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ABSTRACT

The Effect of HACE1 on RAR Protein Stability
Erin Payne
Master of Science
Temple University, 2011

Master's Advisory Committee Chair: Kenneth J. Soprano, Ph.D.

All-trans retinoic acid (RA), as a ligand for retinoic acid receptorsRR#@nd
retinoid X receptors (RXR), modulates their transcriptional activity. TRe.And AF-2
domains mediate the transcriptional activity. The ligand dependent amtiwdtihe AF-2
domain by RA is well understood to involve chromosome decompaction in the presence
of ligand with the aid of coactivators. The mechanism of the ligand independentaict
the AF-1 domain is less clear. The AF-1 domain of RARs may be regulated by
interacting proteins such as HACEL.

In vitro andin vivo studies in our lab have shown that HACEL1 interacts with
RARay, - B1, -B2, -3, and 1 at the variable AF-1 domain. Transactivation studies have
shown that HACEL1 represses RA dependent transcriptional activity offRIBER not
RARB3; and RARy;. Our original hypothesis proposed that HACEL represses RAR
transcriptional activity by inhibiting RA-dependent degradation of RARs.e@tidata
confirms previous observations that the half life of BAR shortened in the presence of

RA, compared to a vehicle control. Protein stability assays show that HACEhatoes



have an effect on degradation of R@Rand RAR;; however, it increases the ligand
independent degradation of RAR

This data suggests the A/B domain of RARecruits HACE1 for binding which
results in transcriptional repression. Also, in a separate mechanism, te®&n of
RARa; binds to HACE1 which then accelerates its degradation in a ligand independent
manner. The mechanisms behind these novel roles of HACE1 will need to be studied

further and may help in understanding the method of AF-1 transcactivation function.
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CHAPTER 1
INTRODUCTION

I. Vitamin A and Retinoids

Vitamin A is a required nutrient involved in various biological processes. Humans
are unable to synthesize vitamin A so it must be ingested from outside plant or
microorganism sources. Commonly, these sources include red meat, orange or leafy
vegetables, milk, and commercial supplements. Once ingested, its metaboditiches
are involved in differentiation, reproduction, growth, vision, and immune function. The
most active form of vitamin A is all-trans-retinoic acid (RA). For nightonsil1-cis
retinal is the active form. Collectively, the metabolic derivatives andheyintanalogs of
vitamin A are called retinoids. All forms of vitamin A share a similarctire containing
ap-ionone ring, a conjugated side chain, and a polar terminal group (Figure 1.1).

Due to its many essential functions, vitamin A deficiency (VAD) can taffec
multiple systems in an individual. The symptoms of VAD range in severity frgrakiin
and fatigue to reduced growth, vision, or immune function. Neurological symptoms may
also manifest in children. Conversely, an overdose of vitamin A may cause vomiting,
anorexia, bone fragility, or death. The recommended daily amount varies aydage,
but an adult should be ingesting no more than 5000 RE per day. The elderly, people with
liver disease, or pregnant women should limit intake to 2000 RE per day (Griffith, 1998).

Vitamin A is most commonly ingested as carotenoids or retinyl esters.
Carotenoids are synthesized by plants and many microorganisms. Plant sources of
carotenoids can often be identified by their yellow, orange, or red pignoensaich as

carrots and sweet potatoes. Secondary sources of carotenoids can be obtained through



eating animal tissue containing stored retinoids. The other major dietacg sfur
vitamin A is retinyl esters. These are present in many dairy products irtriabzed

countries due to commercial fortifications.
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Figure 1.1: Retinoid structures.




Metabolism of RA

Once ingested, carotenoids are absorbed into enterocytes of the smatlariigsti
passive diffusion. From there, symmetrical or asymmetrical cleavagecauar to
produce retinal op-apocarotenals. Retinal is further reduced to retinol in the intestine.
Retinyl esters are converted to retinol in the intestinal lumen befareaiten up by
enterocytes. Retinol binds to cellular retinol-binding protein type 11 (CRBIR-I
enterocytes for re-esterification with long chain fatty acids byHiecretinol acyl
transferase (LRAT) (Herr and Ong, 1992).

Most retinyl esters are secreted into the intestinal lymph fromoeytes as part
of chylomicrons (Blomhof&t al, 1990). Unesterified retinol may be secreted into portal
circulation (Harrison, 2005). Hepatocytes take up retinyl esters froolating
chylomicron remnants when chylomicrons are hydrolyzed. Retinol binds with retinol
binding protein (RBP) at the endoplasmic reticulum for translocation to the Golgi
complex. Retinol bound to RBP is then secreted into the plasma (Rain&983). If
not bound for plasma secretion, retinol may enter perisinusoidal stellateocslisrhge
in the liver, mostly in the esterified form. Kidneys, lungs, and intestines reastre
retinyl esters (Naggt al, 1997; Blomhoff and Wake, 1991).

Most circulating retinol is recycled into the plasma by the cells akatit up
(Green and Green, 2003; Cifedtial, 2005). A small amount of it is metabolized or
degraded within cells. Retinol circulates in the plasma bound to RBP; however, RBP is
not required for retinol to enter most tissues (Quatiab, 2003). Other retinoids also
circulate in the plasma bound to albumin at lower concentrations than retinola@irgul

carotenoids are bound to lipoproteins due to their fat solubility.



While multiple retinoids may be taken from the plasma into a targebdelfrh
active metabolites, the major reaction within cells for this process ceraldrians
retinol to alltransretinoic acid. Cytosolic medium-chain alcohol degydrogenases (ADH)
and membrane-bound short-chain dehydrogenase/reductases (SDR) oxidares all-
retinol to alltransretinal. Alltransretinol bound to CRBP-I is directed to SDRs for
oxidation, and the unbound form is oxidized by ADHs (Evetrtd, 2005). Following
this rate-limiting step, several retinal dehydrogenases (RALBH)esponsible for
oxidizing retinal to retinoic acid (Figure 1.2).

Turnover of retinol and retinoic acid within cells is necessary to maintain
appropriate levels within cells and tissues. CYP26A1, CYP26B1, and CYP26C1, which
are cytochrome p450 enzymes, are known to degrade retinoic acid (Retjatje2004).
This process is regulated by cellular retinoic acid binding protein typRABP-I)

(Boylan and Gudas, 1992).
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II. Molecular Mechanismsof RA Function
RA function is mediated by both transcriptional and non-genomic molecular

mechanisms. Its effects are often mediated by RARs and RXRs.

Transcriptional Mechanisms of RA Function

Retinoic acid exerts its transcriptional effects through two classes lefanuc
receptors, retinoic acid receptors (RAR) and retinoid X receptors (R>{ie¥se two
receptors form a heterodimer that interacts with a retinoic acid resplemsent (RARE)
in the promoter of specific genes. RA is a ligand for these receptors.

RARs and RXRs heterodimerize on RARES of target genes. In the absence of
ligand, AF-2 recruits corepressors such as NCoR/SMRT that have histone ldsacety
activity. These HDACs help to maintain compacted chromatin, preventing ipdiostl
machinery from accessing the gene (Figure 1.3).

When RA binds to the LBD of RAR, a major conformational change occurs. The
corepressors are released from the AF-2 and coactivators are recrogse. T
coactivators are histone acetyltransferases, histone methyltesmesfeand DNA-
dependent ATPases that aid in chromatin decompaction (Lefetmal;e2005; Rosenfeld
et al, 2006). Coactivators bind at a LXXLL motif forming a hydrophobic cleft after the
RA-induced conformational change (Nettles and Green, 2005). Acetyl ahgl mietups
are added to histone proteins to weaken the interaction with nucleosomal DNA (Aranda
and Pascual, 2001). DNA-dependent ATPases move nucleosomes so that genes are

exposed to general transcription factors (Narldta, 2002).



Following decompaction, coactivators are released so RNA Polymé(&se 1l)
and general transcription factors can access the target gene and iniistegdtian
(Dilworth and Chambon, 2001). The general transcription factor TFIIH comptex ca
interact with the RARs on the DNA. Cyclin H binds to the AF-2 region, and the AF-1
region is phosphorylated by cdk7 following a conformational change @aiir2005a).
RAR and RXR degradation by the proteasome follows in order for transcription to

proceed (Figure 1.3; Bowat al, 2007).
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Non-genomic M echanisms of RA Function

In addition to its genomic effects, RA also mediates gene transcription through
signaling pathways as non-genomic effects. Many genes sensitive to RAcmtah a
recognizable RARE such as PEPCK and c-Fos é.ak 2002; Cafidmt al, 2004).
PEPCK gene transcription is enhanced by phosphorylation and activation of Adi-2 fr
the p3® pathway. RA influences this by activating the p®&thway through
phosphorylation (Leet al, 2002). RA also stimulates CREB and ERK1/2 signaling
cascades through activation by phophorylation leading to c-Fos expression and neuronal
differentiation (Cafoémt al, 2004). The signaling pathways regulated by RA appear to
differ by cell type (Masia&t al, 2007; Deet al, 2007; Guptaet al, 2008). RA activation
by phosphorylation is abolished when appropriate kinase inhibitors are present but not
when transcriptional or translational blocking agents are usedeil&y2007; Chen and
Napoli, 2008). This indicates that the RA effect is indeed propagated through signal
pathways instead of through transcriptional regulation.

RARs have been shown to interact with PI3K and SRC, two signaling pathway
proteins also regulated by RA (Mastaal, 2007; Deyet al, 2007). In addition, RARs
may localize to the plasma membrane where they can directly intethdignaling
pathway proteins (Dest al, 2007; Chen and Napoli, 2008). This evidence indicates that
RARs may mediate the non-genomic effects of RA. Furthermore, this phenomenon has
already been shown with another steroid/thyroid hormone nuclear receptoasulyerf

member, ER (For review, see Acconcia and Kumar, 2006).



Retinoic Acid Receptors

There are three subtypes of RARs known as 8 ARARB, and RAR. There are
two isoforms each of RA&Rand RAR that are denoted by number such as BAR
There are four isoforms of RARnamed in a similar manner. The three subtypes of
RARs are coded for by three distinct genes which are conserved across.speei
isoforms of each subtype originate from alternative splicing and diffelrentiaoter
usage of the genes. The isoforms differ from others of the same subtype at timeniditer
region. All RAR isoforms may heterodimerize with RXRs. The two ligands known to
activate RARs are atlans RA and 9eis RA. All-trans RA has been implicated in many
transcriptional effects of RARs while the role ofi8-RA is less clear. Generally, RAR
is expressed ubiquitously. RBRand y have differential expression across tissues and

development (Dollé, 2009).

Retinoid X Receptors

There are also three subtypes of RXRs and two isoforms for each subtype. They
are named in a manner consistent with RAR naming. The three subtypes of RXR
originate from three distinct genes. The only known ligand for RXRcis BA (Soprano
et al, 2004). Unlike RARs, RXRs may homodimerize and bind to retinoid X responsive
elements (RXRE) in addition to RAREs. Generally, the ligand activation of BXR

overruled by a liganded partner RAR (Germgtial, 2002).

10



RARE

The RAR/RXR heterodimer binds to target genes at a region known as the RARE.
These are often, but not exclusively, found in the promoter region of a target gene. The
consensus motif of RARES is a direct repeat of PUG(G/T)TCA separatete{ipR1),
two (DR2), or 5 (DR5) nucleotides (Le#tlal, 1992). For DR2 and DR5 RAREs, the
RAR occupies the 3’ element, and the RXR occupies the 5’ element. For DR1 RAREsS,

the orientation of the heterodimer is reversed (Kurokevah 1995).

I1. Structure and Function of RAR and RXR

RARs and RXRs belong to the steroid/thyroid hormone nuclear receptor
superfamily which is characterized by a common structure. Members stiff@sfamily
have five or six functionally distinct domains, termed A through F (Figure 1.4heAtlt
terminus, the AB region contains a ligand-independent transactivation functieb).(AF
The most conserved C region contains the DNA binding domain (DBD) characteyized b
a pair of zinc fingers. The D domain is the hinge region connecting domains C and E.
The E domain contains a ligand-dependent transactivation function (AF-2) and a
corresponding ligand binding domain (LBD). It also contains the dimerizatiorcsurfa
and surfaces for the binding of coactivators and corepressors. The F domaint, ipres

RARs but not RXRs, has an unknown function (Sopetab, 2004).

11
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Figure 1.4: Structural domains of RARs and RXRs.

C domain

The C domain is the most conserved region across RARs and RXRs. It contains
the DBD composed of two type-Il zinc fingers and a C-terminal extensioh.Ztac
finger is ana-helical structure bound to a zinc ion in a tetrahedral arrangement due to
interactions with four cysteines. The two zinc fingers are held perpendiculahtotbac
by hydrophobic interactions. The structure was elucidated by nuclear magsetianee
and crystallography (Leet al, 1993).

Each partner of the RAR/RXR heterodimer interacts with a half site ofRERA
the DBD. Once zinc finger of a DBD contacts the major groove of the DNA at a
recognized site. The other zinc finger is involved in the interaction of the heterodim

partners.

D domain
The D domain is a hinge region with a nuclear localization signal. The hinge
between the DBD and LDB allows conformational changes to occur in response to

ligand. The hinge provides flexibility to the proteins, allowing them to bind direct,

12



inverted, and everted repeat response elements. The nuclear localizgiabnasgets the

receptor to the nucleus of the cell where it will encounter DNA.

E domain

The E domain contains the ligand-binding pocket, main dimerization domain, and
ligand-dependent transactivation domain called AF-2. It is a structured arehauhs
domain forming an antiparallel alpha-helical sandwich (Duong and Rochgtte2810).
Within this structure, there is a hydrophobic cleft necessary for the binding of
coregulators. Unlike the AF-1 in the AB domain, the transcriptional activitiyeoAF-2
is well understood. The activity of AF-2 is dependent on the integrity of the most C-
terminal helix of the LBD (Rochette-Egly, 2003). In this process, the bindingcguidr
general transcription factors is not altered by the presence of ligand RAfher RXR,

although it is for other nuclear receptors (Bastiea, 2000).

F domain
The F domain is at the C-terminal and is only present in RARS, not RXRs.

Currently its function is unknown.

A/B domain

The A/B domain is located at the N-terminal and is the least conserved region.
This domain accounts for the differences among RAR isoforms. It containsid-liga
independent transactivation function (AF-1). This function may be constitutive and can

synergize with the AF-2 function. Due to the sequence and size variation of thijmdomai

13



among isoforms, its activation capacity also varies greatly amongnsafdhe variation
is due to alternative splicing and promoter usage among the isoforms thavenegeay
to unique functions (Taneg al, 1997; Rochette-Eglst al, 2000). Its unconserved
sequence also makes it difficult to predict the secondary structure.

The induced-fit model, reviewed by Kumar and Thompson in 2003, suggests that
the A/B domain is initially in a random structure due to chance interactions. When a
specific binding protein is present, a conformational change occurs thatsnduce
functional activity. This model is supported by other steroid nuclear receptors like
estrogen receptors and androgen receptors @Rald2002; Warnmarlet al, 2001). The
secondary structures that arise based on this model would be unigue to the binding
protein (Warnmarlet al, 2001). The potential binding proteins may be limited by cell
type or promoter context. This would account for the promoter- and cell-spatifity
AF-1 demonstrates. Furthermore, the varied AF-1 activity may also lmatetitio
different RAR effects seen in development and homeostasis.

The transcriptional activity of AF-1 can be modulated by post-translational
modification, protein-protein interaction, and synergy with AF-2. The forms of post
translational modification relevant to AF-1 transcriptional activity are pinaylation

and ubiquitination.

Post-translational Modification of AF-1
Phosphorylation occurs at serine residues in proline-rich sites which are
recognized by cyclin-dependent kinases (CDKs) and mitogen-activatethgioiases

(MAPKS) (Morgan, 1995 and 1997; Pearson, 2001; Chang, 2001). The exact location and

14



number of phosphorylation sites differs by RAR or RXR subtype. Phosphorylation of the
AF-1 region induces its transcriptional activity by aiding in the recruitment of
coactivators and increasing chromatin decompaction. It may also stétdizeceptor-
transcription complex by aiding in recruitment of transcription machinesgh{&te-

Egly, 2003). Cdk7, part of TFIIH, is responsible for phosphorylation of sites in AF-1 of
RARs. Other cdks phosphorylate AF-1 sites in RXRs. p38MAPK can also phosphorylate
the A/B domain of RAR, which signals ubiquitination of the receptor (Giaeral,

2002; Kopfet al, 2000). Disruptions to the phosphorylation process, through receptor
mutations, improper kinase activity, or other means, reduce the transcriptovigy af

AF-1.

Ubiquitination occurs at highly conserved lysine residues to target proteins for
degradation by the proteasome. Covalently attached polyubiquitin chains on proteins are
recognized by the 26 S proteasome. Degradation of the DNA-bound nuclear receptors
allows transcription to proceed. It also stops further transcription until another
heterodimer binds to the DNA to initiate a new round of transcription. This process can

occur at the AF-2 as well.

Protein-AF-1 Interactions

The effect of a protein-AF-1 interaction on transcription is dependent on the
particular protein, receptor subtype, or target gene promoter. The proteins capable of
interacting with RAR AF-1 include mRNA processing, chaperone, and traresferas

proteins in addition to general transcription factors and coregulators.

15



Acinus-S’, a nuclear protein involved in chromatin condensation and mRNA
splicing, interacts with all RAR subtypes at the A/B domain but not with other
steroid/thyroid hormone superfamily members. This interaction repregsés A
transcriptional activity, partially through HDAC activity (Vuceéical, 2008). TSA
treatment does not fully block the transcriptional effects of acinus-Shwhiticates
deacetylation is not the only method by which acinus-S’ exerts its effébesr. O
coregulatory proteins such as CoAA and CAPER are involved in regulating transcript
and mRNA processing (Auboeetfal, 2004; Dowharet al, 2005). Given the association
of acinus-S’ with mRNA-processing machinery, similar functioning may bevedadh
this case. The transcriptional repression occurs in a ligand-independent manner,
consistent with the ligand-independent function of AF-1. The promoter context of an
endogenous RAR target gene is also relevant to the acinus-S’ binding effect on
transcriptional activity of AF-1 (Vucetiet al, 2008). The promoter architecture or
binding of other regulators may interfere with the binding of acinus-S’ for §ohfe
regulated genes which causes its effects to vary.

Vinexin 3 is another AF-1 interacting protein, exclusive to RARhich
represses AF-1 transcriptional activity (Batial, 2005b). Vinexirf is a cytoskeletal
protein also involved in signal transduction pathways. It has no enzymaticyactivit
(Akamatsuet al, 1999). The other RAR subtypes have a transcriptionally active AF-1
when that domain is phosphorylated by cdk7, as discussed previously.rBfiRes a
second phosphorylation by p38MAPK for transcriptional activity (Giahai, 2002). In

the absence of phosphorylation at both of these sites, viféxiable to bind RAR The

16



dissociation of vinexifs from RARy is required for AF-1 activation (Boet al, 2005b).

The mechanism of repression is unknown.

Synergy with AF-2

The phosphorylation of AF-1 by cdk7 activates its transcription in a ligand
independent manner. Interestingly, this process may be modulated by the binding of
cyclin H, another member of the THIIF complex, with AF-2 (Bewal, 2005a). The
cooperation of these two interactions increases the overall transcripttugy af the
RARs. The ligand-dependent recruitment of general transcription factibrs ppomoter
allows the binding between AF-2 and cyclin H to occur (Pehai, 2005; Bouret al,
2005a). This, in turn, causes a conformational change of the entire RAR such that the
phosphorylation site on AF-1 is exposed to cdk7 (Bbat, 2005a). The result is
concurrent transcriptional activation at the AF-1 and AF-2 regions. Likewise,
coactivators have been shown to concurrently activate both transcriptional fungtions b
binding to both domains (Bommetral, 2002).

Ubiquitination and autonomous degradation of the receptor is dependent on ligand
activation of the AF-2. It also requires heterodimerization with RXR (kbalf, 2000).
The liganded receptor recruits SUG1, a DNA helicase part of the 19 S oegulat
complex of the 26 S proteasome (vom Betwal, 1996). Once the proteasome is present,
in conjunction with a phosphorylated AF-1, the partner receptor may also be degraded
(Gianniet al, 2003). In other words, while each partner nuclear receptor can regulate its
own degradation through its AF-2, a synergistic effect with its AF-1 masecthe

degradation of the heterodimerized partner.
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IV.HACE1

HECT domain and Ankyrin repeat containing E3 ubiquitin-protein ligase
(HACEL) was first identified as a novel open reading frame located nearséotration
break point on chromosome 6921 in a sporadic Wilms’ tumor (Angetlsip 2004). It is
highly expressed in normal heart, brain, pancreas, and kidney tissues. HACE1 yprimaril
localizes to the endoplasmic reticulum and cytoplasm of cells with a sn@linamn the
nucleus (Anglesiat al, 2004). HACE1 has been shown to be downregulated in 50% of
primary human tumors, including T and NK cell lymphomas, central nervous system
lymphomas, prostate cancers, pancreatic tumors, and ovarian carcinomas, duarib abe
methylation (Anglesi@t al, 2004, Zhangt al, 2007).

HACEL has 24 exons that encode a HECT domain linked to six ankyrin repeats.
The long form of HACE1 encodes a 909 amino acid protein, and the short form encodes
a 562 amino acid protein. Limited study of HACE1 short form has yielded little
information on its function. It is thought to play an important role in the central nervous
system due to the size of the protein, and its expression in the brain (isegag6€00).
Unless indicated otherwise, all reference to HACEL concerns the long form.

HECT stands for homologous to E6-AP C-terminus. The HECT domain is
common to E3 ubiquitin ligases and plays a critical role in the eukaryotic ubiquitin
proteasome system. It functions by accepting an ubiquitin from an ubiquitin-conguga
protein and catalyzing its transfer to a target protein. This function issegdor the
regulation of various signal transduction pathways, protein trafficking, and DNAgm
among other cellular processes (Marin, 2010). HACEL1 utilizes the E2 enzyme UbcH7 i

its E3 ubiquitin ligase activity (Anglesig al, 2004).
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Ankyrin proteins are believed to function in the coupling of a variety of integral
membrane proteins to spectrin. Ankyrin-like repeats have been detected in various
regulatory proteins and are present in HACEL1 in the form of six repeats. Onenankyri
repeat is 33 amino acids long, and the repeats occur in at least four consecutise copi
Terminal copies have more variable sequences than those located intehreabykyrin
repeat domain plays a role in protein-protein interaction (Bork, 1993).

HACEZ1-deficient mice have been shown to have an increased incidence of tumors
after a second hit. Spontaenous late-onset cancers occur after genetiatinadgti mice.
Conversely, overexpression of HACE1 suppresses the growth rate of multipieesell
Due to these observations, HACEL1 has been identified as a novel tumor suppressor. The
E3 ubiquitin ligase catalytic cysteine mutant, HACE1 C876S, does not suppress cell
growth, anchorage-independent growth on soft agar, and tumorigenicity. As such, the
tumor suppressive effects of HACEL are thought to be dependent on its ubiquitin ligase

activity (Zhanget al, 2007).

HACE1 and RAR Interaction and Its Effects

While the majority of RAR and HACEL1 protein do not colocalize, a yeast two-
hybrid screen anih vivo coimmunoprecipitation experiments in this lab have shown
there is a physical interaction between the proteins. Furthermore, thistiotetzas been
shown to occur between the AF-1 region of RARs and the C-terminus of HACEL.
HACEZ1 interacts with isoforms 1, 2, and 3 of RBRsoform 1 of RAR, and isoform 1
of RARy. Through this interaction, HACE1 represses the transcriptional activity of

RARB and RARu in the presence of RA but not RARZhaoet al, 2009). It is suspected
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to exercise this repression through its inhibition of the RA-dependent degradation of
RARps. The transcriptional repression of HACE1 on RARs is not generalized to all
RAR-regulated genes. RAI3 is a RAR-regulated gene whose transcnpds not

repressed by HACEL,; presumably, there are other genes likewise unhfiEtect al,
2009). The varied transcriptional effects of HACE1 may be due to different functions of
RAR subtypes or promoter context. It has been shown previously that degradation of
nuclear receptors and RA-dependent transcriptional activity are linked (@iahni

2002).
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CHAPTER 2
STATEMENT OF GOALS

The physiological effects of RA are exerted through interaction with d=aHl
RXRs by modulating their transcriptional activities. These receptors beldhg t
steroid/thyroid hormone nuclear receptor superfamily which is chaeddoy a
common structure of five or six functionally distinct domains, termed A through theA
N-terminus, the AB region contains a ligand-independent transactivation funkeh) (
The most conserved C region contains the DNA binding domain (DBD) characteyized b
a pair of zinc fingers. The D domain is the hinge region connecting domains C and E.
The E domain contains a ligand-dependent transactivation function (AF-2) and a
corresponding ligand binding domain (LBD). It also contains the dimerizatiorcsurfa
and surfaces for the binding of coactivators and corepressors. The F domaint, ipres
RARs but not RXRs, has an unknown function (Sopetab, 2004). There are three
subtypes of RARs each with multiple isoforms.

RARs heterodimerize with RXRs to exert transcriptional control by binding t
DNA. The nuclear receptors bind to RARES, which are present in the promoters of RA
responsive genes. For the AF-2, when RA is not present, the heterodimeriptolrsece
bound to DNA recruit corepressors and histone deacetylases for chromatin tomijoac
prevent transcription. In the presence of RA, corepressors unbind due to a confofmationa
change in the LBD, and coactivators, histone acetylases, and histone metfefases
are recruited. This causes the chromatin to be decompacted and allows foiptransc
machinery to access the gene for transcription to occur.

The transcriptional mechanism of the AF-1 is less understood. The A/B regions
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are variable among the RARs and lack a predictable secondary structunehAs is
important to study all RARs, when focusing on the A/B regions, to determine ifafesre
differences in the transactivation functions of the AF-1s of the RAR subtypes. The
induced fit model speculates that the RARs form functional secondary stsuetuza
interacting with specific proteins (Kumar and Thompson, 2003). Our lab previously
showed the interaction of HACE1 and the A/B domain of RAR through a yeast two-
hybrid screen, coimmunoprecipitation and GST pull down assays (Vetalj008;
Zhaoet al, 2009).

HACEL was first identified as a novel open reading frame located near a
translocation break point on chromosome 6921 in a sporadic Wilms’ tumor (Angjlesio
al, 2004). It has 24 exons that encode a HECT domain linked to six ankyrin repeats. The
HECT domain contains the E3 ubiquitin ligase activity and plays a criticair the
eukaryotic ubiquitin-proteasome system leading to protein degradatiom(M@atio).

The ankyrin repeat domain plays a role in protein-protein interaction (Bork, 1993).

Previous studies in our lab suggested HACEL1 represses the transcriptiotgl acti
of RARs in the presence of RA (Zheioal, 2009). We hypothesize HACEL1 represses the
transcriptional activity of RARs through inhibiting RA-dependent protein degradation of
RARs bound to RAREs. Our specific aims are:

1. Study the effect HACEL has on RAR transcriptional activity,

2. If there is an effect, to determine if HACE1 mediates it through affecting

protein stability of RARSs.
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CHAPTER 3
MATERIALSAND METHODS

|. Reagents
Retinoic Acid

Stock solutions of retinoic acid (RA) were prepared every three weeks by
dissolving powdered RA in 100% ethanol to a concentration of approximately10
The powdered RA was a gift from Hoffman-LaRoche, Inc. in Nutley, N&aey. The
concentration of RA was determined by absorbance at 350 nm using a Beckman, Du 640
spectrophotometer. Cells were treated with RA at a final concentratiorf o 181l RA
use occurred under yellow light to prevent oxidation and isomerization. In all

experiments which involved RA treatment, ethanol was used as the controktnea

Cycloheximide
Cycloheximide powder (Sigma-Aldrich, St. Louis, MO) was dissolved in 100%

ethanol to a concentration of 75 mg/mL. The solution was stored as aliquot¥afeR0

1 month. Cells were treated with cycloheximide at a final concentration of/#4_.

[I. Preparation of DNA Clones
PCR Cloning
A primer set consisting of a forward and reverse primer was designegblitya
the gene of interest. Each primer was about 20 base pairs in length. The forward prime
started at the transcriptional start codon ATG and continued into the coding sequence of

the cDNA of the gene of interest. The 5’ end of the reverse primer ssitieel stop
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codon at the 3’ end of the gene of interest and continued inward toward the 5’ end of the
gene of interest. A unique set of primers was designed for each gene.

For the high fidelity PCR reaction, two mixtures are first made. Mixture 1
contained 100 ng plasmid DNA, 1@®/ forward and reverse primersul of each
dNTP, and ddkD to a final volume of 5@L. The second mixture contained 2.6 U High
Fidelity Taqg Polymerase (Hoffman-LaRoche Inc.) and #litd a final volume of 5QL.
The two mixtures were then combined into a PCR tube, vortexed, and spun down. The

PCR program was as follows:
Preheat: 94C for 2 min
Denaturation: 94C for 30 sec

Annealing: 55-6%C for 1 min x multiple cycles

Elongation: 72C for 1 min/kb product .
Final Extension: 7Z for 7 min

The temperature for the annealing step should be optimized for the spenigcim use

based on G/C content. The number of cycles should be optimized for each product. When

using plasmid DNA as a template, 18 cycles is usually sufficient.

The size of the product and specificity of the primers was checked by running 5
uL of the product on an agarose or polyacrylamide DNA gel. If a single band of the
proper size was obtained, the PCR product was purified using a QIAquick PCR

Purification Kit (Qiagen, Germantown, MD) and following the manufacturer’ ©pobt
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Agarose Gel Electrophoresisfor DNA

To determine the quality of supercoiled plasmid DNA or resolve linear DNA
fragments between 0.5 kb and 10.0 kb, a 1% agarose gel was used. The gel was prepared
by dissolving 0.5 g of agarose in 50 mL of TAE buffer by heating in a microwave for 1.5
minutes. Ethidium bromide was added to the warm solution prior to pouring for setting.
TAE buffer consisted of 40 mM Tris, 1 mM EDTA, and 20 mM sodium acetate at pH
7.2. The electrophoresis was performed at 120 mA for 90-120 minutes in TAE.
Following electrophoresis, DNA stained with ethidium bromide was visualized uhder
light. The molecular weight, purity, and concentration of DNA can be estimatedHr®m

method.

Polyacrylamide Gel Electrophoresisfor DNA

DNA fragments smaller than 1.3 kb were analyzed on a 10% polyacrylamide gel.
The gel was prepared by mixing 3 mL of 30% acrylamide/0.8% N, N’-methylene
bisacrylamide, 2 mL of 5x TBE, 4.985 mL of sterilized d@100uL of 10%
ammonium persulfate, andu® of N, N, N’, N’-tetramethylene diamine (TEMED).
TBE buffer consisted of 89 mM Tris-Cl, 100 mM boric acid and 3 mM EDTA at pH 8.2.
The electrophoresis was performed at 200 volts for 20-30 minutes in TBE. Following
electrophoresis, gel was stained with ethidium bromide and DNA was visualized under

UV light.
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Restriction Enzyme Digestion

DNA was digested with a restriction enzyme to confirm its identity. €aetion
for each digestion contained 1x reaction buffer which is optimized for each specifi
enzyme, 1 pug plasmid DNA or PCR product, 20 to 80 units of restriction endonuclease
(New England Biolabs, Inc., Ipswich, MA), 1x BSA if necessary, and stetitizétO
up to 50 pL total volume for each reaction. The reaction was incubated in a water bath at
an optimized temperature for 2-24 hours. The products of the digestion were visualized a
described above by agarose or polyacrylamide gel electrophoresis wdiaratbromide

staining.

Cloning by Invitrogen Gateway System

It was necessary to clone RARand RAR; in a mammalian expression vector
containing a tag which would permit detection of the exogenous gene. Invitrogen
(Carlsbad, CA) Gateway cloning uses the integatisgite-specific recombination
properties of bacteriophage lambda. This technology facilitates dirdatlonang of
PCR products into multiple destination vectors from a single entry vector. The products
involved in this system were purchased from Invitrogen and include the entry vector
pCR8/GW/TOPO TA cloning kit, destination vector pcDNA3.1/nV5-DEST, and
Gateway LR Clonase Il enzyme mix.

The first step using this technology was to obtain a purified PCR product of the
gene of interest. The primers used for this must maintain the proper readin@frddme
include a stop codon at the 3’ end of the sequence when using an N-terminus tag. The

DNA was amplified using standard PCR as described above. Gel electropha®sis w
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used to verify the size of the product. The product was purified using the QIAquick PCR
Purification Kit (Qiagen Inc., Valencia, CA) according to the manufacsiprotocol to
remove free nucleotides and proteins in the reaction.

After obtaining a purified PCR product of the gene of interest, the next step was
to insert it into the TOPO entry vector. The reaction mixture for this coait@irsed L
fresh PCR product, 1 pL salt solution (1.2 M NaCl, 0.06 M Mp@ind sterilized ddyD
up to 5 pL total volume. After mixing, 1 puL entry vector pCR8/GW/TOPO was added.
The reaction was gently mixed by pipetting up and down. The reaction was incubated a
room temperature for 5 minutes and then placed on ice. Two microliters of therreact
was added to one vial of thawed One-Shot Top10 chemically competmtit cells
from the TOPO cloning kit and mixed by swirling the tube. The tube was incLbate
ice for 5-30 minutes. The cells were heat shocked in a 42°C water bath for 30 seconds
and then moved back to ice. Next, 250 pL of SOC medium was added to the cells. SOC
medium contained 2% wl/v tryptone, 0.5% w/v yeast extract, 10 mM NaCl, and 2.5 mM
KCl in ddH,O. After autoclaving, 20 mM glucose was added immediately prior to use.
The bacterial cells were incubated at 37°C for 1 hour while shaking.

To select and grow colonies, 10 pL, 20 pL, and 50 pL of the bacteria culture was
spread on three LB agar plates containing 100 pg/mL of spectinomycin. ThgatB
plates contained 1% w/v tryptone, 0.5% wi/v yeast extract, 0.5% NaCl, and 1.5%
bactoagar. The antibiotics were added following autoclaving and cooling althies.
Then the plates were poured. The bacteria on the plates were incubated oaernight
37°C. Several hundred colonies were visible the following day of which 2-6 were

selected for overnight growth in 5 mL of LB medium. LB medium had the same
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composition as the LB agar plates without the bactoagar, containing 100 pg/mL of
spectinomycin. Plasmid DNA was isolated using the NucleoBond Plasmid&timif

Mini Kits (Macherey-Nagel GmbH & Co. KG, Bethlehem, PA) for analygisdstriction
digestion. Appropriate endonucleases were chosen that would indicate if theestdry
contained the gene of interest and if it was in the proper orientation based on b&nd size
seen by gel electrophoresis. The colonies were further confirmed using ONénse
analysis performed by Genewiz (South Plainfield, NJ) using the GW1 and GW&®rim
included in the TOPO cloning kit.

A destination vector was chosen for its ability to express recombinant proteins i
bacterial cells using a T7 promoter and in mammalian cells usihg\agtomoter.
Specifically, the destination vector pcDNA3.1/nV5-DEST was chosen for itsnries
V5 tag that allowed for efficient detection of exogenously expressed proténanv

antibody targeting V5.

Transformation into Bacterial Cells

Chemically competeri. coli DH5a cells were used for transformation of
plasmid DNA or ligation reactions. To make chemically competent celE.tbai DH5a
cells were freshly streaked on an SOB plate consisting of 2% bactotryptoneeéasto
extract, 10 mM NacCl, 2.5 mM KCI, 10 mM Mgg£land 10 mM MgS@and incubated at
37°C. The following day, these cells were inoculated in 30 mL SOB medium and
incubated at 37°C with shaking for 3-4 hours. The cells were collected when the
absorbance at 550 nm was 0.45-0.55. The cells were pelleted in a centrifuge at 6,800 g

for 15 minutes. After aspirating off the supernatant, the cells weregessied in 10 mL
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transformation buffer (TFB) and incubated on ice for 15 minutes. TFB consisted of 10
mM K-MES pH 6.3, 45 mM MnGl4H,0, 10 mM CaCJ-2H,0, 100 mM KCI, and 3 mM
HACoCls. The cells were again pelleted in a centrifuge at 6,800 g for 15 minutes. The
cells were resuspended in 2.4 mL of TFB. Subsequently, 84 uL of DnD was added to the
cells for a final concentration of 3.5% by volume. DnD consisted of 1 M DTT, 90% by
volume DMSO, and 10 mM potassium acetate. After a 10 minute incubation on ice, 84
puL of DnD was again added to the cells for a final concentration of 7% by volume.
Following final 15 minute incubation on ice, the cells were ready for transfiomia
210 pL aliquots.

Four microliters of the ligation or recombination reaction was used for
transformation by swirling the tube to mix it with the competent cells. Adterely, 100
ng of plasmid DNA was used for transformation. The cells were incubated am B@ f
minutes. Next, the cells were heat shocked at 42°C for 90 seconds and immediately
guenched on ice for 2 minutes. Then, 3Q00f SOC medium was added to the cells
followed by incubation at 37°C with shaking for 1 hour. Finally, the cells were spread on
LB agar plates containing antibiotic and incubated aC3¥ernight.

All clones used in this study are summarized in Table 3.1.

Table 3.1: RAR and other clones used in this study

Insert Vector Tag Mammalian | Antibiotic
Expression? | Resistance
RAR, pcDNA 3.1/nV5-DEST 5 V5 Yes A
RARB3 pcDNA 3.1/nV5-DEST 5" V5 Yes A
RARYy; pcDNA 3.1/nV5-DEST 5 V5 Yes A
RXRay pSG5 Yes A
RARE-Iuc pTL-luc Yes A
Renilla pTK-RL Yes A

A: ampicillin resistance
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Storage of Clones

Each bacterial clone from a recently streaked plate was inoculated ir.8 mL
medium with the appropriate antibiotic and incubated at 37°C with shaking for 16 hours.
One milliliter of the culture was mixed with 1 mL of 80% glycerol and store2&€C in

a cryogenic vial.

| solation of Plasmid DNA

Plasmid DNA was isolated using NucleoBond Plasmid Purification kit
(Macherey-Nagel GmbH & Co. KG) according to the manufacturer’s protdoabtain
sufficient quantity of DNA for mammalian cell transfection, a midi prep feoB®0 mL
culture was normally used.

The purity of the DNA was determined by two methods. The absorbance at 260
nm and 280 nm was measured using a Nanodrop 2000 (Thermo Scientific, Waltham,
MA). A 260/280 ratio greater than 1.8 indicated sufficient purity from proteins to use in
further studies. The concentration of the plasmid DNA was also determined baked on t
A2go Using the following calculation: concentratiqrg(mL) = Agsox 50 ug/mL. Finally,
electrophoresis of the plasmid DNA on an agarose gel as previously describatethdic

its structure and purity from other DNA.
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I1l. Mammalian Cell Culture
Cos7 Céll Line

The Cos7 cell line is derived from SV40 transformed CV1 cells. These cells
originated from an adult male African green monkey kidney. This lab obtainexzkthis

line from the American Type Culture Collection (ATCC, Manassas, VA).

Cdl Culture

Cells were cultured in 3T, 98% humidity, and 5% CGOncubators on petri
dishes (Corning Inc., Corning, NY). The cells were grown in Complete Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (Sigtdaeh),
2 mM L-glutamine (Invitrogen), 100 units/mL penicillin and 1@0mL streptomycin
(Mediatech Inc., Manassas, VA). Cells were passed every 3 to 4 days. Finsédioen
was aspirated from the dish. The cells were washed with sterile phosphatedouffe
saline, PBS, to remove the medium and the serum. Next, the cells were incubated in
0.05% trypsin-EDTA (Invitrogen) in PBS until they started to lift off thegolat
Completed medium was added to the plate to neutralize the trypsin and the aells wer
removed and cell clumps broken up by repeated pipetting. Generally, one-fifth of the

cells were replated in fresh medium for continued passage.

Charcoal Stripped FBS
When indicated, cells were carried on completed DMEM containing 10%
charcoal stripped FBS. To make charcoal stripped FBS, a solution containing FBS, 5%

w/v activated charcoal (Sigma-Aldrich), and 0.5% w/v dextray(Hfizer, New York,
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NY) was stirred for 1 hour at room temperature. It was then spun at 27,000 x g for 30
minutes in a Sorvall RC 5B Plus centrifuge (DJB Labcare Ltd., Buckmghiae,

England). The supernatant was decanted into a funnel lined with Whatman paper and
collected in a Falcon tube. The serum was filtered through clean sheeltatrham

paper 2-3 times. Finally, it was filtered with a 0.2 pm bottle top vacuum fi@n(ng,

Inc.)

Cell Counting

After removing cells from the plate by trypsinization, an aliquot of cels wa
counted. Ten microliters of the diluted cell suspension was mixed wijih 00.4%
trypan blue (MP Biomedicals, Solon, OH) in PBS. Of this mixtureull@as added to
each stage of the hemocytometer. All cells within the four-9x9 squares in eaeh corn
which were not stained blue, were counted as living cells. The average of ttaegesep
counts was used to determine the approximate concentration of cells by thenfpllowi
calculation: cellsiL = average cell count 4 counted squares2 (dilution factor)x 9
total squares. The calculated cell concentration was used to plate a desiredorumbe

cells.

Storage and Recovery of Cell Lines

For long term storage, actively growing cells were removed by trypgonza
from a plate. After counting, the cells were spun at 110g for 5 minuté€ aadd the
medium was removed from the pellet. The cells were resuspended in cold D<@ Fr

Medium (Hoffman-LaRoche Inc.). One milliliter of freeze medium wasl diseevery
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10° cells. Cells were stored in cryogenic freezing vials in 1 mL aliquotstaretisat -
80°C for 24 hours. Finally, the vials were moved to a liquid nitrogen tank.

To recover cells from a liquid nitrogen tank, they were quickly thawed in@ 37
water bath. The cells were spun at 110 x g for 5 minutes in a sterilized falcomiube, a
the freeze medium was removed from the pellet. The cells were resuspended in
completed DMEM medium and moved to a 100 mm cell culture plate. After four hours,
the cells were examined under a microscope to see if they attached togh&hatext

day, they were examined again for viability.

Transient Transfection

Cells were transfected with various DNAs using TransIT-LT1 Tranefect
Reagent (Mirus Bio LLC, Madison, WI). Cos7 cells were plated 24 hours prior to
transfection so that the cells were 90% confluent at the time of transfeaian 35-mm
plate, 1.6x 10° cells were initially plated to give the appropriate density. For plates of
other sizes, this cell density was maintained by comparing the surécefahe plate.
The transfection reaction worked best at a ratio jof 3lirus to 1ug of DNA. For a 35-
mm plate, 4ug or less of DNA was used. Mirus was added to@250f Opti-MEM
reduced serum medium (Invitrogen) in a sterilized falcon tube. It was mixegéddyinmg
the solution up and down. Next, the DNA was added to the solution. Again, the solution
was mixed by pipetting up and down. The solution was incubated at room temperature
for 15-30 minutes. The solution was added to the cells dropwise while the plate was
gently swirled. The cells were placed in the incubator and allowed to grow-#2 24

hours. Transfection efficiency or protein expression could be measured after 24 hours.
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Whole Cell Extract Protein I solation

To isolate proteins from the whole cell, actively growing cells wereviesthed
with PBS. The cells were removed from the plate by trypsinization and imegdiat
moved to 4C for the duration of the protein isolation. The cells were pelleted by
centrifugation, washed with PBS, and pelleted again. The cells were lysed N&ng
buffer containing the following protease inhibitors: 1 mM phenylmethylsulfiagtide
(PMSF), 0.5ug/mL Leupeptin, 0.ug/mL Pepstatin A, and 0449/mL Aprotinin. The
TNE buffer consisted of 0.05 M Tris-HCI pH 8.0, 0.15 M NaCl, 1% NP40, and 2 mM
EDTA pH 8.0. Generally, 20QL of lysis buffer was used for a 20 cell pellet. The
pellets were vortexed with the lysis buffer and kept on ice for at least 30esinut
Following another vortexing, the tube was spun at 20,200 x g in an Eppendorf Centrifuge
5417R (Eppendorf, Hauppauge, NY) for 15 minutes’@t 4 he supernatant contained

the whole cell extract and was removed to another tube for short term storag€at -20

M easurement of Protein Concentration

The Bradford protein assay was used to determine the concentration of whole cell
protein extracts. The protein was diluted 1:200 in a solution containingl7®86ddH,O
and 200uL of Bradford reagent (Bio-Rad Inc., Hercules, CA). Each sample was
incubated in the dark at room temperature for 5 minutes. The absorbance at 595 nm was
determined using a spectrophotometer. A solution of Bradford reagent apd,ddH
containing no protein, was used as a blank. The concentration for each sample was
determined based on a previously generated bovine serum albumin protein standard

curve.
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V. Transactivation Assays
Transient Transfection

Cos7 were plated 24 hours prior to transfection at 6.0 dl® per well in 12-
well plates. On day 2, 0.18y V5-RAR, 1.2ug V5-HACEL or V5 empty vector, 0.1
RARE-luc, and 0.012g pTK-RL plasmid DNA was transfected into cells wltansIT-
LT1 transfection reagent (Mirus Bio LLC) according to the manufacturest®qol. Four
hours after transfection, the medium was removed and replaced with completed DMEM
containing charcoal-stripped serum. The following day, the medium was aplaicec
with completed DMEM containing charcoal stripped-serum and treated witMIRA
or ethanol. The next day, the cells were lysed and luciferase activitiesneasured

using the Dual Luciferase Assay Kit and its protocol (Promega Irahifitg, WI ).

Luciferase Vectors

RARE-luc, the firefly luciferase reporter vector, (AffymetrixInSanta Clara,
CA) is designed to express firefly luciferase when RAR is bound. It cor#aiRARE
upstream of a minimal TA promoter. Its TATA box is from the Herpes simples vir
thymidine kinase (HSV-TK) promoter.

The pTK-RL vector was a gift from Dr. Barbara Hoffmn and Dr. Dan Li@b@n
at Temple University School of Medicine. It is used as a reporter control fofettaos

efficiency. It contains an HSV-TK promoter which drives expression ofladotiferase.
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Dual Luciferase Assay

An RARE firefly luciferase (RARE-luc) was used as the reporter ARR
transcriptional activity. A renilla luciferase (pTK-RL) was ussdadransfection control
and normalizer. The luciferase activities were measured sequentiatiyofre sample
using a Femtomaster FB 12 luminometer (Zylux Corp., Huntsville, AL). The Dual
Luciferase Assay Kit (Promega, Inc.) was utilized according to itequbt

Following transfection and RA treatment of the cells, they were washeal twic
with PBS. Cell lysates were prepared using 150 pL of 1x Passive Ly$es BRIiEB) for
each sample. The plates were rocked for 20 minutes at room temperature, &td the c
lysates were collected.

One hundred microliters of LAR Il firefly substrate was mixed with 2M®fitell
lysate. The firefly luciferase activity was read in the luminometet@®seconds after a 2
second premeasurement delay. Following this measurement, 100 pL of 1x Stop & Glo
Reagent, diluted in Stop & Glo Buffer, was added to the sample and mixed. The renilla
luciferase activity was measured by the luminometer under the same conditions

An initial blank reading for both luciferase activities was obtained using Bx PL
as the sample. These values were subtracted from the rest of the samplesvalues a
background. The firefly luciferase activity for each sample was divideis ognilla
luciferase activity. The sample treated with ethanol and containing only RAR, no
HACEL, was arbitrarily set to 1 for each RAR subtype. The values wereee part

relative luciferase units (RLU).
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V. Western Blot Analysis
SDS-PAGE

Proteins between 30 and 100 kDa were resolved on 10% SDS-polyacrylamide
gels. The running gel contained 9 mL filtered 30% acrylamide/0.8% Bytaaude, 7.5
mL 4X TrisCI/SDS pH 8.8, 13.5 mL ddi®, 100uL 10% ammonium persulfate, and 20
uL TEMED. The running gel was poured between two plates separated by spheers. T
plates used to make the gel were previously cleaned with water and ethanol to avoid
infrared contamination of the western blot. Ethanol was overlayed on top of the gel
during polymerization to form a straight surface. The gel was allowed to pobarieri
one hour at room temperature. The stacking gel contained 2.6 mL 30% acrylamide/0.8%
Bis-acrylamide, 5 mL 4X Tri€l/SDS pH 6.8, 12.3 mL ddi®, 100uL 10% ammonium
persulfate, and 2(AL TEMED. After the ethanol was removed, the stacking gel was
poured on top of the polymerized running gel. The comb was inserted immediately into
the stacking gel to allow wells to form. The stacking gel was allowed to poberfor
30 minutes at room temperature. Following polymerization of the stacking gebrtiie
was removed, and the wells were washed with protein running buffer. The running
chamber was assembled with the gel and filled with protein running buffer. Theprote
running buffer contained 25 mM Tr&l, 192 mM glycine, and 0.1% SDS pH 8.3.

Protein samples were prepared withhdOwhole cell extract, 1X sample buffer,
and d ddHO to make all samples equal volume. The 2X sample buffer contained 100
mM Tris pH 6.8, 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol blue, and 20%

glycerol. The samples were boiled for 5 minutes and briefly spun before loading onto the
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gel. The gel was run at 100 volts for 1 hour. After running, the gel was removed from the

plate and soaked in cold transfer buffer for 10 minutes.

Protein Transfer

An electroblotting apparatus was used to transfer the proteins from the gel onto an
immobulin FL PVDF membrane (Millipore Inc, Billerica, MA). The memiwavas
soaked in 100% methanol for 10 minutes and then soaked in cold transfer buffer for 10
minutes with the protein gel. The transfer buffer contained 25 mM Tris, 192 mM glycine
and 20% methanol. The protein gel was placed on top of the membrane and sandwiched
between two sheets of wet Whatman paper. This was placed between two wet.sponges
The transfer apparatus was assembled so that the protein was closest tkthieldla
and the membrane was closest to the white side. The assembled sandwich wéseput i
tank so that the black side of the sandwich was against the black side of the holder to
ensure the charge flowed in the direction necessary to move the proteins onto the
membrane. The tank was filled with cold transfer buffer and an ice block. The wafer
continuously stirred while transferring at 100 volts for 1 hr.

When the transfer was complete, the membrane was rinsed in PBS. Itmvas the
incubated in blocking buffer (LI-COR Biosciences, Lincoln, NE) for 1 hr at room
temperature with shaking. Alternatively, the membrane could be blocked overnight at

4°C.
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Protein Detection by LI1-COR Odyssey

Following blocking of the membrane, it was incubated with primary antibody
diluted in blocking buffer with 0.1% Tween-20 for 1 hr with shaking. A list of primary
antibodies and the dilutions used are summarized in Table 1. Next, the membrane was
washed 3 times in PBS with 0.1% Tween-20 for 10 minutes each with shaking. The
membrane was incubated with secondary antibody diluted in blocking buffer with 0.1%
Tween-20 for 35 minutes. Finally, the membrane was again washed 3 times for 10
minutes each with PBS/ 0.1% Tween-20. The membrane was scanned face down on a LI-
COR Odyssey scanner. A computer-generated image was created with teeyOdys
software. This software was also used to quantify the relative expressimndstected
proteins.

Generally, two primary antibodies were used for each membrane. One was t
detect the protein of interest and the other was to detect a protein that serves as a
loading/normalizing control. Typically, GAPDH was used as a loading/naimgl
control. When using two primary antibodies, each must be raised in a differensspecie
Two secondary antibodies raised against the species used for the primary an#ibdie
needed for amplification and detection of the primary antibodies. Each of theseemust
raised in the same species, which differs from the primary antibody specicave
different infrared dye tags. A list of secondary antibodies and the dilutions used are

summarized in Table 3.2.
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Table 3.2: Antibodies used for western blot analysis.

Primary Antibody Species Dilution Company and Catalog #
GAPDH Goat 1:500 Santa Cruz Biotechnology Inc
(Santa Cruz, CA), SC-20357

1:3000 Santa Cruz, SC-48167

V5 Mouse 1:5000 Invitrogen, R96025

c-Jun Rabbit 1:1000 Santa Cruz, SC-1694

Secondary Antibody | Species Dilution Company and Catalog #

Anti-Goat IRdye Donkey 1:10,000 LI-COR Biosciences, 926-32224

680CW (red)

Anti-Mouse IRdye Donkey 1:10,000 LI-COR Biosciences, 926-32212

800CW (green)

Anti-Rabbit IRdye Donkey 1:10,000 LI-COR Biosciences, 926-32213

800CW (green)

VI. Protein Stability Assay

First, the appropriate concentration of cycloheximide to use was determined. On
the first day, 1.25x10or 2.5x18 actively growing Cos7 cells, representing low and high
cell densities respectively, were seeded on 12-well plates. The followngedis were
treated with one concentration of cycloheximide: 0, 10, 25, 50, 75, qrgifa.. Cells
were also treated withdL/mL ethanol to mimic treatment for exogenous protein
stability assay. Twenty-four hours after treatment, cells were olustaweell death and
growth. Whole cell extracts were made. Western blot analysis was usedaiizeisnd
guantify the relative expression of endogenous c-Jun at each concentration of
cycloheximide and both cell densities.

Next, the appropriate time to start the treatment after transfectiodetesnined.
On day 1, 1.58xI0actively growing Cos7 cells were seeded on 35-mm plates. On day 2,

1.8ug V5-RARB3, 0.9ug V5-HACEL, 0.45ug pSG5-RXRy, and 0.045:g RARE-luc
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plasmid DNA was transfected into cells withansIT- LT1 transfection reagent (Mirus
Bio LLC) according to the manufacturer’s protocol. Whole cell extracts weade at
20.5, 24, 29, and 46 hours following transfection. Western blot analysis was used to
visualize and quantify the relative expression of V5-BARNd V5-HACEL over time.
Finally, the half-life of exogenous protein was determined using the conditions
indicated by the previous experiments. On day 1, 1.58xdtively growing Cos7 cells
were seeded on multiple 35-mm plates so that plates were ~90% confluent for
transfection. Sixteen to twenty-four hours later, ig8/5-RAR, 0.9ug V5-HACEL,
0.45ug pSG5-RXRy, and 0.0451g RARE-luc plasmid DNA was transfected into cells
on each plate usinfyansIT- LT1 transfection reagent and the manufacturer’s protocol.
RARa1, RARB3, and RAR; were each expressed in aV5 destination vector and used in
experiments separately. Twenty-six hours after transfection, celstreated with 75
ug/mL cycloheximide and 10”-6 M RA or ethanol from mastermixes of completed
medium. Whole cell extracts were made from the plates at 0, 3, 5, 8, and 10 hrs after
treatment. Western blot analysis in conjunction with LI-COR Odyssey asdfitgare
was used to visualize and quantify relative protein expression. The half-lifetefrpr

was calculated based on linear equations fit to protein expression data over time.
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CHAPTER 4
RESULTS
|. Effect of HACEL on Transcriptional Activitiesof RARs
To determine the effect HACEL binding may have on RAR transcriptional
activity of an RARE reporter gene construct, dual luciferase assagsperformed using

RARBg, -0, and 1.

RARP; Transactivation

In the absence of HACEL, the RA induced transcriptional activation offRAR
was 3.37 +/- 0.91 fold induction compared to ethanol treated cells, which was
significantly different with a p value less than 0.01. The RA induction of [RARthe
presence of HACE1 was 2.24 +/- 0.68 fold compared to 0.80 +/- 0.34 fold induction in
ethanol treated cells. The p value for this difference was less than 0.05. The Rvmduc
of RARf3 transactivation in the presence of HACE1 was not significantly differemt fr
the induction in the absence of HACEL; however, the standard deviation is large for these
measurements (Figure 4.1A). As a result, the trend showing that presence®1 HAC

leads to a decrease in RBRransactivation is obscured.

RARa, Transactivation

In the absence of HACEL, the RA induced transcriptional activation oftRAR
was 6.40 +/- 1.75 fold induction compared to ethanol treated cells, which was
significantly different with a p value less than 0.01. The RA induction of igAdRthe

presence of HACE1 was 4.08 +/- 2.03 fold compared to 0.70 +/- 0.17 fold induction in
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ethanol treated cells. The p value for this diffeewas less than 0.05. The RA induc
of RARa; transactivation in the presence of HACE1 was raptiBcantly different from
the induction in the absence of HAC (Figure 4.1B)Once again, the stande
deviations are large, possibly obscuring the tridatl RARy; transactivation is decreas

in the presence of HACE

RARy; Transactivation

In the absence of HACEL, the RA induced transamgati ativation of RARy;
was 2.80 +/- 0.28ld inductior compared to ethanol treated cells, which "
significantly different with a p value less tha®01. The RA induction of RAR; in the
presence of HACE1 wel.59 +/- 0.22 fold compared to 0.71 +/- 0f6&l inductior in
ethanol treated cells. The p value for this diffe®was less than (1. The RA inductior
of RARy; transactivation in the presence of HACE1 \decreaseérom the induction ir

the absence of HACE&ith a p value less than 0.001 (Figure 4.
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Figure4.1: Effect of HACE1 on RAR transcriptional activi Cos7 cells were plated
3.3 x 10 cells/cnf in 12 well plates. On day two, 0.jug V5-RARSs (A), V5-RAR01
(B), or V5-RARy1 (C), 1.2ug V5-HACEL or V5 empty vector, 0.18) RARE-luc, and

0.012ug pTK-RL plasmid DNAs were transfected into cells. Foouts and twent-four
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hours after transfection, the medium was removed and replaced with completed DMEM
containing charcoal-stripped serum. The second time, the cells were aiso with 10°

M RA or ethanol. The next day, the cells were lysed and luciferase activéres

measured using the Dual Luciferase Assay Kit (Promega Inc.).\Huefferase values

were normalized to renilla luciferase values. The ethanol treated samfilesabsence

of HACE1 were arbitrarily set to 1 for each RAR subtype. Fold inductions showtineare
mean of three independent experiments plus or minus one standard deviation. P value
was generated by Tukey-Kramer multiple comparisons test followingndicigmt

difference as determined by a repeated measures ANOVA. *: p value;<'0.pyalue

< 0.01; ***: p value < 0.001. A) RAR; with and without HACEL. B) RAE with and

without HACE1. C) RAR; with and without HACEL1.

II. Development of Experimental Conditionsto Examine Half-life
Optimum cycloheximide concentration and cell density

Cycloheximide stopgroteintranslation within a cell. Its use makes it possible to
determine the stability of a protein within a cell because protein degradatidreseen
by western blot when cycloheximide prevents the synthesis of new proteins. Various
concentrations have been reported as effective in mammalian cell cultthis for
purpose. The optimum cycloheximide concentration for Cos7 cells needed to be
determined. Cos7 cells were plated at a density of 3@ cells/cnf (low density), or
6.6x 10" cells/cnf (high density). The next day, Cos7 cells were treated with 0, 10, 25,

50, 75, or 100 pg/mL of cycloheximide for 24 hours. Protein extracts from each treatment
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were prepared. Expression of endogenous c-jun was visualized by western blot and
guantified using LI-COR Odyssey software.

As seen in Figure 4.2, when cells were plated at low density, higher
concentrations of cycloheximide inhibited translation more effectively thaerl
concentrations based on decreased expression of c-jun. Also, the expression level of
GAPDH remained constant after 24 hours of treatment with all doses of cycothexi
This indicated GAPDH protein was stable over 24 hours and could act as an appropriate
normalizer and loading control to use for future experiments involving cycloheximide
treatment. Based on observations by light microscopy, treatment with cyichithexlid
not cause cell death at any of the stated doses.

Cos7 cells plated at high density did not display a dose-dependent response to
cycloheximide in terms of c-jun expression (Figure 4.2). Also, basal expressigarof
was significantly decreased at high density plating indicating conditioresrvee ideal
for cell growth. Observations by light microscopy showed the cells wgrdisantly
overgrown on the culture dish (data not shown). For these reasons, Cos7 cells were plated

at low density and treated with 75 pg/mL of cycloheximide for future experiments

Low Density High Density
0 10 25 50 75 100 0 A0 25 50 75 400 (ugdml)
|._ -— e - - |c—.Jun
|"'- - - e - -u--w’|GﬂF’DH
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Figure 4.2: Determining optimal cycloheximide concentration and cell density for

protein stability assayCos7 cells were plated at 33L.0° cells/cnf (low density) or 6.6

10 cells/cnf (high density). The next day, cells were treated with 0, 10, 25, 50, 75, or 100
ug/mL cycloheximide for 24 hrs. Protein extracts were made, and endogenaus c-J
expression was determined by western blot analysis. C-Jun protein lexelguaatified

and normalized to GAPDH. The sample plated at low density with no cycloheximide

treatment was arbitrarily set to 1.

Transfection efficiency between experiments

The experimental setup requires transfection of separate plates of celstior
time point and treatment. When isolating protein to determine its stabilityggsisned
that all plates initially express the same level of protein. To deterfrtims is an
accurate assumption, three separate transfections were performestn\ldedtwas used
to quantify protein expression. The expression of the transfected protein, VzRid®

consistent in each transfection (Figure 4.3).
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Figure 4.3: Protein expression is consistent across experiménss cells were plated at
3.3x 10 cells/cnf in 60 mm dishes. Cells were cotransfected witty4/5-RARB;

DNA, 1 ng RXRa DNA, and 0.1ug RARE-luc DNA from three separate mixtures.
Protein extracts were made 48 hrs after transfection, and exogenolis 8&giRession
was determined by western blot analysis. BARrotein levels were quantified and

normalized to GAPDH. These values are listed below the bands.

Optimum treatment start time

In order to determine the best time to start the cycloheximide treatmedt, Co
cells were cotransfected with V5-RBRDNA and V5-HACE1 DNA. Whole cell protein
extracts were isolated at 20, 24, 29.5, and 46 hours after transfection. Protein@xpressi
was determined by western blot. After normalizing to GAPDH, Figure 4.4 shews t
highest levels of expression for both transfected proteins at 29.5 hours aftectransf
The experimental setup requires treatment with cycloheximide to last for 8 iours
ensure the experiment is completed while the cells are expressing thaapgeoteins

at the greatest levels, the treatment was started at 26 hours aftectrangfFigure 4.4).
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Figure 4.4: Determining optimal time to start treatment afteansfectionCos7 cells

were plated at 3.8 10 cells/cn® in 35 mm dishes. Cells were cotransfected withug
V5-RARB3 DNA, 0.9 pg Vi-HACEL DNA, 0.45ug RXRa DNA, and 0.04fug RARE-
luc DNA. Protein extracts were made 20.5, 24, 29, andgafter transfectior
Exogenous RAR; and HACE1 expression were determined by westertnaolalysis
RARB3 and HACEL1 protein levels were quantified and norpeal to GAPDH

Experimental treatmetime for protein stability assay iadicated by dark line on-axis.

[11. Effect of HACEL on stability of RARs

RARs are known to be degraded by the proteasornthe presence of R/Bour

and Rochette-Egly, 200.7To determine if HACEL affects the rate of RA deg@ent
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degradation of RARS, the half lives of exogenous RAR proteins were determined in the
presence and absence of HACE1 and with or without RA treatment. Whole celh protei
extracts were isolated at 0, 3, 5, and 8 hours after inhibition of protein synthesis by
cycloheximide. Western blot analysis was used to quantify the relativessikpras a
percentage of RAR and HACE1 from each sample (Figure 4.5A, B). Theologach
percentage was plotted on a linear scale (Figure 4.5C). Linear regressieastH
treatment were used to calculate the half lives. Three independent expenments
performed each for RAR, RARa;, and RAR;. A repeated measures analysis of
variance (ANOVA) was performed for each RAR to determine if thereavgatistically
significant difference between any of the calculated half lives. A p vadadhan 0.05
was considered significant. If significance was found, a Tukey-Kramerpheulti
comparisons test was performed to determine between which samples tleackier
were found. Again, a p value less than 0.05 was considered significant.

Figure 4.5A and -B shows the relative expression of RARd HACEL by
western blot and graph from experiment 31. HACE1 degrades over time in an RA
independent manner. It degrades more slowly than all RARs. This same pattern with
HACEL is seen in all protein stability experiments and is shown here assarfation.
All other experiments to determine RAR protein stability were analyzttttisame
manner. To determine a linear relationship between protein expression and timeythe log
of the percentage of relative expression was determined and plotted. The equations of the
line determined from the linear regressions listed in the table of Figure £&Qsed to

calculate the half life of RAR.
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Figure 4.5: Representative RAR half life experiment &in day 1, Cos7 cells were

plated at 3.% 10* cell/cn? in 35 mm dishes. On day 2, 1u§ V5-RARB3, 0.9ug V5-
HACEL, 0.45ug pSG5-RXR, and 0.045ug RARE-luc plasmid DNA was transfected
into cells. Twenty-six hours after transfection, cells were treatdd#5it,g/mL
cycloheximide and I®M RA or ethanol. A) Protein extracts were made at 0, 3, 5, and 8
hrs after treatment, and exogenous RA&d HACEL expression were determined by
western blot analysis. B) RARand HACEL protein levels were quantified and
normalized to GAPDH. The samples with no treatment were arbitrarily set to. {&)0%
Half life of RARB3zwas calculated based on linear equations generated fregofog

percent protein expression over time.
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RARBsHalf Life

As enumerated in Figure 4.6, the mean half life of BAR Cos7 cells treated
with the vehicle control was 15.39 +/- 5.12 hrs (ETH). In the presence of RA, thedalf lif
was decreased in a statistically significant manner, with a p valué#s6.01, to 7.65
+/- 1.59 hrs (RA). In cells cotransfected with HACE1, the ethanol treated sgayae
half life of 11.75 +/- 3.41 hrs for RAR (HACE1 ETH). While falling between the
determined half lives of ethanol and RA treated samples in the absence of HASEL, t
half life was not determined to be significantly different from either Halfiti the
absence of HACEL. The half life for RARIn RA treated cells cotransfected with
HACEL was 7.48 +/- 1.64 hrs (HACEL1 RA). This was determined to be significantly
different, with a p value less than 0.01, from the half life of RAR ethanol treated
cells in the absence of HACEL. All other comparisons were determined to be not

significantly different.

Half life (hrs)
27 31 32 Mean SD
ETH 10.79 14.47 20.90 15.39 5.12
RA 6.53 6.95 9.47 7.65 1.59
HACE1 ETH 8.48 11.49 15.28 11.75 3.41
HACE1 RA 7.05 6.09 9.29 7.48 1.64
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Figure 4.6: Effect of HACE1 on RAIB; half life. Half lives shown are the mean of thi

independent experiments- one standard deviation. P value was generated kgy-
Kramer multiple comparisons test following a sigraht difference as determined b

repeated measures ANOVA. **: p value <0

RARa; Half Life

The half life ofRARa; in Cos7 cells treated with the ethanol was 6.- 1.09 hrs
(ETH). In the presence of RA, the half life wasmased in a statistically significe
manner, with a p value less than 0.01, to 4.:- 0.29 hrs (RA). In cells cotransfect
with HACEL1, the #éhanol treated sample gave a half life of 4.¢- 1.32 hrs foRARo
(HACEL ETH). This half life was determined to bgrsficantly different, with a p valu
less than 0.05, from the ethanol treated sampieeimbsence of HACEL. The half life 1
RARa; in RA treated cells cotransfected with HACE1 wa&03t- 0.23 hrs (HACE!

RA). This was determined to be significantly diffat, with a p value less than O.!
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from the half life olRARa; in ethanol treated cells in the absence of HACHIlLother

comparsons were determined to be not significantly défer(Figure 4.7

Half Life (hrs)
33 36 41 Mean SD
ETH 8.01 5.82 7.01 6.95 1.09
RA 4.04 4.02 4.53 4.20 0.29
HACE1 ETH 5.26 3.17 5.62 4.68 1.32
HACE1 RA 3.73 3.33 3.73 3.60 0.23
10 4 *
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Figure4.7: Effect of HACE1 on RAla, half life. Half lives shown are the mean of thi

independent experiments- one standard deviation. P value was generated kgy-

Kramer multiple comparisons test following a sigraht difference as determined b

repeated messures ANOVA. *: p value < 0.05; **: p value <0
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RARy; Half Life
The half life of RAR;in Cos7 cells treated with ethanol was 7.59 +/- 1.09 hrs

(ETH). In the presence of RA, the half life was decreased in a stdltyssicgificant

manner to 5.07 +/- 1.01 hrs (RA) with a p value less than 0.05. In cells cotransfected with
HACEL, the ethanol treated sample gave a half life of 6.38 +/- 0.70 hrs for;RAR

(HACEL ETH). This half life was not determined to be significantly differeamhfeither

half life in the absence of HACEL. The half life for RAR RA treated cells

cotransfected with HACE1 was 4.60 +/- 0.86 hrs. This was determined to be siglyifica
different, with a p value less than 0.01, from the half life of RARethanol treated cells

in the absence of HACEL. All other comparisons were determined to be notaigfhyfi

different (Figure 4.8).
Half life (hrs)
37 39 40 42 Mean SD
ETH 8.63 6.11 7.53 8.11 7.59 1.09
RA 6.57 460 443 468 5.07 1.01
HACE1 ETH 5.72 6.40 5.78 7.22 6.28 0.70
HACE1 RA 3.60 4.93 4.26 5.61 4.60 0.86
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Figure 4.8: Effect of HACE1 on RAly4 half life. Half lives shown are the mean of thi

independent experiments- one standard deviation. P value was generated kegy-
Kramer multiple comparisons test following a sigraht difference as determined b

repeated measures ANOVA. *: p value < (; **: p value < 0.01

Overall, HACEL1 does not appear to differentiallfeaf the stability of RAF
subtypes. With respect to RA;, HACE1 may slightly decrease its stability in
absence of RA. This pattern is suggested by thenrhakh lives for RABzand RAR; as
well, but does not reach the level of significafmethese RAR subtypes. In the prese
of RA, HACEL does not affect the stability of anjRs allowing them to be degrad

by ligandinduced proteasome recruitment in the same mamsnertae asence of RA.
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CHAPTER S
DISCUSSION

The A/B domain of RARs is the least conserved region and partially accounts for
the differences between RAR subtypes and isoforms (Tahajal997; Rochette-Egly
et al, 2000). This domain is a candidate for the cause of different functions among RARSs.
Its ligand independent AF-1 may be regulated by its interacting proteins. thiler
hypothesis, our lab previously performed a yeast two-hybrid screen usingBthe A
domain of RAR; and identified multiple proteins that may interact. The proteins
identified included those with functions regulating phosphorylation, methylation, and
ubiquitination status of other proteins. These processes may affect the tunnover
expression of RARs. Other proteins identified in the screen are involved in mRNA
processing possibly affecting the transcriptional activities of RARS.

HACEL1 was identified as one potential interacting protein by this method (Zhao
et al, 2009). This interaction was confirmed byiawivo coprecipitation assay. Further
studies within vitro GST pull-down assays showed that HACE1 also interacts with
RARp1, -B2, -a1, and <;. As a follow-up on these data, the overall goal of this thesis was
to determine the effect of HACE1 binding on RAR transcriptional activity and aop®ssi
mechanism for its action.

Based on dual luciferase assays, HACE1 repressed transcriptionay adtivi
RARYy; in the presence of RA (Figure 4.1C, 5.1A). There is a trend suggesting
HACE1lalso repressed the transcriptional activity of RA& RARu; in the presence of
ligand, although large standard deviations may have obscured the statistifi@bsige.

Ligand independent repression of transcriptional activity by HACE1 was nowveldder
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a statistically significant degree for any RARs; however, anesspon in the absence of
ligand may not be apparent in this assay due to sensitivity limitations or tangkas!
deviations of the assays.

Protein stability assays for RAlRshowed HACEL decreased its stability in the
absence of ligand (Figure 4.7, 5.1B. The data for R£ddd RAR; half lives showed a
trend toward this same effect, but was not statistically significant.EHHA&hd RA both
decreased the protein stability of RARS, but their effects are not cumuRéive
decreased the protein stability to a greater degree than HACE1 and appeartbe to be
dominant effector.

Taken together, these data show that HACEL1 affects transcriptional aatidity
protein stability of RARs in a subtype specific manner. RAIRanscriptional activity is
repressed by HACEL in a ligand independent manner while the other RARs may or ma
not be similarly affected. As a possible explanation for this repression, ¢oé @ff
HACEL on the protein stability of the RARs was compared. It has been shown previously
that degradation of nuclear receptors and RA-dependent transcriptional acgvityked
(Gianniet al, 2002). Only RAR; half life is affected by HACEL in a ligand independent
manner. As such, HACE1 does not appear to be repressing transcription by inc¢heasing
protein turnover of RARSs in cells.

If HACEL repressed transcriptional activity of RARs by inhibiting protein
degradation, the protein stability assays would have shown that HACE1 extended the hal
lives of RARSs regardless of ligand. The half lives in the presence of HACEH Wwaué

been more similar to the half life of the ethanol treated sample in the abs¢h&€EB1.
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Conversely, when starting with the observation that HACEL increased protein
turnover of RARs in a ligand independent manner, the expectation for the effect HACE1
had on RAR transcription would have been opposite of what was seen. The
transcriptional activity of RARs in the absence of ligand may have been cdnepara
the transcriptional activity in the presence of RA, if HACE1 was affedtitihgough
altering protein stability. Alternatively, the transcriptional acyivitay have been
abolished because the transcriptional machinery was not recruited by the ligand-bound

RARs before they were degraded by HACEL.
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Figure5.1: Effects of HACE1 interaction with RAR#) Based on dual luciferase

reporter assays, HACE1 inhibits RA-dependent transcription by RARs. Bjl Base

protein stability assays, HACEL increases degradation of RARs in the aloddigand.
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Possible M echanisms

The ligand dependent transcriptional repression of RAR HACE1 may be due
to the ankyrin repeat domain of HACEL. Ankyrin repeats are known to be involved in
protein-protein interactions (Bork, 1993). When HACEL1 is bound to-RARthe
presence of ligand, it or other proteins bound to it may be sterically hindering &zces
the DNA by the transcriptional machinery. When vingkis bound to unphosphorylated
RARYy, transcription is inhibited (Bowet al, 2005). It is unlikely that HACE1 E3
ubiquitin ligase activity is responsible for the transcriptional repressiorodhe binding
sites of HACE1 and RARs. Our lab previously showed the C terminus of HACE1
interacts with the A/B domain of RARs (Zhetoal, 2009). The HECT domain,
responsible for the E3 ubiquitin ligase activity, is located at the C terminust Ot
characterized proteins containing a functional HECT domain interact withstlestrates
at the N terminal domain instead, including the eponymous E6-AP (HiiahdlL999).
The interaction of RARs at the C terminal of HACE1 may prevent its HECT domain
from folding into the conformation needed for its function. Also, our lab previously
showed that mutating the putative catalytic cysteine of the HECT domain didewit aff
the transcriptional repression of RB&seen in those studies (Zhatal, 2009), although
that transcriptional repression was not seen here.

Further supporting the negation of HACE1 E3 ubiquitin ligase activity being
responsible for transcriptional repression of RAR that the protein stability of RAR
is not affected by HACEL. If HACE1 was ubiquitinating RARthe half life of RAR:
would most likely be decreased because it would be targeted for degradatior26$ the

proteasome (Bour and Rochette-Egly, 2007).
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In contrast to RAR;, RARa; is not transcriptionally repressed by HACEL. It is,
however, degraded more quickly in the absence of ligand when HACEL1 is present. This
suggests that the E3 ubiquitin ligase activity of HACE1 may be functioning in this
interaction. Given the previous evidence in literature, though, this scenario is unlikely
Again, the ankyrin repeat domain regulating protein-protein interactions nrajelant
in this case with HACE1 cooperating with some unknown cofactor when bound to
RARa;. Through this method or another, HACE1 may be affecting the phosphorylation
of RARa;. The phosphorylation of the B domain was shown to be required foyRAR
degradation (Gianret al, 2002).

Ultimately, HACEL is a little studied protein and may have multiple functions
that have not yet been deduced. Another E3 ubiquitin ligase, HERC1, acts as a guanine
nucleotide exchange factor (Ragal, 1996). Cbl acts as an adaptor molecule and
activates MAPKSs, in addition to its E3 ubiquitin ligase function (Swaminathan and
Tsygankov, 2006). The role HACEL plays in transcription and protein degradation of

RARs will require further study.

Future Directions

To further study the possible role HACE1 plays in transcriptional repreasib
protein instability of some RARS, the ubiquitination status of RARs in the preaadce
absence of HACEL could be determined. This can be done by western blot analysis using
ubiquitin specific antibodies. Similarly, the phosphorylation status could be degermi

using phosphorylation specific antibodies.
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Previous studies in our lab overexpressed HACE1 in mammalian cells. HACEL1
repressed the transcription of multiple RA regulated genes @@02009). As a
complement to these studies, HACE1 could be knocked down in mammalian cells, which
may give insight into its function.

Another experiment that would expand on these results is a ChIP assay. The level
of RAR bound on an RARE over time in the presence or absence of HACE1 would be
expected to correlate with the degradation rate as affected by HACEdxdfaple,
because RAR; was shown to degrade faster in an ethanol treated sample in the presence
of HACE1, RARy; would be bound to the RARE for a shorter time when HACEL is

present compared to when it is not.
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