pulling down full
length Flag tagged wild type PRMT6 or PRMT mutant with Flag tagged ER
overexpressed in COS 7. ER methylation band on autoradiogram could only be seen in the
presence of wild type PRMT6 but not inactive PRMT6 mutant. (C) In vivo
methyltransferase assay was carried out in COS7 cells overexpressing PRMT6 alone, ER
alone or PRMT6 with ER. Cells were treated with AdOx to inhibit protein methylation for
24 hrs, followed by labeling with H3-methione in the presence of protein synthesis
inhibitors for 3 hrs, with EtOH or E2. Proteins pulled down using Flag beads were
separated by SDS-PAGE and dried for developing for 2 weeks. Autoradiogram showed
that radioactivity was only detectable in the presence of PRMT6. ER was methylated
specifically with PRMT6 coexpressed.

3.4.2 PRMT6 methylates multiple sites in ER
As the methylation signal for ER was much stronger than the other receptors, I suspected
that ER had multiple sites methylated by PRMT6. In vitro methyltransferase assay was
carried out using Flag tagged ER truncation constructs containing VR only, LBO-region F
(356-595) or with VR cut out

(~VR).

As shown in Figure 3.12, strong methylation band

was detected for VR but absent for LBO-region F. Since the expression level of LBDregion F was low and much less protein was pulled down, further optimization to improve
the amount of protein pulled down would be necessary to confirm the absence of
methylation in this region.

~ VR

could also be methylated by PRMT6 specifically,

suggesting that DBD or Hinge might be methylated by PRMT6. As both VR and

~ VR
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were well methylated by PRMT6, it proved that there were more than one arginine
residue methylation by PRMT6 in ER, at least one in VR and one in DBD to region F.
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Figure 3.12 PRMT6 methylates multiple domains in ER.
In vitro methyltransferase assay was carried out with Flag-PRMT6 or Flag-ER
(truncations) overexpressed in COS7 cells. Proteins pulled down by Flag beads were
3
incubated in methylation buffer at 37°C for ] hr with H -SAM. Labeled samples were
separated using SDS-PAGE and dried gels were kept in -80°C freezer for developing for
] week. Radioactivity was only detectable in the presence of PRMT6. Specific
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methylation band for both Flag-ER (VR) and Flag-ER (~VR) could be seen but not for
Flag-ER (356-595). * Marks the position for the bands of interest, in this case, they are
Flag-PRMT6, Flag-ER (356-595), Flag-ER (VR) and Flag-ER (~VR). Experiments have
been repeated to confirm the results.

3.4.3 Screening of PRMT6 methylation targets from residues identified by MS
analysis
As shown In Figure 3.1, multiple arginine residues outside VR were identified to be
methylated in ER. To test which of these arginine residues were methylated by PRMT6;
short peptides were synthesized containing those sites for in vitro methyltransferase assay
with recombinant PRMT6 protein, with H3R2 used as the positive control. Besides the
positive control, R233 and R234 came out as two of the strongest methylation signals on
the autoradiogram, removal of either arginine did not abolish the signal, suggesting both
residues were methylated (Figure 3.13A). Further validation was carried out using ER
R233K and R234K mutants generated by site directed mutagenesis with the arginine
residue removed. In vitro methyltransferase assay for full length wild type ER and mutant
ER showed that there was no obvious reduction in the methylation signal when R233 and
R234 were mutated, indicating that R233 and R234 may not be the major PRMT6
methylation sites for ER in the absence of treatments (Figure 3.13B). Luciferase reporter
gene assay was also used to elucidate the possible function of R233 and R234 methylation.
No significant change was observed for R233K mutation, whereas R234K caused drastic
increase in the ligand-independent activity of ER, with proportional increase in ligandindependent activity. Similar effect was seen for R233K/R234K double mutant (Figure
3.13C). When R234F mutant was used to mimic the methylated state of R234, ligandindependent activity of ER was abolished completely, while the ligand induced activity
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remained higher than the wild type ER (Figure 3.130). Protein expressions for all the
mutants used were at similar level as ER wild type (Figure 3.13E).
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Figure 3.13 R234 mutation enhances both ligand-dependent and independent
activity of ER.
(A) In vitro methyltransferase assay was performed using short peptides (12mer)
containing these arginine residues identified to be methylated in MS analysis and
incubated with recombinant PRMT6 protein. H3R2/17 was used as positive control and
negative control was a non-arginine containing peptide. Dried gel was exposed for 1 week
at -80°C. Radioactivity detected for positive control, R233, R234 and R412. (B) In vitro
methyltransferase assay was performed using ER R233 and R234 mutants. PRMT6 and
ERwt or mutants were coexpressed in COS7 cells and pulled down using Flag beads.
Samples were separated using SDS-PAGE after methylation reaction and dried gel was
developed for 1 week at -80°C. Radioactivity is detected for both ERwt and mutants. (C)
R234K mutation enhances ER ligand-independent activity. HeLa cells were cotransfected with ERE-Iuciferase and 5 ng of expression vectors for control, ERwt or ER
mutants for 24 hrs, treated with 10 nM E2 for additional 24 hrs before collection. Lysates
were collected for analysis with illuminometer. Drastic increase in luciferase activity was
obtained in the presence of R234K mutation. (D) R234K and R234F showed opposite
change in ER activity. HeLa cells were co-transfected with ERE-Iuciferase and 5 ng of
expression vectors for control, ERwt, ER (234K) or ER (R234F) for 24 hrs, treated with
10 nM E2 for additional 24 hrs before collection. Lysates were collected for analysis with
illuminometer. R234K increased luciferase signal whereas R234F decreased ligandindependent activity. Relative luciferase activity was obtained by normalizing with empty
vector control (pCMV EtOH). Results shown are from a single experiment in triplicates,
which is representative of at least two independent experiments. Fold change induced by
hormone treatment is indicated on top of two bars. ** p<O.OI; NS: non-significant. (E) ER
mutants expressed at similar protein level as wild type ER. ER wild type and mutant
constructs were transfected into HeLa cells using the same condition as luciferase assay.
Protein expressions of ER mutants used in the luciferase assay were analyzed by Western
blotting using GAPDH as loading control.
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3.4.4 PRMT6 methylates R260 with conserved PRMT recognition motif
As the MS analysis could not cover the whole ER sequences, we looked at the ER amino
acid sequences in detail and identified arginine 260 in the ROO PRMT recognition motif
as a possible target of PRMT6. ER (R260K) mutant was generated for in vitro
methylation and the signal was compared with wild type ER. As shown in Figure
although PRMT6 could still methylate ER

(R260K)~

by 280/0 after normalization with protein

level~

3.14~

the methylation signal was weakened

suggesting that ER is methylated by

PRMT6 at multiple sites and R260 is one of the targets for PRMT6.
KDRR260GGRMLK

ER
PRMT6

Figure 3.14 Downregulation ofER methylation signal with R260K mutation.
R260 is present in the ROO conserved PRMT recognition motif. In vitro
methyltransferase assay was carried out by pulling down exogenous PRMT6 with wild
type ER or ER (R260K) mutant in COS7 and incubated them in methylation buffer.
Relative protein levels were shown by coomassie blue staining and autoradiogram showed
methylation labeling on ER. Relative methylation signals for ER and R260K mutant
analysed by densitometer are also indicated.
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3.5 Discussion
The PTMs on protein enable the rapid changes in protein activity without the need for
f

new protein synthesis. Multiple PTMs allows fine-tuning of various aspects of protein
activity in response to the changing cellular environment. This study demonstrated that
ER, PR and AR bind to PRMT6 and are direct targets for PRMT6 methylation. The
interaction and methylation are hormone-independent; suggesting PRMT6 is involved in
the ligand-independent activity of SHRs. PRMT6 regulates ER ligand-independent and
ligand-induced activities via distinct machanisms. Methyltransferase activity is not
required for enhancement of ligand-independent activity but is esssential for it to
upregulate ligand-induced activity. This study also identified R234 in the DBD and R260
in the Hinge of ER as possible targets of PRMT6 methylation.

Although PRMTI, PRMT2, PRMT4 and PRMT6 have been identified as coactivators of
SHR signaling (Chen et aI.,
aI.,

2006~

2000b~

Frietze et aI., 2008; Harrison et aI., 20 1O~ Majumder et

Meyer et aI., 2007; Qi et aI., 2002; Wang et aI., 2001 b), only PRMTI has been

reported to methylate ER directly. This study highlights a broader importance of PRMT6
as a PRMT in regulating both the ligand-dependent and ligand-independent activities of
SHRs.

3.5.1 PRMT6 as a novel regulator of ER ligand-independent activity
Similar to the study by Harrison et al which showed that PRMT6 upregulates liganddependent activity of ER, PR and OR, I observed the similar enhancement effect for ER,
PR, OR and AR (Harrison et aI., 2010). In addition, ligand-independent activity of ER
was highly upregulated by PRMT6 and ligand-independent activity of

PR~LBD

was
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downregulated by PRMT6. In the study performed by Harrison et ai, the ligand
independent activity of ERa was very low as compared to what have been reported in
many studies (Tremblay et aI., 1998; Webb et aI., 1998). This absence of ligandindependent activity in their assay, possibly due to the medium condition and serum
concentration that they used, may be the reason they were not able to detect the effect of
PRMT6 on ER ligand-independent activity. It has been proposed by their study that
PRMT6 acts as a coactivator for the hormone induced transcriptional activity of SHRs.
Since there was no direct interaction between PRMT6 and GR and no hormone induction
was required for PRMT6 to bind to ER, PR and AR, most probably this coactivation of
ligand-induced activity involved methylation of coregulators by PRMT6. PRMT6 have
been found to interact with coactivator SRC-l, hence it may enhance SHR activity
through methylation of coregulatory proteins such as SRC-l (Harrison et aI., 2010).

Activation of ER in the absence of hormone, possibly by growth stimulating factors,
mainly involves the action on AFI. AFI located in the N-terminal VR domain is an
important regulator of both ligand-independent and ligand-dependent SHR activity.
Unlike AF2 whose activation relies on ligand binding, AFI is constitutively active and it
can be activated further by peptide growth factors and other cell signaling molecules such
as cAMP (Bunone et aI., 1996; Kumar and Litwack, 2009; McEwan, 2004; Takimoto et
aI., 2003). Full ligand induced activity of SHR also requires the synergy between AF 1 and
AF2 (Benecke et aI., 2000; Ikonen et aI., 1997; Kraus et aI., 1995; Mostaqul Hug et aI.,
2006; Tetel et aI., 1999). AF 1 exerts its function by recruiting coregulators just like AF2,
but they often recognize different domains on the coregulators (Bevan et aI., 1999;
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rd

Christiaens et al.,

n

Webb et al., 1998). AF 1 activity is also closely regulated by PTMs. There are six known

1-

phosphorylation sites found on ER AF 1 (S 102~ S 104, S 106, S 118, S 154 and S 167), they

n

enable the selective activation of ER target genes in a promoter cell context specific

f

manner and they also regulate ER stability (Arnold et al.,
Britton et al.,

2002~

2008~

Khan et al., 20 11 ~ Lavery and McEwan,

1999~

1994~

Onate et al.,

Atsriku et al.,

Campbell et al., 200 1~ Castano et al., 1997; Chen et al.,

Duplessis et al., 20 11 ~ Joel et al.,
Rogatsky et al.,

2005~

1998~

Medunjanin et al.,

2005~

1998~

2009~
2000c~

Park et al., 20 11 ~

Sheeler et al., 2003 ~ Thomas et al., 2008).

As PRMT6 can bind to ER without hormone stimulation and its methyltransferase activity
is not needed to enhance ER ligand-independent activity, it probably regulates the ligandindependent AF 1 activity of ER via physical interacting with ER and modulating the ER
binding to coregulators. The weakening of interaction between ER and PRMT6 suggests
that either the binding is only important for the regulation of ligand-independent ER
activity or the interaction is transient with ligand-bound ER. Additional proofs were
provided by the observation that PRMT6 binds to non-hsp70/hsp90 bound ER, which are
well-known components of chaperone complex associated with inactive SHRs (Pratt,
1998~

Pratt and Toft,

1997a~

2003a). It is very likely that PRMT6 caused the dissociation

of chaperones from ER and facilitated coactivator binding. This is further supported by
the finding that PRMT6 binds to C-terminus LBD-F domains of ER, the same region
responsible for hsp90 and ER interaction (Aumais et al., ]997; Chambraud et al., ]990).
Possible competitive binding at ER LBO results in the release of ER from chaperones and
allows it to be activated in the absence of hormone.
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3.5.2 Cross-talk between methylation by PRMT6 and ER phosphorylation
This study provides evidence that PRMT6 also plays an important role In ligandindependent ER signaling via cross-talk between arginine methylation and serine
phosphorylation. R234 is identified as a possible target for PRMT6 methylation. R233
and R234 are next to the S236 phosphorylation site and form part of the PKA recognition
motif R233R234KS236 (R/KRXS/T). Phosphorylation of S236 by PKA activates ER activity
in ligand-independent signaling (Chen et aI., 1999b). When R233 was mutated for lysine
and can no longer be methylated, PKA recognition was not affected and there was no
significant change in ER transcriptional activity. This suggests that R233 may not be
methylated or the methylation at this site was not critical for recognition. However, when
R234 was mutated to lysine, ligand-independent activity of R234K mutant increased to
six times of the ER wild type. In contrast, when R234 was changed to phenylalanine
which is bulkier than arginine and mimics the methylated state of arginine, the ligandindependent activity was completely abolished. This suggests that the bulkiness at the
R234 site may be unfavorable for PKA binding. Increase in bulkiness due to PRMT6
methylation inhibits PKA binding and S236 phosphorylation, hence blocking ER binding
to DNA and transcriptional activation of target genes. As there was no obvious reduction
in ER methylation level after R234 mutation, further experiment is needed to confirm if
R234 is indeed methylation by PRMT6 and if it only occurs only under specific stimuli.
Since PRMT6 showed overall enhancement on ligand-independent activity of ER, R234
methylation may not be the predominant mechanism for the regulation of ER activity by
PRMT6. It is possible that it helps to fine-tune ER activity under specific stimuli or
cellular conditions.
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3.5.3 Possible overlapping function between PRMTI and PRMT6
R260 is the only arginine residue on ER that is reported to be methylated so far. PRMT 1
methylation on ER Arg 260 activates ER cytoplasmic signaling by promoting ER binding
to PI3K signaling molecules and activates Akt. It is a rapid and transient process. Upon
E2 treatment, the level of ER methylated at Arg 260 increases within 5 mins after E2 but
decreases by 15 mins and disappears after 24hrs (Le Romancer et al., 2008). In this study,
we showed that R260 mutation to lysine reduced ER methylation signal by PRMT6,
showing that R260 is also a target of PRMT6. PRMT6 may be involved in the regulation
of ER cytoplasmic signaling. Since PRMTI expression level is higher than PRMT6 is
normal tissues, maybe it is the main regulator of this ER non-genomic signaling pathway.
When PRMT6 level increases, such as in the case of breast cancer, it may contribute to
the cytoplasmic activation of ER as well (Phalke et al., 2012).

Although PRMT6 mainly localizes in the nucleus, its involvement in the regulation of ER
cytoplasmic signaling can be made possible by the nuclear export of R260 methylated ER.
Arginine methylation regulated nuclear export has been reported for proteins such as
receptor interacting protein 140 (RIP 140) (Mostaqul Huq et al., 2006). RIP 140
methylation by PRMT 1 enhances its interaction with exportin 1 and hence exports
RIP 140 into the cytoplasm, suppresses the corepressor effect of RIP 140 on nuclear
receptors. After ER is methylated at R260 by PRMT6 in the nucleus, methylated ER may
be exported in a similar way that allows it to interact with cytoplasmic factors.
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3.5.4 Ability of PRMT6 to methylate arginine residues outside the binding site
It is important to note that while PRMT6 binds to ER at its C-terminus, it has the ability to
methylate N-terminus VR domain when they are put together, demonstrating that close
proximity but not direct binding on the methylation site is needed for the transfer of
methyl group to occur. Although PRMT6 could not bind to ER (VR), by tagging both
with Flag sequence and pulled them down at the same time using Flag antibody
conjugated beads, Flag-PRMT6 was positioned next to the Flag-ER (VR) and that made
methylation of ER (VR) possible. In the cellular system, interaction between N- and Cterminal of receptors has long been proposed to be important for the synergistic effect of
AF 1 and AF2 for full activation of receptors (Benecke et al., 2000). The ligand induced
interaction between the N- and C-terminal domains of PR has been demonstrated both in

vitro and in vivo (Tetel et aI., 1999). Coactivators such as SRC-I can bind to both AF 1
and AF2 and helps to enhance their interaction (Bevan et aI.,

1999~

Onate et al., 1998).

TIF2 can also interact with the AF 1 and AF2 of ER or AR simultaneously using different
sites to synergize their transcriptional activity (Benecke et aI., 2000; Phalke et al., 2012).
Hence, it is tempting to speculate that ER can be folded in a conformation that enables
interaction of its N- and C-terminus, allows the PRMT6 sitting at the C-terminal domain
to reach arginine residues at the VR and methylate it. This observation of PRMT's ability
to methylate arginine without direct binding at that site has also been made for CARM 1.
CARM 1 physically interacts with the p 160 family of coactivators at their activation
domain 2 (AD2), which is from amino acid 1097 to 1304 for the case of SRC-3 (Chen et
aI., 1999a). However, it has been found that CARM 1 methylates SRC-3 at both arginine
839 and 1171, with R839 out of the AD2 (Feng et aI.,

2006~

Naeem et aI., 2007a). This
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further supports the presence of a mechanism for PRMT to interact with target protein at
one site and methylates arginine at nearby position.

~e

)f

In addition, preliminary testing showed that PRMT6 did not methylate LBO-region F of

:h

ER. This region has been identified to be the site of interaction between PRMT6 and ER,

y

absence of methylation at this region further supports that PRMT6 does not necessary

e

methylate within its binding site, it has the ability to methylate arginine closed to it in

f

conformation. It would also be interesting to look if PRMT6 methylates C-terminal
residues in the presence of hormone. It may be possible that even though PRMT6 binds to
LBO-region F in the absence of hormone, hormone induced conformational change for
AF2 is needed to enable the methylation to occur.

3.5.5 Clinical relevance of ER methylation by PRMT6 in breast cancer
About 700/0 of breast cancers are ER positive and dependent on estrogen for their growth
(Ali and Coombes, 2002). Treatment of breast cancer involves either direct inhibition of

ER using antagonists such as tamoxifen or inhibition of estrogen production by targeting
aromatase (Johnston and Dowsett,

2003~

MacGregor and Jordan, 1998). However,

efficacy of endocrine treatment is often limited by intrinsic or acquired therapeutic
resistance (Musgrove and Sutherland, 2009). Correlation between ER modifications with
prediction of treatment outcomes have been demonstrated by several studies. High
phosphorylation of ER S 167 in breast tumors may be indicative of functional ER and it
associates with better outcome with endocrine treatments and longer survival in these
studies (Generali et aI., 2009~ Jiang et aI., 2007~ Murphy et aI., 2004~ Skliris et aI., 20 1O~
Yamashita et aI., 2005~ Yamashita et aI., 2008). But functional studies for ER
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phosphorylation carried out under in vitro conditions observed that S 167 phosphorylation
in ER promotes breast cancer cell proliferation and may associate with increased
tamoxifen resistance (Guo et aI.,

2009~

Maruani et aI., 20 12~ Sun et aI., 200 1~ Yamnik et

aI., 2009; Yamnik and Holz, 2010). In addition, detection of S305 phosphorylated ER is
also predictive of tamoxifen resistance in breast cancer (Holm et aI., 2009; Michalides et
aI., 2004). ER with A908G point mutation which results in K303R amino acid mutation
and inhibition of acetylation is detected in 5.70/0 of invasive breast tumor in the Carolina
breast cancer study (Conway et aI., 2005). Studies using antibody targeting ER
methylated at R260 showed that about 55% of the ER-positive breast tumors express this
form of methylated ER, suggesting the possibility that ER is hypermethylated in breast
cancer (Le Romancer et aI., 2008).

Knowing that PTMs present on ER can affect ER activity greatly, detection of new
modifications and a better understanding of their functions will improve the prognosis and
development of new treatments for ER-positive breast cancers. It has been reported that
PRMT6 expression is generally low in normal tissue but overexpressed in a significant
number of cancer tissues including breast tumors. Serum level of asymmetrical
demethylarginine is also elevated in breast cancer patients, which may be partly
contributed by higher PRMT6 activity In cancer (Yoshimatsu et aI., 2010). Ligandindependent activation of ER is generally caused by cross-talk with growth factor
signaling and it cannot be inhibited bytamoxifen treatment which targeted E2 induced ER
activation specifically (Arpino et aI., 2008; Fagan and Vee, 2008; Gaben et aI., 2012). It
has been reported that PRMT6 knock down is associated with gene expression signature
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for better overall relapse-free and distant metastasis-free survival in the ER + breast cancer
subgroup (Dowhan et aI., 2012). Meaning that overexpression of PRMT6 is associated
with worse prognosis specifically for ER+ breast cancers. This study identified PRMT6 as
a new enhancer of ER ligand-independent activity. We suspect that the Increase
aggressiveness of breast tumor with PRMT6 overexpression IS caused by the
enhancement of ligand-independent ER activation by PRMT6, which promotes hormoneindependent tumor growth and this pathway is resistant to tamoxifen treatment. The study
provides new insight into the regulation of ER activity by PRMT and demonstrates that
PRMT6 is an important factor to consider in the choice of treatments and the prediction of
treatment outcomes. As PRMT6 expression is low in all normal tissues except testis, the
higher level of PRMT6 in breast tumors may be a good target for molecular therapy and
specific inhibitor for PRMT6 may be effective in breast cancer treatment (Yoshimatsu et
al., 2010).
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CHAPTER 4
REGULATION OF TRIM22 EXPRESSION IN
BREAST CANCER
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4.1 Generation of TRIM22 monoclonal antibody

4.1.1 Immunization of Balb/c mice and hybridoma clone screening
To detect the endogenous TRIM22 protein, we need to generate our own TRIM22
antibody as there was no good quality commercial TRIM22 antibody available. Histagged full length TRIM22 protein (purified by Gayathri Sivaramakrishnan) was used to
immunize four male Balb/c mice, mice tail blood (100 ul) was collected after each booster
to test the level and specificity of the response. Three out of four mice responded after the
third booster and mouse 3 was identified to produce antibody specific to TRIM22 with the
least background. It was chosen to proceed with monoclonal antibody production (Figure
4.1 A). The mouse 3 was dissected in the tissue culture hood and the splenocytes isolated
were used for fusion with myeloma cells to form antibody-secreting hybridoma cells (with
the help of Dr. Klaus Kajanlinen). These hybridoma cells were then plated into 96-well
plates for culturing and screening.

Initial screening was carried out using ELISA with either TRIM22-(His)6 purified protein
or TRIM22 unique peptide (KISSLNKRKSSGFAFDPSVNYSKV). Conditioned media
which gave positive result in this assay were further verified by Western blot analysis
using MCF lOA cell lysate collected with and without TRIM22 knock down. As each well
contains multiple hybridoma clones in the first plating, serial dilution was carried out for
the cells from the well we picked and plated into 96-well again to achieve one cell per
well. These clones were further screened using Western blot analysis. Hybridoma clone 8
that recognize TRIM22 well were identified. Western blotting result for the different
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dilutions of conditioned medium from clone 8 is shown in Figure 4.1 B. They all gave a
specific TRIM22 band near 58 kDa.

A
mouse 1
Treatments 1
2 3

mouse 2
1
2
3

mouse3
1
2 3

rnouse 4
123

755037-

B
Medium dilution
TRIM22 siRNA

Antiserum
control
+

1:3

1:10

1:30
+

75

TRIM22

50
37 '--

...1.

Figure 4.1 Generation of TRIM22 monoclonal antibody.
(A) Bleed testing after third booster. Tail blood was collected from four mice after the
third booster and spun down at 1,500 rpm to obtain the antiserum. Specificity of the
antibody was tested in Western blotting using lysates from (1) MCF 1OA cells transfected
with control siRNA or (2) TRIM22 siRNA to knock down TRIM22 expression, (3) MCF7
treated with IFN-~ which stimulate TRIM22 expression. High band intensity in 1 & 3,
low band intensity in 2 indicates specific recognition of TRIM22. (B) Conditioned
medium from antibody-producing hybridoma clone 8 was tested in Western blotting using
different dilutions and compared against the result obtained by probing with antiserum
control (mouse 3). Lysates from MCFIOA cells transfected with control siRNA and
TRIM22 siRNA were used. 1:30 dilution of the conditioned medium produced the similar
result as the antiserum control.
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4.1.2 Validate specificity of TRIM22 antibody by immunoprecipitation and mass
spectrometry
The binding affinity of Clone 8 antibody was further tested by immunoprecipitation of
TRIM22 protein from control siRNA or TRIM22 siRNA transfected MCFIOA lysates
under non-denaturing condition. Without knock down, a significant amount of TRIM22
protein was pulled down using Clone 8 conditioned medium (Mab8) which is 6.6 times of
the 10% input control. There was less pulled down with knock down, which was 8 times
of the 10% input control, indicating that this antibody was capable of concentrating
TRIM22 protein from the lysate. Clone 57 which did not detect TRIM22 in Western blot
was used as a negative control. As expected, Clone 57 conditioned medium did not
contain antibodies and therefore failed to pull down any proteins (Figure 4.2A).

The 10 of the protein pulled down by monoclonal antibody Mab8 was also investigated
by LC-MS. Immunoprecipitation product was separated using SDS-PAGE and the band at
the predicted molecular weight of TRIM22 was cut out and trypsin in-gel digestion of
protein was carried out. The digested peptides were eluted out and sent for analysis (by Dr.
Newman Sze). As shown in figure

4.2B~

TRIM22 band appeared just above 50kDa ladder

mark after coomassie blue staining, a non-specific protein pulled down by the beads also
showed up near 75 kDa.

The identity of TRIM22 immunoprecipitated by mAb-C8 was verified with

LC-MS~

with

a high log (e) score of -133.2 (Table 4.1). It ranked third in the list of proteins identified,
just after bovine albumin and keratin which are very common contaminants during sample
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processing. The sequence coverage was calculated to be 25.7% (Figure 4.1C). In addition,
no post-translational modifications such as phosphorylation or methylation were found in
the sequence detected, possibly due to the low abundance of the protein, and the amount
pulled down was not sufficient for detection of modifications.

log (e)

Accession No.

Protein Name

Protein MW

-322.7

spIAlBU_BOVINI

Bovine albumin

69.2

-1363

EN SPO 0000252244

Keratin 1

66

-1332

EN SPO 00003692 99

TRIM22

56.2

Table 4.1 List of proteins detected by LC-MS analysis
Top three ranking proteins identified by LC-MS are listed in the table. Highly negative
log(e) value for TRIM22 reflects high confidence for the detection in MS.
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YRPQYGYWVI GlQNTCEYNA FEDSSSSDPK VlTlFMAVPP CRIGVFlDYE
AGIVSFFNVT NHGAllYKFS GCRFSRPAYP YFNPWNClVP MTVCPPSS

Figure 4.2 Validation of specificity by immunoprecipitation and LC-MS.
(A) Conditioned medium from clone 8 was used to pull down TRIM22 from MCFI0A
control siRNA and TRIM22 siRNA transfected cell lysates. Medium from hybridoma
clone 57 which did not detect TRIM22 on western blot was used as a negative control.
Clone 8 medium pulled down large amount of TRIM22 protein in the control transfected
lysate and less was pulled down with TRIM22 knock down. Relative band intensity was
analyzed by densitometer. (8) Coomassie blue staining showing TRIM22 band pulled
down by the antibody. Lysate was collected from IFN-P treated MCFI0A cells and used
for immunoprecipitation with TRIM22 monoclonal antibody clone 8. Beads-only control
was also included. Specific TRIM22 protein bands at the predicted molecular weight
could be seen only with TRIM22 antibody pull down and absent in the beads control.
There was a non-specific band below 75 kDa present in all samples, most probably due to
non-specific pull down by the beads. (C) TRIM22 residues identified by LC-MS. Full
protein sequence of TRIM22 is shown with the residues identified by LC-MS analysis
marked in red. Sequence coverage for this analysis was 25.7%.
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4.2 Expression pattern of TRIM22 in cell lines and breast cancer tissue and its
association with the development of breast cancer
To elucidate the possible association of TRIM22 with breast cancer development, I
examined the TRIM22 protein expression level in both breast cancer cell lines and
patients' breast cancer tissue samples using the TRIM22 antibody I generated.

4.2.1 TRIM22 expression is suppressed in breast cancer cell compared to nonmalignant mammary epithelial cells
Western blotting analysis performed on a panel of mammary epithelial cell lines (3 nonmalignant mammary epithelial cell lines and 11 breast cancer cell lines) revealed that
TRIM22 expression is high in non-malignant mammary epithelial cells but hugely
downregulated in malignant breast cancer cell lines (Figure 4.3A). Its protein level was
hardly detectable in breast cancer cells. Comparison of the TRIM22 transcript levels in
non-malignant mammary epithelial cell lines MCF 1OA and MCF-12A with breast cancer
cell line MCF7 also revealed that TRIM22 mRNA level is 240 and 677 times higher in
MCF 1OA and MCF-12A respectively than that in MCF7 cells (Figure 4.38).
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Figure 4.3 TRIM22 expression level in mammary epithelial cell lines.
(A) TRIM22 protein level is high in non-malignant cells and low in malignant cells.
TRIM22 protein level in 3 non-malignant mammary epithelial cell lines and 11 breast
cancer cell lines were analyzed using Western blotting. 20 ug of total lysate was loaded
for each cell line. (B) TRIM22 mRNA level in MCFIOA and MCF-12A is more than 200
fold higher than in MCF7. TRIM22 transcript level in MCFI0A and MCF-I2A was
compared with MCF7 using real-time PCR with triplicates. 36B4 was used as internal
control. Error bars represent standard error of mean.
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4.2.2 Higher TRIM22 protein level detected in adjacent normal breast tissue as
compared to breast cancer tissue
Since TRIM22 level was lower in breast cancer cell lines, we seek to examine if TRIM22
was similarly downregulated in the breast cancer tissues. Breast tumor biopsies were
obtained from National Cancer Center (Singapore). Whole protein lysates were isolated
from 63 pairs of breast tumors and the adjacent normal breast tissues and the protein
expressions were analyzed by Western blotting. All SDS-PAGE gels were run under the
same condition and the membranes were arranged together for antibody incubation and
film exposure at the same time in order to ensure consistency in handling. 20 ug of total
cell lysate from TRIM22 transfected MCF7 cells was used as the positive control and pactin which expressed at normal level in epithelial cells but low in adipose tissue was
probed as the loading control. Result for 7 pairs of the tissues is shown in Figure 4.4A.
Although 20 ug

0

f to tal tissu e lysates were u sed for both normal and tumor tissue, the

band intensities of p-actin were consistently lower in the normal adjacent tissue than in
the tumor tissue. Using the MCF7-TRIM22 B-actin level as standard for comparison, pactin for the tumor tissue was similar to or slightly lower than the p-actin band for MCF7TRIM22 but the p-actin for the normal tissue was much lower than the MCF7-TRIM22
band. This was likely caused by the presence of less epithelial cells and more fat cells in
the normal adjacent tissue, proteins from the adipose tissue also contributed to the protein
quantitation. The adjacent control breast tissues contain much higher amount of adipose
tissues than the breast tumor biopsy. TRIM22 protein expression was not detectable in
these adipose tissues but their protein contents contribute to total protein concentration
during quantitation. The p-actin expression which is very low in adipose tissue but much
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more consistent in other cell types allows us compare the TRIM22 level expressed in nonadipose cells. Hence, even though TRIM22 band intensity appeared lower for the normal
tissue, it was caused by the lower amount of epithelial cells in the normal tissue used and
it was reflected well by the

~-actin

level. In the analysis, band intensities for the

immunoblots were quantified by densitometry and relative TRIM22 protein expression in
epithelial cells was obtained by normalization with the level of
normalization with MCF7-TRIM22

~-actin

~-actin

followed by

level to eliminate variations between different

immunoblots (Figure 4.48). Comparison of the relative TRIM22 level showed that for
these 63 pairs of tissue, 57 of them have higher TRIM22 protein level in the adjacent
normal tissue (R> 1,

R=N/T~

Figure 4.4C), 46 of them have at least double in protein level

for normal tissue than in tumor tissue

(R>2~

Figure 4.4C). Paired t-test statistical analysis

shows that this difference in TRIM22 level is statistically significant (p<O.OOOO 1)~
TRIM22 protein level was consistently downregulated in the breast cancer tissues tested.

4.2.3 TRIM22 protein level correlates positively with p53 protein level in adjacent
normal tissue
As TRIM22 is a downstream target of p53 (Obad et al., 2004), the correlation between
TRIM22 protein expression and p53 protein expression in the patient tissues were
investigated. Immunoblot for p53 level in 7 pairs of the tissues is shown in Figure 4.4A.
Relative p53 protein level after normalization with

~-actin

is shown in Figure 4.5A. The

analysis showed that out of 63 pairs of tissue, 51 of them have higher p53 protein levels in
tumor tissue than adjacent normal (Figure 4.5A) and the difference in p53 protein level
between breast tumor tissue and the adjacent normal tissues was statistically significant
(p<O.OOOO 1).
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After Log base 10 transformation of the relative expression of TRIM22 and

p53~

when

Lg(TRIM22 expression) was plotted against Lg(p53 expression), we found that TRIM22
R=0.64~

expression is positively correlated (Pearson's correlation

p<O.OO 1) with the p53

protein expression in normal tissue (Figure 4.58). However, this correlation coefficient
dropped to 0.42 (p<O.OO 1) in breast tumor tissues (Figure 4.5C).
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Figure 4.4 TRIM22 protein level in 63 pairs of breast cancer patient tissues.
(A) Western blotting analysis of protein lysates collected from breast tumor tissue and
adjacent normal tissue. Blots for patient 1 to 7 are shown here. Samples were analyzed
using antibody specific to TRIM22 and p53. MCF7 cell was transfected with TRIM22 and
20 ug of the total lysate was loaded as a positive control. p-actin was used as the loading
control. (B) TRIM22 band intensity was quantified and normalized with p-actin. In total,
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63 patient tissue pairs are presented. The higher TRIM22 protein expression observed in
the adjacent normal breast tissue than in the tumor tissue is significant (P<O.OOOO 1) via
the paired t-test. (C) Relative ratio of TRIM22 protein level in adjacent normal tissue (N)
vs. tumor tissue (T) shows that out of 63 patients, 57 of them have higher TRIM22
expression in normal tissue than in tumor tissue.
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Figure 4.5 Correlation between TRIM22 and p53 protein level in patient tissues.
(A) p53 band intensity from Western blotting was quantified and normalized with p-actin.
In total, 63 patient tissue pairs are presented. (8) The Log base 10 of the relative
expression of TRIM22 is positively correlated with the Log base 10 of the relative
expression of p53 is significant with correlation coefficient (R) of 0.64 with p < 0.001. (C)
Weak correlation was found between the Log base 10 relative expression of TRIM22 and
p53 in the tumor tissues (R=0.42) with p < 0.001.
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4.3 Mechanisms regulating TRIM22 expression in breast cancer cells
Having shown that TRI M22 expression was consistently lower in breast cancer tissues,
possible mechanisms responsible for downregulating TRIM22 expression in breast cancer
were examined.

4.3.1 TRIM22 level in MCF7 can be upregulated by DMNT inhibitor but not HDAC
inhibitors
Both DNA hypermethylation and histone deacetylation are common causes of gene
expression downregulation during tumor development. When MCF7 cells were treated
with HDAC inhibitor trichostatin A (TSA), no change in TRIM22 protein level was
observed (Figure 4.6A). However, when cells were treated with DNA methyltransferase
(DMNT) inhibitor 5-aza-2' -deoxycytidine (5-aza-dC), there was drastic increase in both
TRIM22 protein and mRNA level. Increase in TRIM22 protein level was detectable at 48
hrs post-treatment, with further increase at 72 hrs (Figure 4.68). TRIM22 mRNA level
also responded in a time-dependent manner, reached about 300 folds by 120 hrs (Figure
4.6C). This increase in TRIM22 mRNA level was not inhibited in the presence of CHX,
demonstrated that de novo protein synthesis was not required for the induction by 5-azadC (Figure 4.6D). A similar effect was observed for T47D and HeLa cell. After treating
with 5-aza-dC for 120 hrs, TRIM22 mRNA level in T47D and HeLa cells increased by 11
and 4 fold respectively. However, no increase in TRIM22 level could be detected in
MDA-M8-231 cells after treatment. To our surprise, MCF lOA and MCF-12A cells which
already express high level of TRIM22 also responded to the treatment. TRIM22 mRNA
level in MCF lOA and MCF-12A increased by 6 and 12 fold after 5-aza-dC treatment
(Figure 4.6E).
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4.3.2 Bisulfite sequencing for putative CpG islands in TRIM22 promoter region
To study the methylation pattern in TRIM22 promoter, bisulfite genomic sequencing was
cer

used to elucidate the methylation status of individual cytosine in putative CpG
dinucleotides in 10 kb genomic sequence upstream of TRIM22 transcription start site,

~C

which is likely to contain the TRIM22 promoter region. EMBOSS CpGPlot software was
used to predict the CpG islands in this 10 kb region. 3 CpG islands were identified and
named as such: CpG-l (the region located furthest from the transcription start site); CpG-

le

2 (the region located second furthest from the transcription start site); and CpG-3 (the
~d

region located nearest to the transcription start site) (Figure 4.7 A). MCF7 and MCF lOA
is

cells which express different levels of TRIM22 were used in bisulfite sequencing to
;e

analyze if there is any difference in their methylation status corresponding to the different
h

expression level.

8
:1
Genomic DNA from MCF7 and MCF I OA cells were treated with sodium bisulfite for 14
hrs. The region containing putative CpG islands were then amplified using primers
specific for bisulfite converted genomic DNA. PCR products were cloned into TOPO
vector for sequencing. At least 3 clones were sequenced for each CpG island. The result
for sequences which could align with genomic sequence is shown in Figure 4.7B. After
the analysis of the three CpG islands, CpG island two is most heavily methylated. All
twelve cytosine residues were methylated. CpG island one had about 50% cytosine
methylated whereas CpG island three only had two cytosines that were consistently
methylated. No obvious difference in the extent of DNA methylation was detected in this
region between MCF7 and MCFl OA cells.
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Figure 4.6 Upregulation of TRIM22 expression in breast cancer cells by DNA
methyltransferase inhibitor 5-aza-dC.
(A) No upregulation in TRIM22 level was observed after TSA treatment. MCF7 cells
were treated with two different doses of TSA for 12 and 24 hrs, cell lysate were collected
for Western Blotting analysis. (B,C) TRIM22 protein and transcript level were upregulated by 5-aza-dC in a time-dependent manner in MCF7 cells. MCF7 cells were
treated with 1 J.lM 5-aza-dC and collected at 48 to 120 hrs. Increase in TRIM22 level after
treatment was shown by Western blotting and real-time PCR. Real-time PCR analysis was
carried out using triplicates. Error bar represents standard error of mean. (D) TRIM22 was
induced by 5-aza-dC without de novo protein synthesis. MCF7 cells were treated with 5aza-dC for 120 hrs, protein synthesis inhibitor CHX was added for the last 72 hrs.
Presence of CHX was unable to block the increase in TRIM22 mRNA level. Real-time
PCR analysis was carried out using triplicates. Error bar represents standard error of mean.
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(E) MDA-MB-231, T47D, MCF10A, MCF-12A and HeLa cells were all treated with 5aza-dC for 120 hrs and TRIM22 level were analyzed by real-time PCR. Increase in
TRIM22 transcript level was observed for all cell lines except MDA-MB-231. Real-time
PCR analysis was carried out using triplicates. Error bar represents standard error of mean.
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Figure 4.7 Methylation status of TRIM22 gene promoter in MCF7 and MCFIOA
cells.
(A) Predicted location of 3 CpG islands in the 10 kb genomic region upstream of
TRIM22's transcription start site. The 3 CpG islands were predicted using the online
software EMBOSS CpGPlot. Nucleotide position of each predicted CpG islands relative
to TRIM22's transcription start site is also indicated. (B) Methylation status of the three
CpG islands in MCF7 and MCF10A. Bisulfite sequencing of each putative CpG island
was done to determine the methylation status of each island in MCF7 and MCF 1OA cells.
Each horizontal string represent methylation pattern of cytosine sequenced from one clone.
Analysis of methylation status from sequencing results was performed using
Quantification tool for Methylation Analysis (QUMA) (Kumaki et aI., 2008).
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4.4 Mechanism of TRIM22 regulation by interferon and p53
Both IFN and p53 have been implicated to be important in cancer development and
treatment. IFN can promote host immune response against tumor, exerts anti-proliferative
action on tumors and have been widely used in cancer treatments (Belardelli et aI.,

2002~

Bromberg et aI., 1996; Dighe et aI., 1994; Dunn et aI., 2006; Gao et aI., 20 1Ob; Gresser,
2007~

Gutterman,

1994~

Kaplan et aI.,

1998~

Park et aI., 2006; Street et aI., 2001). On the

other hand, p53 is widely known as the guardian of the genome and controls cell fate in
response to stress stimuli (Benchimol, 200 1~ Giono and Manfredi,
1996; Pellegata et aI.,

1996~

Shen and White, 200 1~ Toillon et aI.,

2006~

Linke et aI.,

2002~

Zhang et aI.,

201 Ob). In addition, IFN has also been shown to boost p53 response in cancer cell and
enhance tumor suppression (Cho and Pyo, 20 1O~ Kim et aI.,
2003~

et aI.,

Yuan et aI.,

2007~

2009~

Pestka, 2003 ~ Takaoka

Zhang and Sriram, 2009). Since TRIM22 level is

downregulated in breast cancer and its expression can be induced by both IFN and p53
activation (Obad et aI.,

2004~

Tissot and Mechti, 1995), I investigated the mechanism of

TRIM22 induction by IFN and p53, and if TRIM22 contributes to their tumor suppressing
function.

4.4.1 IFN induction of TRIM22 expression independent of protein synthesis and p53
status
To examine if TRIM22 is a direct target of IFN in breast cancer cells, T47D cells were
treated with 500 international units (IU) of IFN-~ or IFN-y in the presence or absence of
protein synthesis inhibitor CHX (10 ug/ml), Real-time PCR analysis of TRIM22
transcript level showed that TRIM22 expression increased by 45 fold and 29 fold with
IFN-

~

and IFN-y treatments respectively. This increase was not inhibited by CHX
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treatment, suggesting de novo protein synthesis was not needed for the induction of

d

TRIM22 expression by either IFN-B or IFN-y in T4 7 Dcells (Figure 48A). TRIM22
protein level was not increased by IFN in the presence of CHX, showing that CHX was
effective in inhibiting protein synthesis (Figure 4.8B).

Next, being a common protein regulated by both IFN and p53, I looked to see if there was
any correlation between IFN induction of TRIM22 and p53 status in breast cancer cells
and normal mammary epithelial cell line MCF-I0A. MCFI0A and MCF7 express wild
type p53, whereas MDA-MB-231 and T47D express mutated p53. As shown in Figure
4.8C, IFN-B was able to upregulate TRIM22 protein level in all four cell lines, despite the
absence of functional p53 in T47D and MDA-MB-231. More interestingly, TRIM22 was
also induced by IFN in p53 null cell line H1299. Transfection of p53 into H1299 did not
have a significant effect on the level of TRIM22 induced (Figure 4.8D). This implies that,
although TRIM22 levels positively correlate with p53 expression normally as is show in
Figure 4.5B, TRIM22 responds to IFN independent of p53 status in the cells.
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Figure 4.8 IFNs upregulate TRIM22 expression in breast cancer cells independent of
protein synthesis and p53 status.
(A) TRIM22 mRNA level can be upregulated by IFN in the presence of CHX. T470 cells
were pre-treated with 10 ug/rnl of CHX for 1hr followed by IFN-P or IFN-y treatment
(500IU) with or without CHX for additional 16 hrs. RNA was collected and reverse
transcribed. TRIM22 transcript level was analyzed by real-time PCR using specific primer.
36B4 was used as internal control. Real-time PCR analysis was carried out using
triplicates. Error bar represents standard error of mean. 30-45 fold increase in TRIM22
mRNA level by IFN-P and IFN-y can be detected both in the presence and in the absence
of CHX. (B) Protein lysate was collected concurrently to show the inhibitory effect of
CHX on the induction of TRIM22 protein level. (C) IFN-P upregulated TRIM22 protein
level in all the mammary epithelial cell lines tested. MCF10A, MOA-MB-231, MCF7 and
T470 cells were treated with IFN-P for 24 hrs and cell lysate was collected for Western
blot analysis. GAPOH was used as loading control. (0) TRIM22 protein level was
upregulated both the presence and absence of p53 by IFN-p. p53-null H 1299 cells were
transfected with empty vector control or p53 vector for 24hrs followed by IFN-~
treatment for additional 24 hrs. Lysate was collected for Western blotting analysis.
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4.4.2 Induction of TRIM22 by genotoxic drugs is cellular context-dependent
The p53 gene is often activated in response to stress, mediating cell cycle arrest or
apoptosis of the cells. It achieves this by activating transcription of a specific set of
downstream genes depending on the nature of the stimuli and the tissue/cell type. Many
factors have been suggested to be involved in the control of target gene selection,
including

post-translational

modifications

of

p53

and

actions

of

cofactors.

Phosphorylation of Serine 46 of p53 was associated with activation of p53-regulated
Apoptosis-Inducing Protein 1 (p53AIP 1) and acetylation of lysine 120 which recruits p53
to pro-apoptotic genes such as Puma and bax , thus promoting apoptosis (Oda et al.,

2000~

Sykes et al., 2006). On the other hand, cofactor hematopoietic zinc finger (Hzf) binds to
the DNA binding domain of p53 and facilitates activation of pro-arrest genes, whereas
expression of POU domain transcription factor brn-3b is associated with bax expression
f

and apoptosis induction (Budhram-Mahadeo et al.,

2006~

Das et al., 2007).

It has been found that TRIM22 is a downstream target of p53 and it contains the p53
response element in the first intron (Obad et al., 2004). I was interested to see if TRIM22
was a direct target gene of p53 during DNA damage and if it act to promote cell cycle
arrest or apoptosis. MCF10A and MDA-MB-231 cells were treated with various
genotoxic drugs and TRIM22 protein level was analyzed using Western blotting. In
MCF 1OA cells which encode wild type p53, DNA crosslinker mitomycin C (MC),
topoisomerase inhibitors camptothecin (CPT) and etoposide (VP 16) all caused DNA
damage and stimulated both p53 and TRIM22 protein expression. Taxol which has been
reported to cause both mitotic and G 1 arrest also induced a minor increase in p53 and
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TRIM22. Nocodazole, which interferes with polymerization of microtubules and leads to
apoptosis, did not upregulate p53 and TRIM22 protein level (Figure 4.9A). In MDA-M8231, which carries a p53 point mutation, no significant change in TRIM22 level was
detected in all treatments (Figure 4.98).

At this point, TRIM22 induction appeared to be p53-dependent in the cell. However,
additional testing with MCF7 cells showed that there were factors other than p53 needed
for TRIM22 induction. Although MCF7 encodes wild type p53 and its p53 was
responsive to the genotoxic drug treatments, no TRIM22 upregulation was detectable
despite the obvious increase in p53 level with all the treatments (Figure 4.9C). p53-null
cell line H 1299 was used to check if re-expression of p53 alone was sufficient to induce
TRIM22 during DNA damage. No increase in TRIM22 level was detected in H 1299 after
treating with mitomycin C and camptothecin (Figure 4.90). Expression of exogenous p53
into H 1299 cells was not able to upregulate TRIM22 expression in response to DNA
damaging drugs (Figure 4.9E). p53 transfected into H 1299 could be stabilized in response
to CPT treatment as shown by increased p53 protein, but TRIM22 induction was not
detected. Furthermore, no increase in TRIM22 mRNA level was detected in H1299 cells
transfected with p53 and treated with CPT (Figure 4.9F). Therefore, it appeared that
activation of p53 was not sufficient to induce TRIM22 during stress response. Instead, the
TRIM22 antibody detected an induced protein band that appeared smaller than the
TRIM22, Judging by the TRIM22 protein band induced with IFN treatment (Figure 4.9E).
Intriguely, this smaller protein was increased with p53 overexpression in H 1299 and
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o

further enhanced with CPT treatment. The identity of the p53-induced protein

IS

not

known but it is likely a TRIM family protein whose level is not affected by IFN treatment.
s
As the activation of p53 can result in either cell cycle arrest or apoptosis, we explored if
TRIM22 is involved more in cell cycle arrest or apoptosis. Hydroxyurea (HU) is an
inhibitor of ribonucleotide reductase. It induces cell cycle arrest at S phase by inhibiting
DNA synthesis (Koc et aI.,

2004~

Marusyk et aI., 2007). Reactivation of p53 and

induction of tumor cell apoptosis (RITA) is a small molecule that has been shown to
selectively induce apoptosis in various cell lines in a p53 dependent manner. It blocks the
binding of p53 to human double minute -2 (HDM-2) prevents the degradation of p53 and
induces massive apoptosis without significant increase in cell cycle arrest (Issaeva et aI.,
2004). HU and RITA were used to selectively induce cell cycle arrest and apoptosis in
MCF10A (Figure 4.10A). MCF10A cells were treated with various dosages of HU and
RITA and the induction of TRIM22 was analyzed. A range of HU and RITA drug dosage
was chosen based on publications and was tested to see the effect on TRIM22 induction.
HU at 15 mM and RITA at 10 uM were the highest concentrations to use that can induce
TRIM22 expression well and yet were not too toxic to the cells which made 48 hrs of
treatment possible. Western blotting analysis and mRNA analysis of treated samples
showed that earlier and higher induction of TRIM22 was observed with HU treatment as
compared to RITA, but the difference was marginal and not sufficient to conclude if
TRIM22 induction occurs predominantly during cell cycle arrest (Figure 4.1 OB,C).
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Figure 4.9 TRIM22 expression upregulated by genotoxic drugs in MCFIOA but not
MDA-MB-231, MCF7 and H1299 cells.
(A) MCF 1OA cells and (B) MDA-MB-231 cells were treated with different dosages of
taxol, mitomycin C (MC), nocodazole, camptothecin (CPT) and VP 16 for 24 hrs.
TRIM22 and p53 protein level was analyzed using Western Blotting. MCFIOA expressing
wild type p53 enabled the upregulation of TRIM22 by DNA damaging drugs mitomycin
C, camptothecin and VPI6. No obvious change in TRIM22 level was observed with taxol
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and nocodazole treatments which targets microtubules. No increase in TRIM22 was
detected in all treatments in MDA-MB-231 which express mutant p53. (C) No TRIM22
induction by DNA damaging signal in MCF7. MCF7 cell were exposed to UV to short
duration and lysates were collected 8 hrs later. Treatments with CPT and MC were carried
out for 16 hrs and lysates were collected for Western blotting analysis. (D) p53 null cells
H1299 were treated with MC and CPT for 24 hrs. No induction ofTRIM22 was detected.
(E) Exogenous p53 expression in H 1299 upregulated the expression of a different form of
TRIM22 and the expression level was further enhanced with CPT treatment. H 1299 cells
were transfected with pCMV vector control (mock) or p53 vector for 24 hrs, cell were
treated with 0.1 % DMSO or 1 ug/rnl CPT for additional 16 hrs before lysate collection.
IFN treatment was performed to show the normal TRIM22 size. GAPDH was used as the
loading control. (F) No TRIM22 mRNA increase observed in H1299 transfected with p53.
H 1299 cells were transfected with pCMV control or p53 vector for 24 hrs followed by 16
hrs CPT (1 ug/rnl) treatment. RNAs were collected for reverse transcription and real-time
analysis with TRIM22 primer. 36B4 was used as the internal control.
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Figure 4.10 Higher TRIM22 induction in response to cell cycle arrest.
(A) HU induced growth arrest and RITA induced apoptosis in MCF lOA. Live cell images
(at 1OX objective) were taken after treating with 5 mM HU or 1 ~M RITA for 16 hrs. (B)
Higher increase in TRIM22 protein level was detected with HU treatment than with RITA
treatment. MCFl OA cells were treated different dosage of HU and RITA for 24 and 48 hrs.
TRIM22 and p53 protein level was analyzed by Western blotting. p-actin was used as
loading control. Band intensities for TRIM22 had been quantified by densitometer and
normalized with beta-actin band intensities and indicated below the Western blots.
Relative TRIM22 expression was obtained by comparing with control treated sample in
each case. Control treated sample was taken as 1 in each case. (C) Higher induction in
TRIM22 mRNA expression with HU treatment than with RITA treatment. MCF lOA cells
were treated 15 mM HU or 10 ~M RITA for 16 hrs. RNA was collected and reversed
transcribed for real-time PCR analysis. TRIM22 mRNA fold induction was calculated
using TRIM22 level for drug treated sample over TRIM22 level for control vehicle
treated sample. 3684 was used as internal control. Real-time PCR analysis was carried
out using triplicates. Error bar represents standard error of mean.
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4.5 Enhancement of PR signaling by TRIM22
SHR signaling has been found to playa major role in breast cancer development and
treatment. TRIM22 was one of the most highly upregulated genes induced by
progesterone treatment in our microarray analysis using T47D breast cancer cells or PR
transfected MDA-MB-231 cells. The gene was also specifically down regulated in breast
tumors and I was interested to investigate how TRIM22 may affect breast cancer
progression by regulating PR signaling.

4.5.1 TRIM22 overexpression increased PR expression and PRE transcriptional
activity in a dose-dependent manner
When PR was co-transfected with TRIM22, there was an enhancement of PR expression
was detected with TRIM22 overexpression. For this study equal amount of PR expression
vector was co-transfected with 10, 50 and 100 ng of pEF 1-TRIM22 expression vector

s.
s
:i

(amount balanced by empty vector control to keep the total amount of DNA used in the
transfection equal). Western blotting analysis showed that protein level of PR increased
with increasing amount of TRIM22 plasmid used (Figure 4.11 A). Highest PR level was
seen with 50 ng of TRIM22 vector transfected and no further increase was seen for the
100 ng of TRIM22 plasmid used; most probably due to saturation effect at 50 ng dose.
This upregulation in PR expression was independent of R5020 treatment. Instead, PR
level was slightly lower after treatment with TRIM22 coexpression, which might suggest
faster turnover rate for PR in the presence of TRIM22. A similar result was obtained with
Flag tagged TRIM22 expression vector, except the increase in PR protein level is higher
with lOng of Flag- TRIM22 vector but decreased with 50ng of Flag-TRIM22 (Figure
4.11 B). This was most probably because the protein expression of Flag-TRIM22 was
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higher under the control of human cytomegalovirus (CMV) promoter which is a stronger
promoter than the elongation factor 1 (EF 1) promoter present in the pEF 1-TRIM22 vector.

The increase in PR expression level by TRIM22 lead to a corresponding dose dependent
increase in progestin R5020 induced PRE transcriptional activity. The increase in PRE
transcriptional activity by 2-5 ng of pEF 1-TRIM22 was small but statistically significant
(18-35%, p<O.O 1) (Figure 4.11 C). 50 ng of pEF 1-TRIM22 expression vector, which had
maximum effect on PR protein expression, increased the PRE transcriptional activity by
500/0. Slight decrease in the fold induction was obtained with 100 ng of TRIM22 vector as
compared to 50 ng, similar to what we observed for the PR protein level (Figure 4.11 D).
TRIM22 upregulates the expression and transcription activity of PR in a dose-dependent
manner and it reached a plateau with higher amount of TRIM22 transfected.
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Figure 4.11 TRIM22 enhances PR expression and transcriptional activity in a dose
dependent manner.
(A) TRIM22 overexpression increased PR protein level in HeLa cells. 100 ng of
pEF 1/myc-hisA empty vector control or 10, 50 and 100 ng of pEF 1-TRIM22 plasmid
were transfected into HeLa cells with or without PRB plasmid. Cells were treated with 10
nM of R5020 after 24 hrs transfection. Lysate were collected at 48 hrs post-transfection
(with 24 hrs treatment) for Western blotting analysis. GAPDH was used as loading
control. (B) Flag tagged TRIM22 caused similar increases in PR protein level. 50 ng of
pxj-Flag empty vector control or 10, 50 ng of Flag-TRIM22 plasmid were transfected into
HeLa with or without PRB plasmid. Cells were treated with 10 nM of R5020 after 24 hrs
of transfection. Lysates were collected 48 hrs post-transfection (24 hrs treatment) for
Western blotting analysis. GAPDH was used as loading control. (C,D) Dose-dependent
increases in PR transcriptional activity by TRIM22. HeLa cells were co-transfected with
PRE-Iuciferase and vectors for PR alone, or with 2 ng, 5 ng, 50 ng or 100 ng of pEF 1TRIM22. Cells were treated with 10 nM of R5020 for additional 24 hrs after transfected
for 24 hrs. Lysates were collected for analysis with illuminometer. Fold induction by
R5020 treatment were calculated by luciferase signal with R5020 treatment over EtOH
control after normalizing with luciferase signal of empty vector control. For panel C and
D, triplicates were used for all luciferase reporter assays and the error bar represents
standard error of mean, the statistical test used for the calculation of p value was unpaired
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student's t test. Results shown are from a single experiment, which is representative of
three independent experiments. ** p<O.O 1.

4.5.2 TRIM22 enhances the transcriptional activity of PR independent of E3
ubiquitin ligase activity but intact RING domain is needed for this function
The function of TRIM22 protein has been frequently associated with its RING finger
domain and its E3 ubiquitin ligase activity (Duan et al.,

2008~

Eldin et al.,

2009~

Gao et al.,

2009; Kajaste-Rudnitski et al., 2011). Here the involvement of TRIM22 E3 ubiquitin
ligase activity and RING domain in the regulation of PR expression level and activity was
examined. Flag-TRIM22 (C 15A/C 18A) mutant which loses its E3 ubiquitin ligase activity
and Flag-TRIM22 (L\RING) truncation construct which has its RING domain removed
were generated by Gayathri Sivaramakrishnan (Figure 4.12A). PR protein level and
transcriptional activity were analyzed in the absence of Flag-TRIM22 plasmid, in the
presence of Flag-TRIM22 wild type (wt) or mutant plasmid. Wild type TRIM22 doubled
the PR transcriptional activity after R5020 treatment. Higher increase of PR activity was
seen when E3 ubiquitin ligase deficient mutant TRIM22 C 15A/C 18A were tested, even
though the protein expression of C 15A/C 18A mutant was much lower than the TRIM22
wild type. No significant change in PR activity was observed in the presence of
TRIM22L\RING (Figure 4.128). Corresponding increase in PR protein level was observed
when co-transfected with Flag-TRIM22 wt and C 15A/C 18A mutant. No increase in PR
level was observed when RING domain was absent (Figure 4.12C).
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of

4.5.3 TRIM22 upregulates PR mRNA expression
To investigate if the increase in PR protein level in the presence of TRIM22 was a result

3

of increase protein stability, time point treatment with protein synthesis inhibitor CHX
was carried out. Although PR protein level was higher in the presence of TRIM22 at Ohr,

:r

the speed of PR degradation was higher with TRIM22 overexpression. A similar PR level
was detected at 12hrs time point (Figure 4.1 3A). In addition, no direct interaction between
PR and TRIM22 was detected using Co-IP, suggesting that the upregulation in PR protein
level by TRIM22 was not through direct binding of TRIM22 to PR protein (Figure 4.138).
RNA was collected concurrently at a 0 hr time point to study the PR mRNA level. Realtime PCR analysis with PR primer showed that on average, mRNA level of PR was 1.43
folds in the presence of TRIM22 as compared to the mock transfected samples. The
average increase in PR mRNA level was less than 1.5 folds but it was consistent in three
independent experiments (Figure 4.13C). This increase in PR mRNA is similar in
magnitude to the increase of PR protein levels so it is likely responsible for the higher
levels of PR protein expression in response to TRIM22 co-transfection.

4.5.4 TRIM22 downregulates PR ligand-independent transcriptional activity
In addition to its effect on hormone induced transcriptional activity, TRIM22 also playa
role in regulating the ligand-independent activity of PRo PR~L8D truncation construct
can activate PRE constitutively. Presence of TRIM22 decreased the constitutive PR~L8D
transcriptional activity by more than 80% without affecting the protein level of PR~L8D
(Figure 4.14).
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Figure 4.12 E3 ubiquitin ligase activity is dispensable for TRIM22's effect on PR
expression level and transcriptional activity.
(A) TRIM22 wt, C 15A/C 18A double mutant or RING truncation were cloned using pxjFlag vector to generate Flag tagged TRIM22 expression vectors. (8) TRIM22 RING
domain but not E3 ubiquitin ligase activity was needed for enhancement of PR
transcriptional activity. HeLa cells were co-transfected with PRE-Iuciferase plasmid and
lOng expression vectors for PR with lOng of control vector or TRIM22 wt, C 15A/C 18A
mutant or ~RING truncation constructs. Cells were treated with 10 nM of R5020 for
additional 24 hrs after transfected for 24 hrs. Fold induction by R5020 treatment were
calculated by luciferase signal with R5020 treatment over EtOH control after normalizing
with luciferase signal of empty vector control. Triplicates were used for all luciferase
reporter assays and the error bar represents standard error of mean, the statistical test used
for the calculation of p value was unpaired student's t test. Results shown are from a
single experiment, which is representative of two independent experiments. *p<O.05~ **
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p<O.O 1~ NS: non-significant. (C) TRIM22 wt and C 15A/C 18A mutant upregulated PR
expression level but not ~RING truncation construct. Total lysates were collected
concurrently with the luciferase assay for Western blotting analysis. GAPDH was used as
loading control.
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Figure 4.13 TRIM22 does not increase PR protein stability but increases PR mRNA
expression.
(A) Faster PR degradation observed in the presence of TRIM22. HeLa cells were
transfected with 50 ng of pEF 1/myc-hisA empty vector (mock) or pEF 1-TRIM22 plasmid
and 5 ng of PR expression vectors for 24 hrs in a master dish and split into 35 mm dishes
for protein and RNA collection. This ensured equal transfection efficiency in all the
samples for better comparison. Cells were treated with 20 ug/ml of CHX after overnight
attachment and PR expression level were analyzed by Western blotting. Band intensity for
PR protein was measured by densitometry and normalized with GAPDH band intensity.
Line plot for the PR normalized band intensity showed that PR protein degraded faster
with TRIM22 overexpressed. (B) pcDNA3.1 or PR vector were co-transfected with
TRIM22 vector into COS7 cells for 24 hrs, followed by 6 hrs of treatment with EtOH
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(0.1 %) or R5020 (10 nM) before lysate collection. Lysates were incubated overnight with
1 ug PR antibody and conjugated with protein A/G agarose beads for another 3 hrs.
Samples were analyzed by Western blotting. As shown in the input control (Lane 1 to 4),
TRIM22 and PR were expressed well according to transfection. However, PR antibody
only pulled down PR protein well (Lane 7 & 8), but no specific co-IP of TRIM22 protein
could be seen. (C) TRIM22 overexpression upregulated PR mRNA level. Total RNA for
untreated samples was collected concurrently with the CHX experiment to study the PR
transcript level. 1.37 to 1.55 folds increase in PR mRNA level was detected in three
independent experiments. Real-time PCR analysis was carried out using triplicates. Error
bar represents standard error of mean.

A

~

700

;;
u

600

os:

.
cu

B

CD

l!CD

TRIM22 - + - +

500

~

u

.2

PRALBD
GAPDH

400

CD

>

:E

300

C

200

<I

100

!

m
..oJ

ii'
0-

0

1

~

~

~
~

Figure 4.14 TRIM22 inhibits PR ligand-independent transcriptional activity.
(A) TRIM22 downregulated constitutive transcriptional activity by PR~LBD. lOng of
flag- TRIM22 plasmid or vector control were co-transfected with equal amount of
PR~LBD plasmid and PRE-luciferase for 48 hrs without hormone treatment. Lysates
were collected for analysis with illuminometer. Relative luciferase activity was calculated
by PR~LBD luciferase signal over pcDNA3.1 vector control luciferase signal. Triplicates
were used for the luciferase reporter assays and the error bar represents standard error of
mean, the statistical test used for the calculation of p value was unpaired student's t test.
Results shown are from a single experiment, which is representative of two independent
experiments. ** p<O.O 1. (B) Total lysates were collected concurrently with the luciferase
assay for Western blotting analysis. No significant change in PR~LBD protein level was
seen with and without TRIM22 overexpression. GAPDH was used as loading control.
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4.6 Nuclear localization of TRIM22 protein
After characterizing the regulation of TRIM22 In breast cancer, the subcellular
localization of TRIM22 protein was investigated by both fluorescence microscopy and
cellular fractionation to identify its site of action. Transfection of TRIM22 with GFP tag
into MCF7 cells allowed direct viewing of TRIM22 localization. As shown in Figure
4.15A, GFP-TRIM22 localized mainly in the nucleus as distinct nuclear bodies. Cell
fractionation for IFN-P and mitomycin C treated MCF 1OA cell lysate showed that in the
control, TRIM22 protein localized mainly in the nucleus, only very low level was
detected in the cytoplasm. Upon treatment, there was a minute increase in the cytoplasmic
fraction but massive increase in TRIM22 protein level in the nuclear fraction (Figure
4.158, C).
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Figure 4.15 TRIM22 localizes predominantly in the nucleus.
(A) GFP-TRIM22 fusion protein localized in the nucleus. MCF7 cells transfected with
GFP- TRIM22 construct were fixed and stained with DAPI to mark the position of nucleus.
GFP-TRIM22 proteins were seen as nuclear bodies under microscope (under 20X
objective). Cytoplasmic and nuclear lysate were isolated from IFN-P (8) and Mitomycin
C (C) treated MCF 1OA cells, changes in endogenous TRIM22 protein level in each
fraction were analyzed using western blotting. GAPDH was used as cytoplasmic marker.
(C: cytoplasmic fraction; N: nuclear fraction)
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4.7 Discussion
TRIM22 is known for its antiviral activity and its association with virus-induced
tumorigenesis, but not much is known about its role in breast cancer (Barr et aI.,
Bouazzaoui et aI.,

2006~

Singh et aI., 2011 ~ Wittmann et aI.,

2008~

2008~

Zhang et al., 2004). In

this study, I analyzed the change in expression pattern of TRIM22 during breast cancer
development by comparing its level in breast tumor tissue and adjacent normal breast
tissue. I also characterized the induction of TRIM22 by IFN and p53, presenting evidence
suggesting TRIM22's regulatory role in PR signaling. Abnormality in expression of many
TRIM family proteins has been found to associate with various types of cancers, but none
has yet been reported for TRIM22 (Hatakeyama, 2011). With the TRIM22 antibody
generated, I showed that the endogenous TRIM22 protein expression was consistently
downregulated in both breast cancer cell lines and tumor tissues, making it a possible
candidate as a prognostic marker in breast cancer. Loss of heterozygosity (LOH) and
hypermethylation are common causes for gene inactivation in cancer and may also be
responsible for this decrease in TRIM22 expression.

4.7.1 LOR and hypermethylation may be involved in TRIM22 silencing
LOH is associated with many types of cancers such as breast cancer and gliomas (Boulay
et aI.,

2009~

Karnik et al.,

1998~

Lam et al.,

2002~

Schiebe et al., 200 1~ Zikan et al., 2011).

It is a somatic event where the loss of one allele happens after the other allele of that gene
has already been inactivated in the germline and it happens at a higher frequency to
imprinted genes (Anderson et al.,

1999~

Sarquis et al., 2006). It is often observed in tumor

suppressor gene loci, inactivating genes such as cancer type I susceptibility protein
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(BRCA 1) and retinoblastoma (Rb) and leads to tumor progression (Gras et aI., 200 1~
ed

Okada et aI., 2012).

In

TRIM22 is located in chromosome 11 p 15, a region which has been extensively studied

er

for its high incidence of LOH and its association with cancer development. Analyses of

st

gastric carcinoma, lung cancer and esophageal squamous cell carcinomas showed that 40-

~e

62% of them have LOH at 11p 15 (Baffa et al.,

y

Bepler, 1997). In the case of breast cancer, 43 cases of 11p 15 LOH were detected when

e

115 ductal carcinomas of the breast were analyzed in one study (Lichy et al., 1998).

y

Comparison of94 matched normal and breast tumor samples in another study showed that

y

11p 15 LOH was found in 35-45% of them using 17 marker and LOH in 11p 15.5-p 15.4

1996~

Lam et aI., 2002; O'Briant and

was associated with metastatic breast cancer (Karnik et al., 1998). TRIM3 is one example
of genes that resides in 11p 15 and gets deleted during tumor progression. TRIM3 locus at
11p 15.5 is deleted in 240/0 of 70 malignant gliomas analyzed due to LOH (Boulay et aI.,
2009). The possible connection between lower TRIM22 expression and LOH at 11p 15
can be made based on studies done on Wilms tumor. 11p 15 LOH is the most genetic
abnormality found in Wilms tumors and it associates with relapse in very low-risk Wilms
tumors (VLRWT) (Coppes et aI.,

1992~

Perlman et al., 20 11 ~ Yuan et aI., 2005).

Consistent with this, it is also reported that TRIM22 expression is higher in relapse-free
Wilms tumor than in relapsed Wilms tumor and lower TRIM22 expression correlates with
Wilms tumor with fatal outcome (Wittmann et al.,

2008~

Zirn et al., 2006). This suggests

that TRIM22 expression may be lost in some cases due to 11p 15 LOH and give rise to the
similar correlation with tumor condition.
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Besides LOH, promoter hypermethylation is also a possible factor contributing to
downregulation of TRIM22 expression in breast cancer. Chromosome 11p 15 contains a
cluster of imprinted genes including paternally expressed genes (lGF-II and KCNQl
opposite strand/antisense transcript 1 (KCNQ 1OT 1)) and maternally expressed genes
(cyclin-dependent kinase inhibitor 1C (CDKN 1C) and H 19, a non-coding RNA) (Reik
and Walter, 2001). Expression of those genes are under the control of imprinting centers,
which are cis-acting sequences carrying parent-specific epigenetic marks (Soejima and
Wagstaff, 2005). DNA methylation or H3K9 dimethylation for histone bound to the
imprinting center can result in the suppression of gene expression and it has been found to
associate with pathological conditions such as Beckwith-Wiedemann syndrome (Chung
et aI., 1996; Gaston et aI., 2001; Schwienbacher et aI., 2000). Loss of imprinting (LOI) of
IGF-II (23.50/0) and H19 (6.70/0) genes was also detected in ovarian cancer (Chen et aI.,
2000a).

Although TRIM22 is not imprinted, it is located in this cluster of imprinted genes in
11p 15 and allelic variation in its gene expression has also been demonstrated. It has been
found single-nucleotide polymorphism (SNP) can directly affect DNA methylation as part
of CpG dinucleotide or indirectly affect local methylation pattern and contribute to
monoallelic expression (Hellman and Chess, 2010). In a human transcribed SNPs array
using kidney and liver cDNA collected from seven individuals, TRIM22 was found to be
heterozygous for 3 individuals in kidney and 4 in liver. Monoallelic expression of
TRIM22 for the heterozygous individual was observed, with only one allele preferentially
expressed, more than four times the frequency of the other allele (Lo et al., 2003). In this
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study, DNMT inhibitor 5-aza-dC was able to increase TRIM22 expression in MCF lOA,
MCF-12A~

MCF7 and T47D but not MDA-MB-231 cells, suggesting that DNA

methylation in TRIM22 promoter is one the mechanisms regulating TRIM22 expression
in both non-malignant and malignant mammary epithelial cells. This is further supported
by the detection of high level of methylated cytosines in two putative CpG islands located
in the 10kb region upstream of TRIM22 transcriptional start site for both MCF 1OA and
MCF7 cell lines, demonstrating that TRIM22 expression is tightly controlled by DNA
methylation. Global increase in CpG methylation in promoters of cancer cells are
observed in many neoplasias, indicating that DNA methylation is a common mechanism
downregulating gene expression in cancer (Ruike et al., 2010; Smiraglia et aI., 2001; Szyf,
2012). Mutation in the TRIM22 regulatory sequence may contribute to change in
epigenetic marks and differential expression of TRIM22 in cancer. In addition, the level
of TRIM22 expression upregulated by 5-aza-dC treatment was different for each cell line,
it would be interesting to look at the allelic variations in these cell lines and how it may
affect TRIM22 expression differently. Further study on the methylation pattern including
more distance nucleotide sequence would be necessary to elucidate the link between DNA
methylation and TRIM22 expression in cancer, as it as be reported that imprinting center
can regulate expression of gene that is located up to 1Mb away (Soejima and Wagstaff,
2005). Also we would also consider other factors such as histone modifications. 5-aza-dC
is not only an inhibitor of DNA rnethyltransferase, it can also inhibit histone methylation
which lead to gene activation or inactivation depending on the specific histone sites
(W ozniak et al., 2007).

152

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

TRIM22 and breast cancer

4.7.2 Dysregulation of p53 and its association with TRIM22 expression in breast
cancer
P53 is a well-known cell cycle check point coordinating cellular response to stress and it
is often inactivated during the development of cancer (Lane, 1992). In normal cells, p53
level is tightly controlled and maintained at a low level by E3 ubiquitin ligase such as
Mdm2 which targets it for degradation in the absence of external stimuli (Piette et al.,
1997). P53 function is deregulated in more than half of human cancers, either by direct
p53 gene mutation or disruption of the mechanisms regulating its expression and stability
(Dai and Gu, 2010; Gasco et al., 2002; Giaccia and Kastan, 1998; Kaeser et al., 2004;
Soussi and Lozano, 2005; Xu-Monette et al., 2012; Yang et al., 2004). Gain of function
mutations can even turn it into an oncogene and contributes to cancer progression (Acin et
al., 2011; Bossi et al.,

2006~

Liu et al., 2010; Oren and Rotter, 2010; Solomon et al., 2011;

Vikhanskaya et al., 2007). Elevated p53 protein expression is observed in many
neoplasias such as gastric carcinoma, squamous cell carcinomas, leukemia and
hepatocellular carcinoma (Burns et al., 1993; Koeffler et al., 1986; Martin et al., 1992;
Zhang et al., 2009). The increase in p53 protein expression is contributed by many factors,
including p53 point mutations that stabilize the protein or disruption of the p53 regulatory
pathway. 70-80% of p53 point mutations in its core DNA-binding domain result in
increased p53 stability. P53 overexpression has been reported in different cancer tissues
including breast cancer (Cripps et al., 1994; Dai and Gu, 2010; Soong et al., 1996). In my
study, p53 protein was also higher in the tumor tissues as compared to the adjacent normal
tissues, consistent with the published results and confirming the validity of the sample
processing and analysis (S ingh et al., 1993; Varley et al., 1991).
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Positive correlation between TRIM22 and p53 protein level with correlation coefficient of
0.79 (p<O.OO 1) was found in the normal mammary tissue I examined, meaning when
TRIM22 expression is higher in the tissue with higher p53 level. In non-malignant
epithelial cells, p53 is generally functional and is responsive to stimuli such the DNA
damaging signals. Being a p53 downstream gene, it is expected that TRIM22 will be
upregulated when p53 is activated and this explains the positive correlation in their
protein level. The correlation is weaker in tumor tissues; this may be partly caused by the
high mutation rate of p53 in cancer which caused it to lose its function and altered its
expression (Sorlie et al., 2001). In this case, high p53 expression may be caused by
stabilization of protein due to mutation. It no longer reflects activation by external stimuli
and there will not be induction of TRIM22 expression. It has been reported that
downregulation of p53 target gene p21 WAF/Cipl expression associates with more aggressive
tumors and poor survival in multiple types of cancers including colorectal cancer, gastric
cancer and breast cancer (Caffo et al., 1996~ Ogawa et aI., 200 1~ Polyak et aI., 1996).

· h er expression
. 0 f p 21wAF/Cipl.In Iung cancer an d pancreatic
. a denocarci
.
enocarcinoma associates
Hrg
with better prognosis and longer survival (Dergham et aI., 1997~ Komiya et aI., ]997).
TRIM22 being downstream of p53 may playa similar role as p2]. It would be interesting
to see if p53-high/TRIM22-high represents tumors with functional p53 and if it associates
with better prognosis, or p53-high/TRIM22-low may associate with poor prognosis.
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4.7.3 TRIM22 regulation by wild type p53 disrupted in cancer cells
TRIM22 expression can be regulated by eISRE next to the transcription start site and p53
response element in intron I, which enables its induction by IFN and p53 activation (Gao
et al., 201 Oa; Obad et al., 2004). While I showed that IFN can induce TRIM22 expression
in non-malignant and malignant mammary epithelial cells tested regardless of their p53
status and without the need for de novo protein synthesis, regulation of TRIM22 by p53
seemed to be only normal in the non-malignant MCFI0A cells but disrupted in all the
breast cancer cells. Even expression of exogenous p53 into H 1299 cells was not able to
rescue the induction of TRIM22 by p53 during DNA damage. This suggests that IFN and
p53 may induce TRIM22 through independent mechanisms and IFN pathway remained
intact whereas p53 induction of TRIM22 is disrupted in tumorigenesis. One of the
possible causes for the loss of p53 regulation may be a specific defect in the recruitment
of p53 or binding of p53 to the TRIM22 promoter site. Analysis has shown that SNPs in
the p53 response element can alter p53 binding during DNA damage in doxorubicin
treated lymphoblastoid and U20S osteosarcoma cells (Bandele et al., 2011). Allele
specific induction of TRIM22 expression by p53 is observed in the study. P53 does not
bind well to the weak TRIM22 allele; result in reduction in TRIM22 gene expression.
Similar SNPs may be present in the p53 response element for TRIM22 in breast cancer
cell lines that reduce the p53 binding. In addition, abnormality for the proteins involved in
the p53 signaling pathways in cancer cells can also contribute to the absence of TRIM22
induction. For instance, MCF7 expresses wild type p53 but does not have caspase 3; cell
death caused by drug treatment occurs without DNA fragmentation (Kagawa et al., 2001).
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Our finding of the absence of TRIM22 induction by DNA damage stimuli in cancer cells
contradicts the previous published result that UV can induce TRIM22 expression in
MCF7 cells (Obad et aI., 2004). This may be caused by the different forms of TRIM22 we
are working with. In that study, only RNA level was studied and the TRIM22 mRNA they
studied was only 2.8kb which encodes for 442 amino acids (GI: 15208661) (Tissot and
Mechti, 1995). Later, this transcript was replaced by a longer 3.1 kb TRIM22 sequence
that encodes for 498 amino acids, which is what I used for antibody generation
(GI:313760627). The alignment of these two forms are shown in Figure 4.15, the main
difference is the extension of C-terminal sequence for the longer form. I detected a
smaller TRIM22-like protein induced by CPT treatment in H 1299 cells expressing
exogenous p53. This TRIM22-like protein has a size of 50kDa, similar to the predicted
molecular weight of the 442 amino acid TRIM22 identified earlier, suggesting that the
presence of a splice variant of TRIM22 in the cancer cells that is responsive to p53, but
this needs further validation. This smaller TRIM22-like protein can also be one of
TRIM22 paralogs. On chromosome 11p 15, besides TRIM22, there are six other TRIM
proteins identified, namely, TRIM3, 5a, 6, 21, 34 and 68 (Billaut-Mulot et al., 2001: EIHusseini et al., 2001: Frank et aI., 1993: Sawyer et al., 2007). TRIM21 (475 amino acids),
TRIM34 (488 amino acids) and TRIM68 (485 amino acids) which exhibit sequence
homology with TRIM22 but smaller than TRIM22 are possible hits for this unknown
protein. This disruption of TRIM22 induction by p53 pathway in cancer and the consistent
downregulation of TRIM22 expression in breast cancer tissues suggest that TRIM22
expression is specifically suppressed during breast carcinogenesis and it may be a possible
tumor suppressor in breast cancer.
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Figure 4.16 Alignment of TRIM22 proteins
Alignment of TRIM22 protein identified earlier (442 amino acids, GI: 117938315) and full
length TRIM22 protein sequence identified later (498 amino acids, GI:313760627). The
main difference is the last 52 amino acids in the C-terminus.

4.7.4 TRIM22 regulates PR signaling
While the role of TRIM22 In cancer has been much associated with viral infection, IFN
and p53 pathways, I identified the TRIM22 as a novel regulator of PR signaling. Cotransfection of TRIM22 increases the expression level of full length PR and its hormone
induced transcriptional activity. TRIM22 also downregulated

PR~LBD's

ligand-
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independent activity without affecting its protein level. For TRIM22's effect on full
length PR, there was no increase in PR protein stability when it was tested. This narrows

o
down the mechanism of regulation to either increase of translation, increase of
transcription or increase of mRNA stability. Increase of translation or transcription is
unlikely because exogenous vector was used in this study; PR translation and transcription
were regulated by the vector backbone. It is more likely that increase in mRNA stability is
responsible for the observed increase in expression. In addition, increase PR mRNA level
was detected in the presence of TRIM22. TRIM22 contains multiple zinc finger binding
motifs which have the ability to interact with protein, RNA and DNA (Brown, 2005; Hall,
2005; Klug, 1999; Matthews and Sunde, 2002). Radioactive-RNA end labeling of IP from
mouse embryonic lysate using TRIM32 antibody shows that TRIM32 is present in a
complex with 34 microRNAs of about 21 nucleotides in length and RNase Argonaute 1
(Schwamborn et aI., 2009). It enhances the activities of these interacting microRNAs
including let-7 and miR-130. This proves that TRIM family proteins are capable of
interacting with RNA species directly. TRIM22 may bind to PR mRNA and helps to
stabilize it. Furthermore, RING domain but not its E3 ubiquitin ligase activity had been
demonstrated to be important for TRIM22' s effect on PR, suggesting the TRIM22 binds
to PR mRNA via its RING finger domain.

Additional experiments need to be designed to show that TRIM22 indeed binds to PR
mRNA and it is also important for us to see if TRIM22 exerts similar effect on
endogenous PR, how its regulation of PR activity may affect breast cancer progression. It
has been challenging to define the role of progesterone receptor in breast cancer as its
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expression and activity are regulated by and intertwined in a complex network involving
many other signaling molecules, such as estrogen and growth factors (Ankrapp et al.,
1998; Hewitt and Korach, 2000). The loss of PR expression in ER-positive/PR-negative
breast cancer does not necessarily imply the inactivation of ER but it may also be caused
by hyperactive growth factor signaling (Arpino et al., 2005). Here we provide evidence
for the presence of TRIM22 as a new factor regulating PR expression and activity. The
lower level of TRIM22 in breast tumor tissues may serve as an additional mechanism
leading to the downregulation of PR activity during breast tumorigenesis.
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5.1 Conclusions

5.1.1 PRMT6 methylates ER and it also upregulates ER ligand-independent activity
by competitive binding with chaperones
There are II putative protein arginine methyltransferases in humans and 8 of them have
shown methyltransferase activity (Wolf, 2009). To date, PRMTI is the only arginine
methyltransferase that has been reported to transiently methylate ER (Le Romancer et al.,
2008). Methylation ofER by PRMTI at R260 of the DNA binding domain mediates nongenomic function of ER. This study reports for the first time that PRMT6 interacts with
and methylates sex steroid hormone receptors

ER~

PR and AR, but not GR.

PRMT6 was identified as a new methyltransferase that can bind and methylate

ER~

PR

and AR directly. The interaction between PRMT6 and the SHRs is ligand-independent
and the site of interaction is receptor specific. PRMT6 binds to C terminus domain (LBDregion F) of ER but binds to N-terminus domains (VR-DBD) of PRo It also exerts
differential effect on these receptors' ligand-independent activities. PRMT6 enhances ER
ligand-independent activity but inhibits

PR~LBD

ligand-independent activity, suggesting

that PRMT6 may methylate non-conserved arginine sites in each receptor to regulate their
activities differently.

The regulation of ER ligand-independent activty does not required enzymatically active
PRMT6. The specific binding between PRMT6 and non-chaperone bound

ER~

and the

observation that both PRMT6 and hsp90 binds to C-terminus LBO region of ER~ suggests
that PRMT6 competes with hsp90 for binding at

LBD~

leading to the dissociation of ER
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from chaperone complex and enables ER activation. This enhancement of the I igandindependent activity of ER by PRMT6 showed that PRMT6 can promote the crosstalk
with growth factor signaling and hormone independent ER activation, which is an
imporant cause of tamoxifen resistance and hormone-independent tumor growth, and may
explain for the association between PRMT6 overexpression and worse prognosis in ER+
breast cancers (Dowhan et al., 2012).

In addition, two possible arginine targets have been identified for PRMT6 in this study.
LC-MS analysis on full length ER identified multiple methylated arginine residues in ER
and R234 in ER DBD was demonstrated to be a possible target of PRMT6. R234K
unmethylated mimic leads to increase in both ligand-dependent and ligand-independent
activities whereas R234F methylation mimic abolishes ligand-independent activity but
still enhance ligand-dependent activity of ER, demonstrating that increase bulkiness at
this site specifically blocks the ligand-independent activation of ER. R260 in conserved
PRMT recognition motif (RGG) was also shown to be methylated by PRMT6 as the
mutation of R260 to lysine lead to reduced ER methylation signal by PRMT6. This
suggests that PRMT1 and PRMT6 may share common arginine targets and have
overlapping functions in the regulation of ER activity.

Overall, these results confirmed that PRMT6 is a novel regulator of ER, PR and AR
activities methylating receptors directly. It enhances ER ligand-independent activity by
competitive binding with chaperone proteins such hsp70 and hsp90, which may enable
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ER activation. A model for the possible action of PRMT6 on ER activity is shown in
Figure 5. I.
• Phosphate group on 5167
- . . Phosphate donor
•

Kinases-S6K1nKK
•

,,

,,

Coactivators

"

Nucleus

Figure 5.1 Model of the involvement of PRMT6 in ER ligand-independent signaling
In the presence of high PRMT6 level, it competes with chaperone proteins such as hsp70
and 90 for ER binding at the LBO, causing the dissociation of ER from chaperone
proteins. This facilitates the phosphorylation of S 167 by either S6K 1 or IKK, and
recuitment of coactivators, resulting in ligand-independent activation of ER.
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5.1.2 TRIM22 may serve as a prognostic factor in breast cancer and regulates PR
signaling
As the role of PR in breast cancer development is still controversial, understanding the
function of its downstream target may help to elucidate the effect of progesterone and PR
in breast cancer. TRIM22 was identified as one of the most highly upregulated gene by
progesterone in breast cancer cells and may be important in PR signaling. In this study,
the association of TRIM22 with breast cancer was demonstrated by the consistent
downregulation of TRIM22 expression in both breast cancer cell lines and tumor tissues.
The induction of TRIM22 by IFN and p53 signaling was also examined and it was also
found that TRIM22 enhances ligand-dependent but inhibits ligand-independent PR
activities.

TRIM22 protein level is high in normal breast tissues and correlates positively with p53
expression. Its level decreases specifically in breast tumor tissues, making it a potentially
useful prognostic marker in breast cancer. Putative CpG island in the TRIM22 promoter
region is heavily methylated and TRIM22 expression can be induced by DNMT inhibitor,
suggesting that TRIM22 expression is regulated by DNA methylation.

Being both an important antiviral factor and downstream target of p53~ TRIM22 induction
by IFN is independent of p53 status in breast cancer cells. Upregulation of TRIM22
expression by p53 activation is only observed in non-malignant cells but absent in cancer
cells, indicating that the pathway enabling TRIM22 induction by p53 is disrupted in
cancer ce11s.
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Furthermore, the possible involvement of TRIM22 in breast cancer development is further
demonstrated by its ability to enhance both the expression and hormone induced activity
of exogenous PR, without increasing PR protein stability. This enhancement requires the
RING domain of TRIM22 but is independent of its E3 ubiquitin ligase activity. Together
with the reported growth inhibitory role of TRIM22 in leukemic cells, this result suggests
that TRIM22 may be involved in the growth inhibition of breast cancer cells by
progesterone, but further validation on the effect of TRIM22 on endogenous PR is
necessary.
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5.2 Future studies
5.2.1 Regulation of ER activity by PRMT6 methylation and the association with
breast cancer progression
This study characterized the interaction between SHR and PRMT6 and the methylation of
SHRs by PRMT6. However, it remains unknown how the arginine methylation is
regulated and contribute to the functional regulation of SHRs. Especially in the case of
ER where multiple sites are methylated, how the methylation of these sites is coordinated
and if there is cross-talk between different methylated sites.

Since PRMT6 methylates multiple arginines in ER, it is important to find out how each
methylation contributes to the overall effect of PRMT6 on ER's activity, which sites are
methylated constitutively and which are ligand induced. Mapping of arginine sites
methylated by PRMT6 in ER may be achieved by using LC-MS analysis with sample
digested by multiple enzymes to increase sequence coverage. As trypsin cuts after lysine
and arginine, arginine recognition by this enzyme may be affected when it is methylated.
Use of other endoproteinases such as GLuC and AspN will help obtain additional
sequence information for regions not digested by trypsin. Similar technique can also be
used to identify methylated residues in other SHRs.

More direct evidence is also needed to demonstrate that increase in PRMT6 suppresses
the interaction between ER and hsp90; PRMT6 may facilitate the recruitment of
coactivators to ER and activate ER independent of E2 treatment. Although it has been
reported that PRMT6 is overexpressed in breast cancer, it is still unclear how it may
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contribute to breast cancer progression (Yoshimatsu et al., 2010). Further understanding
of PRMT6's enhancement of ER's ligand-independent activity may be able to provide an
answer for its functional role in breast cancer. Moreover, it would useful to see if PRMT6
overexpression in breast tumor tissues is associated with high growth factor signaling and
high level of cross-talk between ER and growth factor signaling, both of which contribute
to higher risk oftamoxifen resistance and poor prognosis in ER+ breast cancers.

5.2.2 Regulation of TRIM22 expression and its functional significance in breast
cancer
In the present study, the expression pattern of TRIM22 in normal and tumor breast tissues
was analyzed, but the mechanism downregulating TRIM22 expression in breast cancer
needs to be further investigated. As it has been shown in vitro that TRIM22
overexpression resulted in reduced growth of leukemia cells, reactivation of TRIM22
expression in cancer may have inhibitory effect on cancer growth (Obad et aI., 2004). In
addition, it is necessary to evaluate the association of TRIM22 expression with different
stages/types of breast cancer to see if there is any indication of better survival with higher
TRIM22 expression.

It will also be important to validate the absence of TRIM22 induction by p53 activation in

other cancer cell lines and explore the possible reason responsible for it. This will provide
useful information on the deregulation of p53 signaling during tumorigenesis.
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The involvement of TRIM22 in PR signaling shed new light on the function of TRIM22
in breast cancer. The possible binding between TRIM22 protein and PR mRNA can be
studied using chromatin immunoprecipitation. It is critical to translate the effect of
TRIM22 into an in vivo system to show that it indeed regulates PR activity under
physiological conditions.
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