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Abstract

Identification and Characterization of Glucocorticoid Receptor
Ligand-Effect Modulators in Yeast

Raquel Marie Sitcheran

This work shows that an unbiased genetic study can reveal novel,

unpredicted mechanisms of glucocorticoid receptor (GR)-mediated signal

transduction and transcriptional regulation: a novel signaling pathway from the

endoplasmic reticulum to the nucleus. Modulators of GR activity allow it to

respond to changes in the molecular, cellular and physiologic environment.

Exploiting the ability of GR to function in yeast, I identified and characterized

proteins that influence ligand responses. Mutations in two ligand-effect

modulators (LEMs), lem3-1 and lem4-101, down-regulated GR activity and were

studied in detail.

LEM3 encodes a putative transmembrane protein of unknown function,

and LEM4 encodes a methyltransferase involved in ergosterol biosynthesis.

Analysis of various GR derivatives showed that the GR DNA binding domain

(DBD) mediates the effects of LEM3, whereas the GR ligand-binding domain

(LBD) mediates the effects of LEM4, suggesting that these two proteins affect GR

activity via distinct mechanisms. Further characterization of LEM3 revealed it to



be a component of a novel ER-nuclear signaling pathway, as LEM3 localizes to

the membrane of the endoplasmic reticulum, likely indirectly affecting GR

activity. Indeed, LEM3 also affected the activity of yeast AP1, demonstrating a

more general role in modulating transcriptional regulators. I isolated a

mammalian LEM3 homologue (mLEM3) by screening a mammalian liver cDNA

library and demonstrated that it down-regulates GR activity in both yeast and

mammalian cells.

Finally, a high copy suppressor screen to identify additional factors in the

LEM3-GR signaling pathway revealed that YCK3, a nuclear casein kinase, also

down-regulates GR activity in yeast.

2×36–
Erin O'Shea

Thesis Committee Chair

:
:
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Introduction



Glucocorticoids are small signaling molecules that have the remarkable

capacity to regulate, coordinate and adjust the functions of the body's organs and

tissues to maintain homeostasis. Their actions are mediated by the

glucocorticoid receptor (GR), a ligand-dependent transcriptional regulator that

binds selectively to genomic sequences called glucocorticoid response elements

(GREs). GR has a notably diverse, highly context-specific, repertoire of cellular

functions that include regulation of gluconeogenesis (Cole et al., 1995b),

suppression of immune responses (Barnes, 1998), control of neuronal excitability

(ref), growth and differentiation (Cole et al., 1995a), apoptosis (Cidlowski et al.,

1996), and responses to stress (Tronche et al., 1999). Not surprisingly,

adrenalectomized animals, which cannot synthesize glucocorticoids, fail to

survive and lose their ability to cope with physical and emotional traumas. Mice

lacking the GR die shortly after birth, primarily due to respiratory failure (Cole et

al., 1995a).

The evolution of the glucocorticoid receptor in metazoans and its ability to

execute complex actions reflects the need to interpret and integrate signals in

multicellular organisms, which is essential for survival. The receptor and ligand

alone are insufficient to account for this; the diversity and specificity of GR action

are achieved through interaction with other regulatory factors.



Glucocorticoid synthesis and circulation

Glucocorticoids are small, lipophilic, cholesterol-derived molecules whose

synthesis and circulation are regulated in response to signals from the HPA

(hypothalamic-pituitary-adrenal) axis. Normally, there is diurnal oscillation of

glucocorticoid secretion. Upon receiving synaptic input from neurotransmitters

in different areas of the nervous system, the hypothalamus secretes

corticotrophin-releasing hormone (CRH) to stimulate secretion of

adrenocorticotrophic hormone (ACTH) from the pituitary gland, which in turn

initiates glucocorticoid production in the adrenal cortex. Carried through the

blood by cortisol-binding globulin (CBG), glucocorticoids exert their effects on

many organs in the body and moreover, control their own production through

negative feedback on the HPA axis (ref). This elegant and efficient regulatory

mechanism controls the duration of hormone responses and maintains relatively

constant serum hormone levels at resting states. While there are dynamic

responses to physical or emotional stresses that cause rapid, temporary changes

in glucocorticoid levels, inappropriate systemic hormone levels can lead to

pathological states: excess glucocorticoids causes Cushing's disease and

Addison's disease results from chronic primary adrenal insufficiency with

abnormally low glucocorticoid levels (ref).

GR is comprised of three modular domains that harbor distinct, separable

functions (see Figure 1). The N-terminus contains sequences responsible for
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Figure 1. Schematic of glucocorticoid receptor domains.
(A) Enh2/AF1 is the N-terminal regulatory domain that harbors activation,
repression and synergy functions. The ZFR contains zinc binding, dimerization,
DNA binding, and nuclear localization sequences. The signaling domain is
responsible for hormone binding, chaperone interaction, nuclear translocation
and transcriptional activation. (B) GR derivatives used for deletion analyses.



transcriptional activation, repression and synergy control. The central domain

mediates Zn2+ interaction, dimerization, DNA-binding and nuclear localization.

The C-terminus forms a signaling domain that contains nuclear import and

putative nuclear export sequences and interacts with molecular chaperones,

hormone ligands, coactivators and corepressors (Iñiguez-Lluhi et al., 1997; Picard

and Yamamoto, 1987; Wright et al., 1993). The DNA-binding and ligand-binding

domains can function independently: the GR DBD fused to a heterologous

activation domain is transcriptionally active, and the GR LBD fused to a

heterologous DNA binding domain or transcription factor confers

glucocorticoid-dependent activation. This ability to study the separate functions

of each domain can be used to assist in identifying the step of the GR pathway

targeted by modulators of receptor signaling.

Regulation of glucocorticoid-responsive genes is a multistep process

(Beato et al., 1996; Yamamoto, 1997) (Figure 2). In the absence of hormone, the

inactive apo-GR resides in the cytoplasm in association with molecular

chaperones that maintain the aporeceptor in a high affinity hormone binding

state. The levels of hormone available to the aporeceptor may be regulated by

transporters such as Pdr5 (Kralli et al., 1995), enzymes such as 113

hydroxysteroid dehydrogenase (Krozowski et al., 1999), or sequestering proteins

such as cortisol- complex. Once in the nucleus, GR binds to simple

glucocorticoid response binding globulin (Rosner, 1991). Hormone binding
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triggers dissociation of the chaperone machinery and nuclear translocation of the

hormone-receptor elements (GREs) and positively or negatively regulates

transcription rates at nearby promoters (Yamamoto, 1985). This regulation can

occur by recruitment of coactivators or corepressors (Blanco et al., 1998; Hong et

al., 1996; Nagy et al., 1997), modulation of nonreceptor transcription factor

activity through tethering interactions that are independent of DNA binding

(Miner and Yamamoto, 1992; Teurich and Angel, 1995), and remodeling of

chromatin structure to increase assembly of regulatory complexes at nearby

promoters (Blanco et al., 1998; Cairns et al., 1996; Chen et al., 1997; Henriksson et

al., 1997; Yoshinaga et al., 1992). These and many other signals are interpreted

and integrated by the receptor to determine a particular transcriptional response.

GR's activity is regulated at many cellular levels, including (1) the cell

surface, where access of cognate hormone ligands can be controlled, (2) the

cytoplasm where chaperones and other signaling molecules affect GR function,

and (3) in the nucleus where interactions with response elements as well as other

transcriptional regulators allow GR to modulate transcription in a context

specific manner (Yamamoto, 1997).

Other signaling pathways impact receptor activity. For example, mitogen

activated kinases (MAPKs), cyclin-dependent kinases (CDKs) and casein kinases

phosphorylate GR, inducing changes in its activity (Bodwell et al., 1998; Krstic et

al., 1997), protein kinase A and protein kinase C modulate GR activity without



altering its phosphorylation state (Moyer et al., 1993; Nordeen et al., 1994) and

insulin inhibits glucocorticoid-stimulated transcription (Pan and Koontz, 1995;

Pierreux et al., 1998). Tryptic phosphopeptide studies reveal that GR is

phosphorylated in the absence of hormone and becomes hyperphosphorylated in

the presence of glucocorticoid agonists (Orti, E., Mendel, D.B., Smith, L.I., and

Munck, A. (1989).J. Biol. Chem. 264, 9728-9731). The phosphorylation state of GR

varies depending on the state of a cell, correlating with its activity (Bodwell et al.,

1998, Hsu and DeFranco, 1995; Rogatsky et al., 1997). GR is hyper

phosphorylated in S and G1 when it is capable of both activating and repressing

transcription. During G2, the receptor is hypo-phosphorylated and can only

repress transcription. The mechanisms and functional consequences of these

changes in GR phosphorylation and transcriptional activity are unknown.

Many other questions remain. For example, (1) How do cells gain access

to steroid ligands? Although there is ample evidence to suggest that cellular

hormone uptake is an active process (Harrison et al., 1974), no hormone

importers have yet been identified; (2) How does GR traverse the nuclear

membrane? Despite the identification of many components of the nuclear pore,

including importers and exporters, the nuclear transport mechanism for GR is

not known; (3) What are the mechanisms by which hormone-bound GR ceases

transcriptional regulation after hormone withdrawal, releases from DNA and

recycles for subsequent rounds of transcription? (4) What are downstream



targets of signaling pathways, such as protein kinase A and the T-cell receptor,

that modulate receptor activity?

To gain further insight into the mechanisms to GR regulation, it is crucial

to identify proteins that interact with the receptor not only physically, but also

functionally. In this regard, the recapitulation of GR activity in yeast, an

organism that completely lacks intracellular receptors, was a significant

discovery (Metzger et al., 1988; Schena and Yamamoto, 1988; Wright and

Gustafsson, 1992). The ability of GR to confer ligand-dependent transcriptional

regulation in heterologous species as diverse as yeast, insects (Yoshinaga and

Yamamoto, 1991) and plants (Aoyama and Chau, 1997) argues that the

fundamental components required for GR signaling and transcriptional

regulation are conserved throughout evolution. This conservation offers the

tremendous advantage of using genetic strategies in a simpler, genetically

amenable model system to identify factors that regulate GR activity and confer

context specificity. Consistent with this view, many GR mutant phenotypes are

conserved in yeast and mammalian cells (Iñiguez-Lluhi et al., 1997), and most

yeast proteins that affect GR function have mammalian homologues (Cairns et

al., 1996; Henriksson et al., 1997: Imhof and McDonnell, 1996). Yeast has been

used with great success to study known, candidate proteins involved in GR

signaling (Bohen and Yamamoto, 1993; Bohen and Yamamoto, 1994, Krstic et al.,



1997) and to identify novel factors (Cairns et al., 1996; Imhof and McDonnell,

1996; Kralliet al., 1995).

There are notable differences between yeast and mammalian cells with

respect to GR action. For example, intracellular receptor coactivators and

corepressors, such as GRIP, NCoR or SMRT, have no known yeast counterparts.

However, the identification of mammalian co-regulators, such as PGCI, have

been facilitated by functional screens of mammalian libraries in yeast (Knutti and

Kralli, 2000). Hormone responsiveness can differ widely between cells of

different species; some ligands, like DOC, are potent agonists in all cell types

tested while others, such as RU486, act as GR agonists or antagonists or elicit

responses to different degrees depending on cell context. These observations

were the basis of a genetic screen in yeast to identify factors that modulate ligand

responsiveness. In that earlier work, Kralli et al. isolated Ligand-Effect

Modulator 1/Pleiotropic Drug Resistance 5 (LEM1/PDR5), a transmembrane

hormone exporter. Cells lacking PDR5 have increased GR activity due to

elevated intracellular hormone accumulation suggesting that altering hormone

availability may be yet another way to regulate receptor function.

In summary, both the similarities and differences between yeast and

mammalian cells can be exploited to identify novel components of the GR

signaling pathway that regulate receptor-mediated transcription and quality of

hormone responses. The ability to take an unbiased genetic approach to identify

>~~
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proteins that regulate GR activity has several useful features. A function-based

strategy that assays GR activity allows the identification of GR modulators that

interact with the receptor directly or indirectly and can potentially act at any step

in the GR pathway. The identification and characterization of such modulators

may be clinically and therapeutically useful with regard to understanding and

treating inappropriate hormone responses or hormone insensitivity acquired

through steroid treatment (Kaspers et al., 1994). Furthermore, such genetic

studies could shed light on novel and perhaps unexpected mechanisms of

regulating the actions of GR, as well as other transcriptional regulators.

>---
---.
--
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Chapter 1

A Genetic Analysis of Glucocorticoid Receptor signaling:
Identification and Characterization of Ligand-Effect Modulators
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ABSTRACT

To find novel components in the glucocorticoid signal transduction

pathway, we performed a yeast genetic screen to identify proteins that modulate

the cellular response to hormone, Ligand-Effect Modulators (LEMs). We isolated

several mutants that conferred increased glucocorticoid receptor (GR) activity in

response to dexamethasone and analyzed two of them in detail. These studies

identify two genes, LEM3 and LEM4, which correspond to YNL323w and ERG6

respectively. LEM3 is a putative transmembrane protein of unknown function

and ERG6 is a methyltransferase in the ergosterol biosynthetic pathway.

Analysis of null mutants indicates that LEM3 and ERG3 act at different steps in

the GR signal transduction pathway.
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INTRODUCTION

The glucocorticoid receptor (GR) is a ligand-dependent transcriptional

regulator that mediates a panoply of developmental, physiological and

behavioral processes (Tronche et al., 1998). GR is not the sole determinant of the

cellular response to ligands; other cellular factors are known to modulate GR

action. For example, hormone transporters (Kralli et al., 1995; Mahé et al., 1996),

molecular chaperones (Bohen and Yamamoto, 1994; Picard et al., 1990),

chromatin remodeling factors (Fryer and Archer, 1998; Yoshinaga et al., 1992),

coactivators (Glass et al., 1997), as well as other transcription factors such as AP-1

(Miner et al., 1991) interact with GR and affect its function. The fact that

hormone-dependent transcriptional activation by mammalian GR can be

recapitulated in yeast (Garabedian and Yamamoto, 1992; Schena and Yamamoto,

1988), an organism that lacks the entire intracellular receptor gene superfamily, .

suggests strongly that the GR signal transduction pathway evolved from pre

existing, highly conserved components. Thus, given the ease of genetic

manipulation and cloning in S. cerevisiae, this heterologous species has proved

advantageous for investigations of various factors in the GR signal transduction

pathway (Bohen and Yamamoto, 1993; Hong et al., 1997, Imhof and McDonnell,

1996; Iñiguez-Lluhi et al., 1997, Kralliet al., 1995; Krstic et al., 1997).

Whereas most prior genetic studies of proteins that modulate GR function

have analyzed candidate genes, here we carried out an unbiased genetic screen

to identify factors that can potentially act at any step in the GR signal

14



transduction pathway. For this, we have taken advantage of the weak potency of

the synthetic glucocorticoid dexamethasone (dex) in yeast to screen for factors

that modulate hormone responses. We anticipated that some of these

modulators could be functionally homologous to factors that impart the highly

distinct, context-dependent GR responses observed in mammalian cells

(Bamberger et al., 1996; Casolini et al., 1993; Kavelaars et al., 1995; Lim-Tio et al.,

1997; McCormicket al., 1998). In an earlier study (Kralli et al., 1995), we

identified PDR5/LEM1, an ABC transporter that selectively exports ligands such

as dex out of cells. Although the potency of dex in a parja strain is ~10-fold

greater than in wild-type cells, it is still weak when compared to other

glucocorticoid agonists in yeast and far below its potency in animal cells (A.

Kralli, unpublished results). These observations suggest that factors in addition

to PDR5 determine hormone responsiveness in yeast. To identify these factors,

we extended our initial screen with two modifications; first, we devised a

selection scheme and second, we isolated lem mutants in a par■ A strain so as to

preclude obtaining mutants affecting PDR5 function.

15



MATERIALS AND METHODS

Yeast strains

Yeast strains used in this study are isogenic derivatives of YPH499/500

(ura■ -52 lys2-801 ade2-101 trp1-463 his3-A200 leu2-A1). YNK420 was derived

from YPH499 in two steps. First, the PDR5 locus was disrupted with the LEU2

gene using the DNA insert of plasmid p■ CA/lem1::LEU2 (Kralli et al., 1995).

Next, cells were transformed with pKS314-N795 and the KpnI fragment from

p314-3TAT-C-His3. Trp. transformants that had integrated the GRE-HIS3

reporter displayed hormone-dependent growth on SD-histidine. YNK425 is a

Leu", hormone-dependent His' segregant from the cross of YNK420 to YPH500.

To create the integrated GRE-CAN1 strain (YNK508), YNK410 cells were

transformed with pKS314 and the EcoRI-Pst■ fragment from ptGT3c-Can1. Trp"

transformants were replica plated onto SD-arg + 50 pg/ml canavanine medium

to select for canavanine-resistant (Canº) colonies. Twelve Canº isolates were

further characterized. Upon introduction of GR expression plasmids, all were

Cank in the absence of hormone and canavanine-sensitive at high concentrations

of agonist ligand. YRS350 and YNK558 are Lem Leu Can" segregants from

crosses of YRS301 and YRS401 to YNK508, respectively. The Lem phenotype

was determined by assaying GR activity at 1 HM and 10 mM dex. Canavanine

resistance was determined by checking for growth in the presence of 50 pg/ml

canavanine.

16



Disruptions of LEM3 and ERG6 were generated in diploid strains using

PCR-mediated gene targeting (Wach et al., 1994). For the LEM3 disruption

(YNK760), oligos lem3-5UT (GTGTCCTTTTAGAAATACGAGAGGGTGGTAAA

ATATTGAAGA GGTCGACGGTACCCC) and lem3-3UT (AAATTTTACAGGG

TTAAAAATAAAGAAAACCATCACTCATCGATGAATTCGAGCTCG) were

used to amplify a DNA fragment containing the kanMX resistance marker

flanked by 42nt of 5' and 41 nt of 3' UT LEM3 DNA sequence. Following

transformation with the lem3:kanMX DNA fragment, integration events were

Selected by isolating kanamycin-resistant (Kanº) colonies (growth in the presence

of 200 g/ml Geneticin (Gibco)) and confirmed by PCR analysis of genomic DNA.

For the disruption of ERG6 (YNK597), oligonucleotides erg6-1s (TATATAGTTC

GGGTGTTTTCTCCTACCTCTGCTGCTCTCGAATTCCCGGGGATCCGG) and

ergó-2a (GCATCGGACAGTCTGTTTGTAAGGCCTGCTAGCAATGAACGAAG

CTAGCTTGGCTGCAG) were used to amplify the HIS3 gene flanked by ERG6

sequence from the YDp-H plasmid (Berben et al., 1991). Following

transformation with the ergó:HIS3 fragment, integration events were selected by

growth in the absence of histidine and confirmed by PCR analysis of genomic

DNA. YNK598 is a His" Kanº meiotic segregant generated from a cross of

YNK761 to YNK597.

17



Plasmids

pRS314-N795, pKS314-N525, pl.2G-407C, pC1-F620S and paS26X were all

described previously (Garabedian and Yamamoto, 1992; Schena and Yamamoto,

1988). The p314-3TAT-C-His3 integration construct (gift of J. Ifiguez-Lluhi)

contains a 5’ Kpn1-EcoRI HIS3 fragment followed by three glucocorticoid

response elements from the tyrosine aminotransferase (TAT3) gene and the

entire HIS3 coding sequence. The ptcT3C-Can1 integration construct contains

the following integration cassette: 833 bp of CAN15'UT sequence followed by the

PGK terminator, three glucocorticoid response elements from TAT3 (Schena and

Yamamoto, 1988), the CYC1 promoter and the first 822nt of the CAN1 coding

sequence. pKS316-LEM3 contains a Pml1-Xbal LEM3-containing fragment cloned

into HindIII-Xbal of pKS316. pKS306-ERG6 and pKS316-ERG6 were made by

subcloning an ERG6-containing Nhel-EcoRI fragment into the Xbal-EcoRI sites of

pRS306 and pKS316, respectively.

Yeast methods

With the exception of lem.4/ergé cells, yeast transformations were carried

out using lithium-acetate protocols (Agatep et al., 1998; Gietz et al., 1995).

Mutant ergé cells were transformed by electroporation (Ausbel et al., 1994).

Briefly, cells were grown and harvested as described in the lithium-acetate

protocol. Following a one hr incubation in 100 mM Tris pH 7.5, 1mM EDTA pH

8, 10 mM dithiotreitol, 100 mM LiOAc, cells were washed in dd H2O, then 1 M

18



sorbitol and resuspended in 1 ml ice-cold sorbitol to a cell density of 1010

cells/ml. 50 ul of competent cells were added to 200 ng of transforming DNA

and pulsed in a 0.2 cm-gap electroporation cuvette at 1.5 kV, 25 HF and 200 Q.

Cells were allowed to recover for one hr in 1ml of YEPD + 1M Sorbitol,

resuspended in 1 M sorbitol and spread onto SD medium + 1 M sorbitol, lacking

the appropriate amino acids.

Plate 3-gal assays were carried out by replica-plating yeast colonies or

patches onto the appropriate SD-medium in the absence or presence of hormone

and growing overnight at 30° C. Cells were overlaid with 0.5% agarose, 0.5 M

NaPO4 (pH 7), 0.1% SDS, 2% N,N-dimethylformamide, 0.05% 5-Bromo-4-chloro

3-indolyl-3-D-galactopyranoside (X-Gal) and incubated at room temperature for

color development. Liquid fl-gal assays were carried out in 96-well microtiter

plates as described previously (Iñiguez-Lluhi et al., 1997). Briefly, cells were

grown to saturation at 30°C, diluted 1:25 in the absence or presence of dex and

grown for 12-14 hours until cells were at OD6500.2-0.4, 10 pil of cells were

permeabilized for 5 min at 25° with 10 ul of 2X Z-buffer (120 mM NaP04 pH 7.0,

10 mM KCI, 1 mM MgSO4, 20 mM 3-mercaptoethanol) containing 5% CHAPS

and reactions were initiated by adding 180 ul of 0.5 mM chlorophenol red-fl-D-

galactopyranoside (Boehringer Mannheim) in 1 X Z-buffer. Activity units were

derived from the following equation: A= (AOD550-650 X cw)/(OD650X Sv).

i
:
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Mutagenesis, selection and isolation of lem mutants

YNK420 was transformed with pKS314-N795 and pâS26X. For UV

mutagenesis, cells were exposed to UV light for 20 or 25 sec, resulting in 43% and

28% cell survival, respectively. Mutants were then plated at a density of 4.35 x

104 on SD-his-trp —ura plates containing 25 mg/ml 3-amino-triazole (3-AT) to

suppress leaky HIS expression. For EMS mutagenesis, cells were treated with

0.03% EMS for 10 or 20 min, resulting in 50% and 25% survival, respectively.

~104 survivors were plated on selective medium. UV- and EMS-induced

mutants that grew over a period of 1-3 days were picked, restreaked to isolate

single colonies and assayed for GRE-lacz activity by plate as well as liquid

culture assays. RE and RU refer to EMS- and UV-induced mutations,

respectively.

Genetic analyses

lem mutants (RE10, RE21, RE41, RU41, RU48, RU68, RU91 and RU97) were

crossed to YNK425 and GRE-lacz activity was assayed in the heterozygous

diploid. The RE10/WT diploid displayed increased GR activity, comparable to

the RE10 haploid (data not shown). The remaining lem/WT diploids all had

wild-type phenotypes. We sporulated RE41, RU48, RU68 and RU97 diploids and

performed tetrad dissections and analyses. Wild-type and mutant phenotypes

segregated 2:2 in 4-8 complete tetrads. From these tetrads we isolated lem

mutants of opposite mating types to generate crosses for complementation
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studies. As RE41/RU48, RE41/RU97, RU48/RU97, RU68/RE41, RU68/RU48

and RU68/RU97 heterozygous diploids all displayed wild-type GR activity at 1

uM dex, we concluded that they comprise four complementation groups. We

backcrossed RU97 (lem3) and RU48 (lem.4/ergö) to YNK425 once more and then

crossed to YNK508. After sporulation and tetrad analysis, we isolated Lem Leu

Cans tetrads to proceed with the cloning of the wild-type alleles.

Western blot analysis

lem mutant and wild-type cells were grown to OD6000.6-0.8 in 10 ml

cultures. Cells were harvested, washed with H2O and 1 ml of high salt extraction

buffer (400 mM NaCl, 10 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.1% Triton X-100, 1

mM DTT, 1 mM PMSF, 1 pg/ml aprotinin, leupeptin and pepstatin A) and

resuspended in 200 ml of high salt extraction buffer. An equal volume of glass

beads was added and samples shaken for 20 min at 4°. Extracts were collected

and centrifuged at 14,000 g for 10 min to separate insoluble material.

Supernatants were transferred to a new tube and protein concentrations (8-15

Hg/ul) were determined using the Bio-Rad Protein Assay. Samples were used

immediately or frozen in liquid nitrogen and stored at -80° until use. 40ng of

total protein was run on a 7.5% SDS-PAGE gel and transferred onto

nitrocellulose using a semi-dry gel blotter with transfer buffer (0.3% Tris, 1.12%

glycine, 0.035% SDS, 20% methanol). Next, the membrane was incubated with

5% NFDM (nonfat dry milk) overnight at 4° in TBST (150 mM NaCl, 10 mM Tris

:
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(pH 7.5), 0.05% Tween-20) and then with a 1:100 dilution of the primary GR

antibody, BuGR2 (Gametchu and Harrison, 1984) in TBST for 1 hr at 25°. After

three 10 min washes in TBST at room temperature, the membrane was incubated

with a 1:4000 dilution of secondary antibody (goat anti-mouse IgG alkaline

phosphatase conjugate) in TBST for 1 hr. The membrane was washed 3 x 10 min

with TBST and rinsed briefly with ddH2O. Signals were detected using

Supersignal Chemiluminescent Substrate (Pierce).

In vivo hormone binding assay

The GR variant F620S displays increased hormone binding in yeast and is

therefore more amenable for such studies (Garabedian and Yamamoto, 1992).

lem3-1 and ergó-101 have similar effects on wild-type GR and F620SGR in yeast

(data not shown). Overnight cultures of yeast cells expressing p(31-F602S were

grown to saturation, diluted 1:5 and grown until OD600-04-0.5 (at least 2

doublings). 3H-dex (1-2 x 100 cpm/ml) minus or plus 150-fold excess of cold

hormone was added to cells and cultures were incubated at 30° for 2 hr. Samples

were put on ice, centrifuged at 14,000 g for 5 min at 4°, washed three times with 1

ml of ice-cold PBS/2% glucose (w/v) and resuspended in 50 pil of

PBS/2%glucose. The amount of bound 3H-dex was quantitated by liquid

Scintillation.
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Canavanine negative selection cloning strategy

YRS350 (canl:GRE3-CAN1 lem3-1 pdrj:GRE-lacz) was transformed with

the CEN-ARS, LEU2-marked yeast genomic library, p366 (from ATCC), and 105

transformants were plated on SD-arg -trp -ura, 300 puM dex, 1001g/ml

canavanine. 545 canavanine-resistant (Canº) cells grew after 3 days at 30°. Since

cells could evade hormone-induced toxicity by silencing GR activity or losing

receptor expression (e.g. by acquiring TRP1 from the library at the expense of the

TRP1-marked GR-expression plasmid), we checked that Canº cells were still able

to respond to deoxycorticosterone (DOC), a potent GR ligand in yeast. Library

DNAs from 26 colonies that contained active receptor and displayed wild-type

phenotypes (Canº and low GRE-lacz activity) were isolated. Southern blot

analysis revealed that five clones corresponded to PDR5 and 21 clones contained

common, overlapping or identical sequences (data not shown). An Xbal-Pimli

fragment containing only the YNL323w ORF present in the 21 clones was both

necessary and sufficient to confer plasmid-dependent complementation (Figure

4C).

YNK558 was transformed with the URA-marked, CEN-ARS yeast

genomic library Yeplac33 (gift of M. Hall) using electroporation, plated on SD

arg -trp -ura, 3 HM dex, 100 pg/ml canavanine, 1M sorbitol and allowed to grow

for 4-6 days at 30°. 336 Cank colonies were picked from 7.5 x 104 Urat

transformants. 87 colonies displayed lacz activity in the presence of 20 puM dex

(indicating the presence of active GR). To select for loss of the LIRA marker, cells
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were grown in the presence of 1 ug/ml 5-fluoroorotic acid (5-FOA). Two of

these colonies exhibited plasmid-dependent, wild-type GR activity at 1 um dex.

Plasmids were isolated from these colonies and reintroduced into lem.4 cells to

confirm their ability to decrease response to dex.
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RESULTS

Isolation of mutants with increased GR responses to ligand

To identify proteins that modulate the response of GR to ligand, we

looked for mutants with increased ligand responses. Our starting strain,

YNK420, contained a GR expression vector and two reporter genes, GRE-HIS3

and GRE-lacz. YNK420 is able to grow in the absence of histidine and exhibits

robust 3-galactosidase activity when grown in the presence of 1 puM

deoxycorticosterone (DOC), a potent GR ligand in yeast. In contrast, YNK420 is

unable to grow in the presence of 300 nM dex on minimal medium lacking

histidine and forms white colonies on 5-bromo-4-chloro-1-indolyl B-D-

galactosidase (Xgal) plates (Figure 1A). YNK420 cells were mutagenized by

exposure to UV light or EMS to a survival of 25-50%. Mutants that grew in 300

nM. dex in the absence of histidine were obtained at a frequency of 3 x 104.

His' isolates were restreaked to single colonies, assayed for expression of

the GRE-lacz reporter in response to hormone and grouped into phenotypic

classes (MATERIALS AND METHODS). Sixteen of 156 mutants formed white

colonies in the presence of dex and Xgal, suggesting that their His phenotypes

were independent of GR. Forty mutants showed high GR activity both in the

absence and in the presence of ligand; many of these likely reflect alterations of

the GR gene that truncate the C-terminal hormone-binding/signaling domain,

yielding fragments with constitutive activity(Godowski et al., 1987; Schena and

i
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Yamamoto, 1988). The remaining 100 mutants exhibited increased ligand

dependent Bgal activity and thus met both criteria for increased GR activity

Wild-Type lent mutant

RS314–GR Rs.314 GR*" EMS or UW p

EEE|. [His3. mutagenesis
-º-

pdr 5A

Wild-Type lenn mutant

-his, +dex no growth GROWTH

+H18, 4 dex, *Xgal white colonies BLUE COLONIES

Figure 1-1. Screen in yeast for Ligand-Effect Modulators (LEMs).

Schematic of lem screen. YNK420 cells containing the GRE-lacz reporter
(paS26X) and pKS314-N795 were UV- or EMS-mutagenized and plated
on selective media (-trp, -ura, -his, +300 nM dex, + 100 pg/ml 3-AT).
Under these conditions, only mutants with increased GR activity were
able to grow. GR activity was quantitated by assaying GRE-lacz reporter
gene response.
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Figure 1-2. Phenotypes of representative lem mutants.
Liquid Bgal assays were performed on lysates from wild-type and mutant
cells carrying full-length GR and GRE-lacz, and grown in either the
absence or presence of 300 nm dex.
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in response to ligand. To determine whether the mutations were chromosomal

or plasmid-borne, we selected isolates that had lost the plasmids and re

transformed with wild-type GR and reporter plasmids; 95% retained their

ligand-dependent His Lacz” phenotype. The phenotypes of 11 representative

lem mutants are shown in Figure 1B.

Genetic analysis and characterization of lem mutants

Eight lem mutants were backcrossed to wild-type strains and GR activity

was assayed in the heterozygous diploids to determine whether the mutations

were dominant or recessive. One mutant (RE10) was dominant; the others

(RE21, RE41, RU41, RU48, RU68, RU91 and RU97) were recessive (MATERIALs

AND METHODS). We sporulated lem x WT diploids and analyzed tetrads from

RE41, RU48, RU68 and RU97 crosses. In all cases, the mutant phenotypes

segregated in a 2:2 ratio, indicating single-gene alterations. Complementation

studies revealed that these mutants define four complementation groups (See

MATERIALS AND METHODS).

We chose for further characterization two mutants with relatively

pronounced phenotypes, RU97 and RU48. The mutants, renamed lem3-1 and

lem4-101, respectively, also exhibited moderate growth defects. Western blots of

whole-cell extracts using the GR-specific monoclonal antibody BuGR2 revealed

similar levels of accumulated GR in the wild-type and mutant backgrounds

i
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(A) Western blot of whole cell extract (40 ng of protein) from WT, lem3 and lem.4

— —WT
– Hº:3
-º-º:4

-
10-3 10-7 10-6 10-5 10-4

[Dex], puM

— GR-N795

cells, detecting GR using the BuGR2 monoclonal antibody. (C) Dex dose
response curve: lemã affects both GR potency and efficacy while lem4 affects
potency.
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(Figure 1-3A). Thus, lem.5-1 and lem.4-101 appear to affect the GR signaling pathway

downstream of receptor expression.

We next performed hormone dose-response assays on lem:3-1 and lem4-101

cultures. The results revealed that lem4-101 displayed increased ligand potency

(responding to lower concentrations of dex) whereas receptor efficacy (maximal

activation levels at saturating hormone conditions) was similar to wild-type

(Figure 1-3B). In contrast, lem3-1 displayed marked increases in both potency

and efficacy.

lem? and lem4 affect different steps in the GR signal transduction pathway

The dose-response assays implied that lem3 and lem4 affect different GR

functions. Consistent with this view, we found that lem.5 and lem.4 require

different segments of GR for their increased ligand responses. Thus, activity of

the GR derivative 407C, which lacks the N-terminal domain, remained

significantly increased in lem.4 cells but was only weakly increased in lem3 cells

(Figure1-4A,B). In contrast, the lem.4 phenotype was lost in the absence of the

GR ligand binding domain (LBD), whereas the effect of the lem3 mutation was

retained on this truncated GR derivative GR-N525 (Figure1-4A,C).

The effect of lem.4 on hormone potency, as well as the requirement of the

GR-LBD for the lem4 phenotype, suggested that the lem.4 mutant might increase

hormone availability or binding to GR. We tested this by measuring intracellular
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Figure 1-4. Phenotypes of lem3 and lem.4 involve different GR domains.
(A) The activity of pC1-407C in response to 1 um dex. (B) lem.4, but not lem?

requires the GR-LBD. prS314-N525 activity is increased in lem3 but remains
unchanged in lem.4 compared to wild-type. (C) In vivo hormone binding assay.
Cells expressing pC1-F620S were grown in the absence or presence of 3H-dex
and bound hormone was quantitated by liquid scintillation. Significantly
increased hormone occupancy by GR is seen in lem4 but not lem3.
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hormone accumulation in vivo, which reflects GR occupancy by hormone.

Indeed, binding of *H-dex was increased 10-12 fold in lem.4 relative to wild-type.

In contrast, lem:3 displayed only a 2-fold increase in hormone binding in the

presence of 1 p.W. dex (Figure 3D), clearly insufficient to account for the large

increase in the transcriptional activity of full-length GR at the same hormone

concentration (Figure 2B). Together, these results indicate that lem3 and lem.4

affect distinct GR domains and likely different steps in GR signaling; the lem3-1

mutation appears to operate on the N-terminus/DNA-binding domain, whereas

lem4-101 affects GR functions housed in the C-terminus, such as ligand binding.

Cloning wild-type LEM genes

To isolate the wild-type LEM alleles, we devised a negative selection

scheme based on hormone-dependent expression of a toxic gene (Figure 4A). For

this, the lem:3 and lem.4 mutations were introduced into a yeast strain that harbors

two integrated GR-responsive reporters: GRE-lacz and GRE-CAN1. CAN1, the

yeast arginine permease, allows entry of the toxic arginine analog canavanine

into yeast (Boller et al., 1975). The lem3 and lem.4 mutants (YRS350 and YNK558)

thus fail to grow in the presence of dex and canavanine, in contrast to wild-type

cells, which are canavanine resistant (Figure 4A).

To isolate LEM3, YRS350 was transformed with a low copy LEU2 yeast

genomic library and plated on medium lacking arginine and containing 300 nM

.
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Figure 1-5. Cloning wild type Lem alleles.
(A) Schematic of canavanine negative-selection cloning strategy. GRE-lacz and GRE
CAN1 reporter genes are integrated into the yeast genome. Cells were transformed with
pRS314-GRN795 and the wild type genomic yeast library, p366. (B) Growth of wild
type and mutant cells in the absence and presence of canavanine and dex. The growth
of lem3 is greatly compromised and lem4 completely fails to grow in the presence of 100
ug/ml canavanine and 3 um dex.

33



dex and 100 pg/ml canavanine. Of 105 Leu" transformants, 545 isolates were

canavanine resistant. These were assayed for hormone responsive lacz

expression in the presence of 1 mM dex and 10 um DOC (see MATERIALS AND

METHODS). Twenty-six isolates responded to the high concentration of DOC and

displayed little response to the low concentration of dex, as expected for

complementation of the lem:3 defect to produce wild-type receptor activity.

Library DNAs were purified and re-introduced into lem3 cells to confirm

plasmid-dependent complementation (Figure 4B). As our lem3 strain lacks PDR5

(Table 1), we expected to recover both the PDR5 and LEM3 genes with our

cloning strategy. Indeed, Southern blot analysis revealed that five clones

contained PDR5; the remaining 21 clones contained inserts overlapping with

each other but not with PDR5 (data not shown). Deletion analysis and

sequencing revealed that YNL323v was both necessary and sufficient to

complement lem3 (see MATERIALS AND METHODS).

To isolate LEM4, YNK558 was transformed with a low copy LIRA3 yeast

genomic library. Of 75,000 Ura" transformants, 336 were canavanine resistant.

Eighty-seven retained active GR (lacz expression in the presence of 20 puM dex)

and displayed wild-type transcriptional responses to dex (Figure 4B). After

selection for loss of the LIRA3-marked library plasmids on 5-FOA plates, two

isolates reverted to the Lem4 phenotype, indicating that complementation was

plasmid dependent in those cells. Sequencing revealed that one clone carried the
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Figure 1-6. LEM3 encodes YNL323W and LEM4 encodes ERG6.
(A) Complementation of lem3 by YNL323w. WT and lem3A cells were
transformed with pKS314-GR and either empty pKS316 vector or pKS316–
YNL323W and assayed for activity of the TAT3-lacz reporter. (B) WT and ergóA
cells were transformed with pKS314-GR and either empty prS316 vector or
pRS316-ERG6 vector and assayed for Bgal activity.
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PDR5 gene; the other contained two fragments from two different chromosomes

that coded for five complete ORFs. Deletion analysis and subcloning (see

MATERIALS AND METHODS) showed the complementing ORF to be YML008c

(ERG6).

To confirm that defects in YNL323v and ERG6 gave rise to the lem3 and

lem.4 mutants, respectively, we disrupted these genes in our YNK410 strain

background (see MATERIALS AND METHODS). The resultant ynlx23A and erg6A

strains showed increased responses to hormone, parallel to those seen in the

original lem3-1 and lem4-101 mutants. Notably, GR activity in lem3A was higher

than in our lem.5 mutant strain, suggesting that the null phenotype is more severe

than that of the lem3-1 allele. Mating of ynlè23wa and lem3–1 gave rise to a

diploid with a Lem phenotype, indicating that ynlä23w and lem3-1 affect the

same complementation group. Furthermore, in eight tetrads derived from the

yml%23wa lem3-1 diploid, all segregants were Lem. We concluded that YNL323

and LEM3 correspond to the same genetic locus. Thus, YNL323 was renamed

LEM3. Similarly, the cross of the erg6A strain to a lem.4–101 strain generated a

diploid with a Lem4 phenotype (data not shown). Integration of an ERG6

containing DNA fragment from pKS303-ERG6 in a lem.4–101 strain at the ERG6

locus restored wild-type GR activity. A cross of this strain to a wild-type strain

yielded tetrads in which all segregants (95/95) exhibited wild-type response to

hormone. Therefore, LEM4 and ERG6 are allelic. We shall refer to the lem.4–101

strain as erg6-101.
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Figure 1-7. Lem3 and Lem.4/Erg6 are part of different signaling pathways.

(A) Phenotypes of lem3-1 and lem3A (B) Phenotypes of ergó-101 and ergöA. (C)
GR activity in lem3A lem4A double mutant cells. lem3A and lem.44 phenotypes are
additive.
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Dolemó and erg6 affect overlapping or independent regulatory pathways?

LEM3 is predicted to encode a novel 414 amino acid protein of unknown

function, bearing two putative transmembrane domains. ERG6 is a methyl

transferase involved in ergosterol biosynthesis (Xu and Nes, 1988). lem3-1 and

ergö-101 appear to affect receptor activity by different mechanisms (Figure 3). To

infer whether lem3 and ergö affect independent or overlapping genetic pathways,

we tested the phenotype of a lem3A ergöA double mutant (YNK598, Figure 5C).

The phenotypes of lem3A and erg6A were additive in the lem3A ergöA strain,

suggesting that they affect different pathways. Taken together, our data suggest

that LEM3 and LEM4/ERG6 are components of separate, independent pathways

that down-regulate GR function.
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DISCUSSION

Identification of Lems

A previous unbiased screen for mutants that modulate GR activity

revealed yeast ABC transporter PDR5/LEM1. PDR5 affects GR activity by

actively exporting particular ligands from cells, challenging the notion that

transit of steroids across the plasma membrane occurs solely by passive diffusion

(Kralli et al., 1995). To find additional LEMs, we devised a modified screen

aimed at isolation of yeast mutants with increased response to dex. We

performed the screen in a part null background to preclude identifying proteins

in the PdrS pathway that regulate hormone export. Genetic tests on four

mutants revealed four complementation groups, indicating that there are many

such modulators in yeast (and presumably in mammalian cells) and that this

screen is far from saturated.

Lem3 and Lemg/Ergö affect different GR activities

Characterization of two mutants, lem3 and lem.4/ergö, suggested that they

affect GR activity at distinct steps as analyses of various GR derivatives revealed

that they operate primarily on different GR domains. Consistent with this view,

the ergó-101 but not the lem3-1 mutation significantly increases hormone

occupancy of GR in vivo.
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LEM3 is predicted to encode a novel transmembrane protein of unknown

function. It shares -40% identity at the protein level with two predicted yeast

membrane proteins of unknown function, CDC50 and YNR048w, as well as

mammalian ESTs. It is unlikely that LEM3 affects cellular hormone levels or

binding of hormone by GR given that lem3 mutants affect the function of GR

derivatives that lack the ligand binding domain. LEM3 is thus likely to affect a

downstream step in the GR pathway, such as nuclear localization, interaction

with transcriptional cofactors or DNA binding.

ERG6 encodes the S-adenosylmethionine B-24-sterol-C-methyltransferase,

which carries out side chain methylation of zymosterol in the ergosterol

biosynthesis pathway (Gaber et al., 1989; Hardwick and Pelham, 1994).

Mutations in ERG6 lead to altered membrane sterol composition and a

pleiotropic sensitivity to numerous structurally diverse compounds, such as

cycloheximide, Brefeldin A and nalidixic acid (Lees et al., 1995; Prendergast et al.,

1995; Welihinda et al., 1994). How ERG6 and/or sterol composition affect

sensitivity to drugs is not clear.

Given the increase in hormone-bound GR in ergó-101 cells, it seems

plausible that the increased response to hormone results from higher

intracellular hormone levels in these cells. The identification of two genes, PDR5

and ERG6, that likely modulate hormone transport across the membrane implies

that establishment or maintenance of GR function in yeast may depend on
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hormone accessibility. Moreover, they demonstrate that there are multiple

cellular pathways that can affect hormone access to the receptor. Previous

studies on GR signaling have focused primarily on the endpoint of regulation,

transcription, as a way to achieve tissue-specificity of glucocorticoids.

Mechanisms that influence the intracellular concentration of steroid hormones

may be a distinct and novel way to account for selective actions of intracellular

receptors.

Implications for LEM functions

Factors that modulate ligand responsiveness and/or ligand selectivity are

likely to contribute to the context-specific actions of GR. For example, factors

that catabolize ligand or sequester ligand, in part explain why the

mineralocorticoid receptor, which can bind with high affinity to both

corticosterone and aldosterone, responds only to aldosterone in particular cells of

the kidney (Benediktsson et al., 1995; Funder, 1997). Furthermore, misregulation

of a LEM could lead to aberrant responses of steroid receptors to their cognate

ligands, such as hormone insensitivity or hypersensitivity, as is seen in several

diseases and in therapeutic scenarios (Brönnegård et al., 1996). Glucocorticoid

resistance and hypersensitivity can arise in individuals bearing wild-type

glucocorticoid receptor (Adcocket al., 1995; Barnes and Adcock, 1995); similarly,

patients who responding well to hormone therapy can suddenly acquire

resistance (Kawa and Thompson, 1996; Klumper et al., 1995; Lamberts, 1996).

* º º

E
*-

41



Evolution of GR modulators

As eukaryotes evolved into multicellular organisms, they built upon

highly conserved regulatory mechanisms to achieve more diverse and complex

cellular functions. The emergence of intracellular receptors as transcriptional

regulators and small hydrophobic molecules as signaling factors in metazoans

reflects the use of pre-existing cellular factors to achieve context-specific

activities. This conservation of function is exemplified by the ability of the

glucocorticoid receptor to confer heterologous, ligand-dependent transcriptional

activation in yeast. Although it is quite likely that some GR modulators will be

unique to mammalian cells, to date, many yeast factors that affect GR function

appear to have functional homologues in mammalian cells (Bohen and

Yamamoto, 1993; Cairns et al., 1996; Imhof and McDonnell, 1996). Thus, the

genetic approach we present here is likely to provide new insight into the

regulation of intracellular receptor activity.
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Chapter 2

LEM3 is a Novel Endoplasmic Reticulum Membrane Glycoprotein that

Down-Regulates Glucocorticoid Receptor Activity
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ABSTRACT

In eukaryotes, many factors in the glucocorticoid receptor (GR) signaling

pathway are evolutionarily conserved. Capitalizing on the ability of GR to

function in yeast, I identified several modulators of GR activity in a genetic

screen for mutants that altered ligand responsiveness. In this study, I report

that one of these factors, LEM3 (Ligand-Effect Modulator 3), is an endoplasmic

reticulum membrane glycoprotein affecting GR activity in the nucleus. In

addition to GR, LEM3 modulated the activity of the endogenous transcription

factor, YAP1, suggesting a more general role for LEM3 in transcriptional

regulation. I also cloned a mammalian LEM3 homologue and showed that

overexpression of either yeast or mammalian LEM3 reduced GR activity in

mammalian cells, supporting the notion that LEM3 is a genuine GR regulator.

Finally, in a high copy suppressor screen to identify additional factors in the

LEM3 pathway, we isolated the yeast casein kinase, YCK3, indicating that it may

involved in LEM3 signaling from the ER to the nucleus. Thus, our studies

implicate a novel regulatory pathway that affects GR and other transcription

factors in yeast and mammals.
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INTRODUCTION

The glucocorticoid receptor (GR), a member of the intracellular

superfamily of transcriptional regulators, has a remarkably diverse, context

specific repertoire of cellular functions. In the cytoplasm, chaperone-complexed

apo-GR responds to small, hydrophobic signaling molecules triggering a cascade

of events: dissociation of molecular chaperones, hormone binding, nuclear

translocation, interaction with other transcription factors and, ultimately,

sequence-specific DNA binding to regulate the transcription of glucocorticoid

responsive genes. Importantly, many steps in the GR signaling pathway are

regulated, allowing GR to respond uniquely in a particular context or

environment. The ability of the receptor to execute distinct, context-specific

responses is achieved through interaction with and modulation by non-receptor

proteins. I and others have identified GR modulators in order to elucidate

mechanisms of context specific GR actions, as well as understand basic

mechanisms underlying GR function (refs).

In a yeast genetic screen I identified factors that alter the response of GR

to ligand. LEM3 (Ligand-Effect Modulator 3) is a novel protein that negatively

regulates GR activity. I have demonstrated that LEM3, in contrast to other

LEMs, can affect the activity of a GR derivative lacking the ligand-binding

domain (Sitcheran et al. (2000), Chapter 1). In this chapter, I present the further

characterization of LEM3 to determine the mechanism by which it affects GR

activity in yeast and mammals.
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MATERIALS AND METHODS

Yeast strains and methods

All yeast strains are isogenic derivatives of YPH499 (ura■ -52 lys2-801 ade2

101 trpl-463 his3-4200 leu2-A1). Yeast transformations were carried out with LiAc

protocol as previously described (Sitcheran et al. 2000: (Gietz et al., 1995). The

LEM3–GFP strain was constructed by PCR-mediated integration (Wach et al.,

1997). To determine whether LEM3–GFP was functional, we tested for its ability

to complement the Lem3-phenotype. GR activity was assayed in heterozygous

diploid cells generated by a cross of YNK475 to YNK761. The YCK3 locus was

disrupted by transforming YNK410 cells with a PCR-amplified yck3::HISMX

integration cassette (Wach et al., 1994). yok3A lem34 was generated by crossing

YNK761 to YNK833, sporulating the resulting diploid and isolating His' Kank

tetrad colonies. YCK1 and YCK2 were recovered in a screen for high copy

supressors of the cdc50A cold sensitive phenotype; cacS0A cells were transformed

with a 21 yeast genomic library and screened for clones that allowed survival at

16°C. YCK1, YCK2 and their homologs, YCK3 and HRR25 were tested for their

ability to complement the increased GR activity phenotype of lem3 null cells.

Biochemical localization of LEM3

Whole cell extracts (WCE) were prepared as described in chapter 1.

Samples were spun at 14k rpm for five minutes, pellets and supernatants were

separated and analyzed by western blot analysis with o-GFP antibody to detect
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LEM3–GFP. For Endo H treatment, 10 ug of protein prepared from whole cell

extracts was incubated with 100mu of EndoH (Boehringer Mannheim) in 20mM

NaOaC, pH 5.5 for 10 minutes at 37° C before proceeding with western blots.

Transfections

CV1 cells were seeded at 1x104 the day before transfection. The next day,

transfections were carried out using Lipofectamine (Qiagen) with the following

plasmids: pS6R-GR, RSV-Bgal, TAT3-Luciferase, pS6R-yLem3 or pS6R-mLem3,.

After 12-14 hours, cells were harvested and assayed for 3gal and luciferase

activit. Data represents luciferase units normalized to Bgal activity from at least

three experiments carried out in triplicate.

Cloning of mammalian LEM3

Bases on sequence alignments with yLEM3 and mammalian ESTs, the

following oligos, which correspond to highly conserved LEM3 domains, were

designed to amplify conserved DNA sequences from mouse liver RNA. This

DNA fragment was radioactively labeled with 33P and used to screen a mouse

liver cDNA library (Clontech). Inserts were sequenced with oligos provided

with the library. Several contained overlapping sequences, and one clone

contained a full-length cDNA transcript. This insert was subcloned into the
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yeast expression vector, pFS316 and prS426 and tested for its ability to

complement the Lem3 phenotype.
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RESULTS

LEM3 is a novel yeast ER-membrane protein that down-regulates GR function

We identified LEM3 (Ligand-Effect Modulator 3) in a screen for yeast

proteins that conferred increased GR activity in response to hormone (chapter 1).

In that study, we demonstrated that the activities of both full-length GR-N795

and the C-terminal truncation GR-N525 are increased in lem3 mutants. The

function of LEM3 is not known, but sequence analysis suggests that LEM3 is a

putative transmembrane protein harboring two hydrophobic regions and six

glycosylation sites (Figure 2-1). LEM3 is 40% identical to two other yeast

proteins, CDC50 and the YNR048w, which also have no known function (Figure

2-3). Cells lacking CDC50 display a terminally budded phenotype and are cold

sensitive, but a definite role for CDC50 has yet to be determined. None of the

proteins is essential in yeast, as individual gene disruptions are viable. However,

a lem.5A cacS0A double mutant has significantly reduced cell survival, suggesting

that these proteins share some redundant, fundamental cellular function(s) or act

together in a common signaling pathway. Despite their high degree of

homology and possible redundancy, LEM3, CDC50 and YNR048w appear to

have some distinct, non-overlapping functions in yeast. While GR activity is

significantly increased in lem3A cells, it remains unchanged in cdc50A or

ymrO48wA cells and overexpression of CDC50 or YNR048w does not complement

the lem.5 mutant phenotype.

:
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LEM3 is a glycoprotein that localizes to the endoplasmic reticulum membrane

To determine the subcellular localization of LEM3, we examined the yeast

strain YNK425 in which LEM3 has been modified with a C-terminal green

fluorescent protein tag (Materials and Methods). To test whether LEM3–GFP

was functionally equivalent to wild-type LEM3, we crossed the LEM3–GFP strain

to a lem34 strain and assayed GR activity. Wild-type GR activity was observed

in the heterozygous diploid, indicating that LEM3–GFP is functional (see

Materials and Methods). Fluorescent microscopy revealed LEM3–GFP protein in

a perinuclear ring with thread-like staining around the cell periphery, a pattern

characteristic of endoplasmic reticulum (ER) proteins (Figure 2-3). Consistent

with this view, the LEM3–GFP co-localized with ERO1p, a known ER membrane

protein (Pollard et al. 1998).

The predicted LEM3 protein sequence harbors six putative glycosylation

sites and two putative hydrophobic transmembrane domains (see Figure 2.1).

Since N-glycosylation occurs in the ER, we tested LEM3 sensitivity to

Endoglycosidase H (Endo-H; B. Mannheim), an enzyme that specifically cleaves

N-linked glycosylation residues. As seen in Figure 24, Endoglycosidase H

treatment decreased the apparent molecular weight of LEM3 as well as the ER

localized protein, ERO1. To confirm that LEM3 localizes to the ER membrane,

we prepared and fractionated yeast extracts from YNK475 cells. LEM3 was

almost exclusively present in the insoluble fraction and not the supernatant

(Figure 2-4). Treatment with Triton-X100, a detergent that perturbs hydrophobic
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protein-protein interactions, solubilized LEM3–GFP. The observation that LEM3

GFP and ERO1-HA both co-localize to the ER, have similar solubility patterns

and display Endo-H sensitivity indicates that LEM3 functions as an ER

associated membrane protein.

LEM3 modulates GR activity in yeast and mammalian cells

The genetic approach used to identify LEM3 relied on the assumption that

many modulators of GR activity are evolutionarily conserved and that there will

be homologrs in mammalian cells, as shown previously for other proteins that

affect GR activity in yeast (Bohen and Yamamoto, 1994; Imhof and McDonnell,

1996). To address whether LEM3 can affect GR activity in mammalian cells, we

cloned yLEM3 into a mammalian expression vector. Overexpression of yLEM3

in monkey CV-1 cells resulted in consistent two-fold decrease in GR activity. The

effect of yLEM3 in mammalian cells and the identification of several mammalian

ESTs that showed significant homology to yLEM3, suggested the existence of a

mammalian LEM3 orthologue. Using a DNA fragment generated by PCR

amplification of highly conserved LEM3 sequence, we screened a mouse liver

cDNA library and isolated a 1.9 kb cDNA (Figure 2-5). Sequence analysis

showed high homology of this clone to LEM3, CDC50 and YNR048w (see Figure

2-3). To determine whether the protein encoded by this cDNA could modulate

GR activity, we introduced this sequence into a yeast expression vector and

tested its ability to complement the lem3 defect. mLEM3 partially reduced GR

assº

J.-
rawº

51



activity in lem3A cells. Lack of full complementation could be due to

inappropriate expression, targeting, or post-translational modification of mLEM3

in yeast. We further demonstrated that overexpression of mLEM3 in CV-1 cells

reduced GR activity to levels comparable to that seen when yLEM3 was

overexpressed in those cells (Figure 2-6).

LEM3 modulates the response of GR to many ligands

To address whether LEM3 could exert its effects in a ligand-specific

manner, we tested the response of GR to various glucocorticoids: Dex, DOC,

DAC, Cort and RU486. As shown in Figure 2.7, LEM3 acted upon all GR ligand

concentrations. This lack of ligand specificity argues against mechanisms in

which LEM3 affects ligands directly. Most ligand modifiers do not function

indiscriminately and have distinct affinities for particular hormones. For

example, Pdr5 selectively transports dexamethasone and TA out of cells without

affecting DOC, corticosterone or DAC; 113-HSD specifically modifies cortisol

and not corticosterone. Furthermore, the observation that the ligand-binding

domain is not required for LEM3 to exert its effects (chapter 1, Figure 2.10),

suggests that it acts downstream of ligand binding.

LEM3 modulates the activity of many intracellular receptors

To ascertain whether the effects of LEM3 were specific to GR, we tested

the response of several other intracellular receptors to their cognate ligands. The

52



estrogen receptor (ER), androgen receptor (AR), progesterone receptor (PR),

thyroid hormone receptor (TR) and retinoic acid receptor (RAR) all displayed

increased activities in lem A3 cells compared to wild-type (Figure 2-8). The

activity of CHR3, a C. elegans orphan nuclear receptor, was also increased in

lem3A. The fact that both full-length and an LBD-truncated CHR3 were affected

by LEM3 in the apparent absence of hormone suggests that LEM3 impacts

intracellular receptor signaling pathway independently of ligand effects.

Lem3 selectively affects the activities of endogenous yeast promoters

To test whether the increased activity of many intracellular receptors in

lem3 cells indicated a global effect of LEM3 on transcription, we compared the

activities of several endogenous yeast regulators, such as CLIP1, CYC1 and GAL4

in wild-type and lem3A cells. Importantly, LEM3 affected neither the basal nor

induced activities of promoters controlled by these factors (Figure 2.9), excluding

the possibility that LEM3 affects general transcription or all regulatory factors.

However, the activity of one promoter, PDR5, was elevated in lem3A (Figure 2

10). It is important to note that the increased PDR5-lacz activity in lem3 is not

responsible for modulating GR activity via increased uptake of ligand. First,

lem3-1 was isolated in a par■ A strain, and second, GR activity remains increased

in a response to DOC, a ligand that is not transported by PDR5. Therefore, the

Lem3-phenotype is independent of PDR5.
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The PDR5 promoter contains binding sites for the transcription factor

YAP1, a bzIP transcription factor whose activity is induced with oxidative stress.

To investigate whether the increase in PDR5 transcription was due increased

YAP1 activity, we assayed the response of two reporters in wild-type and lem3

cells: GCRE-lacz from the GCN4 response element and TRE-lacz from the

thioredoxin promoter. Although the consensus sites for both promoters differ by

only two amino acids, YAP1 binds and regulates only the TRE site. In lem3

mutant cells, the activity of the TRE-lacz reporter was increased approximately

3-4 fold over wild type (Figure 2-10). In contrast, the GCN4 promoter was

unaffected by the lem3 mutation. Importantly, neither overexpression nor

deletion of YAP1 affected GR activity, demonstrating that effects of LEM3 on

these two transcription factors are independent.

LEM3 has multiple effects on GR activity

We have previously shown that lem3 does not significantly affect GR

hormone binding in vivo or the activity of GR-407C, a GR derivative lacking the

N-terminus. However, LEM3 modulates the activity of a C-terminally truncated

receptor, GR-N525, suggesting that LEM3 can act downstream of ligand binding

in the GR pathway, such as nuclear translocation or DNA binding (see Chapter

1). To investigate further what GR function was affected in the lem3 mutant, we

analyzed the activities of additional GR derivatives and mutants (Figure 2-11).

:
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We first determined whether LEM3 affected the GR N-terminal activation

domain (AF-1). The GR mutant 30IIB selectively abrogates transcriptional

activation (Iñiguez-Lluhi et al., 1997). In the context of the GR-N525, the activity

of the 30IIB mutant was not increased in lem3. However, GR-N795 (30IIB) lost

increased hormone efficacy, suggesting that the AF-1 activation domain is

targeted by LEM3. However, a replacement of the GRAF-1 domain with the

heterologous activation domain VP-16 remains responsive to LEM3 signaling,

indicating that the effects of LEM3 are not activation-domain specific. The GR N

terminus and AF-1 activation domain are not sufficient for LEM3 to mediate its

effects in the absence of the GR-DBD, as the activity of a GR-N-terminus-GAL4

DBD fusion protein was not significantly increased in lem3. These data suggest

that LEM3 can mediate its effects on the GR-DBD fused to any activation

domain. Indeed, the activity of the DBD alone fused to VP16 (GR-X525-VP16) is

increased in lem3. The requirements for the effects of LEM3 on YAP1 have not

yet been determined.

Since the DNA-binding domain was sufficient for LEM3 to act on, we

tested whether functions harbored by the DBD, such as DNA binding and

nuclear localization, were affected in lem:3A cells. To determine whether LEM3

affected GR DNA-binding, we carried out chromatin immunoprecipitations

(Chro-IPs) in yeast to examine occupancy of an integrated TAT3 promoter by GR.

we did not see any changes in recruitment of GR at the GRE.

:
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Identifying components in the LEM3-GR signaling pathway

To identify additional proteins involved in signaling mediated by LEM3

from the endoplasmic reticulum to the nucleus, we took advantage of the cold

sensitivity of cdc504 and carried out a high copy suppressor screen selecting for

growth at 16°C (Materials and Methods). This strategy led to the identification of

YCK1 and YCK2 which complemented cqc50A temperature sensitivity, but not

the increased GR activity in lem3A cells. We next tested the ability of the YCK1/2

homologs, YCK3 and HRR25, to complement both cdc50A and lem3A.

Interestingly, YCK3 and HRR25 complemented lem3A but not cacS0A, suggesting

that these proteins are involved in the LEM3 pathway to affect GR activity.

To investigate whether YCK3 is involved in the GR signaling pathway, we

tested whether overexpression or disruption of YCK3 in wild-type cells would

affect GR activity. Indeed, we observed that GR activity was indeed increased in

yck3A (Figure 2-14). Given the pleiotropic effects of LEM3 on GR activity, we

wanted to determine whether YCK3 could affect GR-N525. GR-N525 activity

was increased in yok3A cells, though not to the same extent as in lem:54, but is

comparable to the increase of GR-N795 activity at saturating hormone

concentrations. Therefore, YCK3 is likely to be involved in mediating LEM3

signals in the endoplasmic reticulum to execute transcriptional responses in the

nucleus. However, these actions are specific to GR as YAP1 activity is not

increased in yok3 cells. The targets of YCK3 are unknown.
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DISCUSSION

Identification of an evolutionarily conserved ER-nuclear signaling pathway

In this chapter, present the characterization of a yeast protein, LEM3,

which was identified by its ability to modulate GR activity in response to

hormone ligand. LEM3 is an endoplasmic reticulum membrane-resident

glycoprotein that affects GR activity at a step downstream of ligand binding in

the GR signaling pathway. yLEM3 has a functional mammalian homologue,

thereby validating the genetic approach to identify and characterize GR

modulators in the simplified context of yeast. Furthermore, the identification of

mLEM3 suggests that this ER-nuclear signaling pathway is evolutionarily

conserved.

The effect of LEM3 on Yap1 activity is important because it suggests that

GR builds upon common elements of transcriptional regulation and signaling

which are regulated in part by LEM3. Given that GR and Yap1 do not share

significant structural or sequence homology, it is likely that the effects of LEM3

are indirect. Interestingly, YAP1 is regulated at the level of subcellular

localization in response to cellular stress (Kuge et al., 1997; Kuge et al., 1998). In

the absence of oxidative stress, it is primarily cytoplasmic. YAP1 nuclear

localization and consequently increased transcriptional activity are induced with

oxidative stress. It remains unknown whether LEM3 affects the subcellular

localozation of GR.
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In another genetic screen, YCK3 was identified as a component in the

LEM3 signaling pathway. Interestingly, the actions of YCK3 are very specific as

there is no effect of YCK1 or YCK2 on GR activity either in the absence or in

presence of agonist ligand. Since YCK3 predominantly localizes to the nucleus

while YCK1 and YCK2 are cytoplasmic, this correlates well the hypothesis that

LEM3 mediates a pathway that signals from the ER to the nucleus. Furthermore,

this suggests that the YCK proteins have specific, non-redundant cellular

functions.

The discovery of a novel, intracellular signaling pathway between ER

proteins and nuclear transcription factors was surprising given that there are no

known GR functions related to ER functions. However, one of the roles of the

endoplasmic reticulum is to respond to cellular stress. In mammalian cells, GR

mediates cellular stress responses, so the possibility that it can respond to stress

response pathways in yeast seems plausible.

How can signals from the endoplasmic reticulum elicit transcriptional responses

in the nucleus?

The endoplasmic reticulum (ER) and the nucleus are two cellular

organelles that interact both physically and functionally. The membranes are

continuous and proteins relocalize throughout both depending on the replication

state of the cell (Banjo, 1983; Ellenberg et al., 1997, Yang et al., 1997). There is

:
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evidence for ER proteins playing a role in the integrity of the nuclear membrane

(Brizzio et al., 1999). Signaling in the ER can lead to nuclear localization of

nuclear proteins (Greber and Gerace, 1995).

The unfolded protein response (UPR) is a well-established intracellular

signaling pathway that mediates communication between the ER and the

nucleus in yeast. The accumulation of unfolded proteins initiates a stress signal

from the endoplasmic reticulum that is transmitted to the nucleus resulting in the

induction of genes required for execution of the UPR (Chapman et al., 1998; Cox

et al., 1993). Other signaling pathways have been described in mammalian cells.

Depletion of sterols in the ER membrane triggers induction of sterol-response

element genes that regulate fatty acid and cholesterol biosynthesis (Smith et al.

1990). The ER overload response (EOR) is activated by accumulation of ER

membrane proteins and results in activation of the transcription factor NFkB, an

immune system effector (Pahl, 1996,7). There is also evidence that nuclear

proteins are involved in ER functions; a recent report links the transcriptional

coactivator ADA5 with execution of the UPR.

Interestingly, there is evidence linking an ER protein to intracellular

receptor activity. Calreticulin (CRT), an ER lumen protein involved in regulating

Ca” stores, localizes to both the ER as well as the nucleus/nuclear membrane.

CRT has been reported to negatively regulate GR, the androgen receptor (AR)

and the vitamin D receptor (VDR) through direct interaction and inhibition of

DNA binding (Burns et al., 1997, Crossin et al., 1997; Harada et al., 1996; Michalak
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et al., 1996; Rodericket al., 1997; Wheeler et al., 1995; Winrow et al., 1995). The

mechanism by which CRT escapes from the ER and the physiologic conditions

under which interaction with intracellular receptors occur are not known.

Links between casein kinases and intracellular receptor signal transduction

How are these signals between the ER and nucleus transmitted and

executed? One possibility is that LEM3 signals to downstream kinases that can

target transcription factors in the nucleus. The identification of YCK3 as a

component of the LEM3-GR signaling pathway suggests that it may indeed be

involved in mediating LEM3 effects. Interestingly, it has been reported that

biochemically purified mammalian Casein Kinase II is in a complex containing

the Hsp90 family protein Erp99, calreticulin and GR (Harada et al., 1996). A

casein kinase co-purifies with the progesterone receptor (Chauchereau et al.,

1992). In adrenalectomized rats, treatment with glucocorticoids for 24 hours

decreases casein kinase activity by about 30%. Additionally, some intracellular

receptors are targets for casein kinases. In the WNT signaling pathway, casein

kinase I targets GSK3 (Peters et al., 1999), a kinase that phosphorylates rat GR

and the transcriptional regulator C/EBPo.

Questions and future experiments
Many questions remain to be addressed; Is the signal from YCK3 to GR

direct? Does YCK3 acts indirectly through an intracellular

:
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coactivator/mediator? Does LEM3 regulate YCK3 activity? Some possibilities

include regulation of YCK3 protein levels, protein localization and/or kinase

activity? Additionally, is YCK3 involved in mediating the effect of LEM3 on

YAP1 activity? Is YAP1 activity increased/altered in yok3A cells? and does this

vary in the absence or presence of oxidative stress? Does LEM3 affect AP1

activity in mammalian cells? Finally, what are the signals upstream of LEM3? Is

LEM3 activity and/or localization regulated? :
s
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Figure 2-1. LEM3 protein structure.
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Conserved residues are indicated. The hydropathy plot below indicates the
location of two transmembrane regions. Arrows represent oligonucleotides
primers used to amplify DNA for cloning mammalian LEM3. (*) indicates
putative glycosylation sites.
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LEM3–GFP DAPI overlay
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Figure 2-3. Lem3 localizes to the endoplasmic reticulum.

(A) Integrated LEM3-GFP fusion protein shows a distinct perinuclear staining
that extends to the cell periphery. DAPI indicates nuclear staining.
(B) Biochemical localization of LEM3-GFP. Whole cell extracts were prepared
from cells containing integrated LEM3–GFP, separated into pellet and super
natant
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Figure 2-4. Overexpression of yeast or mammalian LEM3 down-regulated GR
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activity in mammalian cells.
CV-1 cells were transfected with full-length GR (N795), a TAT3-lacz reporter
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(mLem3). Luciferase units were normalized to an RSV-lacz control.
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Figure 2-5. lemä increases the response of GR to many ligands.
Wild-type or lem3 mutant cells TAT3-lacz transformed with pKS314-N795 and a
reporter were assayed at a range of concentrations of Corticosterone, DOC, TA or
RU486.
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Figure 2-6. General transcription is not increased in lems mutant cells.
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Figure 2-7. lem.5 increases the activity of Pdr5 and Yap1.
(A) Wild-type and lem3 cells were transformed with either a PDR5-lacz or TRE
lacz reporter to assay endogenous YAP1 activity. (B) Wild-type, lem3A and
yap1A cells transformed with the TRE-lacz reporter were grown in the absence
or presence of H2O2 or diamide.
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Chapter 3

The Glucocorticoidreceptor Interacts with Proteins that Regulate

CellCycleProgression
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ABSTRACT

The glucocorticoid receptor (GR) regulates cell growth, in part, by

inducing changes in the expression of cell cycle regulators such as cMyc, CDK4

and cyclin D3. Not surprisingly, these GR-mediated actions are context

dependent: requirements for GR transcriptional activation or repression

functions, as well as the receptor domains implicated in growth control, vary as a

function of cell type. The mechanisms underlying these processes are poorly

understood.

In this chapter, I present evidence that GR interacts in vitro with factors

that regulate cell cycle progression. In GST-pull down experiments, GR interacts

specifically with p16INK4a, p19.SK4a, cyclin D2, cyclin D3 and CDK4, but not with

p18!NK* or cyclin D1. I discuss the implications of these findings with respect to

GR activity, cell cycle regulation and oncogenesis.

2
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INTRODUCTION

Glucocorticoids are potent anti-proliferative agents that induce cell cycle

arrest and apoptosis in many cell types including lymphocytes (Cidlowski et al.,

1996). The mechanism underlying glucocorticoid-mediated cell growth

regulation is unclear but an abundance of evidence suggests that GR can activate

or repress the transcription of various cell cycle regulatory genes. (Rogatsky et al.,

1997). Furthermore, the activation and repression functions of GR correlate with

specific stages of the cell cycle (see Figure 3-1). In G1 and S, GR is hyper

phosphorylated and transcriptionally active, whereas in G2, the receptor is hypo

phosphorylated and only capable of repression (Bodwell et al., 1998, Hsu and

DeFranco, 1995).

Cyclins and their catalytic partners, cyclin-dependent kinases (CDKs)

regulate cycle progression. The formation of particular combinations cyclin

CDK complexes promotes transition through distinct stages of the cell cycle. In

mammalian cells, growth factors and mitogens act during G1 to trigger signaling

cascades that commit cells to enter S phase and begin DNA replication. In yeast,

this process is analogous to START, a G1 restriction checkpoint. Human D

cyclins, isolated by their ability to complement yeast cyclin mutants in S.

cerevisiae, are essential for progression through G1. In contrast to other cyclins

whose expression throughout the cell cycle oscillates with defined periodicity, D

cyclins are regulated by extracellular signals. They are rapidly induced in

response to mitogens and growth factors, leading to interaction with and
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activation of their catalytic partners, CDK4 and CDK6. The D-cyclins also

interact directly with the retinoblastoma protein (Rb), resulting in CDK4 and

CDK6-mediated phosphorylation of Rb, Cyclin D1, D2 and D3 are differentially

expressed in a cell type-specific manner and have distinct loss-of-function

phenotypes and different affinities for Rb, suggesting they have specific, non

redundant function(s). Interestingly, cyclin D1 interacts with and enhances the

activity of the estrogen receptor by recruiting the coactivator SRC1 in a ligand

and CDK-independent manner (Neuman et al., 1997; Zwijsen et al., 1998; Zwijsen

et al., 1997). These studies suggest a new role of cyclin D1 in steroid receptor

mediated actions.

The retinoblastoma protein (Rb), a pocket protein family member, is a

critical downstream effector of cyclin D/CDK-mediated cell cycle regulation. Rb

was the first human tumor suppressor gene identified and is directly involved in

many human cancers. Deletion or mutation of Rb results in cyclin D-independent

G1 to S progression and loss of cell cycle regulation (Lukas et al., 1995). Several

studies have demonstrated that Rb is a critical component of the cell cycle

machinery and have characterized its downstream effectors and regulatory

mechanisms. Rb silences transcription factors such as E2F by binding and

masking its activation domain as well as recruiting histone deacetylase, HDAC1,

to repress E2F-regulated genes (Brehm et al., 1998; Magnaghi-Jaulin et al., 1998).

Rb also induces the transcriptional of growth regulatory genes including c-Fos, c
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Jun, c-Myc (ref) and represses pol III transcription through inhibition of TFIIB

(Larminie et al., 1997).

D-cyclins, CDK4/6 and their CDK-inhibitors (INKS) regulate Rb

phosphorylation and activity. INK4a (inhibitors of kinase 4 and 6) proteins are

potent, specific inhibitors of CDK4 and CDK6 that mediate G1 cell cycle arrest.

p15INK*, p16|NK*, p18.MK+ and p191NKid are small ankyrin-repeat proteins that

prevent both the assembly and activity, of cyclin D/CDK complexes (Sherr and

Roberts, 1995; Sherr and Roberts, 1999). Although the INK proteins appear

redundant based on their catalytic activities and biochemical properties, they

might have distinct, cell type-specific functions, similar to the cyclin D proteins.

For example, INKs might have distinct preferences for CDK substrates, or

perhaps, other non-CDK targets. Interestingly, there are two precedents for

interactions between CDK inhibitors and transcription factors; p19 was cloned in

a yeast two-hybrid screen for proteins that interact with Nur/7, an orphan

nuclear receptor; and in yeast, the CDK inhibitor PHO81 contacts the

transcription factor PHO4 in the phosphate metabolism regulatory pathway.

The function of these interactions is not clear.

In this study, I examine the relationship between GR and components of

the cell cycle machinery. Interestingly, GR activity is regulated throughout the

cell cycle, correlating with changes in its phosphorylation state (see Figure 3-1).

Cellular kinases selectively and differentially modulate GR activity via

phosphorylation sites that reside primarily in the N-terminal regulatory domain

i
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(see Figure 1, Introduction). The interaction of GR with cell cycle regulators may

specify distinct responses and requirements for different GR domains depending ºº/
on cell type. In turn, GR may modulate the activity of cell cycle regulators }/)

through direct protein-protein interactions or transcriptional regulation. –4 - ~
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MATERIALS AND METHODS

Plasmids

pSP64T-N795 and pSP6–407C were made by S. Holley and GST-X525 was

made by B. Starr. GST-p16, GST-p18, GST-p19 and GST-Rb were gifts from M.

Rousell and C. Sherr.

GST-protein purification

BL21 cells expressing GST fusion transgenes were grown at 37°C to

OD600-X. Transgene expression was induced with IPTG for X hours. Cells were

harvested by centrifugation and lysed by sonication to prepare cell extracts. A

glutathione-Agarose bead slurry was added to extracts and samples were

incubated at 4°C with rocking for x hours. Beads were collected by

centrifugation at 14,000 k, washed 3 times in kinase buffer containing protease

inhibitors and either used immediately or stored at -80°C.

In vitro binding assay

In vitro transcription/translation reactions (IVTs) were carried out using

the Promega TNT kit. Briefly, 2 pig of DNA template was added to a reaction

mix containing 25 pil rabbit reticulocyte lysates, 2 pil 10X TNT buffer, 1pl Rnasin,

1 pul AA-cysteine, 1pil polymerase and 4 pil 338-cysteine and incubated at 30° for

one hr. 10 pil of IVT reaction was added to glutathione-agarose beads bound

with GST-tagged protein in kinase buffer and incubated for 30 min at RT. Beads
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were washed four times with kinase buffer to remove unbound protein(s),

resuspended in an equal volume of 2x SDS sample buffer, boiled for 2-5 min and

run on a 15% SDS-PAGE gel. Gels were dried and exposed to film at RT

overnight.

Kinase assay

GST-RB substrate was bound to a 50% slurry of glutathione-agarose beads

for 30 min on ice and washed twice with kinase buffer (ingredients). All kinase

reactions were carried out for 30 min at room temperature with constant mixing.

The glutathione-agarose beads were washed 3 times with 1 ml of kinase buffer to

remove unincorporated radioactive isotope and resuspended in an equal volume

of 2x SDS sample buffer (ingredients). Samples were boiled for 2 min to release

bound protein complexes and separated on 12% SDS-PAGE gel. The gel was

dried and exposed to film at -80°.
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RESULTS

GR interacts with INK proteins in vitro

The involvement of GR in regulating cell growth and the Nur■ /7-p19

interaction suggested that GR might interact with cell cycle regulators. To

determine whether GR also interacts with p19, as well as other INK4a proteins, I

performed in vitro “pull down" experiments with in vitro transcribed and

translated full-length GR (GR-N795) and comparable amounts of GST-INK4a

fusion proteins. Results from these experiments showed that GR-N795

specifically interacted with p16 and p19, and very weakly with p18 but not with

GST alone. The GR-INK interaction is significantly enhanced in the presence of

hormone (Figure 3-1) and is LBD-dependent as no effect of hormone was seen

when the LBD is deleted (see below and Figure 3-3B). However, the effect of

hormone on the GR-INK interaction varied significantly (Figure 3-3A),

suggesting that unknown parameters mediating the interaction remain

uncontrolled for in these experiments.

GR-INK interaction is mediated through the GR DNA binding domain

To identify the GR domain that mediates the GR-INK interaction, I tested

several GR derivatives for interaction with INK proteins. All GR species were in

vitro transcribed and translated (see Materials and Methods) and incubated with

purified GST-p16, p18 or p19. A GR derivative lacking the N-terminus (GR

407C) remained competent to interact with p16 and p19 (Figure 3-3A). GR-X525,
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which contains the GR DBD alone, was sufficient to interact with p16 and p19

(Figure 3-3B). There was little interaction between all GR derivatives and p18

and very little effect of hormone in these experiments.

GR interacts with D-cyclins and CDK4

Since INK proteins interact with and affect the activity of other cell cycle

regulators, I determined the ability of GR to interact with other components of

the INK/cyclin/CDK complex. In GST pull down assays with in vitro translated

GR and GST-cyclin D1, 2, 3 and CDK4, I observed interaction between GR and

cyclin D2, D3 and CDK4, but not cyclin D1 (Figure 3-4A). These interactions

occurred in the absence of hormone. Interestingly, others have reported that

cyclin D1, but not cyclin D2 or D3, interacts with the estrogen receptor,

supporting the notion that there are distinct, specific functions for D-cyclins with

respect to intracellular receptors.

Does GR modulate INK4 activity?

I have presented evidence for interaction between GR and INKs, D-cyclins

and CDK4 in vitro. What are possible functional consequences of these

interactions? It is possible that GR interacts with the ternary cyclin

D/CDK4/INK complexes to either promote or prevent Rb phosphorylation,

thereby regulating cell cycle progression. Inhibition of Rb phosphorylation

could occur through direct interaction of GR with the assembled cyclin/CDK

.
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complex, disruption of the complex through interaction with at least one

component, or prevention of complex formation. GR interaction with INKs

could also promote inhibition of CDK4, either by mediating interaction with the

kinase, or by affecting the activity of the INK. To ascertain whether GR affected

the activity of the active cyclin D1/CDK4 complex, I examined whether the GR

p16 interaction affected Rb phosphorylation. Affinity purified GST-Rb substrate

was incubated with extracts from Sf9 insect cells expressing active cyclin D1/

CDK4 (gift of M. Rousell). Rb was phosphorylated under these conditions

(Figure 3-5, lane 1) and either 25 or 50 ng of p16 inhibited Rb phosphorylation

(lanes, 2 and 6). Addition of 122, 25 or 59 ng of GR did not significantly alter the

extent of Rb phosphorylation. It cannot be excluded that other components may

be required for GR to affect Rb phosphorylation, especially given the specificity

of GR-INK and GR-cyclin interactions.

It remains unclear whether GR mediates some of its effects on the cell

cycle through regulation of Rb activity. Furthermore, this study did not

investigate whether the cell cycle regulators can affect GR activity, such as DNA

binding or coactivator interaction. Experiments that address these issues are

discussed below.

80



DISCUSSION

The preliminary results presented here suggest interactions between a

transcription factor, GR, and cell cycle regulators. There are three precedents for

this type of interaction; (1) in yeast, the transcription factor PHO4 contacts

PHO81, an inhibitor of the cyclin/CDK complex (PHO80/PHO85); (2) the CDK

inhibitor p19NK*d interacts with the orphan nuclear receptor, Nur/7, in a yeast

two-hybrid assay. Interestingly, both Nur/7 and GR are involved in T-cell

apoptosis and mutually antagonize each other's transcriptional activity (Philips

et al., 1997); (3) Cyclin D1 interacts with and enhances estrogen receptor (ER)

transcriptional activity by increasing ER DNA binding as well as recruiting the

coactivator SRC1. These effects on ER are cyclin D1-specific and CDK

independent [Zwijsen, 1998 #848; 1997 #834].

Interestingly, the estrogen receptor the glucocorticoid receptor, are the

only known non-CDK targets of D-cyclins. Furthermore, the interaction of cyclin

D1 with ER has important implications for breast cancer and growth control.

Cyclin D1 is amplified or overexpressed in a number of human malignancies,

including breast cancer (Barnes and Gillett, 1998). Cyclin D1 knockout mice are

defective in hormone-induced breast epithelium development associated with

pregnancy (reminiscent of PR-/- mice). Estradiol is a mitogen in breast epithelial

cells, while anti-estrogens inhibit the expression of ER-regulated genes and

reduce cell proliferation. Interestingly, cyclin D1 overexpression abrogates the
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growth inhibitory effects of anti-estrogens (Wilcken et al., 1997). Together, these

findings implicate cyclin D1 in ER-mediated cell cycle regulation.

In some cell types, GR regulates the expression of cyclin D3, CDK4 and

CDK6 (Rogatsky et al., 1997). The direct interactions between GR and cyclins D2,

D3, CDK4 and INK proteins suggest that the receptor may regulate their

activities. Additionally, the effect may be mutual, as the D-cyclins and/or INKs

may affect GR activity. Cyclin/A/CDK2 phosphorylates and affect GR activity

(Rogatsky et al., 1997).

A major question that arises from this work is whether these in vitro

interactions occur in vivo. This can be addressed by examining protein-protein

interactions with immunoprecipitations (IPs) with GR in different cell types and

under different growth conditions (proliferating, G1-arrested, tumorigenic).

These interactions may serve to modulate GR activity, which could be assessed

by assaying receptor activity in cells that overexpress cell cycle regulators. And

lastly, CDK, cyclin, INK and GR mutants can be used to probe the specificity of

interaction in additional in vitro binding studies as well as the in vivo assays.

.
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Figure 3–1. GR interacts with INK proteins in vitro. ; --
(A) In vitro translated GR-N795 was incubated with purified GST-p16, -
p18 or -p19 in both the absence and presence of 10 puM DOC. Bound
complexes were purified with glutathione-agarose beads and analyzed by
SDS-PAGE.
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Figure 3-2. The GR DNA-binding domain mediates interaction with
p16 and p19.
In vitro translated GR-N795, GR-407C or GR-X525 was incubated with
GST p16, p18 or p19 and analyzed by SDS-PAGE. (A) GR-407C interacted
strongly with p16, weakly with p19 and not at all with p18. (B) Interaction
of the GR-X525 is seen with p16 and p19 but not p18. The addition of
hormone did not significantly affect interactions.
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Figure 3-3. GR interacts with cyclin D proteins and CDK4.
(A) GR interacts specifically with cyclin D2, cyclin D3 and CDK4. (B), Control
showing p16, p18, p.19 interaction with CDK4 (
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Rb → *-* * * - - - -

Figure 3–4. Rb kinase assay.
GST-Rb was incubated with extracts from Sf9 cells expressing active cyclin
D/CDK4. Lane 1 = Rb alone; 2 = Rb+ p16 (25 ng); 3 = Rb, p16, GR (12.5 ng); 4 =
Rb, p16, GR (25 ng); 5 = Rb, p16, GR (50ng); 6 = Rb+ p16 (50ng); 7= Rb, p16, GR
(12.5 ng); 8= Rb, p16, GR (25 ng); 9 = Rb, p16, GR (50 ng);

>
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The evolution of intracellular receptors in metazoans arose with the need

to coordinate diverse signals in a multi-cellular organism for appropriate and

efficient responses to changes in physiologic state. A major challenge in the

study of GR-mediated transcriptional regulation is to understand how a single

receptor can receive, integrate and communicate these signals depending on cell

context. Clearly, the receptor alone is insufficient to account for the vast and

multifaceted array of responses elicited by its small cognate ligand.

The work presented in this thesis was aimed at functionally identifying

modulators of the glucocorticoid receptor to attempt to unravel the complex

network of pathways that regulate receptor activity. It originates from the

seminal finding that GR functions in the single-cell eukaryote, S. cerevisiae

(Schena and Yamamoto, 1988), implying that the receptor interactions and

functional surfaces have been stringently conserved. The evolution of the

glucocorticoid receptor and its regulatory proteins is likely to have occurred by

building upon pre-existing regulatory interfaces to achieve more diverse,

complex and integrated cellular functions. Consistent with this notion, many

players in the GR regulatory pathway are conserved (Bohen and Yamamoto,

1994; Cairns et al., 1996; Imhof and McDonnell, 1996) and the phenotypes of GR

mutants remain remarkably consistent between yeast and mammalian cells,

demonstrating that the receptor forms appropriate molecular contacts and

interactions in both organisms (Iñiguez-Lluhi et al., 1997). The study of the

glucocorticoid receptor in yeast offers the tremendous advantage of using

:
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genetics to tackle the problem of deciphering the ever-increasing complexity of

signals transduced by the receptor. It allows the use of GR as a "molecular

probe" to identify factors with which it functionally interacts. Because much of

GR regulation is mediated by multi-protein complexes, such as Swi/Snf, as well

as numerous signaling pathways, a functional assay is critical, as many

modulators of GR may not directly contact the receptor.

Here, I performed an unbiased genetic screen to identify modulators of

GR activity. I have provided evidence that LEM3, an endoplasmic reticulum

membrane glycoprotein, down-regulates GR activity and therefore argued that

LEM3 is a component of a novel ER-nuclear signaling pathway. Furthermore,

LEM3 may have more general cellular functions that extend beyond GR, as I also

demonstrated that it affects the activity of the yeast AP1 transcription factor

(YAP1). The unexpected finding of this link between an ER factor and nuclear

transcriptional regulators would not have been found through a conventional

protein-interaction screen. Moreover, it reinforces the central tenet of this

dissertation that there needs to be many ways to impart signals to GR.

Intriguingly, previously described ER-nuclear signaling pathways communicate

stress responses to the nucleus. GR and YAP1 are known to respond to different

cellular stresses, suggesting a possible rationale for being common targets of

LEM3.

The use of yeast as an “in vivo test tube" to GR regulation is a powerful

tool that offers glimpses into regulation of GR activity in mammalian cells.

.
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However, it can only be one component of a comprehensive functional analysis.

For this reason, it was important to demonstrate that my findings in yeast were

significant in GR's natural context. The identification of mammalian LEM3,

which down-regulates GR activity in mouse cells demonstrates the evolutionary

conservation of this ER-nuclear signaling pathway and the relevance of my

findings in yeast. To further delineate this pathway, a second screen in yeast for

suppressors of lem:3 led to the isolation of YCK3, a nuclear casein kinase whose

function is not well characterized. This work describes a novel function for

YCK3 in regulating GR activity in yeast. Given the provocative, albeit

preliminary connections between intracellular receptors and mammalian casein

kinases (Chauchereau et al., 1992; Harada et al., 1996), it will be important to

extend this finding to GR activity in mammalian cells.

Naturally, other questions remain to be addressed. For example, is

calneticulin, an ER-lumenal protein that down regulates GR, involved in the

LEM3-GR pathway? Is AP1 activity affected by LEM3 in mammalian cells?

Does YCK3 also mediate LEM3 effects on YAP1? Additionally, a deletion

analysis of LEM3 will be necessary to identify its functional domains and

activities.

To conclude, the data presented here provides a greater understanding of

glucocorticoid receptor function. In a broader context, factors that modulate the

activities of intracellular receptors may be physiologically important as their

aberrant activity could lead to disease if they render receptors hypersensitive to
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ligand, unresponsive to ligand, or active in either the absence of ligand or the

presence of an inappropriate ligand. Identifying and characterizing the

regulatory inputs that specify GR activity in a given cell, under particular

physiologic states will be key in therapeutic treatment and design.
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