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The biological activities of retinoic acid (RA) and its synthetic analogues are
mediated through nuclear receptors, termed retinoic acid receptors (RARs) and retinoid X
receptors (RXRs). The transcriptional activity of RAR on target gene expression is
achieved by its AF-1 domain and AF-2 domain. The function of AF-2 is known to be
mediated by a number of coregulatory proteins. However the mechanism of AF-1
function is not well studied. We have hypothesized that the AF-1 function of RAR is
regulated by specific interacting proteins.
HACE1 was identified as an AF-1 domain interacting protein in a yeast two-hybrid
screen. HACE1 interacts with RARβ3 both in vitro and in vivo using both GST pull-down
and cell-based assays, respectively. In vitro, the carboxyl terminus of HACE1 interacts
with amino terminus (AF-1 domain) of RARβ3. In addition, both LF and SF HACE1
interacts with RARα1, RARβ1, RARβ2, and RARγ1, but not with RARβ4 and RXRα1
using in vitro GST pull-down assay. SF HACE1 also interact with estrogen receptor α
(ERα), thyroid receptor α (TRα), but not with peroxisome proliferator-activated receptor
γ (PPARγ) using in vitro GST pull-down assay.
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HACE1 functionally represses the transcriptional activity of RARα1, RARβ, but
not RARγ1 in transactivation assays. HACE1 also represses the expression of the
endogenous RAR regulated genes RIG1, CRABP II and RARβ, but not RAI3 in CAOV3
cells.
HACE1 was reported to have E3 ubiquitin ligase activity, however mutation of the
putative catalytic cysteine (C876 of LF HACE1) does not affect the repressive effect of
HACE1 on the transcriptional activity of RARβ3. This suggests that HACE1 has
additional function(s) beyond being anE3 ubiquitin ligase in order to repress the
transcriptional activity of RARs. Trichostatin A (TSA), a potent histone deacetylase
inhibitor, does not affect the HACE1-dependent repression of transcriptional activity
mediated by RAR suggesting that HACE1 does not function as a histone deacetylase.
Interestingly, HACE1 inhibits the RA dependent degradation of RARβ3.
Our data suggest a novel role for the N-terminal A/B domain of RARβ3 in the
recruitment of a protein that represses transcriptional activity of RARs and inhibits the
RA-dependent degradation of RARβ3. In addition, our discovery suggests a novel role for
HACE1 in inhibiting protein degradation suggesting that HACE1 has additional
function(s) beyond its role as an E3 ubiquitin ligase.
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CHAPTER 1
INTRODUCTION

Vitamin A and its Metabolism
Overview of Vitamin A
Vitamin A is a generic term for a number of natural metabolites including all-trans
retinol, all-trans retinal, 13-cis retinal, all-trans retinoic acid (RA), 9-cis RA and 11-cis
RA. All forms of vitamin A contain a β-ionone ring (cyclohexenyl), a conjugated side
chain and a polar terminal group (Figure 1-1).
Retinoids are a group of natural derivatives and synthetic analogs of compounds
chemically related to Vitamin A. Synthetic analogs are usually generated by alterations of
the side chains and the end groups or cyclize the side chains. These synthetic compounds
have been generated for potential pharmacological applications.
Humans are not capable of de novo synthesis of compounds with vitamin A
activity. Since the enzymes necessary for the synthesis of provitamin A molecules are
limited to microorganism and plants, vitamin A must be ingested either from food
sources or dietary supplements. The major dietary source of vitamin A is β-carotene,
which can be obtained from green leafy vegetables, carrots, and sweet potatoes. The
secondary dietary source of vitamin A is retinyl esters, found mainly in milk and its
products, red meat and liver.
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Vitamin A is an essential nutrient for many diverse biological functions including
growth, vision, embryonic development, reproduction and immune function. In both fetus
and adult, RA is the active form of vitamin A for all physiological functions except night
vision in which 11-cis retinal is the active form.
Symptoms of vitamin A deficiency may include loss of appetite, hair loss, rashes,
dry skin and eyes, poor growth, poor immune function, visual difficulties including night
blindness and inflammation of the eyes (xerophthalmia) and fatigue. Vitamin A
deficiency causes poor growth in fetuses and children. Also, neurological symptoms
resulting from pressures on the central nervous system can occur in young animals and
children. On the other hand, overdose of vitamin A is harmful. Excessive intakes of
vitamin A can lead to nausea, vomiting, anorexia, headaches, hairlessness, bone and joint
pain, bone fragility and even death in adult. (This toxicity applies only to preformed
retinol; carotinoids are not toxic in excess.) Adults should take no more than 5,000
Retinol Equivalent (RE) per day of vitamin A. For pregnant woman, overdose of vitamin
A intake has teratogenic effects on the developing embryo. The safe upper limit in
pregnancy is 2000 RE per day (Griffith., 1998).
Molecular Mechanism of Vitamin A Metabolisms in the Body
Orally injested retinoids are efficiently absorbed mainly by the intestines. Each
molecule of β-carotene is converted to two molecules of retinal by intestinal 15-15’ βcarotene monooxygenase (Bcmo1) (Paik et al., 2001). In addition, β-carotene can be
cleaved eccentrically to two molecules of apo-carotenals with different chain lengths by
β, β-carotene-9′, 10′-monooxygenase (Bcmo2) (Hu et al., 2006). The longer chain apocarotenals can subsequently be shortened enzymatically into retinoic acid or retinal. (For
-3-

review, see Blomhoff and Blomhoff, 2006). In addition to the intestines, retinal pigment
epithelial cells were shown to contain Bcmo1 and to be able to cleave beta-carotene into
retinal in vitro (Biesalski et al., 2007). Retinal generated by both types of cleavage is
reduced to retinol by a microsomal retinal reductase in the intestinal mucosa cells (Paik et
al., 2001). On the other hand, retinyl esters absorbed from dietary source are hydrolyzed
to retinol within the intestinal lumen by pancreatic triglyceride lipase (van Bennekum et
al., 2000) or at the intestinal brush border by the membrane-bound enzyme phospholipase
B (Rigtrup et al., 1994). The retinol generated in the intestine and retinol obtained from
diet or supplements is absorbed by the intestinal enterocyte by either protein mediated
carrier-facilitated or passive diffusion-dependent mechanisms (For review, see Harrison,
2005). Then the retinol in the cytoplasm of the enterocyte is reestified. The expression of
cellular retinol-binding protein II (CRBP II), a member of the family of intracellular
lipid-binding proteins, is restricted to the small intestine. CRBPII binds retinol with high
affinity and facilitates the re-esterfication of retinol to retinyl esters (Herr and Ong,
1992). Lecithin retinol-acyl transferase (LRAT), a membrane bound enzyme, is the main
enzyme catalyzing the re-esterfication reaction in the intestine enterocyte cells
(MacDonald and Ong, 1998; Ruiz et al., 1999). It was reported that another enzyme acylCoA-retinol acyltransferae (ARAT) is likely involved in retinyl ester formation in organs
including intestine, liver, mammary gland and adipose tissue (Randolph and Winkler,
1991). Recently, diacylglycerol acyltransferase 1(DGAT1) was discovered as an
important intestinal ARAT in vivo. However, DGAT1 does not appear to catalyze retinyl
ester synthesis in adipose tissue in vivo although there is DGAT1 expressed in adipose
tissue (Wongsiriroj et al., 2008). Finally, the newly synthesized retinyl esters are secreted
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as nascent chylomicrons along with other dietary lipids from the enterocyte into the
intestinal lymphatic system (Blomhoff et al., 1990).
Following secretion of chylomicrons into the lymphatic circulation, these particles
move into the general circulation. Chylomicrons are converted to chylomicron remnants
within the general circulation by lipoprotein lipase (LPL). The function of LPL is to
hydrolyze chylomicron triglycerides to free fatty acids resulting in a smaller particle and
facilitates the recruitment to the particle of several apolipoproteins, especially
apolipoprotein E (apoE). ApoE is important for receptor-mediated uptake of the remnants
by the liver which is the main storage organ for retinyl esters in human body (Cooper,
1997; Redgrave, 2004). 66-75% of the retinyl esters from chylomicrons are taken up by
parenchymal cells of the liver. The remaining retinyl esters from chylomicrons are
believed to be taken up by target tissues such as bone marrow, peripheral blood cells,
spleen, adipose tissue, skeletal muscle and kidney (For review, see Moise et al., 2007;
Blomhoff and Blomhoff, 2006). Chylomicron derived retinyl esters are hydrolyzed in the
liver and the retinol can either be transported to target tissues or stored as retinyl esters in
liver stellate cells.
The retinyl esters stored in liver stellate cells can be hydrolyzed and resecreted into
the blood circulation as retinol bound to retinol-binding protein (RBP) (holo-RBP) and
the concentration of retinol-RBP is maintained at about 1-2 μM despite fluctuations of
daily intake of vitamin A. In blood, holo-RBP is bound to another blood protein called
transthyretin (TTR) which can prevent filtration in the renal glomeruli (Melhus et al.,
1991; van Bennekum et al., 2001). Besides retinol delivered in the RBP-TTR complex, a
number of retinoids, including RA and 13-cis RA are present in plasma at nanomolar
-5-

concentrations. These retinoids are believed to be transported by the portal system bound
to albumin because RA is far less hydrophobic than retinol. Because RA is active in in
vitro systems at nanomolar concentration, it is likely that albumin-bound RA may be an
important delivery mechanism of RA to target tissues. (For review see Moise et al., 2007)
Retinoic Acid Synthesis and Metabolism
Target cells take up retinol from the blood circulation. Studies suggest that retinol
uptake by target cells involves a cell surface receptor for RBP. It has recently been
reported that one possible receptor is the retinoic acid-responsive gene STRA6
(Kawaguchi et al., 2007; Pasutto et al., 2007; for review see Blaner, 2007).
In target cells, retinol can be converted to retinyl esters for storage with facilitation
by CRBPI (Ghyselinck et al., 1999), more importantly, retinol can be oxidized to RA by
two enzymatic reactions in the cytoplasm of cells. First, retinol is reversibly oxidized to
retinaldehyde, and then retinaldehyde is irreversibly oxidized to RA. The first step can be
catalyzed by several enzyme families including retinoid dehydrogenases (RDHs), alcohol
dehydrogenase (ADH), short-chain dehydrogenase/reductase (SDR) and aldo-keto
reductase (AKR) (For review, see Duester et al., 2003). The second step is processed by
retinal dehydrogenase (RALDHs). To date, there are four distinct mouse and human
RALDH enzymes identified, RALDH1, RALDH2, RALDH3 and RALDH4. (For review,
see Duester et al., 2003). RA can be metabolized to 9-cis RA and 13-cis RA by
isomerization. (For review, see Petkovich, 2001).
Once RA is synthesized, RA can function in an autocrine or paracrine fashion. In
the cytoplasm of a cell, RA is believed to bind to cellular retinoic acid binding proteins
(CRABP). Two isoforms of CRABP, CRABP I and CRABP II, have high affinity for
-6-

RA. Both proteins are present in the cytoplasm and nucleus. CRABP II is believed to be
involved in the rapid and efficient delivery of RA to retinoic acid receptor in the nucleus.
CRABP I is believed to be important for the catalysis of RA to polar metabolites such as
4-hydroxy-RA, 4-oxo-RA, 18-hydroxy-RA. (For review, see Noy, 2000)
On the other hand, RA catabolism also plays a critical role in tightly regulating the
cellular levels of RA during embryogenesis as well as in adult tissues. The amount of RA
available in cells is well regulated by a balance of RA synthesis and RA catabolism
exhibiting a unique spatiotemporal pattern. The catabolism of RA is believed to initiate
from hydroxylation either at the C4- or C18- position of the β-ionone ring of RA (For
review, see Napoli, 1996). The C4 hydroxylation of RA is mediated by cytochrome P450
enzymes that generate 4-oxo-RA. (White et al., 1996). Although several cytochrome
P450 enzymes have been shown to be able to catalyze C4 hydroxylation including
CYP2C8, 3A4, 2C9, 2B4, 2E1, 2E2, 2C3, 3G1, 3A6 in vitro, CYP26A1 is believed to be
the major enzyme for RA catabolism (For review, see Njar, 2002; Napoli, 1996). The
mechanism of catabolism of 9-cis and 13-cis RA is not clear.

The Molecular Mechanism of Retinoic Acid Function
All-trans RA and 9-cis RA are the most potent bioactive form of vitamin A. They
exert a wide variety of effects including vertebrate embryonic body shaping and
organogenesis, tissue homeostasis, cell proliferation, differentiation, and apoptosis. How
these simple molecules exert such pleiotropic effects began to emerge with the discovery
of two classes of RA binding nuclear receptors, Retinoic Acid Receptors (RARs) and
Retinoid X Receptors (RXRs). Briefly, RA functions as a ligand of RAR/RXR
heterodimer, the binding of which causes conformational change of RAR and/or RXR
-7-

occupied on the promoter of target gene and leads to chromatin decompaction and
induction of the gene expression.
Retinoic Acid Receptor (RAR)
There are three subtypes for RAR, RARα, RARβ and RARγ. RARα was the first
RAR identified in 1987 independently by Pierre Chambon’s and Ronald Evan’s group
(Giguere et al., 1987; Petkovich et al., 1987). RARβ and RARγ were subsequently
discovered by Pierre Chambon’s group in 1988 and in 1989, respectively (Brand et al.,
1988; Krust et al., 1989). These three RAR subtypes originate from distinct genes at
distinct chromosome loci. For each subtype, several isoforms are produced by differential
usage of promoters and alternative splicing, as a result, generating isoform specific Nterminal domains. There are two major isoforms for RARα, RARα1 and RARα2; two
major isoforms for RARγ, RARγ1 and RARγ2; and four isoforms for RARβ, RARβ1,
RARβ2, RARβ3 and RARβ4. RARs can be activated by both all-trans RA and 9-cis RA.
Retinoid X Receptors (RXR)
There are also three subtypes of RXR, RXRα, RXRβ and RXRγ. The discovery of
RXRs followed the discovery of RARs. RXRα was the first identified RXR
(Mangelsdorf et al., 1990), followed by RXRβ and RXRγ (Yu et al., 1991; Leid et al.,
1992; Mangelsdorf et al., 1992). RXRs are only activated by 9-cis RA (Heyman et al.,
1992; Levin et al., 1992). Three RXR subtypes also originate from three distinct genes at
distinct chromosome loci. For each subtype, there are two isoforms, isoform 1 and
isoform 2.
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RARs function as nuclear receptors that directly affect target gene expression only
when they heterodimerize with RXRs. Besides RARs, all three RXR subtypes are
heterodimerization partners for other members of subfamily II nuclear receptors (For
review, see Gronemeyer et al., 2004; Mangelsdorf and Evans, 1995) including thyroid
receptors (TRs), vitamin D receptor (VDR), peroxisome proliferator-activated receptors
(PPARs), liver X receptors (LXRs), farnesoid X receptor (FXR), pregnane X receptor
(PXR), and constitutively activated receptors (CARs). Because of this feature, RXRs are
believed to be essential players in several cellular pathways and thus RXRs can be used
as a universal target for therapeutic purposes. RXR-selective ligands, referred to as
rexinoids, are potential drugs for the treatment of a variety of diseases. Currently there is
clinical use of rexinoids for the treatment of cancer and metabolic diseases (For review,
see Germain et al., 2004). On the other hand, caution should be taken in clinical usage of
rexinoids since it is possible that these drugs could have side effects beyond treatment of
the specific disease.
RXRs can also form homodimers in vitro which binds to DR1 type DNA element.
However the functional role of RXR-RXR homodimer is not clear. (For review, see
Chambon, 2006)
Retinoic Acid Response Element (RARE)
RXR-RAR heterodimer binds to the specific DNA segment named Retinoic Acid
Response Element (RARE). RAREs are usually located in the promoter region of RAR
regulated genes and consist of a direct repeat of the canonical hexameric motifs 5’PuG(G/T)TCA separated by commonly five (DR5), two (DR2) nucleotides or one
nucleotide (DR1) (Leid et al., 1992). In the context of the heterodimer, RXR usually
-9-

occupies the 5’ element, whereas RAR occupies the 3’ element. However, the occupancy
of RAR and RXR is reversed on the DR1 element (Kurokawa et al., 1995). A number of
RAR regulated genes contains RARE in their promoter region (for example, Hoxa-1,
Hoxb-1. HNF3 and CYP26A1), these genes are involved in various biological functions.
(For review, see Balmer and Blomhoff, 2002)
Structure of RAR/RXR
Based on structure and function, hormone nuclear receptors including RARs and
RXRs consists of a five or six domains architecture, from A to F domain (For review, see
Mangelsdorf and Evans, 1995; Soprano et al, 2004; Figure 1-2). Briefly, the N-terminal
AB domain is the least conserved and contains a ligand-independent transcriptional
activation function (AF-1). The C domain is the most conserved and contains the DNA
binding domain (DBD) which is responsible for RARE interaction. DBD is characterized
by a pair of zinc fingers that are responsible for interacting with and distinguishing
different RAREs. Domain D represents the hinge region that connects domain C and
domain E. Domain E is the second most conserved domain. This domain is complex
containing the ligand binding pocket, a dimerization surface, a ligand-dependent
transcriptional activation function (AF-2) along with surfaces for the binding of corepressors, coactivators and other coregulators. Domain F is absent in RXR and its
function in RAR is unknown. It may modulate the activation functions of AF1 and/or
AF2 (Bastien and Rochette-Egly, 2004). Based on their dimerization and DNA binding
properties, RARs and RXRs are clustered into steroid/thyroid nuclear receptor
superfamily (Mangelsdorf and Evans, 1995). RAR along with TR, VDR and PPAR
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which can heterodimerize with RXR are classified in class II steroid/thyroid nuclear
receptor (Mangelsdorf and Evans, 1995).
DNA Binding Domain (Domain C)
The amino acid sequence of the DBD is highly conserved in nuclear receptors
including RARs and RXRs. The structure of the DBD of RXR was first resolved by
nuclear magnetic resonasnce (NMR) and crystallographic studies (Lee et al., 1993). DBD
contains a highly conserved 66 amino acid sequence comprising two zinc-binding motifs
and a COOH-terminal extension (CTE). Each zinc-binding motif contains one zinc ion
that is coordinated in a tetrahedral arrangement by four cysteines. Each zinc-binding
motif forms a α-helical structure. The two α- helical structures from two zinc binding
motifs lie almost perpendicular to each other and are held together by hydrophobic
interactions to form the core of the DBD. The CTE region is variable, and it continues
into the hinge region (D-domain) of the receptor (for reviews see Renaud and Moras,
2000; Khorasanizadek and Rastinejad, 2001).
In addition, crystallographic and NMR studies have revealed the structure of DNAbinding domain of RAR/RXR heterodimer and RXR/RXR homodimer in complex with
an oligonucleotide DR5 and DR1 (Rastinejad et al., 2000, Khorasanizadeh and
Rastinejad, 2001, Rastinejad, 2001). These studies enable us to have insights into how
nuclear receptors recognize and bind to their response elements. The first zinc binding
motif of the receptor’s DBD contacts the major groove of the DNA half site and three
exposed residues in the first helix are responsible for the recognition of specific DNA
sequences. The second zinc-binding motif helps protein-protein interactions of two
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dimerization partners (RAR/RXR) and distinguishing the spacing and orientation of two
half sites of RARE.
Ligand Binding Domain (Domain E)
Region E is the second most conserved region and also known as ligand binding
domain (LBD). It plays an important role in the function of the receptors as it contains
the ligand-binding pocket, the main dimerization surface, the ligand-dependent
transactivation function (AF-2) and interaction surface for corepressors, coactivators and
other coregulators. The structures of the LBDs of RARs and RXRs were determined by
the crystallographic studies (Wurtz et al., 1996; Egea et al., 2000). The LBDs of both
RAR and RXR are formed by 12 conserved alpha-helices (H1-H12) and a betasheet
which links H5 and H6. LBDs are folded as a three-layered, antiparallel helical sandwich
with H4, H5, H8, H9 and H11 sandwiched between H1, H2 and H3 on one side and H6,
H7 and H10 on the other side. The heterodimerization surface involves residues from H7,
H9, H10 and H11, as well as loops L8–9 and L9–10 (Bourguet et al., 2000). The ligand
binding pocket (LBP) comprises hydrophobic residues mainly from helices H3, H5, H7
and the h-sheet. Each receptor and even subtypes of RARs and RXRs has unique ligand
binding residues in the ligand binding pocket (Klaholz et al., 1998; Klaholz et al., 2000;
Kloaholz and Moras, 2000; Gehin et al., 1999; Germain et al., 2004; Gronemeyer et al.,
2004) which gives specificity of ligand binding of each receptor and subtypes of receptor.
Structural features of the receptor underlying ligand binding have been revealed
by X-ray crystallography and molecular genetics studies of the apo- (unliganded) and
holo- (liganded) forms of LBDs (Renaud et al., 1995; Wurtz et al., 1996; Klaholtz et al.,
1998; Bourguet et al., 2000; Egea et al., 2000). There is a major conformational change
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upon binding of RA by comparing the LBD structure of apo-RXRα and holo-RARγ.
When unliganded, the C-terminal H12 points away from the LBD core. Upon RA
binding, H12 swings toward the LBP, packs against helices 3 and 4, and closes the
entrance to the LBP.
A corepressor interacting surface is associated with helix 3, 4 and 11 of the apoLBDs. Ligand binding induces conformational changes in the LBD especially the
repositioning of H12 causing the dissociation of corepressors. H12 along with the Cterminal ends of helices 3 and 4 forms a hydrophobic cleft where a coactivator can bind
(Nettles and Greene, 2005).
In addition, there are consensus phosphorylation sites in LBD. A conserved serine
residue (Ser 369 for RARα1 and Ser 360 for RARγ2) located between helices H9 and H10
is phosphorylated by PKA. Phosphorylation of these residues increases the transcriptional
activity of the receptors (Rochette-Egly et al., 1995). Residues (Tyr 248, Ser 265) located
in the Omega loop (between H1 and H3) of RXRα LBD can be phosphorylated by
MAPKs, however, phosphorylation of these residues does not appear to affect the
transcriptional activity of the RAR/RXR heterodimer or the RXR/RXR homodimer
(Adam-Stitah et al., 1999; Matsushima-Nishiwaki et al., 2001).
Domain D
Domain D is the hinge region between DBD and LBD. This domain is highly
flexible which enables the DBD of RXR-RAR to bind direct, inverted, and everted repeat
response elements and the LBD to adopt different conformations without creating steric
hindrance. On the other hand, its flexibility has hampered the crystallization of the full
length receptor. To date, only the structure of the DBD (alone or with DNA) and LBD (in
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the absence and presence of ligand) have been obtained. This domain also harbors a
nuclear localization signal.

Figure 1-2. Domain structure of RARs and RXRs.
Molecular Mechanism of RAR/RXR Function on RARE Dependent Transcription
The current understanding of the molecular mechanism of RAR/RXR function on
RARE dependent transcription is developed based on the discovery of a number of
cofactors that interact with RAR and RXR and functional analysis of these cofactors
(Figure 1-3, for review, see Dilworth and Chambon, 2001, Aranda and Pascual, 2001,
Bastein and Rochette-Egly, 2004).
In the absence of ligand, the RXR/RAR heterodimer binds the RARE in the
promoter of target genes. It represses transcription through the recruitment of the
corepressors such as NCoR and/or SMRT that contain histone deacetylase activity
(HDAC) leading to compaction of chromatin and repression of target gene expression.
NcoR and SMRT contain a consensus motif LXXI/HIXXXI/L called a corepressornuclear receptor box (‘CoRNR box’) (Hu and Lazar, 1999; Perissi et al., 1999).
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Upon ligand binding, a major conformational change occurs in the LBD. This
causes the dissociation of corepressors and the coordinated and/or combinatorial
recruitment of coactivators. Ligand binding induces conformational changes in several
helices of the LBD with the most prominent change involving the repositioning of H12.
Helix 12 cooperates with C-teminal ends of helices 3 and 4 forming a hydrophobic cleft
where three leucine residues from the ‘LXXLL motif’ of a coactivator can fit (For
review, see Nettles and Greene, 2005).
Coactivators function to decompact chromatin by histone modification or shifting
of nucleosomes and/or forming bridges with the general transcriptional factors (GTF).
Histone acetyltransferases(HAT), such as the SRC/p160 family, p300/CBP and PCAF
and histone methyltransferases such as CARM-1 add acetyl or methyl groups,
respectively, to specific amino acid residue of histone proteins. This results in the
weakening of the interaction between histone proteins and nucleosomal DNA (Aranda
and Pascual, 2001). ATP-dependent chromatin remodelers such as SWI/SNF use the
energy of ATP hydrolysis to reposition nucleosomes at the promoter to form nucleosomefree or nucleosome-spaced regions that is accessible by the general transcriptional
machinery (Narlikar et al., 2002). Importantly, the coactivators also contain domains that
interact with other coactivators resulting in a complex of proteins that contribute to the
activation of gene expression upon ligand binding.
Once repressive chromatin has been decompacted, it has been proposed that RAR
and coactivators dissociate allowing the recruitment of the general transcription factors
(GTFs) (Dilworth and Chambon, 2001). Subunits of the GTFs contain intrinsic kinase
and acetylase activities that further increase chromatin remodeling and facilitate the
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binding of basal transcriptional machinery. It has been reported that one GTF, TFIIH, can
interact with retinoid receptors (Rochette-Egly et al., 1997). In addition, the recruitment
of GTFs is also enhanced by coactivators p300/CBP and by components of the SWI/SNF
complex associated to the RNA Pol II holoenzyme (Adelman and Lis, 2002; Orphanides
and Reinberg, 2002). Once transcription has been initiated, RNA Pol II traffics along the
gene to be transcribed.
By using chromatin immunoprecipitation (ChIP) assay, ER and a number of
coactivators were reported to associate and dissociate with estrogen responsive promoters
following estrogen treatment in an ordered and cyclical fashion. For example, after E2
treatment, association of ER appeared on the ERE region in about 15 min, reached a peak
after about 20-30min and then returned to baseline by about 75min, second round of
association appeared about 105 min after E2 treatment. In the meantime, association of
cofactor CBP appeared about 45 min and returned to baseline about 90 min after E2
treatment, second round of association appeared around 135min (Shang et al., 2000;
Metevier et al., 2003). The cyclic association of the ER and cofactors correlates with the
mRNA expression of ER regulated genes (Shang et al., 2000; Metevier et al., 2003). In
addition, the degradation of ER and cofactors by 26S proteasome system are important for
the cyclic fashion of ER and cofactors association on the promoter, proteosome inhibitor
treatment abolished the ER regulated gene expression as well as the cyclic fashion of
association of ER and cofactors on ERE region. (Reid et al., 2003). Although no such
phenomenon has been reported for RAR, both RAR and RXR are degraded by the
proteasome system in response to retinoids (Boudjelal et al., 2000; Kopf et al., 2000; Osburn
et al., 2001; Tanaka et al., 2001; Gianni et al., 2002; Gianni et al., 2003; review see Bour and
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Rochette-Egly, 2007), which is indispensable for the induction of RAR transcriptional
activity. Taken together, it is possible that RAR dependent transcription is also cyclic, each
cycle of gene transcription involves receptor binding to RARE, coactivator recruitment to
decompact the chromatin, dissociation of receptor likely by proteosome degradation to allow
recruitment of GTF and RNA Pol II and transcription to proceed.

Figure 1-3. Model of RAR/RARE dependent transcription activation by RA. (Modified
from Bour and Rochette-Egly, 2007)
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Non-Genomic Action of RARs
The term genomic action refers to the classical RAR/RARE dependent
transcription regulation as described above. Until recently it was believed that genomic
actions of RARs was the sole mechanism of how RA regulated gene expression, there is
non-genomic actions of RARs. Some RA mediated actions cannot be explained by
classical RAR/RARE mediated transcriptional regulation. A significant proportion of
retinoid-sensitive genes do not have a recognizable RAREs in their promoter region, such
as PEPCK (Lee et al., 2002) and c-Fos (Canon et al., 2004). These genes are not likely to
be directly regulated by RA via RARE, whereas rapid phosphorylation cascade appears
to be involved. In addition, rapid and dramatic changes (within 30min) in cell shape and
function by RA treatment in neuronal differentiation are likely to be the result of rapid
posttranslational modification and posttranscriptional modulation, but not likely the result
of RAR dependent transcription. (Dey et al., 2007, Chen and Napoli, 2008)
Discovery of non-genomic action of a steroid hormone was first reported for
estrogen receptors (ER). It is increasingly accepted that a small pool of ERs localize at or
near the plasma membrane based on the detection of membrane ER by immunochemistry
using multiple antibody labeling in GH3/B6 rat pituitary tumor cells (Pappas et al., 1995)
and when ER were overexpressed in CHO cells (Razandi et al., 1999), and loss of
membrane ERα detection when the cells were transfected with antisense-ERα (Norfleet
et al., 1999). Membrane ERs possibly tethered to the inner face of the plasma membrane
through interacting with protein such as caveolin-1(Razandi et al., 2002), MNAR, Shc,
SRC and Striantin (Wyckoff et al., 2001; Kelly et al., 2002; For review, see Fillipo and
Kumar, 2006). Domain E was reported to be critical for ERα membrane localization by
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MNAR (Modulator of non-genomic action of Estrogen Receptor). Domain AB of ER was
reported to be the site for interaction with Shc, SRC and Straiantin (Song et al., 2004; for
review, see Fillipo and Kumar, 2006). By direct or indirect interaction, ERs signal
through various membrane receptor including G protein coupled receptors (Razandi et
al., 2004, Wyckoff et al., 2001), receptor tyrosine kinase such as EGFR and IGF-1
receptor (Song et al., 2004) and nonreceptor tyrosine kinases such as SRC (Migliaccio et
al., 2000). Subsequently various kinase signaling pathways can be activated rapidly
(within 30min) such as PLC/PKC, p38/MAPK, JAK/STAT, ERK and PI3K depending on
the cell type (For review, see Fillipo and Kumar, 2006). By these kinase cascade
pathways, ER is believed to modulate both nontranscriptional events, ERE independent
and ERE dependent transcription, thus impacting both the rapid and more prolonged
actions of estrogens. (For review, see Levin, 2005, Vasudevan et al., 2005, Acconcia and
Kumar, 2006). For example, upon phosphorylation by ERK, cytoplasmic BAD was
sequestered from interacting with Bcl2 and Bcl-xl, leading to inhibition of apoptosis and
survival of the cell (Datta et al., 1999). Phosphorylation of cytoplasmic Rac and Cdc42
by p38 or PI3K modulates cell migration (Meyer and Feldman, 2002). Phosphorylation of
nuclear repceptors such as ER and CREB, and cofactors such as steroid receptor
coactivator protein SRC and CBP (Lopez et al., 2001; Gu et al., 1996) modulates both
ERE dependent and independent transcription.
Studies that support the non-genomic actions of RAR have recently been reported.
Depending on cell lines, different signaling pathways are involved. PI3K signaling
pathway has been reported to be involved in (RA) induced differentiation of SH-SY5Y
neuroblastoma cells (Masia et al., 2007). SRC kinase pathway is involved in the RA
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induced differentiation of neuroblastoma cells including LA-N-5, LA-N-6 and SK-NBE2 (Dey et al., 2007). ERK/MEK signal pathway is activated in RA-induced outgrowth
of dendritic and synaptophysin puncta in cultured hippocampal neurons (Chen and
Napoli, 2006). RA activated ERK2 in embryonic stem cell line P19(Gupta et al., 2008).
Phosphorylation signal cascade happens very rapidly, usually within 30min (Dey et
al., 2007; Chen and Napoli, 2006; Masia et al., 2007; Gupta et al., 2008). Physiological
phenomenon caused by RA was abolished by using corresponding kinase inhibitor (Dey
and De et al., 2007, Chen and Napoli, 2006), but not affected by transcriptional and
translational blocking reagent (Masia et al., 2007, Dey et al., 2007; Chen and Napoli,
2006).
RAR appears to mediate the phosphorylation cascade pathway. PI3K signaling is
absent in RAR(αβγ)L-/L- null mouse embryo fibroblasts and is regained when RARα is
reintroduced (Masia et al., 2007). RARγ interacts with SRC via the AB domain (Dey et
al., 2007). Direct interaction between RARα and PI3K subunits was observed by
coimmunoprecipitation experiments in SH-SY5Y cells. (Masia et al., 2007).
There is growing body of evidence demonstrating that a portion of RAR localizes
in the cytoplasm/plasma membrane in some type of cells and RAR directly interacts or
colocalizes with phophorylation cascade mediators. C-SRC and RARγ colocalize in
cytoplasm by immunofluorescent staining and confocal microscopy in LA-N-5 cells (Dey
et al., 2007). Increased amount of RARγ was found in the purified plasma membrane and
microsomal fraction upon RA treatment in NIH3T3 cells. (Dey et al., 2007).
Immunofluoresence revealed intense dendritic expression of RARα in the mouse
hippocampus and on the surface of primary cultures of hippocampal neurons (Chen and
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Napoli, 2006). On the other hand, Gupta and Ho et al. claim that the non-genomic effect
of RA which induced TR2 phosphorylation, SUMOylation and subsequent repression of
Oct4 may not involve RAR because no membrane RAR was detected (Gupta and Ho et
al., 2008). I would argue that like ER, maybe a small pool of membrane bound RAR
mediates this non-genomic effect which was not detected due to the limited sensitivity of
current methods.
Interestingly Chen and Napoli discovered that the dramatic effect of dentritic
growth upon RA treatment is due to increase of general translation efficiency and
capacity in the somatodendritic compartment (Chen and Napoli, 2006).
Taken together, it appears that there are non-genomic effects of RA that are likely
be mediated by RARs in a similar fashion as that observed for ER. It involves direct
interaction of RARs with kinases in the cytoplasm/plasma membrane, rapid activation of
a phosphorylation cascade signaling pathway, and different cell lines may utilize different
signaling pathway. Since the transcriptional activity of RARs are modulated by the
phosphorylation of RARs (For review, see Bour et al, 2007 ) and its cofactors (Gianni et
al, 2006), we could hypothesize that similar to ER, in some circumstances RAR

dependent transcription can be modulated by the non-genomic phosphorylation cascade.

Structure and Function of N terminal A/B domain
General Review of N terminal A/B domain
In addition to ligand-dependent transcriptional activation function (AF-2) located
in the E domain, the N-terminal A/B region contains a ligand-independent transcriptional
activation function (AF-1) (Nagpal et al., 1992; Nagpal et al., 1993; Folkers et al., 1993;
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Folkers et al., 1995). This function is either constitutive or ligand-independent, and can
synergize with AF-2. The A/B domain of nuclear receptors including RARs and RXRs is
least conserved both in size and sequence comparing to other domains. Consequently, the
activation capacity of AF-1 has been shown to vary considerably between different
nuclear receptors. Many nuclear receptor isoforms (such as RARβ1, RARβ2, RARβ3, and
RARβ4) have unique N-terminal domains (NTD) generated from alternative splicing and
alternative promoter usage. This is likely to confer functional specificity associated with
different isoforms of the same subtype receptor (Taneja et al., 1997; Rochette-Egly et al.,
2000; Mascrez et al., 2001; Aneskievich, 2001).
Structural Analysis of N-terminal A/B domains of Nuclear Receptor Superfamily
Functions carried out by proteins generally depend upon the structures of those
proteins. However to date the structures of the A/B domains of RARs and RXRs have not
been solved and no common higher structure can be predicted.
Studies utilizing nuclear magnetic resonance (NMR), circular dichroism (CD)
spectroscopy and limited proteolysis on several steroid nuclear receptor N terminal
domain (NTD) /AF-1s (GR, ERα, ERβ, PR) indicate that this region appears to be in an
unfolded state (Dahlman-Wright et al., 1995; Warnmark et al., 2001; Birnbaumer et al.,
1983; Bain et al., 2000). The N-terminal regions of PR and AR were demonstrated to be
more structured when expressed together with its DBD, suggesting intramolecular
interactions or allosteric effects in the protein (Bain et al., 2000; Kumar and Thompson,
1999). Application of predictive algorithms for secondary structure suggests that in
several nuclear receptors there may be some helical structure in the NTD/AF-1
(Dahlman-Wright et al., 1995; Reid et al., 2002). Consistent with such predictions, in the
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presence of trifluoroethanol (TFE), which is a strong α-helix stabilizing agent, the AF-1
region of GR and ER shows considerable α-helical characteristics as measured by CD
and NMR (Dahlman-Wright et al., 1995; Metivier et al., 2000). In addition, helixbreaking amino acid substitutions in the helical regions interfere with the transcriptional
activation function (Dahlman-Wright et al., 1995). When the amino acid sequences of the
GR AF-1 are plotted, the hydrophobic residues form clusters on the surface of AF-1
region. Interestingly, some mutations that expand the hydrophobic patch result in even
higher transactivation activity than that of wild type (Almlof et al., 1997). These results
suggest that α-helix formation and/or formation of hydrophobic surfaces of AF-1 regions
is an important step in AF-1-mediated gene activation for certain nuclear receptors.
AF-1 Domain Folding Hypothesis
How can these partially or fully unfolded regions carry out their transcription
transactivation functions? The induced-fit model or selected-subset model assumes that
nonspecific initial binding due to random interactions between the binding protein (BP)
and the AF domain produces a rapid shift in structure of the AF-1, leading to the correct
functional shape and enhanced, specific AF1-BP binding. (For review, see Kumar and
Thompson, 2003) This model has been supported by the unfolded AB domain of a
number of steroid nuclear receptors including ER and AR undergo a transition to a folded
state upon interaction with either components of the general transcription machinery or
with coactivators (Reid et al., 2002; Warnmark et al., 2001).
This concept predicts that different final folded forms of AF-1 will be found
depending on the BP involved (Figure 1-4). An unstructured AF-1 domain could be a
prerequisite to allow for interactions with different nonconserved coactivator interaction
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domains. However, it is important to note that the AF-1 coactivator interaction is
selective and the structure/s induced in AF-1 upon coactivator binding is/are believed to
be specific (Warnmark et al., 2001).

Figure 1-4. Molecular strategies for transcriptional activation by N terminal end of
RAR/RXR. Interaction of disordered AF-1 domain with different unrelated coactivators
leads to complex formations in which the AF-1 domain folds into template directed
conformations. (Warnmark et al., 2003).

AF-1 activity is known to be promoter- and cell specific which at least partially
contributes to the pleiotropic physiological consequences of RARs during development
and in homeostasis. We could envision it is possible that the AF-1 fine tunes the
promoter- and cell specific function of the receptor by interacting with cell type specific
or a promoter context specific BPs.
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Modulation of AF-1 Function
The function of the AB domain of RARs can be modulated by post-translational
modifications such as phosphorylation (Rochette-Egly et al., 1997; Bastien et al., 2000;
Gianni et al., 2003; Bour et al., 2005a) and protein-protein interactions (Bour et al.,
2005b, Vucetic et al., 2008).

A. Post-translational Modification
Post-transcriptional modifications such as phosphorylations in the AB domain have
been shown to affect activity of steroid hormone receptors including RAR and RXR
(Weigel, 1996). One possible mechanism is that nuclear receptor cofactor interacts either
with the phosphorylated or unphosphorylated AB domain to modulate the nuclear
receptor function. RARs and RXRs contain serine residues in the proline rich region in
the NTD which are substrates for a series of kinases (For review, see Rochette-Egly,
2003). RARα1 Ser 77 and RARγ2 Ser 68 are phosphorylated by the cdk7 subunit of
TFIIH which has a cyclin dependent kinase activity (Rochette-Egly et al., 1997; Bastien
et al., 2000). This phosphorylation of RARα1 is important for retinoid-dependent
transcription. In addition to the site phosphorylated by TFIIH, RARγ2 is phosphorylated
at serine 66 by p38MAPK subsequently to its activation by retinoids (Gianni et al., 2002
a&b). Phosphorylation of these two residues is required for both the activation of a subset
of RA target genes, degradation of RARγ2 and RA-induced F9 cell differentiation to
parietal endodermal cells (Taneja et al., 1997; Kopf et al., 2000). Studies have shown that
the phosphorylation of RXRα at Ser22 located in the N-terminal AF-1 domain is required
for the activation of a subset of target genes and for the antiproliferative effect of
retinoids (Bastien et al., 2002). In addition, three residues (Ser61, Ser75 and Thr87)
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located in the same N-terminal domain of RXRα can also be phosphorylated in response
to retinoids (Gianni et al., 2003).

B. AF-1 Interacting Proteins
A growing number of proteins have been discovered to directly interact with Nterminal of A/B domain of several nuclear receptors (AR, GR, ERα/β, MR, PR, RAR)
and support the function of AF-1 (for review, see Lavery and McEwan, 2005). These
interacting proteins can be categorized into (1) those that directly regulate the receptor
transactivation function, including members of the general transcription machinery and
co-activators that bridges DNA-bound receptors to the transcriptional machinery, or
decompacts the chromatin with enzyme activities, such as histone acetyltransferases or
methyltransferases; Examples are TFIID/TBP, TFIIF, TFIIH and co-activators (such as
P160 family, CBP). (2) corepressors, proteins that repress receptor-dependent
transcription, such as co-repressor proteins (NCoR and SMRT) and (3) coregulatory
proteins that act indirectly on receptor-dependent transciptional activity by regulating
receptor stability or intracellular localization, such as chaperone BAG1. Some of these
interacting proteins are specific for AF-1. Some co-activators/co-repressors can interact
with both AF-1 domain and AF-2 domain. This is one possible mechanism leading to
synergistic activation of these two transactivation function domains.
In the specific case of RARs, to date, only two interacting proteins (Vinexin β and
Acinus S’) have been reported to interact with the N-terminal end of RAR. Vinexin β
interacts with non-phosphorylated form of RARγ1 at Ser77 residue in the A/B domain and
results in gene-specific repression of transcription by RARγ1. (Bour et al., 2005). Acinus
S’ interacts with B domain of RARβ and functions to specifically repress ligand- 26 -

independent and ligand-dependent expression of RAR-regulated genes in a dosedependent and promoter-specific manner. Acinus-S’ associates with RAREs within the
promoters of CYP26 and RARβ2 genes both in RA-treated and untreated cells by ChIP
assays (Vucetic et al., 2008).

c. AF-1 Activity Synergizes with AF-2
Although AF1 is capable of regulating transcription alone in a ligand independent
and constitutive manner, full transcriptional activation by RAR requires functional
synergy between the two transactivation function regions, AF1 and AF2. One possibility
is that this is achieved through a physical intramolecular association between the AF1
and AF2.

This phenomenon has been reported for nuclear receptors including PR (Tetel

et al., 1999) and AR (He et al., 2000), but not RAR. A second possibility is that both AF1
and AF2 interact with same coactivators or corepressors (Nagpal et al., 1993; Dowhan
and Muscat, 1996). It has been shown that TIF2, a p160 coactivator, is able to bridge AF1 and AF-2 domains of the RARα1, resulting in synergistic activation of transcription
(Bommer et al., 2002).

Yeast Two-hybrid Experiment Performed Previously in Our Lab to
Isolate AB Domain Interacting Proteins
In order to isolate proteins that interact with A/B domain of RARβ3, a yeast two
hybrid experiment was performed previously in our lab by Zivjena Vucetic. The bait
Sacchromyces cerevisiae strain AH109, transformed with pGBKT7-RARβ3A/B which
encodes the A domain of first 7 amino acids of B domain, was mated with stain Y187
pre-transformed with 11-day mouse embryo cDNA library (Clontech) in pACT2 vector.
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After screening by growth on nutrient deficient medium and α-X-Gal medium, 421
colonies were considered putative positive clones. Of the 421 positive cDNA clones, 155
were randomly selected and screened for interaction with A/partial B domains of RARβ1,
RARβ2, RARβ3 and full-length p53 as control by co-transformation in yeast S. cerevisiae
AH109. Out of 155 clones, one cDNA clone interacted with RARβ3 A/ partial B domain
only; three clones interacted with both RARβ1 and RARβ3 while the remaining 151
cDNA clones interacted with all three isoforms of RARβ. From the 155 clones tested by
yeast co-transformation, DNA sequence analysis was performed on 50 clones. Nucleotide
BLAST search of sequenced cDNAs identified 28 sequences coding for known proteins,
10 expressed sequences coding hypothetical proteins and 6 genomic or not-expressed
sequences.
Based on functional similarity or biological process using Functional Annotation
and Gene Functional Classification tool of DAVID Bioinformatic resources (NIH,
http://niaid.abcc.ncifcrf.gov/home.jsp), RARβ A/partial B domain interacting proteins
were categorized into proteins regulating cellular protein metabolism through
involvement in posttranslational modifications of proteins (phosphorylation,
dephosphorylation, ubiquitination and protein folding) or protein catabolism
(proteasomal or peptidase activity), signal transduction and intracellular communication,
transcription (either being transcription factors or chromatin modifying agents) and cotranscriptional RNA processing.
Carboxyl terminal of HECT domain and Ankyrin repeat Containing E3 ubiquitinprotein ligase (HACE1) was one positive interacting clone and was studied in my thesis
work.
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Functional classification of RARb3 A-domain interacting proteins

Unknown Function
10%

Metabolism /
Biosynthesis
5%

RNA processing
10%

Cell Membrane /
Structural proteins
15%

Regulation of
Transcription
(transcription factors,
chromatin modifying
agents)
15%

Cellular Protein
Metabolism
29%

Signal Transduction and
Cellular Communication
16%

Table 1-1. Functional classification of RARβ3 A/partial B domain interacting proteins.
(Adapted from Zivjena Vucetic Ph.D. thesis )

HACE1
Discovery of HACE1 (LF)
HECT domain and Ankyrin repeat Containing E3 ubiquitin-protein ligase
(HACE1) contains a novel domain architecture consisting of six ankyrin repeats linked to
a HECT (homologous to E6-AP C-terminus) domain. It was identified as a novel ORF
located around 50 kb upstream of a balanced non-constitutional t(6;15)(q21;q21)
translocation break point in a sporadic Wilms’ tumor occurring in a 5-month-old male
(Anglesio et al., 2004). Ankyrin repeats are well documented to mediate protein–protein
interactions. HECT domains have thus far only been described in E3 ubiquitin-protein
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ligases involving conjugation of one or more ubiquitin (Ub) polypeptides to specific
substrate proteins, leading in most cases to substrate proteasomal degradation.
Expression Profile of HACE1 (LF)
The coding sequence of HACE1 is contained in 24 exons and encodes a 909 amino
acid protein (~103kD). Orthologues of HACE1 appear to be present only in vertebrate
species based on the UCSC genome database. By northern blot analysis using a full
length cDNA probe, HACE1 was found to be strongly expressed in heart, brain, pancreas
and kidney. HACE1 is highly expressed in normal kidney. However, mRNA and protein
were undected in the index Wilms’ tumor case and 20 (77%) of the 26 Wilms’ tumors
compared to patient-matched normal kidney and in the SK-NEP-1 Wilms’ tumor cell
line. In addition, HACE1 is downregulated in 50% of all primary human tumors studied
including breast, renal, thyroid and liver tumors. Lower expression is not due to
mutations or deletions in sequences, but was strongly associated with hypermethylation
of CpG177 island and hypomethylation of CpG29 island located around 50kb upstream
of the HACE1 locus (Anglesio et al., 2004). Aberrant methylation of HACE1 and
decreased expression of HACE1 (9 out of 32 patients) was also reported in advanced
colorectal cancer (Hibi et al., 2008).
HACE1(LF) as a E3 Ubiquitin Ligase and its Localization in the Cell
Ubiquitination assays were performed both in vitro and in vivo which demonstrate
HACE1 functions as an E3 ubiquitin ligase. HACE1 utilizes UbcH7 as a partner E2
enzyme in in vitro ubiquitination assay (Anglesio et al., 2004).

- 30 -

HACE1 localizes predominantly to the endoplasmic reticulum and cytoplasm
based on western blot analysis and immunofluorescent microscopy, while a small portion
was found in the nucleus by western blot analysis (Anglesio et al., 2004)
HACE1(LF) as a Tumor Suppressor
After the discovery of HACE1, the same research group reported HACE1 as a
novel tumor suppressor (Zhang et al., 2007). Genetic inactivation of HACE1 in mice
resulted in the development of spontaneous, late-onset cancer. In a HACE1-deficient
background, a second hit from either environmental triggers such as γ-irradiation and
urethane, a DNA alkylating agent that causes lung carcinomas after repeated
administration, or genetic heterozygosity of another tumor suppressor, p53, markedly
increased tumor incidence. Knockdown HACE1 expression by short hairpin RNAs
(shRNAs) in HEK293 cells resulted in increased soft agar colony formation and a marked
increase in tumorigenicity in vivo. On the other hand, HACE1 overexpression suppresses
the growth rate of multiple cell lines including KiRas-transformed NIH3T3 cells, SKNEP-1 human kidney tumor cells and human IMR32 neuroblastoma cells. Moreover,
overexpression of wild-type HACE1 significantly reduced the anchorage-independent
growth of SK-NEP-1 cells and human IMR32 neuroblastoma cells. Tumorigenicity was
profoundly inhibited in mice that were injected with wild-type HACE1 overexpressing
SK-NEP-1 cells and Ki-Ras–transformed NIH3T3. (Zhang et al, 2007)
Tumor suppressor activity of HACE1 was believed to mediate through its ubiquitin
ligase activity since the E3 ubiquitin ligase catalytic cysteine mutant, HACE1 C876S, had
no such suppressive effect on cell growth, anchorage-independent growth on soft agar
and tumorigenicity. A marked reduction in cyclin D1 in cells overexpressing HACE1
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compared with C876S HACE1 or vector alone cells was discovered however the
mechanism of how cyclinD1 was affected by HACE1 is not clear (Zhang et al, 2007).
HACE1 (SF)
A size fractionated cDNA libraries from human adult and fetal brain had been used
to isolate large protein coding cDNA since it was projected that large protein in brain is
likely to play important roles in the central nervous system. Among 150 new cDNA
clones they isolated, KIAA 1320 codes for a shorter isoform of HACE1 (562 amino
acids). By RT-PCR ELISA, this version of HACE1 is reported to be expressed in heart,
brain, lung, liver, kidney, testis, ovary, amygdala, corpus callosum, cerebellum, caudate
nucleus, hippocampus, substantia nigra, subthalamic nuclueus, thalamus, spinal cord,
fetal liver and fetal brain, low expression in pancreas and no expression in spleen
(Nagase et al., 2000). No other study has been reported about this isoform of HACE1
since 2000.
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CHAPTER 2
STATEMENT OF GOALS
The biological activities of RA and its synthetic analogues are mediated through
binding to specific nuclear receptors, RARs and RXRs. RAR heterodimerizes with RXR
and as such it binds to the RARE DNA sequence located in the promoter region of target
genes. Like all members of the steroid/thyroid hormone nuclear receptor superfamily,
RARs and RXRs share a common domain architecture containing five or six structurally
and functionally distinct regions, termed domains A-F (from the N-terminal to the Cterminal end). The N-terminal AB domain is the least conserved and contains a ligandindependent transcriptional activation function (AF-1). The C domain is the most
conserved and contains the DNA binding domain (DBD) that is responsible for DNA
(RARE) interaction. Domain D represents the hinge region that connects domain C and
domain E. Domain E is the second most conserved domain. This domain is complex
containing the ligand binding pocket, a dimerization surface, and a ligand-dependent
transcriptional activation function (AF-2) along with surfaces for the binding of corepressors, coactivators and other coregulators. Domain F is absent in RXR and its
function in RAR is unknown.
The transcriptional activity of RAR is regulated by AF-1(AB domain) and AF-2 (E
domain). E domain (also known as ligand binding domain) is conserved among nuclear
receptor superfamily members and is well studied. In the absence of ligand, the
RXR/RAR heterodimer binds the RARE in the promoter of target genes. It represses
transcription through the recruitment of the corepressors such as NCoR and/or SMRT by
the E domain. These corepressors contain histone deacetylase activity (HDAC) which
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leads to compaction of chromatin and repression of target gene expression. Upon ligand
binding, a major conformational change occurs in the E domain. This causes the
dissociation of corepressors and the coordinated and/or combinatorial recruitment of
coactivators by the E domain. Coactivators function to decompact chromatin by histone
modification or shifting of nucleosomes and/or forming bridges with the general
transcriptional factors (GTF). Once repressive chromatin has been decompacted, it has
been proposed that RAR/RXR and coactivators dissociate allowing the recruitment of the
GTFs and PolII (Dilworth and Chambon, 2001). In contrast to AF-2 (E domain), the
amino terminal AF-1 (A/B-domain) is most variable in amino acid sequence and is not
well studied. The mechanism of how AF-1 function is modulated is poorly understood.
It has been hypothesized that the A/B domain of steroid/thyroid hormone nuclear
receptor superfamily members including RARs can accomplish their function(s) by
binding specific proteins. Such a mechanism has been demonstrated to be involved in
regulation of the AF-1 activities of other members of the steroid/thyroid hormone
superfamily such as ER and AR. For example, a number of AF-1 interacting proteins
including GTF such as TFIID and TFIIF, coactivators such as SRC and CBP,
corepressors such as NCoR and SMRT, and coregulators such as ANT-1 have been
demonstrated to interact with AF-1 domain of AR and modulates Androgen Receptor
(AR) activity. (For review, see Lavery and McEwan, 2005). However to date only two
RAR AF-1 interacting proteins, Acinus S’ and Vinexin β, have been reported. Both of
these proteins repress RAR dependent transcriptional activity (Bour et al., 2005; Vucetic
et al., 2008).
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A yeast two-hybrid screen using A/partial B domain of RARβ3 as bait and 11-day
mouse embryo cDNA library as prey was performed in our laboratory. This has resulted
in the identification of a number of positive AB domain interacting clones that may
encode proteins mediating the function of RAR AF-1.
HACE1 was one of the clones identified in the yeast two-hybrid screen that
appeared to interact with the A/partial B domain of RARβ3 through its C terminus.
HACE1 was originally reported as a novel ORF located around 50 kb upstream of a
balanced non-constitutional t(6;15)(q21;q21) translocation break point in a sporadic
Wilms’ tumor occurring in a 5-month-old male. This protein has a novel protein
architecture consisting of an AR domain in the N terminus and a HECT domain in the Cterminus. AR domains are known to mediate protein-protein interactions (For review, see
Li et al., 2006) and HECT domains are associated with protein degradation through the
26S proteosome system (For review, see Ardley et al., 2005). HACE1 was reported to
harbor E3 ubiquitin ligase activity and act as a tumor suppressor in both in vivo mouse
model and several tumor cell lines (Anglesio et al., 2004; Zhang et al., 2007).
We decided to study HACE1 for several reasons including: (a) HACE1 is a novel
protein with an interesting domain structure; (b) HACE1 has E3 ubiquitin ligase activity
suggesting that it may affect RAR function through mediating the degradation of RAR.
Our overall goal is to ascertain the effect of HACE1 on the function of RAR. The specific
objectives are:
(1). Study the interaction of HACE1 with RARs by both in vitro and cell based assays.
(2). Study whether HACE1 affects the transcriptional activity of RARs.
(3). If HACE1 does affect RAR function, study how HACE1 mediates its effect.
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CHAPTER 3
MATERIALS AND METHODS

Reagent
Retinoic Acid
Powder form of RA was a generous gift from Hoffmann-La Roche, Nutley, NJ.
Aliquots were previously distributed into vials, infused with nitrogen, wrapped in
aluminum foil and stored at 4˚C. Stock solutions of RA (10-3 M) were prepared fresh
every two weeks by dissolving an aliquot of solid powder in 100% ethanol. The molar
absorption coefficient 45,000 M-1CM-1 was used to calculate the stock concentration of
RA using a spectrophotometer (Beckman, Du 640) at 350 nm. Cells were treated with RA
at a final concentration of 10-6 M. Ethanol was used as a control. To prevent oxidation
and isomerization of RA, all procedures involving RA were performed under a yellow
light.
G418
G418 powder (Alexis Biochemicals, Lausen Switzerland) was dissolved in water at
a concentration of 400mg/ml. The stock solution was filtered and stored as aliquots at
-20˚C. The final concentration used to select for and maintain stably transfected cell
clones was 800μg/ml.
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Cycloheximide
Cycloheximide powder (Sigma Life Sciences) was dissolved in 100% ethanol at a
concentration of 10mg/ml. The stock solution was filtered and stored as aliquots at -20˚C
for a month. The final concentration used to treat cells was 10μg/ml.
Ciglitazone
Ciglitazone powder (Cayman Chemicals) was dissolved in DMSO at a
concentration of 50mM for stock solution. The stock solution was aliquoted and stored at
-20˚C. The final concentration used to treat cells was 1μM.

Preparation of DNA Clones and Related Methods
Standard PCR-based Cloning
First, a primer set was designed to amplify the gene of interest (usually the coding
region). Each primer consisted of ~20 bases at either the start and or the end of the coding
sequence of the cDNA of interest for the forward or the reverse primer, respectively, a
restriction enzyme site sequence and 5-6 additional non-specific nucleotides which give
extra space for restriction enzyme to perform properly. The order of these three segments
should be (from 5’ to 3’): 5-6 bases additional non-specific nucleotides, restriction
enzyme site and the sequence of the cDNA of interest. The restriction enzyme site
selected for the primer should fulfill two criteria, it should not exist in the gene of
interest, and it should exist only once in the multiple cloning sites of the desired vector.
The restriction enzyme selected for the forward and reverse primers can be the same or
different.
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Second, PCR is performed. The final PCR reaction is made by combining two
premixes:
Mix 1: 100 ng plasmid DNA as template
100 μM forward primer
100 μM reverse primer
1 μl each dNTP
Add sterile distilled deionized (dd) H2O to make final volume of 50μl
Mix 2: 10 μl 10 × reaction buffer supplemented with 15mM MgCl2
0.75 μl (2.6U) High Fidelity Taq Polymerase (Roche Inc.)
Add sterile ddH2O to make final volume of 50μl.
Next, combine Mix1 and Mix2 in a thin-wall PCR tube on ice. Gently vortex the
mixture and briefly centrifuge the tube to collect sample at the bottom of the tube.
The PCR program included one preheat cycle at 94˚C for 2min to completely
denature the template DNA and avoid the 3’-5’ exonuclease activity of the proofreading
polymerase which could partially degrade primers and templates, followed by various
cycle numbers (standard 25) of the following three steps: denaturation at 94˚C for 30 sec,
annealing at 55-65˚C depending on the melting temperature of the primer set (standard is
60˚C for G+C% = 50%) for 1 min, elongation at 72˚C for 1min/kb product (for PCR
product larger than 3kb, elongation temperature can be decreased to 68˚C ), and a final
extension cycle at 72˚C for 7 minutes. The size of the PCR product was checked on an
agarose or polyacrylamide gel with a small amount (such as 5μl) of the PCR products.
The PCR product was purified either by using a PCR purification kit (Qiagen Inc.) if
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there is only one single band with proper size or by purification from an agarose gel or an
acrylamide gel to obtain the desired size product (detailed method are described below).
Third, both the PCR product and the desired vector are digested with the selected
restriction enzymes. The digested DNA samples were separated on either an acrylamide
gel or an agarose gel. Since purification of the vector and cDNA insert from different gel
types generally results in more successful cloning, the vector was separated on an agarose
gel while the PCR product was separated on an acrylamide gel. The proper size bands are
purified from either the agarose gel or the acrylamide gel (detailed method are described
below). Next ligation reaction and bacteria transformation were performed as described
below. Following transformation plasmid DNA was prepared from several colonies by
mini-lysis prep and screened by restriction enzyme digestion followed by agarose or
acrylamide gel electrophoresis. The restriction enzyme sites of either the vector or the
insert are obtained using the program NEBcutter v2.0
(http://tools.neb.com/NEBcutter2/index.php, BioLabs Inc., New England). Eventually
one or two of colonies that contain insert were further confirmed by DNA sequencing
(Genewiz).
Agarose Gel Electrophoresis
Generally, a 1% agarose gel was used to resolve linear DNA fragments in the range
of 0.5 kb to 10.0 kb. The electrophoresis was performed at 100V for 60-90 minutes in
Tris-Acetate (TAE) Buffer (40 mM Tris, 1 mM EDTA, 20 mM sodium acetate, pH 7.2).
After electrophoresis, DNA was stained using ethidium bromide (EtBr) and visualized
under UV light. The molecular weight, purity and the concentration of plasmid DNA,
DNA fragments or PCR products can be roughly evaluated by this method.
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Polyacrylamide Gel Electrophoresis for DNA
PCR products and DNA fragments smaller than 1 kb were analyzed by 5-10%
polyacrylamide gel electrophoresis in TBE buffer (89 mM Tris-Cl, 100 mM boric acid,
3 mM EDTA, pH 8.2) at 100V. A 10% polyacrylamide gel was prepared using 3 ml of
30% Acrylamide/0.8% N, N’-methylene bisacrylamide (Bis), 2 ml of 5× TBE, 5 μl of N,
N, N’, N’-tetramethylene diamine (TEMED), 100 μl of 10% ammonium persulfate (AP)
and 4.895 ml of dd H2O. After electrophoresis was performed, DNA was stained by EtBr
and visualized under UV light.
Restriction Enzyme Digestion
The reaction mixture for the digestion of plasmid DNA or PCR products contained:
1× optimal reaction buffer (supplied with the specific restriction enzyme as 10 × stock
solutions), 1-3 μg purified plasmid DNA or PCR product, and 20-80 units restriction
endonuclease (New England Biolabs, Inc., England), 1 × BSA if indicated and dd H2O to
make final volume of 50 μl. The reaction was incubated at the optimal temperature
indicated for each enzyme for 2-24 hr. The products of restriction digestion were resolved
by agarose or polyacrylamide gel electrophoresis depending on the predicted size of the
fragments, then stained by EtBr and visualized under UV light.
Purification of PCR Product
QIAquick PCR Purification Kit (Qiagen) was used to purify PCR product
following the manufacturer’s protocol.
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Recovery DNA from Agarose Gels
QIAquick Gel Extraction Kit (Qiagen) was used to extract and purify DNA of 1.5
kb to 10 kb from standard agarose gels in TAE buffer. The DNA fragment of interest was
excised from the agarose gel with a clean, sharp scalpel. The gel slice was collected and
then DNA was extracted following the manufacturer’s protocol.
Recovery DNA from Polyacrylamide Gels by Electro-elution
DNA fragment of less than 1000 bases were resolved and recovered from a 5%
polyacrylamide gel. After electrophoresis, the DNA was stained by EtBr and visualized
under UV light. The band corresponding to the fragment size of interest was excised from
the gel with a clean, sharp scalpel and placed into a dialysis tube filled with 0.1× TBE
buffer. The dialysis tube was then placed in an electrophoresis chamber filled with 0.1×
TBE buffer and 500V of electrical potential was applied. The movement of the DNA
from the gel into the buffer within the dialysis tube was observed with a hand-held UV
lamp. After total DNA accumulated on the wall of the dialysis tube, the electric potential
was quickly reversed and the electro-elution was stopped. The buffer containing the DNA
was transferred to a clean microfuge tube. To precipitate the DNA, 1/10 volume of 5M
NaCl and 3 volumes of 100% cold ethanol was added to the sample and mixed well.
The sample was incubated for 1 hr to overnight at -80˚C and then centrifuged for 30 min
at 14,000 rpm in a microcentrifuge at 4˚C. The DNA pellet was carefully washed with
75% ethanol and centrifuged again for 30 minutes at 14,000 rpm in a microcentrifuge at
4˚C. The pellet was air dried and resuspended in the appropriate volume of sterilized dd
H2O.
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Ligation of DNA Fragments
When ligating a DNA fragment into a plasmid vector, the recommended molar
ratio of insert DNA:vector DNA is from 3:1 to 1:3. To convert molar ratios to mass ratios
the following formula can be applied: (ng of vector × size of insert in kb/size of vector in
kb) × (molar ratio of insert:vector) = ng of insert.
Generally, the recommended amount of total DNA in a ligation reaction varies
from 1–10 ng per μl of reaction in a final volume of 10–20μl (10–200 ng total DNA
mass). T4 DNA Ligase performs best at 0.1u/μl of reaction volume. The reaction mixture
consisted of vector DNA, insert DNA, 1× Ligase Buffer, 0.1–1u T4 DNA Ligase (Weiss
units) and dd H2O to make final volume of 10μl. The reaction was incubated at 15˚C
overnight and subsequently transformed into E. coli DH5α.
Standard Transformation of DNA into Bacterial Cells
Preparation of Chemically Competent Bacterial Cells
We commonly use chemically competent E. coli DH5α cells to transform plasmid
DNA or ligation reactions. The day before transformation, E. coli DH5α cells were
streaked on a SOB plate (2% bactotryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM
KCl, 10 mM MgCl2, 10 mM MgSO4) from the stock frozen (-80˚C) E. coli DH5α cells..
The next morning, fresh streaked E. coli DH5α cells were used to inoculate 30 ml of
SOB medium and incubated at 37˚C with shaking for approximately 3 hr (absorbance at
550 nm was 0.45 to 0.55 or 4-7 × 107 viable cells/ml). Bacterial cells were collected into
50 ml Falcon tubes and chilled on ice for 15 min. The cells were pelleted by
centrifugation at 6,800g for 15min, and then resuspended in 10ml Transformation Buffer
- 42 -

(TFB : 10 mM K-MES at pH 6.3, 45 mM MnCl2⋅4 H2O, 10 mM CaCl2⋅2 H2O, 100 mM
KCl, 3 mM HACoCl3) and incubated on ice for 15 minutes. The suspension was
centrifuged again at 6,800g for 15min and the pellet was subsequently resuspended in
2.4ml TFB. Then 84μl DnD solution (1M DTT, 90% (v/v) DMSO, 10 mM potassium
acetate) was added to reach a final concentration of 3.5% (v/v) and incubated on ice for
10 min. Next, another 84μl DnD solution was added to cell suspension to give a 7% (v/v)
final concentration. After 15 min of incubation on ice, the E. coli DH5α cells are
chemically competent cells and ready for the use of transformation.
Transformation of DNA into Chemically Competent E. coli DH5α Cells
The fresh chemically competent E. coli DH5α cells were aliquoted to pre-chilled
15 ml Falcon tubes (210 μl/tube). Then either 0.1μg of plasmid DNA or the ligation
reaction was added to the competent cells and mixed by gently tapping and swirling the
tube. The tubes were incubated on ice for 30 min, followed by heat shocking at 42°C for
90 sec, then by cooling on ice for two min. Next, 800 μl of SOC medium (SOB medium
supplemented with 20 mM glucose) was added to each tube and incubated at 37˚C for 60
min with moderate shaking. After the incubation, the cells were spread on LB agar plates
containing appropriate antibiotic and incubated overnight at 37˚C.
Cloning by Invitrogen Gateway System
Invitrogen gateway system based cloning is a universal cloning method that takes
advantage of the site specific (att site) recombination properties of bacteriophage lamba
to provide a rapid and highly efficient way to move the DNA of interest into multiple
destination vector systems. The method consists of two major steps. First, the DNA of
- 43 -

interest is amplified by PCR and cloned into the entry vector pCR8/GW/TOPO by TOPO
cloning reaction. Second, the DNA of interest is transferred to different destination
vectors by LR recombination reaction. All reagents including the entry vector
pCR8/GW/TOPO TA cloning kit (Cat. K2500-20), destination vectors and Gateway LR
clonase II Enyme Mix (Cat. 11791-020) were purchased from Invitrogen. All together,
this method can be schematically represented as attL1-DNA-attL2 (entry vector) × attR1ccdB-attR2 => attR1-DNA-attL2 + attL1-ccdB-attL2.

Cloning into Entry Vector
Before amplifying the DNA of interest out, we need to properly design the PCR
primers. There are a couple of criteria that need to be fulfilled for a successful cloning.
First, the gene of interest should be in frame with the appropriate tag. Second, if the
destination vector has either a N-terminus or C-terminus tag, make sure to include the
sequences required for proper translation initiation and termination of the gene of
interest. When the destination vector contains a N-terminus tag, the gene of interest
should contain a stop codon at the 3’ end of the sequence. On the other hand, when the
destination vector contains a C-terminus tag, the gene of interest should contain a Kozak
consensus sequence following by a start codon at the 5’ of the gene of interest, and lack
the stop condon at the 3’ of the gene of interest.
The DNA is amplified by mixing the PCR reaction as the following:
10-100 ng plasmid DNA as template
1 μM forward primer
1 μM reverse primer
0.5 μl dNTP mix (included in pCR8/GW/TOPO TA cloning kit)
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5 μl 10 × reaction buffer (included in pCR8/GW/TOPO TA cloning kit)
1-2U High Fidelity Taq Polymerase (included in pCR8/GW/TOPO TA cloning kit)
Add sterile dd H2O to make final volume of 50μl.
Gently vortex the mixture and briefly centrifuge the tube to collect sample at the
bottom of the tube. The PCR program is the same as indicated above for standard
cloning.
After completion of the PCR, the product is verified by loading a small amount of
the reaction mixture on a gel and the PCR product is purified to eliminate the free
nucleotide and proteins in the PCR reaction. Purification by QIAquick PCR Purification
Kit is highly recommended if there is only one major band. Otherwise, purification of the
proper size band from either an agarose gel or an acrylamide gel is required to eliminate
the nonspecific PCR products.
Next, TOPO cloning reaction is set up as follows. Prior to setting up the cloning
reaction, one tube of One-Shot Top10 chemically competent E.coli cells (Cat. C4040-10,
Invitrogen Inc.) was removed from -80˚C freezer and thawed on ice. Next, 0.5-4 μl fresh
PCR product, 1 μl salt solution (1.2M NaCl, 0.06M MgCl2), sterilized dd H2O to make
final volume of 5μl was mixed in a microfuge tube, then 1 μl TOPO entry vector
pCR8/GW/TOPO was added into this mixture followed by gently mixing with pipetting
up and down for several times. Next the tube with mixture was incubated for 5 min at
room temperature and then the tube was placed on ice. Once the One-Shot Top10
chemically competent E.coli cells were thawed, 2μl of the TOPO cloning reaction was
added to one vial of cells, gently mixed by tapping or swirling the tube (do not pipette up
and down). The tube was incubated on ice for 5 to 30 min. Next, the cells were heat
- 45 -

shocked by incubating at 42˚C for 30 sec without shaking followed by immediate
transferring the tube to ice. Finally, 250μl of room temperature SOC medium was added
to the cell and followed by incubation at 37˚C for 1 hr with shaking. Ten μl, 20μl and
50μl of the bacteria culture was plated on three pre-warmed LB agar plates containing
100μg/ml spectinomycin, and incubated overnight at 37˚C. The next day, we should
obtain several hundred colonies. Two to 6 colonies were selected and cultured overnight
in 5ml LB medium containing 100μg/ml spectinomycin. Plasmid DNA was isolated
using the mini-lysis method the next day, followed by restriction enzyme digestion or
PCR to check the presence and the orientation of the insert. Once the desired clone was
identified, DNA was prepared using mini-plasmid DNA prep kit [Qiagen Plasmid
Purification Mini kits (Qiagen) or NucleoBond Plasmid Purification Mini kits
(Macherey-Nagel GmbH & Co.KG, Germany)] and sent DNA for sequencing using
GW1 and GW2 primers included in the pCR8/GW/TOPO TA cloning kit (Genewiz).

Cloning into Destination Vectors
Invitrogen offers a series of destination vectors designed to facilitate high-level
expression of recombinant proteins in bacteria cells (T7 promoter), mammalian cells
(CMV promoter), insect cells (Polyhedrin promoter) and Saccharomyces cerevisiae
(GAL1 promoter). Destination vectors with different kinds of tags such as V5, GFP, His,
Lumio and GST on either N-terminal or C-terminal end are available for detection or
purification of exogenous expression of the gene of interest. The list of destination
vectors can be found on www.invitrogen.com.
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The DNA of interest was recombined into destination vector using Gateway LR
clonase II enzyme. For LR recombination reactions, both supercoiled entry vectors and
supercoiled destination vectors are preferred.
The recombination reactions are prepared as follows:
Entry clone DNA (50-150ng)

1-7μl

Destination vector DNA (150ng/μl)

1μl

TE buffer (pH8.0)

to 8μl

Next, LR Clonase II enzyme mixture was thawed for about 2 minutes on ice
followed by briefly vortexing, then 2μl of the LR Clonase II enzyme mix was added to
the reaction followed by vortexing to mix cells and briefly spinning in a microcentrifuge.
The reaction was incubated at room temperature for 1 hr to overnight (better results were
generally obtained with overnight incubation). After incubation, 1μl of the Proteinase K
solution was added to the reaction and incubate at 37˚C for 10 min to terminate the
recombination reaction. Then standard DH5α transformation reaction was performed and
colonies were plated on ampicillin plates (100μg/ml). Colonies were replica plated on
ampicillin (100μg/ml), chloramphenicol (50 μg/ml) and spectinomycin (100 μg/ml)
plates. Colonies that were ampicillin resistant, chloramphenicol sensitive and
spectinomycin sensitive were selected. One or two of the positive colonies were sent for
sequencing to check the presence of the insert, orientation of the insert and whether the
insert is in frame with the tag (Genewiz).
Propagating the Destination Vectors
One Shot ccdB Survival T1 chemically competent E. coli is required for
transforming the empty destination vectors. The procedure is same as plasmid
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transformation. One single colony was used to make plasmid and correspondent cells
were saved at -80˚C.
Storage of the Clones
Inoculate the cells containing each plasmid construct that are going to be stored in
5ml LB (10% w/v bacto-tryptone, 5% w/v yeast extract, 5% w/v NaCl) medium with
appropriate antibiotic and incubate overnight at 37˚C with rigorous shaking. The next
day, mix 1ml of bacterial culture with 1ml of sterilized 80% glycerol in a cryogenic vial
(Corning Inc.) by vortexing and store at -80˚C immediately.
Isolation of Plasmid DNA
Plasmid DNA was routinely isolated using either Qiagen Plasmid Purification kits
(Qiagen) or NucleoBond Plasmid Purification kits (Macherey-Nagel GmbH & Co.KG,
Germany). Briefly, a single colony was picked from a freshly streaked antibiotic selective
plate and used to inoculate in LB medium (10% w/v bacto-tryptone, 5% w/v yeast
extract, 5% w/v NaCl) with the proper antibiotic. The culture was incubated at 37°C
overnight (12–16 hr) with vigorous shaking (approx. 200 rpm). The next morning, the
bacterial cells were harvested by centrifugation at 6,800g for 15 min at 4°C. The plasmid
DNA was isolated following manufacturer’s protocol.
Depending on the amount of plasmid DNA required, mini, midi, maxi or mega
preparations can be made. For original screening of colonies, mini prep is usually used.
For other purposes such as mammalian cell transfection, midi prep is normally used. If
large amount of plasmid DNA is needed, maxi or mega are chosen. From a midi prep
(200ml culture), the expected yield is ~200μg for high copy plasmids and ~50μg for low
copy plasmids. The purity of the DNA was measured by determining the 260/280 ratio by
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measuring the absorbance at 260 nm and 280 nm. If A260/280 ratio is higher than 1.8,
the plasmid DNA is considered to be acceptable for most of applications such as
mammalian cell transfection, sequencing and restriction enzyme digestion. The
concentration of the DNA can be calculated from its UV absorbance at 260nm.
Concentration (µg/ml) = A260 reading × dilution factor × 50µg/ml (Promega, Inc.). In
addition, DNA concentration can be roughly estimated from the comparison of the
sample DNA to the standard markers on 1% agarose gel. Electrophoresis will also
provides information on conformation and structural integrity of isolated plasmid DNA,
such as whether the sample is predominantly supercoiled, nicked or even linear form
along with determining if there is chromosomal DNA or RNA contamination.
Mini-Lysis Plasmid Purification
If only a small amount of plasmid DNA is needed for restriction enzyme digestion
purposes or screening of a large number of colonies, mini-lysis plasmid purification is
preferred. A bacterial colony was inoculated in 5 ml LB medium with appropriate
antibiotic and cultured overnight at 37˚C. The next day, 1.5 ml of the culture was
transferred into 1.5 ml microfuge tube and chilled on ice for 5 min. The bacterial cells
were collected by centrifugation at 3,000 rpm in a microcentrifuge for 5 min. The pellet
was resuspended in 0.3 ml of STET buffer (8% sucrose, 5% Triton-X100, 50 mM Tris,
pH 8.0, 50 mM EDTA) and 25 μl of 10 mg/ml of lysozyme was then added. The samples
were boiled for 1 min and then centrifuged at 14,000 rpm in a microcentrifuge for 15
min. The supernatant was removed to a new microfuge tube and 230 μl of isopropanol
was added. The tubes were chilled at -20˚C for 10 min. To collect the precipitated
plasmid DNA, the samples were centrifuged at 14,000 rpm in a microcentrifuge for 30
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min. The pellet was air-dried and resuspended in dd H2O. Finally, 1μl of RNAase
(10mg/ml) was added and incubated at 37˚C for 10min to digest RNA in the sample. This
is a time-saving method for plasmid preparation, one and half hr is enough for the whole
process. However, the plasmid quality prepared by this method is only good for
restriction enzyme digestion, but not for sequencing or transfection.
Generation of Mutant Clones by Site-directed Mutagenesis
Point Mutations
The QuikChange site-directed mutagenesis kit (Stratagene) was used to make point
mutation(s). First, two complementary mutagenic oligonucleotide primers containing the
desired mutation in the middle and flanked by unmodified nucleotide sequence were
designed. The following formula is used for estimating the Tm of primers: Tm = 81.5 +
0.41(%GC) - 675/N - %mismatch. N is the primer length in bases. Primers are preferred
to be between 25-45 bases in length and Tm should be ≥ 78˚C. The mutagenesis reaction
consisted of: 5 μl of 10× reaction buffer, 5-50 ng of DNA template, 125 ng of each
oligonucleotide primer, 1 μl of dNTP mix, 1 μl of PfuUltra HF DNA polymerase (2.5
U/μl) and dd H2O to make final volume of 50 μl. PCR cycling parameters were as
follows: 1 cycle at 95°C for 30 sec; 12-18 cycles at 95˚C for 30 sec, 55˚C for 1 min and
68˚C 1 min/kb of plasmid length. Following PCR, the reactions were placed on ice for 2
min to cool the reaction. Next, 1 μl of the DpnI restriction enzyme (10 U/μl) was added
directly to each amplification reaction, mixed well and immediately incubated at 37˚C for
1 hr to digest the parental (i.e., the nonmutated) DNA strand. Finally, 1 μl of the DpnItreated DNA from each reaction was transferred to 50 μl aliquots of the XL1-Blue
supercompetent cells. The transformation reactions were swirled gently and incubated on
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ice for 30 min. Next, the reactions were heat pulsed for 45 sec at 42˚C and then were
placed on ice for 2 min. Half ml of SOC medium was added and the cells were incubated
at 37˚C for 1 hr with shaking at 225–250 rpm. Finally, the appropriate volume of each
transformation reaction was plated on agar plates containing the appropriate antibiotic for
the plasmid vector. The verification of the mutation was confirmed by plasmid
sequencing (Genewiz).
Quick change was performed using the following primer set to generate C529A
mutant of SF HACE1 and C876A mutant of LF HACE1.
5' HECT CA #2: CCA ACT TCA AGC ACA GCC ATC AAC ATG CTC AAG
3' HECT CA #2: CTT GAG CAT GTT GAT GGC TGT GCT TGA AGT TGG

Integration of PCR Fragment by Site Directed Mutagenesis
This is a modified method of site directed mutagenesis using the QuikChange sitedirected mutagenesis kit (Stratagene) to insert a DNA fragment into a plasmid DNA.
First, two mutagenic oligonucleotide primers containing at least 20 nucleotides
corresponding exactly to the DNA sequence upstream/downstream from the point of
insertion in the plasmid DNA followed by the first 20 nucleotides or last 20 nucleotides
of the DNA fragment for insertion were designed. Next, two rounds of PCRs were
performed. The first round of PCR was to amplify the insert using the primer set. After
verifying the size of the product, it was purified using either PCR purification kit or gel
purification kit depends on the purity of the product. The second round of PCR was to
use the site directed mutagenesis kit to integrate the insert into the destination plasmid.
Briefly, 200-300 ng of the purified first round PCR product served as primer and 50-100
ng of the destination plasmid DNA served as template DNA. The mutagenesis reaction
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consisted of 5 μl of 10× reaction buffer, 50-100 ng of DNA template, 200-300ng of first
round PCR product, 1 μl of dNTP mix, 1 μl of PfuUltra HF DNA polymerase (2.5 U/μl)
and dd H2O to make a final volume of 50 μl. The PCR reaction was performed as

Table 3-1. Clones of LF and SF HACE1 used in this study
Insert

Vector

LF HACE1

pCMV6-XL4
PCR8GWTOPO
pcDNA DEST53
pcDNA3.1/nV5-DEST
pDEST15
pcDNA DEST53

LF HACE1
C876A mutant

SF HACE1

pDEST27
pCMV6-XL4

Tag

5’ GFP
5’ V5
5’GST
5’GFP
3’ V5
5’GST

Resistance

Yes
Yes
No
Yes

A, N
A, N
A
A, N

Yes
Yes

A

A
S

pcDNA DEST53

5’ GFP

Yes

A, N

pcDNA3.1/nV5-DEST
pBluescript

5’ V5

Yes

A, N
A

No

S

PCR8GWTOPO

SF HACE1
C529A mutant
AR (1-358AA
of LF)
SFNT (1356AA)
SFCT (356562AA)

Expression in
Mammalian cells
Yes
No

pCDNA3.1-HisC

5’ His

Yes

A, N

pcDNA DEST53

5’ GFP

Yes

A, N

pcDNA3.1/nV5-DEST

5’ V5

Yes

A, N

pGEX-KG

5’GST

No

A

pGEX-KG

5’GST

No

A

pDEST15

5’GST

No

A

pGEX-KG

5’GST

No

A

pGEX-KG

5’GST

No

A

A: Ampicillin resistant; S: Spectinomycin resistant; N: Neomycin resistant
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Table 3-2. RAR clones and miscellaneous clones used in this study
Insert

Vector

RARβ3

pOPRSVICAT
pET29a

RARα1
RARβ1
RARβ2

RARβ4
RARγ1
RXRα1

Expression in
Mammalian cells
Yes
No

Resistance

Yes
Yes
Yes
No
Yes
No
Yes
No
Yes

A
A, N
A, N
K
A
K
A
K
A

pOPRSVICAT
pET29a

Yes
No

A
K

pOPRSVICAT

Yes

A

pET29a

No

K

pSG5

Yes

A

pET29a

No

K

pSG5

Yes

A

pDsRed-Monomer-C1
pcDNA 3.1/nV5-DEST
pDEST27
pET29a
pSG5
pET29a
pOPRSVICAT
pET29a
pSG5

Tag

5’RFP
5’ V5
5’GST

A
K

RARβ C-F

pCDNA3.1-HisC

His

Yes

A, N

RARβ D-F

pCDNA3.1-HisC

His

Yes

A, N

PPARγ

pCMX

Yes

A

ERα

pCMX

Yes

A

TRα
RAR-luc

pCMX

Yes

A

pTL-luc

Yes

A

PPARγ-luc
Sp1-luc

pTL-luc

Yes

A

pTL-luc

Yes

A

Renilla

pTK-RL

Yes

A

A: Ampicillin resistant; K: Kanamycin resistant; N: Neomycin resistant
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following: a denaturation step at 95˚C for 30 second, 18 cycles of 95˚C for 30 second and
55˚C for 30 second, and 1min/kb template DNA at 68˚C. The DpnI treatment following
the PCR was increased to 3 hr to completely remove the wild type methylated template
DNA (Geiser et al., 2001). The verification of the integration of the inserted DNA was
confirmed by plasmid sequencing (Genewiz).
Quick change was performed using the following primer set to insert V5 tag into
LF HACE1 in pDEST53 to generate double tagged LF HACE1(5’ GFP and 3’ V5).
3PV5HACE1GFP#2
5' CAT TGT GGC
3PV5HACE1GFP#2
5' GTA CAA GAA

F
AGC TAT GGT TAC ACA ATG GCA GGT AAG CCT ATC CCT AAC C
R
AGC TGG GTC GAA TTC GCC CTT TTA CGT AGA ATC GAG ACC G

Summary of Clones
The HACE1 clones that were prepared and confirmed by DNA sequencing are
listed in Table 3-1. RAR clones and other miscellaneous clones that are used in this study
are listed in Table 3-2.

In vitro Protein Interaction Assay
Expression and Purification of GST Fusion Proteins
HACE1 in GST containing plasmid (pGEX-KG or pDEST15 ) were transformed
into BL21-DE3 E.coli for protein expression. Five ml of LB medium were inoculated
with one colony in the presence of ampicillin (100 µg/ml) overnight. The complete
culture volume was used to inoculate 200 ml of LB medium and incubated at 37˚C with
shaking until the absorbance at 600 nm reached 0.6 (approximately 1.5 hr). The protein
expression was induced by the addition of IPTG to the final concentration of 0.25 mM
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and incubated for 1.5 hr. The cells were pelleted by centrifugation at 900g for 15 min.
The cell pellet was resuspended in 10 ml of cell lysis buffer (50 mM EDTA, 1% TritonX, 1mM PMSF, 1% aprotinin, 1μg/ml leupeptin, 1μg/ml pepstatin in PBS) and sonicated
four times for 15 sec at 40% amplitude (Branson digital sonifier). Lysed cells were
centrifuged at 4˚C for 15 min at 20,800g. The supernatant was collected and 1ml of a
50% slurry of glutathione-agarose was added. The mixture of protein extract and 50%
glutathione-agarose slurry was incubated overnight at 4˚C with rotation. The glutathioneagarose beads were collected by centrifugation at 100g for 5 min and washed 5 times
with 10 volumes of cell lysis buffer. Finally, the beads were resuspended in 1 ml PBS
(1mM PMSF, 1% aprotinin, 1μg/ml leupeptin, 1μg/ml pepstatin) and stored at 4˚C. The
purity of the recombinant GST protein bound to the agarose beads was confirmed by
SDS-PAGE electrophoresis followed by Coommasie Blue staining after the GST-protein
was eluted from the beads by boiling in 2× Sample buffer (0125 mM Tris-HCl, pH 6.8,
4% (w/v) SDS, 10% (v/v) glycerol, 2% (v/v) 2-mercaptoethanol, and 0.1% bromophenol
blue) for 5 min. Proteins could only be stored at 4°C for no longer than 2-3 weeks before
they degrade.
Glutathione-agarose Beads
To make 50% slurry of glutathione-agarose, the lyophilized glutathione-agarose
powder (Sigma, Inc) was first swelled in dd H2O at 200 ml/g for 30 min at room
temperature or overnight at 4 ˚C. After swelling, the agarose beads were washed at least
three times with 10 volumes of H2O and centrifugation at 100g to remove the lactose
present in the lyophilized product. Finally, appropriate amount of PBS was added to
glutathione-agarose gel to make 50% (v/v) slurry.
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In vitro Transcription and Translation of Interacting Proteins
[35S]-methionine labeled proteins used in GST pull-down assays were generated
using TNT T7 Quick Coupled Transcription/Translation System (Promega). First, the
TNT Quick Master Mix was thawed and placed on ice. The reactions consist of 40 μl of
the TNT Quick Master Mix, 2 μl [35S]-methionine (1175 Ci/mmol; Perkin-Elmer), 2μg of
plasmid DNA (in volume equal to or less than 8μl) and nuclease free dd H2O to make
final volume of 50μl in 1.5 ml microfuge tubes. The reactions were incubated at 30°C for
90 min and immediately used in GST pull-down assays.
GST Pull-down Assay
The assays were performed with agarose bound GST-HACE1 fusion proteins and
the [35S]-methionine labeled nuclear receptors or control proteins. For the GST pull-down
assays, 100 μl aliquots of GST-fusion protein bound to the agarose beads were incubated
with 5-15 μl of the in vitro transcription and translation (TnT) reaction in 470 μl of GSTbinding buffer (60 mM NaCl, 1 mM EDTA, 20 mM Tris-HCl, pH 8.0, 0.05% NP-40, 6
mM MgCl2, 8% glycerol). The reactions were incubated at 4˚C for 2 hr with constant
rotation and carefully washed for 5 times with GST-washing buffer (500 mM NaCl, 1
mM EDTA, 20 mM Tris-HCl, pH 8.0, 0.05% NP-40, 6 mM MgCl2, 8%glycerol). For
each wash the GST beads were centrifuged at 1,000 rpm in a microcentrifuge for 1 min
followed by discarding the supernatant and resuspending the GST beads in 1 ml of GSTwashing buffer. The interacting proteins were eluted by boiling for 5 min in 2× sample
buffer (0.125 mM Tris-HCl, pH 6.8, 4% (w/v) SDS, 10% (v/v) glycerol, 2% (v/v) 2mercaptoethanol, and 0.1% bromophenol blue) and resolved by 10% SDS-PAGE
electrophoresis. After electrophoresis, the polyacrylamide gel was placed in a plastic box
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and covered with the fixing solution (50% methanol, 10% acetic acid, 40% dd H2O) and
for 30 min. The fixing solution was poured off and the gel was placed in soaking solution
(7% acetic acid, 7% methanol, 1% glycerol) for an additional 15 min. The fixed gel was
placed on a sheet of Whatman 3MM filter paper and dried at 80˚C for 90 min under a
vacuum using a gel dryer (Hoefer Scientific). The dried gel was exposed to a
phosphorimaging screen from 1 hr to overnight. The screens were developed using a
Cyclone phosphorimager and the protein bands visualized using Optiquant Software
(Packard Instruments).

Mammalian Cell Culture and Cell Based Assays
Cos1, P19 and CAOV3 Cell Lines
The Cos1 cell line is SV40 transformed CV1 cells which originated from the
kidney of a male adult African green monkey. The P19 cell line was derived from an
embryonic carcinoma induced in a C3H/He mouse. CAOV3 cell is human ovarian
carcinoma cell line. All cell lines were obtained from ATCC.
Routine Cell Culture
Cells were cultured at 37˚C, 98% humidity and supplied with 5% CO2 in complete
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine
serum (Sigma Life Sciences), 2 mM L-glutamine (Gibco Invitrogen Corporation), 100
units/ml penicillin/100 μg/ml streptomycin (Cellgro). Cells were maintained in 100 mm
petri dishes (Corning). To passage the cells, medium was aspirated, then cells were
washed with sterile phosphate buffered saline (PBS) once, next 1ml of 1× trypsin-EDTA
(Gibco Invitrogen Corporation) was added to each plate to help cells to detach from the
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plate. After the cells detached from the plate, 10ml of completed DMEM medium was
added to terminate trypsin activity. Cells were subcultured into new plates at a ratio of
1:10 (CAOV3 cells), 1:25(Cos1 cells), and 1:40 (P19 cells) about twice a week.
Cell Counting
A coverslip was placed over the counting surface of the hemocytometer. Ten μl of
cell suspension diluted in trypan blue was introduced into one of the wells of the
hemocytometer counting chamber and cells were counted within the four large corner
squares. Each square has a surface area of 1 mm2 and a depth of 0.1 mm, giving it a
volume of 0.1 mm3. The final concentration of the cells (cells/ml) was calculated using
the formula: cells/ml = [(Number of cells counted in 4 squares × dilution number)/( 4 ×
0.1)] × 1000.
Long-term Storage of Cell Lines
For long-term storage, cells were frozen in DMSO Freeze Medium (BioVerisTM)
at a concentration of 1×106 cells/ml in sterile cryogenic freezing vials (Nunc) and kept in
liquid nitrogen tanks. The cells to be stored were trypsinized and centrifuged at 110g for
5 min at 4˚C. After the culture medium was removed, the cell pellet was resuspended in
ice-cold DMSO freeze medium at the concentration of 106 cells per ml. One ml of the
cell suspension was dispensed into a cryogenic freezing vial and frozen at -80˚C. After 24
hr, the frozen vials were placed into a liquid nitrogen tank for long term storage.
Recovery of Stored Cells from Liquid Nitrogen
To start culturing frozen cells, vials were quickly thawed at 37˚C. The thawed cells
were pelleted by centrifugation at 110g for 5 min in a sterilized falcon tube. Then the
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freezing medium was removed and the cell pellet was resuspended in fresh DMEM
medium, transferred to a 100 mm cell culture plate and placed into an incubator. Next
day, the viability of the cells was checked by examination under a microscope.
Generating Stable Transfected Cell Lines
Stable transfection of cells was performed using the calcium phosphate method. 5
×105 cells were plated on 60mm tissue culture dishes in completed DMEM medium one
day before transfection. Three hr prior to transfection, cell medium was changed to fresh
complete DMEM. Next, 20 μg to-be-transfected plamid (V5-HACE1 expression plasmid
in pCDNA3.1/nV5-DEST vector or empty pcDNA3.1/nV5-DEST vector) was mixed in a
15ml falcon tube, with 37μl of 2M CaCl2 and sterile dd H2O to make final volume of
300μl. 300 μl of 2× HBS solution (10 g/l HEPES, 16 g/l NaCl, 0.74 g/l KCl, 0.375 g/l
Na2HPO4.7 H2O and 2 g/l Dextrose, pH 7.05) was added into another 15ml falcon tube.
Next the DNA/CaCl2 mixture was added in a dropwise fashion to the 2× HBS tube while
bubbling air into the tube using another pipette. The solution was incubated at room
temperature for 20 min and then was added to the cells dropwise. The next morning,
medium was changed to fresh completed DMEM medium and the selection drug G418
was added (Neomycin resistant gene was incorporated in the vector pcDNATM 3.1/nV5DEST). G418 was used at a concentration of 800μg/ml. The culture medium
supplemented with fresh G418 was changed to fresh completed DMEM medium every 2
days. Isolated colonies of G418 resistant cells were distinguishable by nude eyes as white
dots approximately 2 weeks after transfection. Individual colonies were isolated using
sterilized cloning rings. Cells in each cloning ring were trypsinized and put into an
individual well of 6 well plates. After growth of the individual cell clones, they were
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screened by western blot analysis for V5-HACE1 expression (approximately 110 kD)
using V5 antibody.
Transient Transfection
GenJet™ is an in vitro DNA transfection reagent formulated by covalently crosslinking cationic liposomes with polymers and is commercialized to give high transfection
efficiency and low toxicity. To use this reagent to transiently transfect mammalian cells,
cells were plated 18 to 24 hr prior to transfection. Optimally 50-60% confluency is
preferred at the time of transfection. For a 35mm dish, 4μg or less of DNA was used and
the ratio of DNA(μg): GenJet(μl) was 1:3. Prior to transfection, the medium on the cells
was changed to serum free medium (DMEM supplemented with 2 mM glutamine (Gibco)
only, without serum and antibiotics). Then 4μg DNA was diluted in 0.2ml serum free
medium and 12μl GenJet was diluted in 0.2ml serum free medium in separate sterilized
falcon tubes. Next, GenJet solution was added to the DNA solution (the order is very
important), the solution was mixed immediately and incubated at room temperature
without disturbance for 10 min. Next, the GenJet/DNA mixture was added to the cells by
a dropwise fashion and the plate was gently swirled to mix the medium and the
GenJet/DNA solution and placed back into incubator. Finally, the medium was changed
to complete DMEM medium 4-6 hr after transfection. The transfection efficiency was
measured 24-48 hr later.
Electroporation
6×106 CAOV3 cells were pelleted by centrifugation at 110g for 5 min. Then the
cells were washed once with PBS and resuspended in 0.5ml EmbryoMax electroporation
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buffer (Chemicon) and put into sterile 4mm electroporation vial (Eppendorf). Cells are
electroporated using GenePulserXcell (Biorad) using the criteria as following: 200v,
1000μF. The cells were immediately put on ice after pulsing and transferred to a cell
culture plate with fresh medium. The next morning old medium is replaced by fresh
DMEM medium and transfection efficiency can be examined 24-48hrs after transfection.

Transactivation Assays
Transient Transfection of Cos1 Cells
Cos1 cells were plated at 1.5×105 cells per 35mm tissue culture plate the day
before transfection. Cells were transfected using GenJet transfection reagent. For
transactivation assays, the cells were transfected with 4 μg of total DNA (0.3 μg RAR Luc reporter DNA (Panomics), 0.03 μg pTK-RL (Promega), 0.3 μg RAR expression
DNA, 3 μg HACE1 expressing plasmid or empty vector). Four hr after transfection, the
medium was changed to complete DMEM medium with charcoal stripped serum in place
of fetal bovine serum. The next day the transfected cells were treated with 10-6 M RA or
ethanol carrier. Twenty-four hr after treatment the cells were lysed and firefly and renilla
luciferase activities were measured by dual luciferase assay. For the SP1 and PPARγ
luciferase assays, the transfections were performed using SP1-Luc reporter DNA or
PPARγ-Luc reporter DNA (Panomics) in place of RAR-luc and pCMX-PPARγ for
PPARγ expression in place of RARs.
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Dual Luciferase Assay
The activities of firefly (RAR-Luc, SP1-Luc or PPARγ-Luc) and renilla (pTK-RL)
luciferases were measured sequentially from a single sample using the Dual-Luciferase
Reporter (DLR) Assay System (Promega).
The cell lysates were prepared using the passive lysis protocol. First, the culture
medium was removed from the cultured cells, and PBS was applied to rinse the cells two
times. Three hundred μl of 1× Passive Lysis Buffer (PLB) was added to a 35 mm plate
and the plate was rocked for 20 min at room temperature. Then the cell lysate was
collected into microfuge tubes. The lysate samples were centrifuged for 15 min at 14,000
rpm in a refrigerated microcentrifuge. Finally, the supernatant were saved as the cell
lysate.
Twenty µl of cell lysate was placed into a microfuge tube containing 100µl of
substrate LAR II and mixed well. The sample was read in a luminometer (Zylux) that was
programmed to perform a 2-second premeasurement delay, followed by a 10-second
measurement period for each reporter assay. When the measurement of the firefly
luciferase activity was completed, the sample tube was removed from the luminometer,
and 100µl of Stop & Glo Reagent was added and mixed, then the renilla luciferase was
measured by placing the tube in the luminometer.
Firefly luciferase measurements are normalized with renilla luciferase
measurements. The fold change was calculated relative to cells that were transfected with
empty vector DNA and treated with carrier. The measurement of empty vector DNA
transfected and carrier ethanol treated was set to 1 arbitrarily.
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Firefly Luciferase Reporter Construct
RAR-luc, SP1-Luc and PPARγ-luc were purchased from Panomics Inc. They were
designed to measure the transcriptional activity of RAR, SP1 and PPARγ, respectively.
Response element of each transcriptional factor were inserted upstream of a minimal TA
promoter and the TATA box from the Herpes simplex virus thymidine kinase promoter.
These constructs drive the expression of the firefly luciferase reporter gene upon the
binding of corresponding nuclear receptor.

pTK-RL
The pTK-RL vector was used as an internal control reporter to normalize for the
transfection efficiency. The pTK-RL vector contains the herpes simplex virus thymidine
kinase minimal promoter that drives the expression of renilla luciferase. This plasmid
was a kind gift from Dr. Barbara Hoffman and Dr. Dan Liebermann, Temple University
School of Medicine.
Analysis of mRNA Levels
Isolation of RNA
Total RNA was isolated from cells using RNA-Bee RNA isolation reagent (TelTest, Inc) according to manufacturer’s instructions. Cells were lysed directly in the
culture dish by the addition of 1 ml of RNA-Bee reagent per 107 cells. The lysate was
passed through a pipette tip several times to ensure lysis and transferred to a
microcentrifuge tube. Next, 0.2 ml chloroform was added per 1 ml of RNA-Bee, and the
tube was vortexed for 15 - 30 sec. The sample was incubated at 4˚C for 10 min and then
centrifuged at 12,000 rpm in a microcentrifuge for 15 min at 4˚C. Following
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centrifugation, the upper aqueous phase was transferred to a clean tube and 0.5 ml of
isopropanol was added and mixed by inverting the tube several times. The sample was
incubated for 10 min at room temperature and then centrifuged at 12,000rpm in a
microcentrifuge for 5 min at 4˚C to collect the RNA precipitate. The RNA pellet was
washed once with 75% ethanol, and centrifuged for 5 min in a microcentrifuge at
12,000rpm at 4˚C. At the end of the procedure, the RNA pellet was air-dried for 10 min
and resuspended in RNAase-free dd H2O. Finally, the purity of the RNA was measured
by checking absorbance at 260 nm and 280 nm by a spectrometer. If A260/280 is higher
than 1.7, we consider the RNA can be used for RT-PCR purpose. The concentration of
the RNA was calculated using the absorbance at 260nm. Concentration of RNA sample
(µg/ml) = A260 reading × dilution factor × 40µg/ml. We use double autoclaved tips,
tubes and water to prevent contamination of RNAase.

Reverse Transcription
The cDNAs were synthesized using Advantage RT-for-PCR kit (Clontech). In a
sterile 0.5-ml microfuge tube, 1 μg of isolated total RNA, 1 μl of the oligo(dT)18 primer
and RNAase-free treated dd H2O to make a final volume of 12.5μl was mixed and
incubated at 70˚C for 2 min and rapidly quenched at 4˚C using a PCR program. Next, 4
μl of 5× reaction buffer, 1 μl of dNTP mix (10 mM each), 0.5 μl recombinant RNase
inhibitor and 1 μl MMLV reverse transcriptase was added to the mixture and cDNA
synthesis was carried out at 42˚C for 1 hr. To stop the cDNA synthesis reaction and to
destroy any DNase activity, the reaction was heated at 94˚C for 5 min. Finally, the
reaction was diluted to a final volume of 100 μl and is ready for use for PCR analysis of
the gene of interest. The cDNA can be stored at -80˚C.
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Amplification of DNA by Polymerase Chain Reaction (PCR)
Standard polymerase chain reaction (PCR) procedure was used for the cDNA
amplification. The PCR reaction consisted of the cDNA template (5 to 10 μl from the
reverse transcription reaction), 10 μM each primer, 10 μl of 5× Green or Colorless
GoTaq Flexi buffer (supplied with GoTaq DNA polymerase), 4 μl of 25 mM MgCl2, 1 μl
of each dNTP (10 mM), 1 unit of GoTaq DNA polymerase and dd H2O to make final
volume of 50 μl. The standard PCR parameters were: preheating at 94˚C for 2 min to
completely denature the template DNA, various cycle numbers (standard 25) of the
following three steps: denaturation at 94˚C for 30 sec, annealing at 55-65˚C depending on
the melting temperature of the primer set (standard is 60˚C for G+C% = 50%) for 1 min,
elongation at 72˚C for 1min/kb product, and final extension at 72˚C for 7 min and hold at
4˚C. The PCR products were checked by agarose or polyacrylamide gel electrophoresis.

Primer Design
PCR primers generally range in length from 15-30 bases and are designed to flank
the region of interest. Primers should contain 40-60% (G+C), we normally prefer 50% for
both 5’ and 3’ primers. Ideally, both primers should have identical melting temperatures
(Tm). Tm of a primer can be calculated by using a Tm Calculator
(www.promega.com/biomath). The simplest calculator is Tm = 4 × (number of G and C
in the primer) + 2 × (number of A and T in the primer). The criteria of choosing a primer
includes: (1) Avoid primers that might produce internal secondary structure; (2) The 3’
ends of the primers should not be complementary to prevent the production of primerdimers (3) Avoid three G or C in a row near the 3’ end of the primer which might result
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in nonspecific primer annealing. (4). One G or C should be at the end of either 5’ or 3’
primer to facilitate annealing and initiation of the extension.
In addition, there is software available online to help with primer design such as
Primer 3 (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and primer bank
(http://pga.mgh.harvard.edu/primerbank).
Primers used in this study are listed in Table 3-3.

Table 3-3. Primers used to study the expression of HACE1

Primer Name

Sequence

HECT(RT-PCR)
(human LF and SF HACE1)

F: 5’ TCT TAC AGT TTG TTA CGG GCA GTA
R: 5’ CAA TCC ACT TCC ACC CAT GAT

HECT MOUSE
(Mouse LF and SF HACE1)

F: 5’ CAG GCT GTA CAC CCC TTC AT
R: 5’ GAG GTC ATG GAG GAG CTC TG

HECT COMMON
(Human and Mouse LF and
SF HACE1)
MLF
(Mouse LF HACE1)

F: 5’ GGC TAT GAA AGA GAA GAT CCA G
R: 5’ TGA GCA TGT TGA TGC ATG TG

MTSF2
(Mouse Theoretic SF HACE1)
HSF
(Human SF HACE1)

F:
R:
F:
R:

HLF
(Human LF HACE1)

F: 5’ GGA TTG TGA GAA TGT TTT GTC ACG TC
R: 5’ GAT CTT GGC CTT TTT GTT TCA G

RARβ2

F: 5’ GGC AGA GTT TGA TGG AGT TC
R: 5’ TGG TAG CCC GAT GAC TTG TCC T

GAPDH

F: 5’ AGA AGA CTG TGG ATG GCC CC
R: 5’ AGG TCC ACC ACC CTG TGG C

F: 5’ CGA TAT GGG CTA CAA TGG AAA TAA A
R: 5’ ACA TGT AGA AGG CTT GAA TGA CAG
5’
5’
5’
5’

GCT
GAT
TCA
GTC

GGA
GGA
CGT
CTG
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CAA
GAC
TAA
GAG

AAA
CCT
CTT
GTT

TGA
TTT
GGG
CAA

ACC
GTA
AAG
ATG

TTA CTT CTG
CTC TTT G
ATA GAA A
GAG

Real-Time PCR
Ten μl of the RT reaction was used for quantitative real time PCR using SYBR
Green PCR chemistry (Applied Biosystems) according to manufacturer’s instructions.
Specific PCR primers (Table 3-4) were synthesized and optimized for amplification of
each gene. The qPCR reactions contained: 10 μl of the RT reaction, 50 μl of PCR Master
Mix (Applied Biosystems), 6 μl of both 5’ and 3’ primer with the concentration (Table 34) optimized for each primer and ddH2O to make a final volume of 100 μl. For each
reaction, 3 replicate, each of 30 μl of sample volume were added to the PCR microtiter
plate. The cycling parameters were: initial step of 95˚C for 10 min; 40 cycles of 95˚C for
45 sec, 55˚C for 45sec, 72˚C for 90 sec and final step of 4˚C to stop the reaction. Changes
in gene expression were calculated using relative quantitation of a target normalized to
endogenous GAPDH standard. All primers (Table 3-4) used for Real-Time PCR analysis
of mRNA levels yielded a dissociation curve with a single peak and a single PCR product
on an acrylamide gel.
Preparation of Nuclear extracts, Cytoplasmic Extracts and Whole Cell Extracts
Cells were washed carefully with PBS. Next, the cells were scraped off the plates
and collected by centrifugation at 110g for 5 min at 4˚C and subsequently washed with
PBS containing 1mM phenylmethylsulfonyl fluoride (PMSF), 0.5 μg/ml Leupeptin, 0.5
μg/ml Pepstatin A and 0.5 μg/ml Aprotinin. To make nuclear extracts, cytosolic extract
and whole cell extract from one single plate, usually one third of the cells were used for
whole cell extract, and two thirds of the cells were used for nucleus and cytosolic
extracts.
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Table 3-4. Primers used in real-time PCR.
Primer Name

Conc

Sequence

used
F: hRARβ
R: hRARβ

300nM
750nM

F: 5’ GTC ACC GAG ATA AGA ACT GTG TTA
R: 5’ ACT CAG CTG TCA TTT CAT AGC TCT C

F: hRAI3
R: hRAI3

300nM

F: 5’ TGC TCA CAA AGC AAC GAA AC
R: 5’ TGG TTC TGC AGC TGA AAA TG

F: hRIG1
R: hRIG1

300nM

F: 5’ GAG ATT TTC CGC CTT GGC TAT
R: 5’ CCG TTT CAC CTC TGC ACT GTT

F: hCRABP II
R: hCRABP II

300nM

F: 5’ CCC GAA TTC ATG CCC AAC TTC TCT GG
R: 5’ AGT GGA TCC TCA CTC TCG GAC GTA GA

F: hHPRT
R: hHPRT

150nM

F: 5’ TTC TTT GCT GAC CTG CTG G
R: 5’ TCC CCT GTT GAC TGG TCA T

F: hGAPDH
R: hGAPDH

50nM

F: 5’ AGA AGA CTG TGG ATG GCC CC
R: 5’ AGG TCC ACC ACC CTG TGG C

Whole Cell Extract
The cell pellet was lysed in TNE buffer (0.05M Tris-HCl pH8.0, 0.15M NaCl, 1%
NP40, 2mM EDTA pH 8.0) containing 1mM DTT and protease inhibitors (1mM PMSF ,
0.5 μg/ml Leupeptin, 0.5 μg/ml Pepstatin A and 0.5 μg/ml Aprotinin), with 200μl buffer
per 20μl pellet size. Then the tube was incubated on ice for 30 min and subsequently
vortexed for 15 sec, followed by centrifugation at 14,000 rpm for 10 min at 4˚C in a
microcentrifuge. The supernatant was whole cell extract and was stored at -80˚C.

Nuclear and Cytoplasmic Extract
Cell pellets were lysed in Lysis buffer I (10 mM HEPES, pH 7.9, 1 mM EDTA, 60
mM KCl and 0.5% NP-40) containing protease inhibitors (1mM PMSF, 0.5 μg/ml
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Leupeptin, 0.5 μg/ml Pepstatin A and 0.5 μg/ml Aprotinin) on ice for 10 min. One
hundred μl of Lysis buffer I was used for 5-10 × 106 cells. The cell nuclei were pelleted
by centrifugation at 4,000 rpm for 5 min at 4˚C in a microcentrifuge. The supernatant was
saved as the cytoplasmic fraction, the pellet containing cell nuclei was washed in Lysis
Buffer II containing protease inhibitors (10 mM HEPES, pH 7.9, 1 mM EDTA, 60 mM
potassium chloride 1mM DTT, 1mM phenylmethylsulfonyl fluoride , 0.5 μg/ml
Leupeptin, 0.5 μg/ml Pepstatin A and 0.5 μg/ml Aprotinin). The nuclei were centrifuged
at 4,000 rpm for 5 min at 4˚C in a microcentrifuge again. The supernatant was discarded
and the nuclear pellet was resuspended in Nuclear Resuspension Buffer (250 mM Tris,
pH 7.8, 60 mM KCl, 1mM DTT, 1mM PMSF, 0.5 μg/ml Leupeptin, 0.5 μg/ml Pepstatin
A and 0.5 μg/ml Aprotinin). The amount of Nuclear Resuspension Buffer is suggested to
be 1/10 of the volume of the cell lysis buffer I. Resuspended nuclei were subjected to 3
freeze (incubation on dry-ice)/thaw (incubation in the 37˚C water bath) cycles and
vigorous vortexing between the cycles. Finally, the nuclear lysates were centrifuged at
9,500 rpm for 10 min at 4˚C in a microcentrifuge and the supernatants were the nuclear
extracts and were stored at -80˚C.
Alternatively, hypotonic buffer(10 mM HEPES, pH 7.9, 10 mM KCl, 1.5mM
MgCl2) can be applied to cell pellet instead of Lysis buffer I to obtain cytoplasmic
protein extract. Cells are incubated on ice in hydrotonic buffer containing protease
inhibitors (1mM PMSF, 0.5 μg/ml Leupeptin, 0.5 μg/ml Pepstatin A and 0.5 μg/ml
Aprotinin) for 10min before centrifugation at 4,000 rpm for 5 min, the supernatant was
saved as cytoplasmic protein extract. The cell pellet then was lysed with Lysis buffer I,
washed with Lysis buffer II. The nuclear extract was obtained the same way as described
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above. This alternative method can increase the purity, but decrease the amount of
cytoplasmic extract.
Measurement of Protein Concentration
The protein concentration of protein extracts was determined by the Bradford
protein assay (Bio-Rad Inc.). Five μl of protein extract were mixed with 200 μl of
Bradford reagent and 795 μl dd H2O. After incubation in dark for 5 min, the absorbance
was read at 595 nm by a spectrometer and the concentration of the protein was calculated
based on the bovine serum albumin standard curve that was generated using known
amount of bovine serum albumin protein.
Western Blot
SDS-PAGE
10-15% SDS-polyacrylamide gels were routinely prepared to resolve the proteins
between 20-130 kD. The SDS-polyacrylamide gels consisted of two portions, the running
gel and the stacking gel. The running gel (see Table 3-5) was poured between the gel
slabs first, overlayed with 100% ethanol. It usually takes 45 min to polymerize at room
temperature. Then the polymerized running gel was overlaid with 5% stacking gel (1.3
ml 30% acrylamide/0.8 % bisacrylamide solution, 2.5 ml 4× Tris⋅Cl /SDS pH 6.8, 50 μl
10% ammonium persulfate, 10 μl TEMED and 6.2 ml dd H2O) and the comb inserted
into the stacking gel solution to make the wells. When the gel polymerized, the comb
was removed and the wells washed with Tris-glycine electrophoresis buffer (25 mM TrisCl, 192 mM glycine, 0.1%SDS pH 8.3).
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Protein samples (40 μg of cytoplasmic and whole cell extract, 20 μg of nuclear
extract) were diluted in an equal volume of 2× Sample buffer (100mM Tris, pH 6.8, 200
mM dithiothreitol, 4% SDS, 0.2% bromphenol blue, 20% glycerol), boiled for 5 min,
chilled on ice and spun down briefly.
Next, the samples were loaded into the wells of the polymerized gel and the gel
electrophoresis was performed in Tris-glycine electrophoresis buffer at 100 V/30 mA.
After the electrophoresis, the gel was removed from the plates and protein in the gel was
transferred to a PVDF membrane.

Table 3-5. Recipe for the preparation of the different percentage solution for SDS-PAGE
running gel.

Stock Solutions

9%

10%

12%

15%

30% Acrylamide/0.8%Bis-acrylamide (ml) 9.0

10.0

12.0

15.0

4× Tris/SDS, pH 8.8 (ml)

7.5

7.5

7.5

7.5

H2O (ml)

13.5

12.5

10.5

7.5

10% Ammonium Persulfate (μl)

100

100

100

100

TEMED (μl)

20

20

20

20

Protein Tranferring
For the transfer of the proteins from the gel to the PVDF membrane (Millipore), an
electroblotting apparatus (Hoeffer, Amersham) was used. The PVDF membrane was
incubated in 100% methanol for 5 min and equilibrated in cold transfer buffer (25 mM
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Tris, 192 mM glycine, 20% methanol) along with the to-be-transferred acrylamide gel for
15 min.
The PVDF membrane was placed under the gel and sandwiched with two sheets of
Whatman paper followed by sandwiching with the transfer buffer wetted sponge. Then
this unit was placed into the transfer unit with membrane to the transparent side and gel
to the black side. Then this transfer unit was placed into the transfer apparatus with the
black portion of the transfer unit to the black side of the transfer apparatus. The transfer
apparatus was filled with ice-cold transfer buffer that is kept cold by an ice block. The
transfer was performed at 100V for 1 hr.
When the transfer was completed, the PVDF membrane was removed and blocked
in either 5% milk in TBST buffer (10 mM Tris pH 8, 150 mM NaCl, 0.1% Tween-20) or
blocking buffer (Odyssey) overnight at 4˚C.

Western Blot Using Chemilluminescent Detection
After blocking in 5% milk, the membrane was then incubated with primary
antibody diluted in TBST buffer for 1 hr at room temperature. After washing one time for
15 min and 3 times for 5 min with TBST, the membrane was incubated with appropriate
secondary antibody diluted in 5% milk in TBST for 1 hr at room temperature. Then the
membrane was washed again with one time for 15 min and 3 times for 5 min with TBST.
Finally, the proteins were detected using ECL, ECL-plus protein detection kit
(Amersham Pharmacia Biotech) or HRP protein detection kit (Millipore Inc.) and
developed with an automated X-ray film developer.
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Western Blot Using Odyssey Detection
The procedure for western blot using Odyssey detection is very similar to the
procedure for the western blot using ECL or HRP detection. Instead of using ECL or
HRP reagent, the membrane was scanned using the LI-COR scanner. Caution should be
taken to avoid fluorescent contamination in the process. First, before making the
acrylamide gel, the white and glass plates should be wiped down with 75% Ethanol.
Second, instead of regular PVDF membrane, immobulin FL PVDF membrane (Millipore
Inc) is used to transfer the protein for low background fluorescence. Third, the 30%
Acrylamide/0.8%Bis-acrylamide stock solution should be filtered.
After transferring, the membrane is blocked in Odyssey blocking buffer (LI-COR
biosciences) for 1hr at room temperature or overnight at 4˚C on a shaker. Then the
membrane was incubated with primary antibody in the Odyssey blocking buffer with
0.1% Tween20 for 1hr on a shaker followed by 4× wash in washing buffer (PBS with
0.1% Tween20) for 5 min each time with agitation on a shaker. We normally incubate the
membrane with the mixture of two primary antibodies, the antibody to the protein of
interest and the antibody to a loading control protein such as GAPDH. Next the
membrane was incubated with corresponding secondary antibodies against the primary
antibodies in the Odyssey blocking buffer with 0.1% Tween-20 and 0.02% SDS for 1hr at
room temperature with moderate shaking without light. We use 1:10,000-1:20.000
dilution of the two secondary antibodies. The rules for antibodies are (1). Two primary
antibodies must be raised from different species, for example GFP antibody from rabbit,
and GAPDH antibody from goat. (2). Two secondary antibodies must be raised from
same species, but with different fluorescent label, one with IRDye 800CW(green) and
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another with IRDye 680CW(red), for example, Donkey anti-rabbit IRdye 800CW and
Donkey anti-goat IRDye 680CW. After the secondary antibody incubation, the
membrane was washed 3× in washing buffer (PBS with 0.1% Tween20) for 5 min each
time on a shaker followed by 1× final wash in PBS for 5 min without light. Finally the
membrane is laid on Odyssey scanner screen with protein side down, any bubble
underneath the membrane were gotten rid of by using the stroller and image were
obtained and quantitated using Odyssey software.
Antibodies used in this study are listed in Table 3-6.

Table 3-6. Antibodies and dilutions used in this study.
Antibody

Species

Dilution

Company and catalog number

GFP

Rabbit

1:5,000

Abcam, ab290

V5

Mouse

1:5,000

Invitrogen, R960-25

GST

Mouse

1:500

Santa Cruz, sc-138

RARβ

Rabbit

1:1000

Santa Cruz, sc-552

GAPDH

Goat

1:1,500

Santa Cruz, sc-20357

Enolase

Goat

1:1000

Santa Cruz, sc-7455

LaminB

Goat

1:1000

Santa Cruz, sc-6217

Protein Stability Assay
On day one, 2 ×105 Cos1 cells were seeded in 60mm dishes. On day 2, cells were
cotransfected with 2μg of V5-HACE1 expression plasmid, 4μg V5-RARβ3 plasmid, 1μg
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RXRα-pSG5 and 0.1 μg RARE-luc by GenJet transfection method. Forty-eight hr after
transfection, cells were treated with 10μg/ml cycloheximide and 10-6 M RA/carrier
Ethanol. Whole cell extracts were made at 0, 2, 4, 8, 16, 32 hrs after treatment. The cell
lysates at various time points were resolved on 9% SDS-PAGE and western blot were
performed using anti-V5 antibody and detected by LI-COR method. The levels of RARβ3
and HACE1 were quantitated using Odyssey software. The half-life of the protein (50%
of protein as time 0) was calculated by using linear equations generated by quantitated
protein density over time.
Co-Precipitation
Protein was extracted from Cos1 cells cotransfected with (1).V5-HACE1
expression plasmid and GST-RARβ3 expression plasmid or GST empty vector, (2) V5RARβ3 expression plasmid and GST-HACE1 expression plasmid or GST empty vector
by GenJet transfection method (Genscript Inc). In addition, expression plasmid of RXRα
and RARE containing plasmid RARE-luc were added in each transfection. Twenty four
hr after transfection, cells were treated with 10-6M RA for an additional 24 hr. For each
co-precipitation, 5,000μg whole cell lysate was used to incubate with 200μl 50% slurry
of Glutathione agarose beads (Sigma Inc) and the mixture was incubated on a roller for
overnight. The protein-beads complexes were collected by centrifugation at 100g for 1
min. The agarose pellet was washed five times with 2ml of TNE buffer (0.05M Tris-HCl
pH8.0, 0.15M NaCl, 1% NP40, 2mM EDTA pH 8.0). The protein complexes were eluted
from the agarose beads by the addition of 2× sample buffer and subsequently boiling for
5 minutes. The samples were spun down at 6,000rpm in a mirocentrifuge for 1min. The
supernatant contains protein that binds to the glutathione beads. Next, the proteins from
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precipitation were separated by 9% SDS-PAGE followed by transferring of protein to
PVDF membranes and immunoblotting membrane with anti-V5 antibody and anti-GST
antibody.
Fluorescent Microscopy and Immunofluorescent Microscopy
Cell Plating and Transfection
Cells were plated in a 35mm tissue culture plate containing a sterile coverslip at the
density of 1×105 cells per plate. The cells were transfected with 2 μg of each plasmid
DNA (GFP-LF HACE1 and RFP-RARβ3) or 4μg GFP-LF HACE1-V5 using GenJet
transfection method as previously described. Twenty-four hr after transfection, the cells
were treated with ethanol or 10-6M RA for up to 24 hr.

Fixing the Cells
Cells were first washed with PBS. Next 5 ml of freshly made PBS/4%
paraformaldehyde (pH 7.4–7.6) was added directly to the coverslip containing plate. The
cells were incubated in the solution at room temperature for 10 min. Next, the cells were
washed twice with PBS, 5 min each wash.
Process the Coverslip for Fluorescent Microscopy
Coverslips were rinsed with ddH2O and coverslips were removed from the plate
with forceps. One droplet of mounting solution (Prolong Gold Antifade Reagent with
DAPI, Invitrogen Inc) was put on the microscope slide, and the coverslip was slowly
placed on the slide with cell side down. Finally, the slides were examined by fluorescent
microscopy or stored in the dark at 4°C.
Process the Coverslip for Immunofluorescent Microscopy
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Cells on coverslip were lysed in 0.18% Triton X-100 in PBS for 10min. Then the
coverslips were washed with PBS three times, blocked in blocking buffer (1% BSA in
PBS) for 30min. Next the coverslip were incubated with primary V5 antibody (1:200) for
1 hr, followed by washing with PBS three times. Finally the coverslips were incubated
with secondary anti-mouse antibody (1:200) for 30min, followed by washing with PBS
three times.

Microscopy
To examine the slides, an Olympus BX41 fluorescent microscope with filters for
green, red fluorescence and UV light were used. Olympus Digital camera Spot-Xplorer
and the Spotadvanced software (Olympus) were used for the image capture.
Spotadvanced software was used to merge pictures taken with green and red fluorescent
filters.
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CHAPTER 4
RESULTS

Identification of HACE1 as a Potential RARβ3 A/ B domain Interacting
Protein by Yeast Two-hybrid Screen
In order to identify proteins that interact and potentially regulate the functional
activity of the N-terminus of RARs, a yeast two-hybrid screen of an 11-day mouse
embryo cDNA library was performed previously in our lab using the N-terminal 94
amino acids of RARβ3. This bait clone contained the complete A-domain and the first
seven amino acids of the B-domain of RARβ3. Among the positive clones isolated in the
yeast two-hybrid screen, we identified a clone that displays 100% sequence identity to
nucleotides 2624-3050 of Mus musculus HECT domain and ankyrin repeat containing E3
ubiquitin protein ligase 1 (HACE1, NM_172473) cDNA. This clone encodes the 98
carboxyl terminal amino acids of HACE1 protein (amino acids 811-909) that belongs to
the highly conserved HECT domain and contains the putative catalytic cysteine residue
(C876) (Anglesio et al., 2004, Figure 4-1).
Both HACE1 protein and cDNA sequences are highly conserved between Mus
musculus (NM_1724730) and Homo sapiens (NM_020771). Their amino acid sequences
display 97.3% (884 /909 amino acids) sequence identity and their nucleotide sequences
display 91.2% (2490 /2729 nucleotides) sequence identity. The carboxyl terminal region
of human and mouse HACE1 protein corresponding to the region deduced from the yeast
two-hybrid clone shows 100% amino acid sequence identity.
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Interestingly, GenBank contains sequences for two isoforms of Homo sapiens
HACE1, but only one Mus musculus isoform. Human Long Form (LF) HACE1 cDNA
(NM_020771) is 4614 base pairs and encodes a 909 amino acid protein and human Short
Form (SF) HACE1 cDNA is 5321 base pairs and encodes a 562 amino acid protein. Both
transcripts are generated from chromosome 6 at 6q21 presumably by differential
promoter usage. Only LF HACE1 has been described in Mus musculus. To date there are
only two published reports describing the function of human HACE1 and both have
studied the LF HACE1 (Anglesio et al., 2004; Zhang et al., 2007).
The schematic domain structure of the human LF HACE1, SF HACE1 and the
coding region of the clone isolated from yeast two-hybrid screen is shown in Figure 4-1.
The two isoforms of HACE1 share both the HECT domain in the carboxyl terminal end
(amino acids 555-909 of LF and amino acids 208-562 of SF) and the functionally
unknown region (amino acids 12-207 of SF and amino acids 360-554 of LF). However,
these two isoforms differ at their amino terminal ends. Amino acids 1-359 of LF HACE1
contains a region with six ankyrin repeats (amino acids 66-217 ) while amino acids 1-11
of SF HACE1 have no known functional domain. (Figure 4-1)
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Figure 4-1. Schematic representation of the domain structure of the two human HACE1
isoforms plus a sketch of the coding region of the clone isolated from the yeast twohybrid screen.

In order to study HACE1 functionality further, cloning of full length HACE1
cDNA is necessary. Since HACE1 is highly conserved between Mus musculus and Homo
sapiens and both LF and SF HACE1 contain the region that showed positive interaction
with RARβ3 in the yeast two-hybrid screen, we obtained both isoforms of Homo sapiens
HACE1 cDNA clones from Origene Inc (LF) and Kazusa DNA Research Institute, Japan
(Nagase et al., 2000) (SF), and subcloned them into various plasmid vectors for further
studies (see Material and Methods section).

Expression of Two Isoforms of HACE1 in Mammalian Cells
Demonstration of Theoretical Mouse SF HACE1 mRNA
As described above, GenBank reports the cDNA sequence of two isoforms (LF and
SF) of Homo sapiens HACE1 and only LF of Mus musculus HACE1. Since the cDNA
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sequence of the LF is highly conserved between Mus musculus and Homo sapiens, it is
possible that Mus musculus SF HACE1 is generated by the same mechanism as human
SF HACE1.
Examination of the genomic sequence of HACE demonstrates that both Mus
musculus and Homo sapiens LF HACE1 mRNAs are generated by splicing of 24 exons
while Homo sapiens SF HACE1 mRNA contains 13 exons. The two isoforms of Homo
sapiens HACE1 mRNA share 12 exons located at the 3 prime end (13th-24th exon for the
LF, 2nd -13th exon for the SF) and differ at the 5 prime end (1st-12th exon for the LF, 1st
exon for the SF). The 1st exon of the SF HACE1 mRNA contains its unique 5 prime
untranslated region, the translational start codon and 30 nucleotides that together encode
the unique 11 amino acid at the N-terminal end of SF HACE1, and the remainder
includes the common nucleotides found in the 12th exon of the LF (Figure 4-2).

LOCUS
NC_000006
131791 bp
DNA
linear
CON 03-MAR-2006
DEFINITION Homo sapiens chromosome 6, reference assembly, complete sequence.
ACCESSION
NC_000006
72470
72481
72541
72601
72661
72721
72781
72841
72901
72961
73021
73081
73141
73201
73261
73321
73381
73441
73501
73561
73621
73681
73741
73801
73861
73921
73981
74041

t agaattttca
gtgaaggtat ctgtcagtat
cagggactcc aaatctgtca
ggatgcttac tttaacttcg
ttaacccgac tacctagtgc
gtagtagtgg tggttttgtt
atgaaggcct gaggtgattt
agaatattac agaaatctga
taattgggaa gaatttcctg
tgtataatct ccttccatgg
ttaaaggtga gtctttctgt
attcaaaaag tgagataaac
taagaatatt taaaatagtg
ctattaatct ttatttggga
ttgttttttt tttttttttg
gacatgatca cagctcactg
acctcctcag taactgggac
gaaatagttt attctctcct
tggaattaag aatttgctac
tgtcacccag gctggagtgc
gttcaagtga tcgtcctgcc
atgtctggct aattttttgt
aggctgatct cgaattcctg
ggattacagg cgtgagccac
taattgtatc tcttgtttta
atatgtatat acataaatat
taggaattat atgtaatgaa
attctcattt tttaattgaa

ttatggcagc
accgttgtga
aaggagggta
atagtactgg
ggttttgttg
aattatttgc
agaaaggctg
gcagaatagt
cggtctttaa
agcacatggt
ttttatattt
taggatgaag
ttaaaaatat
gagacagtat
tagccttgac
tacaagtgca
catctttttt
tcagtatttt
agtggtgtga
tcagcctccc
atttttagta
acctcaagtg
catctccggc
aaaaaacact
gccacatttt
aggagcacag
aaaagacatt

tgggtgcttc
gtatggaaga
taatttctct
ttgagtgagt
tgtttttctg
aaattcagta
aaagtggcag
tcaaacattt
aagaaagatt
gtagtttgta
atttgcagaa
ggattgttta
cctagcaggt
ctcactcttt
ttccgagact
tgcctgtgta
ttttttaata
tttttttttt
tcttagctca
gagtagctgg
gagatgggat
atctacccac
ctgctagtca
aattattaga
gtaatttctt
taaaaaagct
tgtttaattg
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ttgcccttct
gccctcatta
taaaaaagga
gaactaggtt
ctttttggtt
agtaaaatat
tgaaggtatt
tctaaggttc
atttctttcc
gcattctgta
ggatagctaa
accactgtac
tttttttttt
cacccaggct
caagcaatcc
cccagctaga
gaaaggtgtt
tttgagatgg
ctgcaacctc
aattataggt
ttcaattcac
ctcggcctcc
gtattttaat
aatggattgt
gtcaaaaatt
gttcattagg
aaagttgttg

ttaagcagtt
cgggtgagag
aacattgtac
tttgttgatt
gaacgtgtaa
tttcaaaaag
tgttagataa
caaatatggt
ttgaaatatt
atcatgtcag
tcattctcaa
cacttataaa
gtttgtttgt
ggagtatagt
tcccccttca
ataataatag
aatctttact
agtctcgccc
tgcctcctgg
gtgtgccacc
catgttggcc
caaagtgctg
agaagtttgg
gtctgtaagt
atccaaattc
ttctttaggg
acattgatca

74101
74161
74221
74281
74341
74401
74461
74521
74581
74641
74701
74761
74821
74881

tattaataca
atcttatttg
ggtgattata
gaaagattgt
atacaaatta
tttattactt
gtaaattttc
gtagtttaag
ggcactcgtt
actcaacaga
ccattcctcc
gggaatctaa
ttatttctat
cttgtcagat

gaaaatgttg
tttaattgaa
tatagtagta
gaattttttg
aattattgcc
acctttaggc
tcttctataa
aatgatgttt
agatgaatgg
gatcacttct
atttgaacct
accagatgct
gacagctaac
gcctccggg

agtgattata
agtggttgac
atgtgtgctt
ttagatttag
ataaatgaag
attactatca
tatttgtcta
aaaaaacact
ctagttttaa
attttactga
ccaggacctg
cttgcaggga
cggctaagtg

cttaggggtt
attgatcata
ttaaaactaa
tttttccttt
aaattgtcat
cgttaacttg
gttgtgtttt
tttgtttctc
tagccacaga
aacaaaaagg
ggagctatga
gacaggaagc
ctgtcattca

ctcatttttt
ttaatacagt
acatttgaaa
ttattacaag
ttatgtagca
ggaagataga
gttttttttt
tcagcctctg
attgatgaaa
ccaagatcaa
aaatctgtcc
cagtgcagat
agctttttac

aactgaaaaa
aaatgttaag
attaaaagaa
gaatacatac
tttgtataat
aatgactaga
ttttaatcct
gaattgcttt
aacaaaagag
gatgctgctt
actggcacaa
tgtcaggatg
atgtgctgtt

Figure 4-2. The genomic sequence of the first exon of Homo sapiens SF HACE1
(GenBank Accession No. NC-000006). The first exon of Homo sapiens SF HACE1
consists of the 5 prime untranslated region of SF HACE1 mRNA (single underline,
nucleotides 72470-74531), thirty three nucleotides that encodes the unique 11 amino
terminal amino acids including the translational start codon (highlighted in purple,
nucleotides 74532-74565) and the sequences in common with the 12th exon of LF
HACE1(double underline, nucleotides 74566-74899).

The genomic sequence of Mus musculus HACE1 was examined (AC135669). The
12th exon of LF HACE1 was found on AC135669 and matched up manually. Based on
the mechanism used in Homo sapiens to generate SF HACE1, the hypothetical 1st exon of
Mus musculus SF HACE1 sequence was roughly predicted (Figure 4-3A).
In order to test the existence of the SF HACE1 in Mus musculus, primers were
designed in the theoretical 5 prime untranslated region of the SF HACE1. RT-PCR was
performed using RNA isolated from mouse teratocarcinorma cell line F9. Figure 4-3B
demonstrates the presence of an appropriately sized PCR product for mouse SF HACE1.
A control RT-PCR performed without reverse transcriptase was negative excluding the
possibility of a false positive result caused by genomic DNA contamination (Figure 4- 82 -

3B). The exact sequence of the SF HACE1 mRNA and whether there is SF HACE1
protein expressed in Mus musculus needs to be further studied. Because this question is
not the focus of our study, we did not pursue it further.

A.
LOCUS
AC135669
194398 bp
DNA
linear
ROD 15-MAY-2004
DEFINITION Mus musculus BAC clone RP23-360L22 from chromosome 10, complete
sequence.
51661 agtacaatga gtatcctaag acaaatgtga ataggacctt ttagaaaaac ttttaaaaaa
51721 attatatttg tctttcctga aattacaaat tgaagctttt cttcactcac caaagacaaa
51781 tcagactaag tgggactatc ttaccctgga ggcatctgac aggaacagca catgtagaag
51841 gcttgaatga cagcactcag ccggttggct gtcacagaga tgacgtcttg acagtcggca
51901 ctggcttcct gctcccctgc aagcacctct ggcttggagt cccctggacc agggggcagg
51961 ctttcatagc tcccagggcc tggtggctca aatgcagaaa gagaaggggc ctcttgatcc
52021 tggccttttt gtttcagcaa gatagaagta atatctgttg aatcctcttt gtttttcatt
52081 aattctgtgg ctattaaaac taaccattca tccaatgagt gccaaagcaa ttccaaaggc
52141 taaaaagaaa agaaatagcc ttttaaaaca acattcttaa agtacattat tttttaaaga
52201 aaaaaaggca aaactaaaac ctcacttaca gatgtatagc ataagaaaat gattctaaac
52261 atttttatct tcccaagctt aaagataatg aaaatataca aatatttaaa aaatataaat
52321 gtattataaa aagtatgtat attattccta taatttataa agaaaataaa atctaacaaa
52381 aaattttaag cgattgttca tttttcaaac aagttctttt aaagcactta ttgcctttta
52441 taatgcccta acatttatta tcatgatgtc aatagttttc agtcacaagt attttttatt
52501 taaaagcctg aaaattgcta aaaatctgag aaaactgttt agtgcacagt gcttcttaaa
52561 aagcattcct gctttttttt ttatataact tataatatga gagtaaaaag tggggtataa
52621 tatagatgtg tatatattaa aatatacttg tatacaaaat tcatctctaa taatttttag
52681 aattatctta ttattgttat tttactgtgt gggtgtttta tctgcattca tagctgtgta
52741 tcatgtgtgt ccagtgccca atgaagccag cagaggtcat caggtcccct gggcatggag
52801 ttacagatga ctgtgaagct gccatgtggg tgctaggaat tgaacctgaa tcttctagaa
52861 gatcaagtgc ttttaactga tgaatcatct ctctagcacc aaaaaccagt aatttttaaa
52921 acaaggaata aaatgactaa attatctaac taaagacctg gcaggacagt gagatggctc
52981 agtgaattaa ggcatttgct tccgagcctg acaacataca ttctttccgc atagggcaca
53041 taagagggag aaaatggact tagaacgttg tcttctgatt tctacacaca taccttggca
53101 tcaggcatag acacatgcac acacgtgcag ataaacacac aataagaaaa acgaagcaat
53161 aaaattttaa aataagtgtc caacttaaaa aacaaaaaac cagacaagga tactgtgggt
53221 ccctccctac cccctgcccc cagtgccaga ataaagccag gacctcaagc atgcactgta
53281 ctactctgta cctatactta gatcttagca aatcattctt actgctggtg agctagccta
53341 agatagcgtc aaactacaca catagccaag acaactttga gctccagatt ctcccgcatc
53401 cactactcaa gggctaagtt aacaggtaaa tagagagctg gacaaaaatg aaccttactt
53461 ctgaatattg aatatcccct ctgagaagag ggagatgtct tctctgaagt aattatccat
53521 tagattttat tgtttaaacc acatcatcac agaccaagta tcagagataa aatgtaaatg
53581 acctatagta attactttac aaagagtaca aaagggtctc catctgtacc cggagctaag
53641 tatgtcccac aaccctctgc acacgaaccc cacccggaga gagttggtct ctgaggagcg
53701 ctctcactcc taagatcata ggtgagatca tcacattcac tccaataact gtccaaagag
53761 ggacatgcca ggaaaacacc aggcacagga acagtggagc agcctcgata aagatctttg
53821 caatctccat ctacgcactg acgctcaggg tagccctcca gacccaaatc ccacccaggg
53881 gagagctggt ctcctcagga gtgatgacat acctaagatc acaggctcac aggctcacag
53941 gctcacaggc acacaggaag aacaagctaa aatcagagac agcaatacca aataacacca
54001 catggtgaga ggcaagccaa agaacctaag caacagaaac caaggctact tggcatcatc
54061 ataacacaga tttcccacca tagcaagtcc tggatgatat cacagcatgt gggaacagca
54121 agattgtgat ttaaaaatca catctcctga tgatgataga ggactttaag aagaacataa
54181 ataactccct taaagaaata caggggaaca caggtaaaca agtaaaagct cttaaaaagg
54241 aaacacaaaa attgctttaa aaatcacagg aaaacacaac taaacacatg aaggaattta
54301 agaaaaccac ccaggatata aaaatggaaa tagaaccaat taaaaaaaat tacaaatgga
54361 gaaaactcaa gatagaaaac ctaggaaaga aatcaggagt catagatgca agcatcacca

B.
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Figure 4-3. The hypothetical Mus musculus SF HACE1 first exon. A.The hypothetical
Mus musculus SF HACE1 1st exon was roughly predicted from genomic sequence
(GenBank Accession No. AC135669). The hypothetical Mus musculus SF HACE1 1st
exon consists of the 12th exon of LF HACE1 (highlighted, 52005-52141) and the
predicted 5 prime untranslated region (underlined, 52005-~54300). B. Detection of Mus
musculus SF HACE1 mRNA. Using primers in the putative 5 prime untranslated region,
RT-PCR was performed to detect the theoretical Mus musculus SF HACE1mRNA in
mouse teratocarcinorma F9 cells. RT-PCR was performed with (+) and without (-)
reverse transcriptase (RTase).

Effect of RA Treatment on HACE1 mRNA Levels
Since HACE1 was detected in the yeast two-hybrid screen to interact with the
RARβ3 and is a potential regulator of RAR activity, we asked the question whether RA
regulates HACE1 mRNA levels. Primers were designed in the isoform unique region for
detection of individual isoforms and in the common carboxyl terminal region for
detection of both isoforms.
We tested the expression of the two isoforms of HACE1 in both mouse F9 cell line
(Figure 4-4A) and human SKOV3 cell line (Figure 4- 4B) in the absence and presence of
10-6 M RA treatment. In both F9 and SKOV3 cells, RA treatment for up to 24 hr had no
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effect on the levels of LF or SF HACE1 mRNA. On the other hand, RARβ2 mRNA, a
well-studied RA responsive gene, showed a clear induction following RA treatment as
early as 30 min and this increase persisted throughout 24 hr treatment in F9 cells. PCR
products were examined following different cycle numbers. Representative data are
shown which are within the linear range of PCR amplification. In addition, RT-PCR
without reverse transcriptase was negative excluding the possibility of false positive PCR
amplification caused by genomic DNA contamination. Because direct RAR-regulated
genes generally respond within 24 hr of RA treatment, the results strongly suggest that
HACE1 is not a direct RAR-regulated gene.
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Figure 4-4. Expression of SF and LF HACE1 in murine teratocarcinoma cell line F9 (A)
and human ovarian carcinoma cell line SKOV3 (B). F9 cells were treated with 10-6 M RA
for the indicated lengths of time (A) and SKOV3 cells were treated with 10-6 M RA or
carrier ethanol for 24 hr (B). RNA was extracted and reverse transcribed. The expression
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levels of SF, LF or total HACE1 were detected by PCR. RARβ2 was used as a positive
control to indicate proper RA response in the cells. GAPDH was used as a RNA level
control. RT-PCR performed without reverse transcriptase was used as a control for
genomic DNA contamination.

Characterization of Physical Interaction between HACE1 and RARs
In vitro Interaction between HACE1 and RAR Isoforms
To confirm the physical interaction between HACE1 and RARβ, we performed in
vitro GST pull-down assays with GST-tagged full-length SF and LF HACE1 expressed in
and purified from E. coli and in vitro transcribed and translated [35S]-methionine labeled
full-length RARβ3 as well as the other three RARβ isoforms (RARβ1, RARβ2, and
RARβ4). As seen in Figure 4-5B, RARβ isoforms 1, 2 and 3 specifically bound both full
length GST-SF HACE1 and GST-LF HACE1 but not GST alone, while RARβ isoform 4
does not appear to specifically interact with GST-SF HACE1 or GST-LF HACE1. As
expected for a negative control, luciferase did not interact with either full length GST-SF
HACE1, GST-LF HACE1 or GST alone.
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Figure 4-5. In vitro interaction of SF and LF HACE1 with RARβ isoforms. GST pulldown assays were performed with purified full length recombinant SF HACE1, LF
HACE1 and truncations of HACE1 fused with N terminal GST tag and in vitro
transcribed and translated [35S]-methionine labeled RARβ isoforms (RARβ1, RARβ2,
RARβ3 and RARβ4). A. Schematic representation of the GST-fusion protein utilized
including full length LF HACE1 (909 amino acids), SF HACE1 (562 amino acids) and
truncations of HACE1 including AR (1-358 amino acid of LF HACE1), SFNT(1-356
amino acid of SF HACE1) and SFCT(356-562 amino acid of SF HACE1). B. Interaction
of LF HACE1, AR and SF HACE1 with RARβ isoforms. C. Interaction of SF HACE1,
SFNT, SFCT with RARβ isoforms. The right panel shows each of the purified GST
fusion proteins. Input (5%) of in vitro transcribed and translated [35S]-methionine labeled
RARβ isoforms is shown at the lower panel. Luciferase (Luc) was used a control [35S]methionine labeled protein.
In vivo Interaction of HACE1 with RARβ3
In order to further test whether HACE1 interacts with RARβ3, we performed
coprecipitation assays in Cos1 cells. Cos1 cells were cotransfected with an expression
plasmid of V5-HACE1 along with GST- RARβ3 or empty GST, or expression plasmid of
V5- RARβ3 along with GST-LF HACE1 or empty GST. Twenty-four hr after
transfection, the cells were treated with 10-6 M RA for an additional 24 hr. Coisolation of
GST-containing protein complexes was performed using 50% slurry of glutathione beads
and 5 mg whole cell protein lysate in each reaction. From Figure 4-6, we can see V5RARβ3 associates with GST-LF HACE1, but not with GST alone. Similarly, V5-LF
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HACE1 associates with GST-RARβ3, but not with GST alone. It should be noted that
only a very small percentage of the total amount of these proteins within the cell
interacted. This is consistent with the very small percentage of LF HACE1 that was
observed by fluorescent microscopy to colocalize with RARβ3 (see section 5 of Result).

Figure 4-6. Interaction of LF HACE1 and RARβ3 in vivo. Cos 1 cells were cotransfected
with expression plasmid of V5-HACE1 along with GST- RARβ3 or GST, or expression
plasmid of V5- RARβ3 along with GST-LF HACE1 or GST as indicated. In addition,
expression plasmid of RXRα and RARE containing plasmid RARE-luc were added in
each transfection. Twenty-four hr after transfection, the cells were treated with 10-6 M
RA for an additional 24 hr. Isolation of GST proteins was performed using 50% slurry of
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glutathione beads and 5 mg whole cell protein lysate in each reaction. The protein
complex that bounds to glutathione beads was resolved by SDS-PAGE. Western blot was
performed with anti-V5 and anti-GST primary antibodies and labeled with IRdye 800 and
IRdye680 secondary antibodies respectively followed by detection by LI-COR Odyssey
software.
Mapping of the Interaction Site on HACE1
We further mapped the interaction site on HACE1 by making GST-tagged
truncated HACE1. GST pull-down assays was performed with GST-tagged AR (1-358
amino acids of LF HACE1), GST-tagged SFNT (1-356 amino acids of SF HACE1) and
GST-tagged SFCT (356-562 amino acids of SF HACE1) expressed in and purified from
E. coli and in vitro transcribed and translated [35S]-methionine labeled full-length RARβ
isoforms (Figure 4-5A). As seen in Figure 4-5B&C, AR and SFNT do not appear to
interact with any of the isoforms of RARβ while SFCT interacts with RARβ isoforms 1,
2 and 3 with similar intensity. Taken together these data suggest that the C terminus of
HACE1 (amino acids 356-562 of SF HACE1, amino acids 703-909 of LF HACE1)
contains the RARβ interacting site. This result is consistent with the fact that the RARβ3
interacting clone identified in the yeast two-hybrid screen encodes the carboxyl terminal
region of LF HACE1 (amino acids 811-909).
In vitro Interaction between HACE1 and Other Subtypes of RARs and RXR
Since it was evident that RARβ can bind to both isoforms of HACE1, we wanted to
determine if the interaction was specific to RARβ or whether other RAR subtypes and
RXR interact with HACE1. Therefore, we performed in vitro GST pull-down assays with
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GST-tagged full-length LF HACE1, AR and full length SF HACE1 and in vitro
transcribed and translated [35S]-Methionine labeled RARα1, RARγ1, RXRα1 and RARβ3.
As seen in Figure 4-7 and Figure 4-8, both isoforms of HACE1 interact with
RARα1 and RARγ1, but not with RXRα1. It appears that the interaction between LF
HACE1 and RARα1 or RARγ1 is weaker than the interaction between SF HACE1 and
RARα1 or RARγ1, while the two isoforms of HACE1 show a similar level of intensity of
interaction with RARβ3. Unlike RARβ isoforms, RARα1, RARγ1 and RXRα1 interact
with AR as seen in Figure 4-7. Interestingly, the binding pattern of RARβ to HACE1 is
different from the binding pattern of RARα1 or RARγ1 to HACE1. This may be caused
by RAR subtype specificity due to differences in primary amino acid sequences or
secondary structures.
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Figure 4-7. Interaction of LF HACE1, AR and SF HACE1 with subtypes of RARs and
RXR. The interaction was tested by GST pull-down assays with GST-LF HACE1, GSTAR and GST-SF HACE1 and in vitro transcribed and translated [35S]-methionine labeled
RARα1, RARβ3, RARγ1 and RXRα1. Input (5%) of in vitro transcribed and translated
[35S]-methionine labeled proteins is shown in the lower panel.
In vitro Interaction between HACE1 and Other Members of the Steroid/thyroid
Nuclear Receptor Superfamily
In addition, we also examined whether other members of the steroid/thyroid
nuclear receptor superfamily interact with HACE1. We performed in vitro GST pulldown assays with GST-tagged full-length SF HACE1 and in vitro transcribed and
translated [35S]-methionine labeled estrogen receptor α (ERα), thyroid receptor α (TRα)
and peroxisome proliferator-activated receptor gamma (PPARγ) as representative
members of the steroid/thyroid receptor superfamily (Figure 4-8). GST pull-down assays
revealed that all three receptors interacted differently with GST-SF HACE1. ER
displayed the strongest interaction and PPARγ the weakest. These results demonstrate
that HACE1 is able to interact with other members of the steroid/thyroid nuclear receptor
superfamily nuclear receptors ERα, TRα and weak or no interaction with PPARγ. But the
interaction between various steroid/thyroid hormone nuclear receptors and HACE1
displays a certain degree of specificity. This may due to differences in primary amino
acid sequences and/or secondary structures of these nuclear receptors.
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Figure 4-8. Interaction of SF HACE1 with members of steroid/thyroid nulear receptor
superfamily. The interaction was tested using GST pull-down assays with GST-SF
HACE1 and in vitro transcribed and translated [35S]-methionine labeled ERα, TRα and
PPARγ.

Mapping of the Interaction Site on RARβ
We further mapped the site on RARβ that is responsible for the interaction with
HACE1 by making in vitro transcribed and translated [35S]-methionine labeled truncated
RARβ proteins including AB domain of RARβ1, RARβ2 and RARβ3, ABC domain of
RARβ3, ABCD domains of RARβ3 and RARβ4, CDEF domains and DEF domains of
RAR (Figure 4-9 panel A). As seen from Figure 4-9, ABCD domains (panel B) as well as
ABC domains (panel C) of RARβ3 interacted with SF-HACE1 while neither CDEF
domains nor DEF domains interacted with SF-HACE1 (panel E). Taken together, the N
terminus (ABC domains) of RARβ contains the interacting site. This is consistent with
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the fact that the A/partial B domains were originally used as the bait in the yeast twohybrid experiments. However, the AB domains of RARβ1, RARβ2 and RARβ3 appeared
to weakly interact with SF HACE1. Taking into consideration the fact that the AB
domains are a small peptide whose conformation may not be optimal for interaction with
HACE1 when fused with GST, we believe that the interaction site most likely resides in
the AB domain.

----------------------------------------------------------------------------------Figure 4-9. Mapping of the Interaction site on RARβ. GST pull-down assays were
performed with purified GST-SF HACE1 and in vitro transcribed and translated [35S]methionine labeled truncated RARβ. A. Schematic representation of the truncations of
RARβ including AB domain of RARβ1, RARβ2 and RARβ3, ABC domain of RARβ3,
ABCD domain of RARβ3 and RARβ4, CDEF domain and DEF domain of RARβ. B.
Interaction of DEF domain, ABCD domain of RARβ3 and RARβ4 and full length RARβ3
with SF HACE1. C. Interaction of ABC domain of RARβ3 and full length RARβ3 with
SF HACE1. D. Interaction of AB domain of RARβ1, RARβ2 and RARβ3 isoforms and
full length RARβ3 with SF HACE1. E. Interaction of CDEF domain, DEF domain of
RARβ3 and full length RARβ3 with SF HACE1. The input (5%) of in vitro transcripted
and translated [35S]-methionine labeled indicated truncation of RARβ3 and a control GST
pull-down assay with GST alone is shown with each panel.
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Effect of RA on the Interaction of HACE1 with RARs
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Since HACE1 was isolated in a yeast two-hybrid screen as a protein interacting
with the N-terminal end of RARβ3 that contains ligand-independent transactivation
function (AF-1), we wanted to test whether RAR ligand (RA) had an effect on the
interaction between HACE1 and RARs. Either 10-6 M RA or ethanol was added to the
GST pull-down reactions containing purified GST-SF HACE1 and in vitro transcribed
and translated full-length [35S]-methionine labeled RARβ3. As expected for an interaction
involving the A/B domain of RARs, we did not observe any differences in binding
between RARs and SF HACE1 in the presence or absence of 10-6 M RA (Figure 4-10).

Figure 4-10. Effect of RA on the interaction between SF HACE1 and RARs. The GST
pull-down assay was performed with GST-SF HACE1 and [35S]-methionine labeled
RARβ3 in the presence of ethanol or 10-6M RA.
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Table 4-1. Summary of in vitro interaction of HACE1 with RAR and other nuclear
receptors
Nuclear Receptor

Interaction with LF HACE1

Interaction with SF HACE1

RARβ1

+

+

RARβ2

+

+

RARβ3

+

+

RARβ4

-

-

RARα1

N/A

+

RARγ1

N/A

+

RXRα

-

+/-

ERα

N/A

+

TRα

N/A

+

PPARγ

N/A

+/-

+/-: weak or no interaction; N/A: not available

To conclude, by in vitro GST pull-down and in vivo coprecipitation assays, we
confirmed LF HACE1 interact with RARβ3. We also demonstrate both isoforms of
HACE1 interact with RARβ1, RARβ2, RARβ3, RARα1, RARγ1, but not with RARβ4 and
RXR by in vitro GST pull-down assays. SF HACE1 interacts with steroid/thyroid
receptors ERα, TRα , but not with PPARγ. The binding site was mapped to the carboxyl
terminus of HACE1 and N terminus of RARβ as we expected based on the yeast twohybrid screening results. The binding of HACE1 with RARβ3 appears to be RA
independent.
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Effect of HACE1 on the RAR/RARE Dependent Transcription
Effect of HACE1 on the Transcriptional Activity of RARβ Isoforms
To test the functional role of the HACE1-RAR interaction, we assessed the effect
of HACE1 overexpression on the activity of a luciferase reporter gene which was
controlled by a minimal TA promoter and DR5 type RARE. We would expect a change
in the luciferase reporter activity if HACE1 interacts with RAR in the cell and regulates
the function of RARs.
Cos1 cells were co-transfected with expression plasmid including HACE1, RAR,
RARE-firefly luciferase reporter and renilla luciferase control reporter. Twenty four hr
after transfection, cells were treated with 10-6 M RA or ethanol for an additional 24 hr.
Firefly and renilla luciferase activities were measured by dual luciferase assay. Firefly
luciferase values were normalized with renilla luciferase values.
In Cos1 cells, LF HACE1 caused a repression in the transcriptional activity of both
endogenous RAR and exogenous RARβ3 when the cells were treated with RA. The
repression of exogenous RARβ3 transcriptional activity was dose dependent on the
amount of HACE1 transfected, with the highest amount of LF-HACE1 resulting in a
~80% repression of RARβ3 transcriptional activity over mock control (Figure 4-11).
However, we were not able to see a clear ligand independent repression with LF HACE1
(Figure 4-11). This can be due to the low level of RAR-dependent transcription in the
absence of RA and the detection limit of the assay or the effect of HACE1 is RA
dependent.
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Figure 4-11. LF HACE1 caused a repression of endogenous RAR-dependent
transcriptional activity and a dose dependent repression of exogenous RARβ3-dependent
transcriptional activity. Cos1 cells were co-transfected with DNA constructs including
HACE1 expression plasmid (pCMVXL4-LF HACE1) at 0μg, 0.3 μg (+), 1 μg (++) and
3 μg (+++) complemented with control empty vector plasmid at 3 μg, 2.7 μg (+), 2 μg
(++) and 0 μg (+++) respectively, RARE-firefly luciferase reporter plasmid (pTL-RAREluc) 0.3 μg, renilla luciferase reporter plasmid (pTK-RL) 0.03 μg and RARβ3 expression
plasmid (pOPRSVICAT- RARβ3) 0.3 μg. Twenty four hr after transfection, cells were
treated with 10-6 M RA or ethanol control for an additional 24 hr. Firefly and renilla
luciferase activities were measured by dual luciferase assay. Firefly luciferase values
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were normalized with renilla luciferase values. The fold change was calculated relative to
values obtained from cells that were empty vector DNA transfected and ethanol treated
which was set to 1 arbitrarily. Values are the Mean + SD of 3 independent experiments
performed in triplicate. Pairwise T test was performed comparing the values in the
presence of HACE1 to the values in the absence of HACE1 in each condition, P value is
less than 0.05 when indicated with star.

In addition, we chose three luciferase reporter controls (SP-1 luc, PPRE-luc and
empty luc) to examine the specificity of the effect of LF HACE1 on RAR-dependent
transcription. SP1 is a nuclear factor that does not belong to the steroid/thyroid nuclear
receptor superfamily, while PPARγ belongs to the same steroid/thyroid nuclear receptor
superfamily as RARs but shows very weak or no interaction with HACE1 in GST pulldown assays. Transactivation assays were performed the same as in Figure 4-11 using the
highest amount of LF HACE1. As seen in Figure 4-12A, in Cos1 cells, LF HACE1 has
only a modest effect on the SP1-dependent and PPARγ-dependent transcriptional activity.
LF HACE1 slightly increases the activity of SP1 and slightly decreases the activity of
PPARγ. In addition, LF HACE1 has no effect on empty luciferase reporter control (data
not shown).
In addition to Cos1 cells, transactivation assays were also performed in NIH3T3
cells (Figure 4-12B). We also observed that LF HACE1 repressed the transcriptional
activity of both endogenous RAR and exogenous RARβ3 with ~50-60% repression over
mock control. On the other hand, LF HACE1 had only a modest effect on the
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transcriptional activity of PPARγ and SP1. Taken these results together, LF HACE1
appears to act as a repressor of RAR/RARE dependent transcription.

Figure 4-12. The effect of LF HACE1 on endogenous RAR-, exogenous RARβ3-, SP1and PPARγ-dependent transcription in Cos1 (A) and NIH3T3 (B) cell lines. Cells were
co-transfected with expression plasmid including HACE1 (pCMVXL4-LF HACE1) or
control empty plasmid 3 μg , RARE-firefly luciferase reporter plasmid (pTL-RARE-luc)
0.3 μg, Renilla luciferase reporter plasmid (pTK-RL) 0.03 μg and RARβ3 expression
plasmid (pOPRSVICAT- RARβ3) or control plasmid 0.3 μg. In place of RARE-firefly
luciferase reporter plasmid (pTL-RARE-luc) and RARβ3 expression plasmid
(pOPRSVICAT- RARβ3), cells were cotransfected with PPARγ RE-Luc 0.3 μg along
with pCMX- PPARγ 0.3 μg or SP1-luc 0.3 μg. Twenty four hr after transfection, cells
were treated with 10-6 M RA/ethanol or PPARγ ligand 10-6 M Ciglitazone/DMSO for an
- 102 -

additional 24 hr. Firefly and renilla luciferase activities were measured by dual luciferase
assay. Firefly luciferase values were normalized with renilla luciferase values. The fold
change in normalized firefly luciferase activity was calculated relative to values obtained
from cells that were transfected with empty vector DNA and treated with ethanol/DMSO
which was set to 1 arbitrarily. Values are the Mean + SD of 3 independent experiments
performed in triplicate.
The Effect of HACE1 on the Transcriptional Activities of RAR Subtypes
We next examined the effect of LF HACE1 and SF HACE1 on the transcriptional
activity of RAR subtypes including RARα, RARβ isoforms and RARγ using the
transcriptional transactivation assay (Figure 4-13). Both LF HACE1 and SF HACE1
repressed the transcriptional activity of RARα1, RARβ1, RARβ2 and RARβ3 significantly,
however the effect on RARγ1 transcriptional activity was not significant despiting the
interaction in GST pull-down. The mechanism of how HACE1 differently affect
RARα, RARβ and RARγ is unknown. It is likely that in cells, the site on RARγ1 that

interacts with HACE1 may be blocked/interfered by another RARγ1 specific interacting
protein, or the function of HACE1 require another cofactor which is not available in
RARγ1 bound protein complex.
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Figure 4-13. The effect of LF HACE1 and SF HACE1 on the transcriptional activity of
RAR subtypes in Cos1 cells. Cos1 cells were co-transfected with constructs including LF
HACE1 expression plasmid (pCMVXL4-LF HACE1) (A) or SF HACE1 expression
plasmid (pCDNA3.1/HisC-SF HACE1) (B) 3 μg , RARE-firefly luciferase reporter
plasmid (pTL-RARE-luc) 0.3 μg, renilla luciferase reporter plasmid (pTK-RL) 0.03 μg
and RAR expression plasmid 0.3 μg /control plasmid. The transactivation assay was
performed as described in Figure 4-11.
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In summary, LF HACE1 displays a dose dependent repression on the
transcriptional activity of both endogenous and exogenous RAR. LF HACE1 shows
dramatic repression on RAR activity, but only modest effect on SP1 and PPARγ. Both LF
and SF HACE1 repress the transcriptional activity of RARα1 and RARβ, but not RARγ1.

Localization of LF HACE1 and RARβ3 by Immunofluorescent
Microscopy in Mammalian Cells
Subcellular Localization of LF HACE1
The subcellular localization of LF HACE1 in mammalian cells was studied by
immunofluorescent microscopy. The open reading frames of LF HACE1 were inserted in
frame into pDEST53 (Invitrogen) to express GFP-LF HACE1 fusion protein. The open
reading frames of RARβ3 were inserted in frame into pDsRed (Clontech) to express RFPRARβ3 which was previously prepared in the laboratory. As shown in Figure 4-14, GFPLF HACE1 expression in both 293A (A) and Cos1 (B) cells appeared bright in the
cytoplasm and weak in the nucleus. RFP-RARβ3 expression was very strong in the
nucleus, and weak in the cytoplasm, in some cells, there appear to be smear of RARβ3 in
the cytoplasm. This is consistent with the report from Anglesio et al. (2004) in which LF
HACE1 was found to be principally localized in the cytoplasm of NIH3T3 cells.
Moreover, a small portion of endogenous LF HACE1 was reported to be expressed in the
nucleus by western blot (Anglesio et al., 2004). In the meantime, cytoplasmic/plasma
membrane RARs are reported in several cell lines (Masia et al., 2007, Dey et al., 2007;
Chen and Napoli, 2006). Taken together, it appears that the majority of LF HACE1 and
RARβ3 do not colocalize in same cellular compartment, due to the sensitivity of current
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fluorescent microscope, we were not able to demonstrate convincing colocalization result
of LF HACE1 with RARβ3. On the other hand, by coprecipitation assay, a small portion
of LF HACE1 and RARβ3 interact in Cos1 cells. we can conclude that a small portion of
LF HACE1 colocalize in Cos1 cell based on result from fluorescent microscopy and
coprecipitation. Currently the cellular compartment that LF HACE1 colocalizes with
RARβ3 is unknown.

Figure 4-14. Localization of LF HACE1 and RARβ3 by immunofluorescent microscopy
in 293A (A) and Cos1 (B) cells. Cells were cotransfected with expression plasmid of
GFP-LF HACE1 and RFP-RARβ3. Cells were fixed and visualized by
immunofluorescent microscopy. Magnification was 400×, bar equals 10μm.
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The Effect of RA on the Localization of LF HACE1 and RARβ3
Since HACE1 functions as a corepressor for RAR transcriptional activity in
transactivation assay, we wanted to see whether RA treatment has any effect on the
cellular localization of these two proteins.
GFP-LF HACE1 and RFP-RARβ3 were transfected into Cos1, NIH3T3 and 293A
cells followed by treatment with either ethanol or RA and visualized by
immunofluorescent microscopy. As seen in Figure 4-15, the localization of both LF
HACE1 and RARβ3 does not appear to be affected in 293A cells by treatment with 10-6
M RA for either 6 hr or 24 hr (data not shown). In addition, we did not observe any
obvious change in the localization of HACE1 or RAR in Cos1 and NIH3T3 cells when
treated with 10-6 M RA for either 6 hr or 24hr (data not shown).

Figure 4-15. The effect of RA on the localization of LF HACE1 and RARβ3 in 293A
cells. Cells were cotransfected with expression plasmid of GFP-LF HACE1 and RFPRARβ3. Twenty-four hr after transfection, cells were treated with 10-6 M RA for an
additional 24 hr. Cells were fixed and visualized by fluorescent microscopy.
Magnification was 400×, bar equals 10μm.
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The Effect of LF HACE1 Expression in CAOV3 Cells
Generation of HACE1 Overexpressing CAOV3 Cell Lines
Since RA regulates the growth of CAOV3 cells partially as a RAR-dependent
fashion (Wu et al., 1997; Wu et al., 1998), we wondered whether modulating the
expression level of HACE1 in CAOV3 cells would affect the growth of CAOV3 cells
and/or the expression of RAR-regulated genes.
CAOV3 cells were transfected with V5-LF HACE1 expression plasmid using
calcium phosphate transfection method. Neomycin resistant clones were selected and
screened for V5-LF HACE1 expression by western blot analysis using V5 antibody.
Among 16 clones screened, clone 1, 4, 9, 10, 11, 14 and 16 expressed exogenous LF
HACE1 with variable levels (Figure 4-16).
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Figure 4-16. Screening of exogenous HACE1 overexpressing CAOV3 cells. CAOV3
cells were transfected with HACE1 in pCDNA3.1nV5. Neomycin resistant clones were
isolated, whole cell extracts were prepared from these clones and used for western blot
probing with V5 antibody. Negative control (-) is an empty vector transfected control
clone and positive control (+) is previously screened SKOV3 cell HACE1 overexpressing
clone.

Growth Analysis of HACE1 Overexpressing CAOV3 Cell Lines
Growth analysis was performed using HACE1 overexpressing clones along with
wild type CAOV3 cells and empty vector transfected control clones (CC1 and CCO3).
Since HACE1 appear to repress the transcriptional activity of RARα and RARβ, and
RARs were reported to partially affect the growth inhibition of CAOV3 cells upon RA
treatment (Wu et al., 1998; Wu et al., 1997), we thought overexpression of HACE1 might
impair the level of growth inhibition by RA treatment. However, our data show that all
the HACE1 overexpressing clones display a similar or slightly higher level of growth
inhibition upon RA treatment as that observed with wild type CAOV3 cells and empty
vector CAOV3 cells (Figure 4-17).
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Figure 4-17. Growth analysis of HACE1 overexpressing CAOV3 cell clones. 2×105
cells were plated in a 100mm dish for wild type CAOV3 cells (WT), empty control
clones (CC1 and CCO3) and HACE1 overexpressing clones (H1, H4, H9, H10, H11 and
H14). The cells were treated with carrier ethanol or 10-6 M RA the next day. Cell
numbers were counted at day 3, day 5 and day 7 after RA treatment. A representative day
5 data is shown here. The percentage inhibition of cell growth by RA was calculated as
(cell number with ethanol treatment - cell number with RA treatment)/ (cell number with
ethanol treatment) for each clone. Values are the Mean + SD of 3 independent
experiments with 4 counting replicates in each experiment.
Analysis of RAR Regulated Genes in HACE1 Overexpressing CAOV3 Cells
Next we examined the effect of LF HACE1 on the expression of endogenous RAR
regulated gene in these clones. Cells were treated with ethanol or 10-6 M RA for 4 hr or
16 hr. RNA was extracted. The mRNA level of RAR regulated genes including
CRABPII, RIG1, RARβ and RAI3 were quantitated by RT-qPCR. All four genes contain
a functional DR5 RARE in their promoter region (Astrom et al., 1994; Tao et al., 2004;
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Jiang et al., 2005). As seen in Figure 4-18, overexpression of HACE1 repressed the RAdependent induction of CRABP II, RIG1 and RARβ significantly in all five HACE1
overexpressing CAOV3 clones after 16 hr RA treatment, but not that of RAI3, and no
change was observed with the control housekeeping gene HPRT. In addition,
measurement of mRNA levels in cells treated for 4 hr with RA did not show an obvious
consistent effect of HACE1 on any of the four RA responsive genes (data not shown).
This may due to the limitation of the detection of the effect when the RA response is low
after four hr treatment or the effect HACE1 is time dependent. Moreover, the level of
gene expression with ethanol treatment is variable in different clones. This may be due to
differences of the microenvironment in individual clones and/or integration of the
plasmid into genome caused clonal effects. And in the particular case of RARβ, the
expression level is barely detectable in clones (H1, H4 and H9) with carrier ethanol
treatment, and we see a dramatic increase of gene expression upon RA treatment. Even
though the high Ct value in ethanol treated sample may give more error, we consistently
observed repression of HACE1 on the fold change of RARβ expression upon RA
treatment over ethanol treatment in all HACE1 overexpressing clones.
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Figure 4-18. Effect of overexpressing HACE1 on the expression of RAR regulated genes
in HACE1 overexpressing CAOV3 clones. Wild type CAOV3 cells (WT), empty control
clones (CC1) and HACE1 overexpressing clones (H1, H4, H9, H11 and H14) were
treated with 10-6 M RA or carrier ethanol for 16 hr. RNA was extracted and reverse
transcribed. The expression levels of CRABP II, RIG1, RARβ, RAI3 and HPRT were
determined by RT-qPCR. White bar is ethanol treated sample, black bar is RA treated
sample shown in the left panel. Dotted bar is fold induction of RA treatment over ethanol
treatment shown in the right panel. The expression level of each gene tested was
normalized to the endogenous GAPDH levels and relative level of gene expression in
wild type CAOV3 cells treated with ethanol was set to 1. Values are the Mean + SD of 3
replicates. The RA fold induction is calculated by values of RA treated sample divided by
values of ethanol treated sample for each clone.

In addition, the effect of LF HACE1 on RAR regulated gene was measured in LF
HACE1 transiently transfected CAOV3 cells. Cells were transfected with V5-LF HACE1
expression plasmid or control plasmid by electroporation method, treated with carrier
ethanol or 10-6 M RA for 16 hrs. Transfection efficiency was measured by
immunochemistry using V5 antibody. Approximately 90% cells were positive for V5-LF
HACE1 expression. The mRNA level of RAR regulated genes including CRABPII,
RIG1, RARβ and RAI3 were quantitated by RT-qPCR. As seen in Figure 4-19,
overexpression of HACE1 repressed the RA-dependent induction of CRABP II, RIG1
and RARβ in HACE1 overexpressing CAOV3 cells after 16 hrs RA treatment, but not
that of RAI3, and no change was observed with control housekeeping gene HPRT.
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Taken together, LF HACE1 can affect the transcription of certain endogenous RAR
regulated genes. However, the change in the expression of these genes does not appear to
impair cell growth inhibition affected by RA in CAOV3 cells.

Figure 4-19. Effect of overexpressing LF HACE1 on the expression of RAR regulated
gene in CAOV3 cells. CAOV3 cells were electroporated with V5-LF HACE1 expression
plasmid or control plasmid. After electroporation, cells were aliquoted into three wells of
a six-well plate, one of them containing a coverslip which was used to check efficiency of
electroporation by immunofluorescent microscopy. Twenty four hr after transfection,
cells were treated with 10-6 M RA or carrier Ethanol for an additional 16 hr. RNA was
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extracted and reverse transcribed. The expression levels of CRABP II, RIG1, RARβ,
RAI3 and HPRT were determined by RT-qPCR. The expression level of each gene tested
was normalized to the endogenous GAPDH levels. The relative level of expression of
each gene was normalized to control transfected and ethanol treated which was set to 1.
White bar is ethanol treated sample, black bar is RA treated sample. Values are the Mean
+ SD of 3 replicates. Pairwise T test was performed comparing the values in the presence
of LF HACE1 to the values in the absence of LF HACE1 in each condition, P value is
less than 0.05 when indicated with star.

How HACE1 Functions as a RAR Transcriptional Repressor?
Does HACE1 E3 Ubiquitin Ligase Activity Play a Role?
Since HACE1 was reported to be an E3 ubiquitin ligase (Anglesio et al., 2004), we
asked whether its function as an E3 ubiquitin ligase plays a role in mediating repression
of RAR transcriptional activity. We mutated the putative catalytic cysteine (C876 for LF,
C529 for SF) residue to alanine (A). GST pull-down assays were performed to ascertain
whether this residue is important for the interaction of SF HACE1 with RARβ3, and
transcriptional transactivation assays were performed to ascertain whether the E3
ubiquitin ligase activity of LF HACE1 is important for the repressive effect of LF
HACE1 on RARβ3 transcriptional activity.
In vitro GST pull-down assays were performed with GST-tagged full-length SF
HACE1 and SF HACE1 C529A mutant purified from E. coli and in vitro transcribed and
translated [35S]-methionine labeled full-length RARβ3. As seen in Figure 4-20, the
interaction of C529A mutant of SF HACE1 with RARβ3 is similar to that of SF HACE1
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which suggests the catalytic cysteine residue is not involved in the interaction of HACE1
with RARβ3.

Figure 4-20. Effect of cysteine 529 of SF HACE1 on the interaction with RARβ3. The
GST pull-down assay was performed with GST-SF HACE1 and GST-SF C529A HACE1
and [35S]-methionine labeled RARβ3.

Transactivation assays were performed using C876A mutant of LF HACE1 and
wild type LF HACE1. As seen in Figure 4-21, both wild type LF HACE1 and C876A LF
HACE1 displayed a similar level of repression on RARβ3 transcriptional activity. This
suggests that the effect of HACE1 on RARβ3 transcriptional activity is not mediated by
cysteine 876.
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Figure 4-21. The effect of LF HACE1 C876A mutant on the transcriptional activity of
RARβ3 in Cos1 cells. Cos1 cells were co-transfected with constructs including HACE1
expression plasmid (pCMVXL4-LF HACE1), HACE1 CA mutant expression plasmid
(pCMVXL4-LF HACE1 C876A) or empty plasmid along with RARE-firefly luciferase
reporter plasmid (pTL-RARE-luc), renilla luciferase reporter plasmid (pTK-RL) and
RARβ3 expression plasmid (pOPRSVICAT- RARβ3) or empty expression plasmid. The
transactivation assay was performed as described in Figure 4-11.
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Does HACE1 Affect Histone Acetylation?
Since the expression of many genes associates with certain histone modifications
such as histone acetylation, we tried to assess whether HACE1 repress the transcriptional
activity of RARs by modulation of chromatin acetylation status. Since trichostatin A
(TSA) is a commonly used histone deacetylase inhibitor, we asked whether TSA
treatment could relieve HACE1 repressive effect on the transcriptional activity of RARβ3.
As seen in Figure 4-22, treatment with TSA induces the transcriptional activity of RARβ3
transcriptional activity in the presence and absence of LF HACE1, however LF HACE1
represses the activity of RARβ3 activity in the presence and absence of TSA with no
difference in the fold repression. This result suggests HACE1 repressive effect on the
transcriptional activity of RARβ3 was not due to inhibition of histone acetylation.

Figure 4-22. The repressive effect of HACE1 on the transcriptional activity of RARβ3 is
not affected by TSA. Cos 1 cells were cotransfected with expression plasmid of LF
HACE1 or control plasmid, pTL-RARE-luc reporter plasmid, pTK-RL reporter plasmid
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and expression plasmid of RARβ3. Twenty four hr after transfection, cells were treated
with combinations of ethanol, 10-6 M RA and 100ng/ml TSA for an additional 24 hr. The
transactivation assay was performed as described in Figure 4-11.
Does a Fragment of HACE1 Move to Nucleus?
Sterol regulatory element-binding protein 1 (SREBP-1), a member of the basichelix-loop-helix-leucine zipper (bHLH-ZIP) family of transcription factors, is
synthesized as a 125 kD precursor that is attached to the nuclear envelope and
endoplasmic reticulum. In sterol-depleted cells, the membrane-bound precursor is
cleaved to generate a soluble N-terminal fragment (apparent molecular mass, 68 kD) that
translocates to the nucleus and activates transcription of the target genes (Wang et al.,
1994).
Since the majority of 5’GFP tagged HACE1 and RARβ3 do not appear to
colocalize in cells by fluorescent microscopy, we wondered whether HACE1 can be
processed and a fragment of HACE1 moves to the nucleus using a similar mechanism as
SREBP-1. If this is the case, 5’ tagged HACE1 which we used in fluorescent microscopy
can not provide information of the carboxyl terminus fragment of HACE1. Thus we
generated double tagged HACE1, with GFP tag at the amino terminal end and V5 tag at
the carboxyl terminal end of HACE1. If HACE1 were processed and the carboxyl
terminus of HACE1 move to the nucleus, we would expect bright signal in the nucleus by
V5 immunofluoresent, and we would expect smaller size fragments of HACE1 by
western blot using both GFP and V5 antibodies. The result by fluorescent microscopy
shows that both the GFP tag and the V5 tag associated with HACE1were found to
colocalize principally in the cytoplasm (Figure 4-23A). In addition, RA treatment for 24
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hr did not appear to affect the cellular localization of either the V5- or GFP- tagged
HACE1. This result is confirmed by western blot probed with GFP and V5 antibodies
(Figure 4-23B). Both GFP and V5 tagged HACE1 appear in the cytoplasmic portion of
the cell. And we did not observe any smaller size HACE1 fragment with either GFP or
V5 antibody.
---------------------------------------------------------------------------------------Figure 4-23. Analysis of double tagged LF HACE1 (GFP-LF HACE1 -V5) using
fluorescent and immunofluorescent microscopy (A) and western blot analysis (B). Cos1
cells were transfected with GFP-LF HACE1-V5 or control GFP-LF HACE1 along with
RARβ3 expression plasmid. Twenty four hr after transfection, cells were treated with 10-6
M RA for an additional twenty four hr. (A). Cells were fixed with 4% formaldehyde and
probed with V5 antibody and secondary rhodomine-TRITC. Hoechst staining shows the
nucleus of the cells. Magnification was 400×. Bar equals 20 μm. (B). Whole cell, nuclear
and cytoplasm protein extracts were prepared and western blots were performed using
GFP, V5 and Enolase antibody. Enolase, a cytoplasm protein, was used as a control to
examine whether there is contamination of the cytoplasm protein to the nucleus extract
when prepare the cytoplasmic and nuclear extract. The western blot was scanned using
Odyssey software by LICOR with GFP labeled with IRDye 800CW (green) secondary
antibody, V5 and Enolase labeled with IRDye 680CW(red) secondary antibody. NTWC
is whole cell extracts from non-transfected Cos1 cells.
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Does HACE1 Affect RARβ3 Halflife?
RARs are degraded by the proteasome system in response to retinoids (Boudjelal et
al., 2000; Kopf et al., 2000; Osburn et al., 2001; Tanaka et al., 2001; Gianni et al., 2002;
Gianni et al., 2003; review see Bour and Rochette-Egly, 2007) and RARγ2 degradation is
indispensable for the induction of RARγ2 transcriptional activity (Taneja et al., 1997;
Kopf et al., 2000). We therefore asked whether HACE1 affects RARβ3 transcriptional
activity by modulating RARβ3 protein stability. Protein extracts were prepared at 0hr,
2hr, 4hr and 8hr after addition of 10μg/ml cycloheximide (protein synthesis inhibitor). As
seen in Figure 4-24, in the absence of HACE1, RARβ3 in the ethanol treated cells had a
half life of 7.04+/-1.10 hr while in the RA treated cells the half life was 4.48+/-0.57 hr.
Interestingly, in the presence of HACE1, RARβ3 displayed a half life of 7.03+/-1.13 hr in
ethanol treated cells and 6.89+/-1.01 hr in RA treated cells. When statistical analysis was
performed using pairwise student T test, a significant difference between the halflives of
RARβ3 in the absence and presence of HACE1 with RA treatment was observed.
However, there is no significant difference between the halflives of RARβ3 in the
absence and presence of HACE1 with ethanol treatment, or the halflives of RARβ3
between ethanol and RA treatment in the presence of HACE1. Finally there is no
difference in HACE1 halflife in the presence and absence of RA. These studies
demonstrate that HACE1 inhibited the increased rate of degradation of RARβ3 upon RA
treatment. So HACE1 may be repressing the transcription of RARβ3 by inhibiting the
RA-dependent degradation of RARβ3.
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Figure 4-24. Analysis of RARβ3 halflife in the absence and presence of HACE1. Cos1
cells were transfected with V5-LF HACE1, V5-RARβ3/ctrl plasmid, RXRα and RAREluc in a 100mm culture dish. Forty eight hr after transfection, cells were treated with
10μg/ml cycloheximide, and 10-6 M RA or Ethanol carrier for the indicated time. Whole
cell extracts were prepared and western blot were performed using V5 and GAPDH
antibody. GAPDH was used as a loading control. The western blot was scanned using LICOR Odyssey software with V5 labeled with IRDye 800CW (green) secondary antibody,
GAPDH with IRDye 680CW (red) secondary antibody. A representative figure of
western blot is shown in Figure A. Densitometric value of each band was quantitated by
LI-COR Odyssey software. Each RARβ3 and HACE1 value was normalized with
corresponding GAPDH value respectively. The normalized value of RARβ3/GAPDH or
HACE1/GAPDH was plotted over time, a representative plot from three independent
experiments is shown in B, time 0 was set to 1 arbitrarily. Halflives of RARβ3 were
calculated based on the linear equations generated from quantitated protein density over
time from three independent experiments and is plotted in C. Halflife values (hr) of
RARβ3 are shown in the table in C. Values are the Mean + SD of 3 independent
experiments. P value was generated by pairwise student T test.

.
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CHAPTER 5
DISCUSSION
Since the amino acid sequences of the N terminal A/B domains of the various RAR
subtypes and their isoforms are poorly conserved, it has been suggested that this region
maybe responsible for subtype and isoform specific functions of these receptors. It has
been hypothesized that the function(s) of the A/B domain are mediated by the binding of
specific proteins. Therefore, a long term goal of the laboratory has been to identify and
characterize proteins that specifically interact with the A/B domain of RARs and
potentially regulate their functions.
A number of proteins that potentially interact with the A/B domain of RARβ3 were
identified using a yeast two-hybrid screen. Based on available structural and functional
information, these protein are likely to be involve in a variety of different activities
including: (1) regulation of receptor activity through posttranslational modification such
as phosphorylation, dephosphorylation, methylation and ubiquitination; (2) regulation of
receptor turnover through ubiquitination and/or proteasomal degradation; (3) bridging
receptors with transcription regulatory proteins and chromatin remodeling factors; and (4)
involvement in co-transcriptional mRNA processing including alternative splicing and
mRNA degradation.
The two isoforms of HACE1, SF and LF, were among the putative RARβ3interacting proteins identified in the yeast two-hybrid screen. The overall goal of my
thesis was two fold: (1) to further characterize the interaction between HACE1 and
RARs; and (2) to determine the effect of HACE1 on the function of RARs.
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We have confirmed the interaction between LF HACE1 and RARβ3 by both in
vitro GST pull-down and in vivo cell based coprecipitation assays. In addition, both SF
HACE1 and LF HACE1 interact with RARβ1, RARβ2, RARβ3, RARα1, RARγ1, but not
with RARβ4 and RXRα in in vitro GST pull-down assays. SF HACE1 interacts with
ERα, TRα, but not with PPARγ in in vitro GST pull-down assays. Finally, we have
mapped the site of interaction between HACE1 and RARβ3 to the C terminus of HACE1
(amino acids 356-562 of SF HACE1, amino acids 703-909 of LF HACE1) and the amino
terminus (ABC domain) of RARβ3.
Both LF HACE1and SF HACE1 functionally repress the transcriptional activity of
RARα1, RARβ, but not RARγ1 in transactivation assays. LF HACE1 also represses the
expression of the endogenous RAR-regulated genes RIG1, CRABP II and RARβ, but not
RAI3 in CAOV3 cells. This repression of RAR-dependent gene expression does not
appear to be mediated by the E3 ubiquitin ligase activity of HACE1 or by deacetylation
of histone proteins. On the other hand, HACE1 inhibited the RA-dependent degradation
of RARβ3 that is associated with transcriptional activation of RARβ3.

Interaction of HACE1 with RARs in vitro
In vitro GST pull-down assays using GST-tagged fragments of HACE1 and in vitro
transcribed and translated domains of RARβ3 were used to map the interacting regions of
HACE1 and RARβ3. The carboxyl terminus of HACE1 (amino acids 356-562 of SF
HACE1 or amino acids 703-909 of LF HACE1) contains the RARβ3 interacting site. This
is consistent with the region of the original interacting HACE1 clone identified in the
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yeast two-hybrid screen that contained the carboxyl terminus of HACE1 (amino acids
811-909 of LF HACE1 or amino acids 464-562 of SF HACE1).
Although we used the A domain and first seven amino acids of the B domain of
RARβ3 fused with GAL4 DNA binding domain as a bait in the yeast two-hybrid screen,
it was surprising that the full length A/B domains of RARβ isoforms 1, 2, 3 show very
weak or undetectable binding to SF HACE1 in in vitro GST pull-down assays. On the
other hand, the ABC domain of RARβ3 binds well with SF HACE1 in in vitro GST pulldown assays, however CDEF domain of RAR does not bind to SF HACE1. These data
suggest that the C domain alone does not bind to HACE1 while the AB domain with
additional C domain binds to HACE1. The addition of the C domain of RARβ3 in the
GST pull-down assays or the GAL4 DNA binding domain in the yeast two-hybrid screen
may enable the AB domain to properly fold to allow binding of HACE1. Studies utilizing
nuclear magnetic resonance, circular dichroism spectroscopy and limited proteolysis on
several steroid nuclear receptor N terminal domain /AF-1s (GR, ERα, ERβ, PR) indicate
that this region appears to be in an unfolded state (Dahlman-Wright et al., 1995;
Warnmark et al., 2001; Birnbaumer et al., 1983; Bain et al., 2000). Interestingly, when
the AF-1 domain and DBD domain of PR and AR were expressed, they tended to be
more structured (Bain et al., 2000; Kumar and Thompson, 1999). Taken together, it is
likely that AB domain of RARβ contains the binding site/surface for HACE1 however
additional amino acid residues in the C domain enable proper structural folding of the AB
domain in order to bind to HACE1.
Furthermore, RARβ4 which contains a very short A domain consisting of 4 amino
acids, but shares the B-F domain with the other three RAR isoforms (Zelent et al., 1991;
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Nagpal et al., 1992 ) has very weak or no interaction with HACE1. It is possible that
RARβ isoforms 1 to 3 interact with HACE1 by their common B domain, but a sufficient
length of A domain is important for the formation of the proper secondary structure of the
B domain. On the other hand, the A domains of RARβ1, RARβ2 and RARβ3 may interact
with HACE1, despite having a variable primary amino acid sequence, via a common
secondary structure in presence of HACE1 according to the induced fit hypothetical
model (Warnmark et al., 2003, see Introduction section 3). The NTDs of the estrogen
receptor (ER) α and β isoforms are similarly unstructured in an aqueous environment, but
interestingly, the ERα-NTD undergoes a conformational change in the presence of
TATA binding protein (Warnmark et al. 2000). Similarly, the unfolded AB domain of
AR undergoes a transition to a proper folded state upon interaction with coactivators
(Reid et al., 2002).
Taken together, it is likely that the proper structural folding of the amino terminus
of RARβ is important for interaction with HACE1. However, this feature does not apply
to Acinus S’ which binds to the B domain of all RARβ isoforms (Vucetic et al., 2008) or
vinexin β which binds specifically to the dephosphorylated B domain of RARγ (Bour et
al., 2005).

Specificity of Interaction of HACE1 with Other Nuclear Receptors
We have demonstrated that SF HACE1 interacts with RARβ isoforms 1, 2, 3,
RARα1, RARγ1, ERα, TRα but not with RARβ4, PPARγ and RXRα1 using in vitro GST
pull-down assays. Among the nuclear receptors examined, SF HACE1 interacts
differently with RARs, ERα, TRα, RXRα and PPARγ. RARs and ER displayed the
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strongest level of interaction, TR has an intermediate level of interaction and PPARγ the
weakest or no interaction. On one hand, these results demonstrate that besides RARβ,
HACE1 is able to interact with other nuclear receptors. This is not unusual. A number of
nuclear receptor interacting proteins such as the coactivators SRC, CBP, SWI/SNF and
the corepressors NcoR and SMRT are able to interact with both AF-1 domain (For
review, see Lavery and McEwan, 2005) and AF-2 domain of several hormone nuclear
receptors and modulate their function. On the other hand, HACE1 displays a certain
degree of specificity in interacting with various steroid/thyroid hormone nuclear
receptors. This may due to differences in the primary amino acid sequences and/or
secondary structures of these nuclear receptors. When compared to the other two reported
RAR AF-1 interacting proteins, Vinexin β and Acinus S’ (Bour et al., 2005, Vucetic et
al., 2008), HACE1 appears to interact with a broader spectrum of nuclear receptors.
Although HACE1 appears to interact with certain nuclear receptors such as ER and TR in
addition to RARs, it is unknown whether HACE1 mediates any physiological effect on
these nuclear receptors. Interestingly, HACE1 has no effect on RARγ1 transcriptional
activity in transactivation assay in spite of HACE1 binding to RARγ1 in in vitro GST
pull-down assays. The reason for this is unknown at this time.

HACE1 Shows Specificity in Modulating RAR Subtype Transcriptional
Activity
In Cos1 cells, HACE1 functionally represses the transcriptional activity of RARα1,
RARβ isoform 1, 2, 3, but not RARγ1 in in vitro transactivation assays using a luciferase
reporter gene under the control of a DR5 RARE. In CAOV3 cells, LF HACE1 represses
the expression of the endogenous RAR-regulated genes RIG1, CRABP II and RARβ, but
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not RAI3. Each of these RAR-regulated genes contains a DR5 RARE in their promoter
region (Jiang et al., 2005; Tao et al., 2004; Zelent et al., 1991; Astrom et al., 1994).
RARα and RARβ may be involved in the transcription of CRABP II, RIG1 and RARβ.
CRABPII was reported to be regulated by RARα (Astrom et al., 1994), RIG1 DR5 was
reported to be able to interact with RARα/RXR in in vitro EMSA assay (Jiang et al.,
2005), and RARβ2 expression is initiated by RARα and then its expression is amplified
by binding of RARβ2 to its RARE. However, it is unclear which subtype of RAR that is
involved in regulation of RAI3 transcription (Tao et al., 2004). These data suggest
HACE1 functionally has certain specificity in the modulation of RAR subtype
transcriptional activity. This may lead to a specific spectrum of gene expression.

Interaction of LF HACE1 with RARβ3 in vivo
We were able to demonstrate the interaction of LF HACE1 with RARβ3 using an in
vivo GST based coprecipitation assay, but not by coimmunoprecipitation assay.
Approximately 10 times more whole cell protein lysate was used in the coprecipitation
assay than that in the coimmunoprecipitation assay. In addition, the GST/glutathione
beads based coprecipitation assay has a higher efficiency in isolating protein complexes
than the antibody based coimmunoprecipitation assay. Taken together, these data suggest
that the amount/percentage of LF HACE1 that interacts with RARβ3 within the cell is not
high.
Using fluorescent microscopy, RARβ3 was mainly localized in the nucleus while
HACE1 was mainly localized in the cytoplasm in multiple cell lines including Cos1,
NIH3T3, CAOV3 and 293A. A small percentage of HACE1 appeared to colocalize with
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RARβ3 in both the nucleus and the cytoplasm. It is currently unknown whether the
HACE1 bound to RARβ3 detected in GST-coprecipitation assay resides in the nucleus,
cytoplasm or both cellular compartments.

HACE1 Has Function Beyond E3 Ubiquitin Ligase Activity
Since HACE1 was reported to be an E3 ubiquitin ligase (Anglesio et al., 2004), the
first question we asked was whether the repressive activity of HACE1 on RAR
transcriptional activity was mediated by its E3 ubiquitin ligase activity. However
mutation of the putative catalytic cysteine 876 to an alanine that is suggested to be
responsible for its ubiquitin ligase activity does not affect the repression of RARβ3
transcriptional activity by HACE1. Additionally, since the C terminus of HACE1
interacts with RARβ, it is unlike that the E3 ubiquitin ligase activity of HACE1 functions
to modify RARβ. The E3 ubiquitin ligase activity of HACE1 is dependent on the
conserved HECT domain that is the signature domain for this class of HECT containing
E3 ligases. HECT domain structurally forms two lobes. The N-lobe interacts with E2
ubiquitin transferase and the C-lobe transfers ubiquitin to its substrate (Huang et al.,
1999; Wang et al., 1999; Verdecia et al., 2003). Other well studied HECT domain
containing E3 ubiquitin ligases interact with their substrates through their N terminal
domains of the proteins rather than their HECT domains (for example, RLD domain of
HERC5, WW domain of NEDD family and LXXLL motif of E6-AP) (Huang et al.,
1999; Wang et al., 1999). Interaction of HACE1 with RARβ3 via its C terminus of HECT
domain may actually block its E3 ubiquitin ligase activity. Taken together, our data do
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not support the notion that HACE1 affects the transcriptional activity of RARs through
its E3 ubiquitin ligase activity.
It has been shown that E3 ubiquitin ligases may have other functions in addition to
ubiquitination of target proteins. HERC1 has been shown to bind and act as guanine
nucleotide exchange factor for ARF1. However, ARF1 does not appear to be degraded by
HERC1 (Rosa et al., 1996). In spite of the importance of Cbl E3 ubiquitin ligase activity
in the degradation of a number of proteins such as EGFR and Vav, Cbl also functions as
an adaptor molecule by forming complexes with numerous proteins. In addition, Cbl is
also involved in activation of MAP kinases (For review, see Swaminathan and
Tsygankov, 2006).

HACE1 Inhibits the RA Dependent Degradation of RARβ3
Since HACE1 does not appear to repress RAR-regulated gene expression via its
E3 ubiquitin ligase activity, we focused on several other potential mechanisms.
Trichostatin A (TSA), a potent histone deacetylase inhibitor, did not affect the HACE1dependent repression of transcriptional activity mediated by RAR suggesting that
HACE1 does not function as a histone deacetylase. Our fluorescent microscopy and
western blot data using double-tagged HACE1 (5 prime tagged with GFP and 3 prime
tagged with V5) did not support the notion that HACE1 is activated by cleaving a
segment of HACE1 that can move to the nucleus. Interestingly, our data demonstrates
that HACE1 inhibits the RA-dependent degradation of RARβ3.
Both RAR and RXR are degraded by the 26S proteasome system in response to
retinoids (Boudjelal et al., 2000; Kopf et al., 2000; Osburn et al., 2001; Tanaka et al.,
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2001; Gianni et al., 2002; Gianni et al., 2003; Bour and Rochette-Egly, 2007). Similarly,
our data demonstrate that RA potentiates the degradation of RARβ3 (half life of 4.5+/-0.6
hrs for RA treated sample versus 7.0+/-1.1 hrs for carrier ethanol treated sample).
It is reasonable that inhibition of RA-dependent degradation of RARβ3 links to
repressed RARβ3 transcriptional activity. It has been reported that the proteolytic
function of the proteasome system on RARγ2 upon RA treatment is intimately linked with
the transcriptional activity of RARγ2 (Gianni et al., 2003; Gianni et al., 2002a &b). When
RARγ2 degradation is blocked, the transcriptional activity of RARγ2 is dramatically
impaired. In addition, E6-AP, a HECT domain containing E3 ubiquitin ligase for ER, has
dual roles, degradation of ER and transactivation of ER activity (For review, see
Ramamoorthy and Nawaz, 2008). When the ubiquitin ligase activity of E6AP is
abolished, the transcriptional activity of ER is repressed. In addition, inhibition of
proteosome degradation significantly diminished the ligand-induced transcriptional
activity of most of the nuclear receptors including AR, ER, PR, RARα, TR, PPAR and
RXR (Alarid, 2006, Ismail and Nawaz, 2005, Lonard et al., 2000; Nawaz et al., 1999).
Moreover, it has been postulated that the proteosome system may orchestrate the
dynamics of ER mediated transcription by modulating the degradation of the ER and
cofactor complexes on chromatin (For review, see Ramamoorthy and Nawaz, 2008). By
chromatin immunoprecipitation (ChIP) assay, ER, a number of coactivators and Pol II
associate and dissociate from ER regulated gene promoters following estrogen treatment
in an ordered and cyclical fashion. (Shang et al., 2000; Metevier et al., 2003). Inhibiting
the degradation of ER and cofactors by 26S proteasome system abolished the cyclic
fashion of association of ER and cofactors on ERE region as well as the ER
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transcriptional activity (Reid et al., 2003). Taken together, these evidence support that the
degradation of nuclear receptor is intimately linked with the transcriptional activity of the
nuclear receptors. HACE1 may inhibit both the degradation of RARβ3 as well as the
transcriptional activity of RARβ3.

Possible Mechanisms
We still do not understand how HACE1 inhibits the RA dependent degradation of
RARβ3. One possible mechanism is that the interaction of HACE1 and RAR may
interfere the interaction of RAR with its real E3 ubiquitin ligase (Figure 5-1). One
example of this phenomenon is the interaction of calmodulin with ER enhances the
stability of ER through interfering with the interaction of E6AP and ER (Li et al., 2006).
Alternatively, the interaction of HACE1 with RAR may interfere with the signal
for RAR degradation, such as phosphorylation (Figure 5-1). Phosphorylation of serine
residues in proline rich region in B domain was suggested to be required for both RARγ2
degradation and RARγ2 transactivation (Gianni et al., 2003; Gianni et al., 2002a&b). If
the interaction of HACE1 with RAR blocks the binding and action of kinases on critical
amino acid residues then the degradation of the receptor maybe prevented and
transcription will be repressed. Interestingly, vinexin β interacts with unphosphorylated
RARγ and represses its transcriptional activity (Bour et al., 2005).
Finally, there is an increasing body of evidence suggesting that a small portion of
steroid/thyroid hormone nuclear receptors, such as ER and RAR, localize in the
cytoplasm/plasma membrane of the cell and mediates non-genomic actions through
various phosphorylation cascade pathways (Masia et al., 2007, Dey et al., 2007; Chen and
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Napoli, 2006). In the case of ER, phosphorylation cascade pathways could phosphorylate
ER and its coregulators (Lopez et al., 2001; Iwase, 2003; Gu et al., 1996), thus affects the
ER/ERE mediated transcription as well as ER degradation. If HACE1 interferes the nongenomic action of RAR in the cytoplasm, it is possible that it could affect multiple
pathways including both the transcriptional activity and degradation of RARs (Figure 51).

Is RA Dependent Inhibition of RARβ3 a Cause or a Consequence of
Repressed RARβ3 Transcriptional Activity?
We have demonstrated that HACE1 inhibits both the transcriptional activity and
RA dependent degradation of RARβ3. Prior studies have associated RARγ2 degradation
with the transcriptional activity of RARγ2 (Gianni et al., 2003; Gianni et al., 2002 a&b).
However, it is unknown whether RAR degradation is required for RAR-regulated
transcriptional activation or whether activation of RAR-regulated transcription causes an
increased degradation of RARs. Interestingly, inhibition of proteosome degradation
inhibits target gene expression by ER (Reid et al., 2003) suggesting that degradation of
ER is necessary for receptor-mediated activation of transcription.
The degradation of RARs and cofactors by 26S proteosome system are
hypothesized to be an important step in the RAR/RARE regulated gene expression. Upon
RA treatment, chromatin in the promoter region containing the RARE is decompacted by
a series of coactivators containing histone modification activity such as histone
acetyltransferase activity. After chromatin decompaction, RAR/RXR and coactivators are
hypothesized to dissociate from the RARE by a mechanism involving the 26S
proteosome system (Tansey, 2001; Bour and Rochette-Egly, 2007). Subsequently GTF,
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RNA Pol II and other coregulatory proteins bind to the promoter region and RNA Pol II
initiates the transcription of the target gene to complete one round of gene expression.
Another round of gene transcription at the same promoter can be initiated by binding of a
new RAR molecule to the RARE region. (Tansey, 2001; Bour and Rochette-Egly, 2007;
Lee et al., 2005; Collins and Tansey, 2006). Our data show that HACE1 inhibits the RAdependent degradation of RARβ3 along with repressing RARβ3-dependent transcription.
It is likely that HACE1 inhibition of RARβ3 degradation causes the repression of RARβ3
transcriptional activity. But at this point we can’t rule out the possibility that the
repressed RARβ3 transcriptional activity caused the inhibition of RARβ3 degradation.
(Figure 5-1)

Figure 5-1. The effect of HACE1 on RAR.
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HACE1, RAR and Growth Analysis of CAOV3 Cells
Because HACE1 was reported to be a tumor suppressor (Zhang et al., 2007), we
tried to assess whether overexpression of HACE1 would have an effect on cell growth or
RA sensitivity of ovarian carcinoma CAOV3 and SKOV3 cells. However,
overexpression of HACE1 in both CAOV3 and SKOV3 (data not shown) cells did not
have a consistent and obvious effect on either cell growth or RA-dependent growth
inhibition of these two cell lines.
There are several possible explanations for the lack of effect of HACE1 on the
growth of these two ovarian carcinoma cell lines. First, timing could be an issue.
HACE-/- mice did not begin to develop tumors until between 20 weeks to 2 years of age
(Zhang et al., 2007). However, both CAOV3 and SKOV3 cell growth was examined for
only up to 7 days of RA treatment. It is possible that 7 days is too short to observe an
effect of HACE1 on growth in these two cell lines. Second, the level of overexpression of
HACE1 in these cells may not have been high enough to show an obvious effect on cell
growth and RA-dependent cell growth inhibition in 7 days. In addition, it is possible that
there are other proteins that contains similar function as HACE1 (function redundancy),
the level of HACE1 overexpression may not have sufficient effect to result in change in
cell growth and RA-dependent cell growth inhibition. Third, HACE1 may affect only
certain types of cancer cells. CAOV3 and SKOV3 ovarian carcinoma cells growth may
not be affected by HACE1 overexpression. HACE1 is expressed at lower level in 77% of
Wilm’s tumor and 50% of primary tumor studied suggesting that low expression of
HACE1 only contributes to certain percentage of tumorigenicity (Zhang et al., 2007).
Fourth, we observed HACE1 affected the expression of certain RAR regulated genes but
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not all RAR regulated genes. It is possible that the genes that are affected do not lead to
an obvious change in growth rate or RA-dependent growth inhibition.

Summary
Our study demonstrates HACE1 is a novel RAR-interacting protein and a repressor
of RAR activity. Interestingly HACE1 inhibits RA-dependent degradation of RARβ3.
This study demonstrates that HACE1 is another AF-1 interacting protein and
functionally repress the transcriptional activity of RARs. This finding supports the notion
that AF-1 domain functionally is regulated by its interacting proteins. The question
remains how HACE1 affects the transcriptional activity of RARs.

Future Studies
Future experiments will focus on elucidating the mechanism of how HACE1
represses the transcriptional activity, and how RAR transcriptional activity links to RAdependent degradation of RAR?

1. One obvious question is whether the protein stability of other RAR subtypes is
affected by HACE1 besides RARβ3. We only demonstrated RA-dependent
degradation of RARβ3 is inhibited. It would be interesting to examine whether
HACE1 affects the RA dependent degradation of RARα1 and RARγ1 and whether
there is any difference between RAR subtypes since the transcriptional activity of
RARα1 and RARβ3 but not RARγ1 are affected by HACE1.
2. Elucidate the mechanism of how HACE1 inhibits RAR degradation and RAR
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transcriptional activity? First we can examine the ubiquitination status of RARβ3
in the presence and absence of HACE1 to determine whether HACE1 blocks or
interferes with RARβ3 ubiquitination. Second we can examine the
phosphorylation status focusing on the conserved serines residue in the B domain
in the presence and absence of HACE1. This would allow the determination of
whether HACE1 interferes with the phosphorylation of the residues that have
been suggested to be important for RARγ2 degradation and transactivation. Third,
we can study a number of phosphorylation signaling pathway mediators, which
might be activated by the non-genomic actions of RAR, in the presence and
absence of HACE1 and RA by western blot to ascertain whether HACE1
modulates any of the phosphorylation cascade pathway. Fourth, we can examine
the level of RAR bound on RARE over time by ChIP assay. If HACE1 blocks the
degradation of RAR bound on RARE, we would expect RAR stays on the RARE
region with longer duration when overexpress HACE1.
3. Study the effect of HACE1 on RAR-regulated gene expression and RA-dependent
RARβ3 degradation by knocking down HACE1. We only ascertained the function
of HACE1 by overexpressing HACE1 in mammalian cells. Studies by knocking
down HACE1 in mammalian cells will help to further ascertain the function of
HACE1.
4. Since we observed an effect of HACE1 on some RAR regulated genes, even
though we did not observe any effect on growth and RA sensitivity in CAOV3
cells, it is still interesting to ascertain whether the growth of HACE1 expressing
tumors or cell lines are sensitive to RA treatment.
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