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CULLIN § AS A REGULATOR OF HSPR0 CLIENTS: ANEW TARGET FOR
DRUG DEVELOPMENT

CROSS-REFERENCE TO RELATED APPLICATHONS
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This application clgims the benefit of ULS: Provistons] Application No. 61/261,5339,
{iled Noverber 16, 2009 which is incorporated herein by reforence it its entirely.
STATEMENT OF GOVERNMENTAL INTEREST
This invention was made with LS, government support ander grant no.
A002644, The LS. govermment has certain rights in the invention,
¥ FIELD OF THE INVENTION
The present fnvention relates 1o the ficld of molkecular biology.
BACKGROUND QF THE INVENTION
The regulation of client proteins by heat shock protein 90 (Hsp90) plays an
impertant role o oritical cellular processes such as eell oyvele control and apoplosis.
i3 Drysregulation is linked to cancer and nevrological diseases (1, 2} Hsp90 s a
molecular chaperone responsible for the correct flding of proteins, alfowing them to
attain their proper fumctional conformations (3}, Many client proteins of Hsp%0 are
overexpressed oncogenes that are critical for the transtormed phenotype observed in
tunors {(4-6). Clients of Hsp90 are also regulated by the shiquitin/proteasome system
26 (7). However, the wentity of the cellular B3 ubiquitin Higase(s) that regulate(s) Hyp®0
clieat proteins is stifl elusive.
The Cullin Eunily of RING B abiguitin ligases are moduiar enzyimes that act
as a scaffolding to bring a specific substrate within close proximity to the E2 ubigquitin

conjugating enwyme, thereby facilitating ubiquitination and subsequent proteascmal

j o
p )

degradation (&, 9), There are seven known human Callin proteins, Call, 2, 3, 4a, 4b,
3, and 7, with diverse functions from cell eycle regulation, w DNA repair, to
regulation of developmentad processes, Substrate specificity is determined by the
combinatovial nature of B3 Higase assembly, In the case of Cull, diversity s achioved
by the assembly of different F-box substrate receptor proteins with Call through a
3 single Skpl adaptor protein (10). Each F-box profein determines the speeificity of
Cull sebstrates. Culd is pnigue in baving one protein with two domains, one
functioning as an adaptor forming an interface with Cullin, and the other acting as 8

substrate receplor (9),
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Cul2 and § are interesting in that they both use ElonginB-C adaptor proteins,
through which they bind a SOCS box containing substrate receptor (33, Whether a
stbstrate receptor recraits Cul2 or Cald depends on an additional Cellin binding
interfice. In the case of cellular subsirate receptors, Cullin selection is determined by
the presence of a VHL or SOCS box motif (11), in the case of HIV and SIV, 3 zine~
stabilized helix mediates Cald selection (12-13)

SUMMARY OF THE INVENTION

The presemt fnvention is based, i parl, on the seminal discovery that CUuld

regulates Hap9h clients. As shown herein, ColS interacts with the Hap3) chaperone
comples and the Hsp90 client ErbB2, and CulS s recraited to the site of ErbB2 on the
plasma membrane, thereby inducing s polyvabiguitingtion and proteasome~medigted
dogradation. Other HspB0 client protefns, such as HIFT-g, were also regulated by
Caly, ColS-mediated degradation of ExbB2 was observed {0 occur in the absence of
the traditional CulS adaptors ElonginB and BlonginC, suggesting that a componeit of
the Hsp9l chaperone complex may serve this function. This is an exsople of g Hnk
between Hsp90 and the Collin family of B3 gbiquitin ligases. This is also a report of
an BlonginB-ElonginC-independent Culd B3 ulnguitin ligase.
HspP0 is a well-cstablished target for chemotherapy (16). The resalts shown
herein provide an explanation for the decrease or loss of Culd expression that is
observed in a sumber of cancers {17). The data also suggest that Cold levels counld
potentially influence susceptibility to centain cancers and the effectiveness of anti-
caneer treatment with geldananyyein or its derivatives, which are currently i human
chnical rials.

Avcordingly, in certain aspeets, the present invention provides methods for
determining whether an agent causes an increase in the expression of Callin § protein,
In certain embodiments, the method conywises the steps of (8) contacting the ageat
with a eukaryotic cell under conditions which, in the absence of the agent, permit
expression of Cudlin § protein; (b} determining, after a suitable period of time, the
amount of expression of Cullin 5 proteby in the cell; and (¢} comparing the amount of
sxpression deternuned in step (b)) with the amount of expressiom which ocours in the
absence of the agent, whereby an increased amonnt of expression in the presence of
the agent indicates that the agent canses an merease in the expression of Cullin §

protein,

b2
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11 one embodiment, determining the amount of expression of Cullin § protein
in the cell may be performed by determining the amount of Callin 5 protein-encoding
mRNA present i the celll In an alternative embodiment, determining the amount of
expression of Cullin 5 protein in the celf may be performed by determining the
amount of Cullin § protein present in the cell In a specific embodiment, the
determining the amount of Cullin 3 protedn in the cell &8 performed nsing an antibody
specifie for such protem,

fn other asperts, the present invention provides methods for determining
whether an agent causes an moreass in the activity of Cullin 5 protein. In particalar
embodiments, the method comprises the steps of () contacting the agent with a
cukarvotic cell under conditions which, i the absence of the agent, permit activity of
Cullin 5 protein; (b) determining, after a suitable period of time, the amount of
activity of Cullin § protein in the celh and (¢} comparing the amount of activily
determined i step (b with the amount of activity of Cullin 5 protein which occurs in
the absence of the agent, whereby an increased amount of activity in the presence of
the agent indicates that the agent causes an inorease in the activity of Cullin § protein,

in particalar embodiments, the eukaryotic cell is prosent in a cell culture. The
celf may be g tumor cell.

in other aspect, the present invention provides methods for increasing the
expression of Cullin 3 0 a sukaryotic cell. In one embodiment, the method comprises
introducing into the cell an agent which specifically increases the expression of Cullin
3 protein in the celll The agent may be a polynuclestide. More specifically, the
polvnocleotide may be an expression vector encoding Cullin 3. In particular
embodiments, the call may be a tumor cell. Moreover, the cell may be characterized
by the overexpression of an HSPOO client protein,

The present invention further provides methods for treating a subject affticted
with an HSPOO client protein related disorder. In a specific embodiment, the muethed
comprises administering to the subject g therapeutically effective amount of an agent
which specifically ncreases the expression of Cullin 5 protein in the cells of the
subject. The method may further vomprise the step of admuniztsring an HSPOG
inhibitor to the subject. In cevtain embodiments, the subject is lueman, The agent may
be a polynucleotide. In particular emibodiments, the polynucleotide may be an

expression vector encoding Cullin 3.

(49}
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The HSP client protein may be selected from the group consisting of ErbB2,
Hit-1e, o-Rav-1, AR/PKE, TDK4, Polo-1 kinase, Met, mutant p&3, and ATERT. lna
specific embodiment, the HSP client protein ts ErbB2. In an alternative
embodiments, the HSP client protein s Hilv 1o

BRIEF DESCRIPTION OF THE FIGURES

Figure | demonstrates that Culs interacts with the HspR0-Hep70 chaperove
complex. In Figure 1A, CalS-HA and CalS-omye were immunoprecipitated with anti-
HA-conjugated agarose beads. The chuates were analyzed by SDS-PAGE and
Coomassie staining, and bands were identified by mass spectrometry. In Figures 1B
and 1C, CulS-HA and Culd-cmye were immunoprecipitated with anti-HA-conjugated
agarose heads in (B) 29371 and () URT cells. Eluptes were analyzed by SDR-PAGE
and Western blatting with antibodies against HA, Hep90, and Hsp70. In Figwre 11,
293T cell bysates were incubated with antibody against Hsp70 or IgG and protein A/G
agarose. Protein complexes were innnuneprecipitated and anatyzed by SDS-PAGE
and Western blotting with antibodies against Hep70 and Culs. In Figure {E, 2037
cells were treated with GA or DMSO as indicated. Protein complexes were
immunoprecipitated with anttbodies against Cold and protein A/G agarose. Eloates
were anatyzed by SDS-PAGE and Western blotting with antibodies against CalS,
Hsp90, and Hsp70, in Figure TF, 2937 cells were transfected with the ErbB2
expression vector and treated with G& or MG132 as indicated. Cell lysates were
incubated with antibody against ErbB2 and with protein A/G agarose. Immuno-
precipitates were analyzed by SDS-PAGE, followed by Waestern blotting with
antibody against Culd.

Figure 2 shows that Culd s recrutted to ErbB2 at the plasma membrane. Tn
Figures 2A-2F, 2937 cells were transfected with the ErbB2 expression vector (2D-2F)
or empty vector control (2A-2CY  Twenty-four hours alter tragsfection, the cells were
plated on glass coverships and incubuated for 16 h Celly were fined, parmsablivad,
and stained with witibodies against endogenous ColS and ErbB2. Slides were
visualized using a Aeiss Meta ST confocal microscope and viewed with LSM

software, Images are equivalent sHices of o z-stack.

Frgare 3 reveals that Cold i required for polyuhiguitination and proteasomal
degradation of ExbB2, In Figure 3A, CHIF knockdown dogs not completely stabilize
ErbB2. 2037 cells were transfected with ErbH2 and either CHIP or control sSIRNA as

indicated. AU48 h after transibetion, the cells were treated with GA or DMSO for 16

4
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ho ErbB2 stability was assessed by Western blotting with antibodies against ErbB2,
CHIP, and ribosomal piY. In Figure 3B, ErbB2 degradation is inhibited by the Culs
dominant-negative nustant. 2937 cells were transfected with ErbB2 and
CuldANeddS-cmye where indicated. At 48 h after transtection, the cells were treated
with GA or DMSO for 16 has indicated. ErbB2 stability was asscssed by Western
blotting with antibodies against ExbB2, emye, and vibosomal pl9. in Figure 3C, Culd
shRNA intubits G A~-mediated degradation of ErbB2 in SKBR2 cells. SKBR3 cells
were infected with kentivirnses contaming GFP targeting or Culd targeting shRMNAL
Twenty-four hours post infection, cells were selecied with puromvein for 1 week,
Cells were treated with GA or equivalent volame of DMSO for 2 b Cells were
harvested and analyzed by Western blot against ErbB2, Cals, or f-actin where
incicated. Tn Figure 3D, 3 Culf dommant-negative mutant s shown to inhibit ErbB2
pnlyuhiqui_tinai:ifm. 2637 cells were transtected with ErbB2 and CulSANeddS-cmye
as indicated. A48 b afler transfection, the cells were trested with 5 pM MG132 and
3 M GA or DMSO for 4 hoas indicated. Cell ysates were incubsted with anti-Eybi2
and protein G-conjugated agarose. Immuvoprecipitates were then analyzed by
Western blotting with antibodies against ErbB2, myc, and ubiguitin

Figore 4 demonstrates that CulS is veguired for EvbB2 and Hif~lo degradation.
In Figure 4A and 48, Cals but not Cul2 is reguired for GA-mediated ErbB2
degradation. 2937 cells were transfected with the ErbB2 expression vector and Culs,
Cul2, or control siIRNA as indicated. Forty-cight hours post transtection, the cells
were trested with GA or DMSO for 16 ke ErbB2 stability was sssessed by Western
blotting with antibodies againat Brbl2, Cul, Culs, and ribosomal pl9. In Figure 40
and 4D, Culs s required for GA-mediated degradation ol HIF-T1a. 2937 cells were
cotransfected with HIF-1e-HA expression vector and Cull or control siRNA or
CulSANeddS as indicated. AU 48 hoalter transiection, the cells werg treated with OA
or DMEO for 16 h HiF-1o stability was assessed by Western hlotting with antibodies
against HA, Cul3, and ribosomal pl9.

Figure § domonstrates that CulS-mediated degradation of ErbB2 occurs via an
ElonginB-ElonginC-independent mechanisin In Figure 5A, ElonginB and ElonginC
are not reguired for GA~mediated degradation of ErbB2. 2937 cells were
cotransfected with ErbB2 expression vector and ElonginB or control siRNA as
indhcated. At 48 h after transfection, the cells were treated with GA or DMSO for 16
h, ErbB2 stability was assessed by Western blotting with antibodies against ErbB2,

5
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ElonginB, ElonginC, and ribosomal p19. In Figure 3B, ElonginB and Elongin(C are
required for HIV Vifbmediated degradation of APOBEC3G {A3G), 2937 cells were
cotransfected with A3G and Vifexpression vectors and ElonginB or condrol siIRNA
where indicated, A48 hafter transfection, the cells were hapvested, and A3G
stability was assessed by Western blotting with antibodies against A3G-HA,
ElonginB, ElonginC, and ribosomal pi9. {n Figure 3O, the Elongin dominant
negative mutaot can no fonger interact with the SOCS box containing substrate
receptor, yet retains interaction with Cald. In Figure 3D, ElonginC & not required for
GA-mediated degradation of ErbB2, 2937 cells were cotranstected with BErbB2

expression vector and ElonginCAd or control empty vector as indicated. At48 hafter

transfection, the cells were treated with GA or DMSO for 16 k. BErbB2 stabilily was
assessed by Western blotting with antibodies against EebB2, HA-tagged ElonginC A4,

and ribosomal pi®. o Figure SE, BlonginC is reguired for Vif-mediated degradation
of AMG. 2937 cells were cotranstected with A30 and Vi expression vectors and
ElonginC A4 or controt empty vector where mdicated. Forty-vight hours post
transfection A3G stability was assessed by Western blotting with antibodies against

HA-AZG, HIV Vit HAtageed ElonginC A4, and ribosonal pl9,

e

Figure 6 presents a proposed mode! for Culi-mediated regudation of HspS0

client proteins. GA treatment or ATP hydrelysis induces remodeling of the Hspdi

chaperone complex, resuliing i recraitment of the CulS-E3 obigquitim ligase, followed
by polyubiquitination and proteasomal degradation of ErbB2 or other HspY0 cliont
profeins,

Figure 7 reveals that Celd but pot Cul2 co-localizes with ErbB2 at the plasma
mersbrine, In Figures 7A and 78, 2937 colls were transtoected with the ErbB2

exprassion vector and Cal2-HA {7A) or Cul3-HA (7B}, Twoenty-four houors affer
transfection, the cells wers plated on glass coverstips and incubated for 161, Cells
were {ixed, permeablized, and staingd with antibodies against HA and ErbB2. Shides
were visualized asing a Nikon Eclipse 201 upright microscope and viewed with
Velocity snftware.

Figure & shows that Cold co-localizes with ErbB2 at the plasma membrans. In
Figures 8A and 8B, 2937 cells were transtected with the ErbB2 expression vector
(8B} or empty vector control {8A). Twenty-four hours afler transfection, the cells
were plated on glass coverslips and incubated for 16 h. Cells were fixed,
pormeablized, and stained with antibodics against endogenous Culd and FrbB2.

6
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Stides were visualized asing & Zeiss Meta 310 confocal microscope and viewed with
L3M software. lmages ave sequential slices of a z-stack.

Frgore @ demonstrates that ErbB2 expression does not drastically attect cell
integrity, In Figures 9A and 98, 2937 cells were transfected with the Cals-HA
expression vector and ErbB2 (98) or vector controf (9A). Twenty-four hours afler
transfection, the vells were plated ou glass coverstips and meubated for 16 b Cells
were fixed, permeablized, and stained with antibodies against HA and ErbB2. Slides
were visualized using a Nikon Eclipse 901 upright microscope and viewed with
Yelooy software,

DETAILED DESCRIPTION OF THE INVENTHON

i iy understoond that the present ivention s not finsted to the particular
methods and components, ete., described berein, as these may vary, il alsoto be
anderstood that the torminology used herein is used for the porpose of deseribing
particular erobodiments only, and s not intended to Hinit the scope of the present
invention. {t must be noted that as used herein and in the appended claims, the

g

singular forms “a.” “an,” and “the™ nclode the plural reference wuless the context
clearly diclates otherwise, Thus, for example, a reference to 8 “protein™ 1 a reforence
0 one or more proteins, and inclades eguivalents thereot known to those skilled i the
art and so forth,

Unless defined otherwise, all technival and scientific terms used herein have
the same meaning as conwnonly understood by one of ordinary skill in the art to
which this invention belongs. Speeific methods, devices, and materials are described,
although any methods and materials similar or equivalent to those described herein
can be used in the practice or testing of the present invention.

All publications cited herein are horeby incorporated by reference including all
journal articles, books, manuals, published patent applications, and issued patents, I
addition, the meaning of cortain termas and phrases employed in the specification,
exanples, and appended clatms are provided. The definitions are not meant o be
limiting in nature and serve to provide a clearer understanding of certain aspects of
the present invention.

Accordingly, mn certain aspects, the present invention provides methods for
determining whether an agent causes an increase in the expression of Cullin 3 protein,
As ased herein, the torm ® agent” means any compound that is being examined for the
ability to inerease Cullin 3 expression and/or inorease Cullin § activily, An agent can

-~
i/
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he any type of molecule including, but not Hmited to, & polynucientide, peptide, an
andibody, a glycoprotein, a carbobydrate, & small organic moelesule, or a
peptidomimetic.

The term “polynucleotide™ or "nuclele scid™ is used broadly herein 1o mean a
sequenee of two or more deosyribonuclcotides or ribonucleotides that are linked
topether by a phosphodiester boud,  As such, the term “podynuclentide” includes RNA
and DNA, which can be an isolated naturally eccurring polynucieotide or portion
thereal or a syuthetic polvnuckeotide, and can be single stranded or double stranded,
aswel as a DNARNA hvbrid, A polynucleotide agent (or agent) can contain
nucleoside or nucleotide analogs, or a backbone bond other than a phosphodiester
bond. In general, the nucleotides comprising a pobroucleotide are naturally occurring
deoxyribonucieotides, sach as adenine, ocytosine, guanine or thymine finked to 27-
deoxyribose, or ribonucleotides such as ademine, eytosing, geanine or wracil finked to
ribose. However, a polynucieotide also can contain nucleotide analogs, mcluding
nonenaturally ocourring synthetic nucleotides or modified naturally ocourring
aueleotides. Such nuclentide analogs are well known in the art and commercially
avaifable, as are polynocleotides containing such nocleotide analogs, See Pagratis ot

al, 13 NATURE BIOTRCHNGL, 68-73 (1997); Jellinek ot al,, 34 BIOCHEMISTRY 11363~

FI3T2 (1995); and Lin ot al., 22 NUQL, ACiDs RES, 3220-34 (19943,

The covalent bond linking the nucleotides of @ polymiclentide ponerally is a
phosphodiester bond. However, the covalent bond glso can be any of numerous other
honds, tneluding a thiodiester bond, a phosphorothioate bond, a peptide-like bond or
any other bond known to those o the art as useful for linking nuckeotides to prodoce
synthetie polynucleotides. See, ez, Eoker and Crooke, 13 BroTeCHNOLOGY 351-60
{1993 and Tam et al, 22 NUCL, ACiDs Res. 977-86 {1994). The incorporation of
non-naturally cccurring nucleotide analops or bonds linking the sucleotides or
analogs can be particudarly waeful where the polynuchotide is to be exposad to an
environment that can contain a nucleehyiic activity, including, for exarople, a tissae
culture medium or upem administration o a living subject, since the modified
pobvracleatides can be less susceptible to degradation.

A polyoucleotide comprising naturally ocowring wuckotides and
phosphodisster bonds can be chemivally syothesized or can be produced using
recombinant DNA methods, using an appropriate polynusleotide as 8 tomplate. In
comparison, a polvnucleotide comprising nucleotide analogs or covalent bonds other

t
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than phosphodiester bonds generally will be chemically synthesized, although an

enzyme such as T7 polymerase can incorporate sevtain types of nucleotide analogs
nto a polynucieotide and, therefore, can be used to prodoce sach a polvnucieotide
recombinantly from an appropriate template,

Peptides also can be usefu! as agents, The term “peptide™ & used broadly
heratn to refer to a molecule containing twve or more amine acids or amine acid
analogs (or modified forms thereof) linked by peptide bonds. As such, peptide test
agents {or agents) can contain one or more IJ-amino acids andior L-aming acids;
andfor one or more aming actd analogs, for example, an amine acid that has been
derivatized or otherwise modified al its reactive side chain, In addition, one or more
popiide bonds in the peptide can he modilied, and a reactive group at the amino
terminus or the carboxy terminus or both can be modified. Peptides containing D-
armine acids, or L-amino acid analogs, or the ke, can have improved stabitity to a
protease, au oxidizing agent or other reactive material the peptide may encounter ina
hiologica] environment. Further, the stability of a peptide sgent {or test agent) can be

hatd

improved by generating (or linking) a fusion protein comprising the peptide and a

‘.‘!;

econd polypeptide (e.g., an Fe domain of an antibody) that increases the half-life of
the peptide agent in vivo. Peptides also can be modified to have decreased stability in
a binlogical environment, if desired, such that the period of time the peptide is active
i the environment s reduced.

Antibodies provide an oxample of peptides useful as agents in an assay of the
present invention, As used berein, the term “antibody™ is used in #ts broadest sense to
neclude polycional and monoecional antibodies, as well as aptigen binding fragments
of such antibodies, Antibodies are chiracterired, in part, in that they specifically bind
to an antigen, particularly to one or more epitopes of an antigen, The torm “binds
specifically™ or “specific binding activity”™ or the Bike, when used in reference to an
antibody, rocans that an interaction of the antibody and a particutar epilope has a
dissociation constant of at least about h 0™ M, gonerally at least about 1x WM,
usuafly at least about 1x107 M, and particularly at least about 1x107 M or 11079 M
or less. As sueh, Fab, I(ah”\;« Fd and Fv fragments of an antibody that retain speeific
binding activity are included within the definition of an antibody.

The term “antibody™ as used herein includes naturally ocourring antibodies as
well #s non-naturally cecurring antibodies, including, for example, single chain
antibodies, chimeric, bifunctional and humanized antibodies, as well as antigen-

9
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hinding fragments thereof. Such non-naturally cccwrring antibodies can be
onstructed using solid phase peptide synthesis, can be produced recombinantly or
can be oblained, for example, by screening combmmatorial bbraries consisting of
vartable heavy chatns and variable Hight chains See Huse et al,, 246 SCixCE 1275
1281 (1989). These and other methods of making, for example, chimeric, humanized,
CDR-grafted, single chain, and bitunctional antihodies are well known in the art. See
generally, Harlow and Lane, ANTIRODIES. & LARBORATORY MANUAL {Cold Spring
Harbor Laboratory Pregs, 1999y Borrabeck, Antibody Engincering, 2d ed. {Oxford

University Press 199353 Winger and Harris, 14 IMMUNOL, TODAY 243-46 (1993);

Hilyvard ef al., PROTEN ENGIN
Ward et al., 341 NATURE 344-46 (1989),

SERING. A PRACTICAL APPROACH {IRL. Press 1992} and

In cartain embodiments, the method comprises the steps of (3) contacting the
agent with a eukaryvotic celt under conditions which, i the absence of the agent,
permit expression of Cullin 3 protein; (b determining, after a suttable period of tine,
the amownt of expression of Collin 5 protein in the cell; and () comparing the amount
of expression determined in step (b) with the amount of expression which ocours in
the absence of the agent, whereby an increased amount of expression in the presence
of the agent indicates that the agent causes an increase in the expression of Cullin 3
protein,

In one embodiment, determining the amount of expression of Cullin 5 protein
in the cell may be performed by determining the amoant of Cullin § protein-encoding
ARNA present tnthe cell. In an alternative erobodiroent, determining the amount of
expression of Cullin § protein in the cell may be performed by determining the
amount of Cullin 3 protein present in the cell, In ¢ specitic embodiment, the
determining the amount of Cullin 5 protein in the cell is porformed vsing an antibody
specific for such protein, a particular embodiments, the eukaryotic cell s present in
a cell culture. The cell may be aturmor cell

Muore specitically, as disclosed herein, the methods of the present invention
can be performed in vitre {e.g., in a coll freg system using purified or partially purified
components) or ina oell {e.g., ina celf or tissue colture system). Whare the method is
performed in vitro, the Cullin § may be a punified, naturally oceurving Cullin S E3
gbiguitin Hgase obtained, for exanple, from an extract or can be a synthetic Cullin 3

prepared, for example, using an in vitro translation or coupled transcription/translation

reaction using the known Cullin 3 polynucleotide (GenBank Accession No. X81882).

HE
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Where the method is performed as a coll based assay, the ssmple can be a cell sample,
wherein Cullin 3 s expressed i the cell,

fy other aspects, the present invention provides methods for deternuning
whether an agont Causes an increase in the activity of Cullin 3 protein, In particular
enbodiments, the method comprises the steps of () contacting the agent with a
eukaryvotic cell under conditions which, in the absence of the agent, permit activity of
Cullin 3 protein; (b} determirung, after 8 suitable peviod of Hime, the amount of
getivity of Callin 5 proteiy i the cel; and {©) comparing the amonnt of activity
determined w step (b)Y with the amenmt of activity of Cullin § protein which pecurs i
the absence of the agent, whereby an increased amount of activity in the presence of
the agent indicates that the agent causes an ingrease in the activity of Cullin § protein.
In particular embodiments, the cukarvotic cel s present in a cell culture. The cell
may bea twnor cell,

The activity of Cullin 3 protein may be determined using methods known to
those of ordinary skill in the art. In particular embodiments, Cullin § sctivity is
determived using a ubiquitin ligase assay. See, eg., ULS. Patents No, 7,781,182 No.
6,740,495, and No. 6,737,244,

The conditions saitable for assaying Cullin § activity may be determined using
the disclosure presented herein, knowledge of those of ordinary skill in the art, andior
through routine experivoentation. Such conditions are exemplified hersin, and
include, for example, an appropriate concentration of jons sufficient for Cullin 5
activily, as well as appropriate buflfer conditions (including pH), salt concentration
{e.2.. physiological), and other conditions, which can be selected based on whether
the assay is performed in a cell free format or is performed in & cell based assay.
Agents identified in the methods of the invention can be further evaluated, dotected,
cloned, sequenced, and the like, sither in solution or affer binding fo a solid support.

I other aspect, the present invention provides methods for moreasing the
expression of Cudlin 5 in a evkaryotic cell. In one embodiment, the method comprises
introducing nte the coll an agent which speciicatly increases the expression of Cullin
S protein in the cell. The agent may be a nucleie acld. More specifically, the nucleic
acid may be an expression vector encoding Callin 5. In particular emsbodiments, the
call may be a tumor celll Morsover, the cell may be charaeterized by the

overexpression of an HSPOO client protein,
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The present invention further provides methods for treating a subject afflicted
with an HSPOO client protein related disorder. In a specific embodiment, the method
comprises administering to the subject a therapeatically effective amoant of an agent
which spocifically increases the expression of Cullin § protein in the colls of the
subject. The HSP olient protein may be selected from the group consisting of BErbi32,
Hift o, o-Rav-1, AKU/PKEB, CDK4, Polo-1 kinase, Met, mufant p33, and hTERT. Ina
specific embodiment, the HSP chient protein is EybB2. In an altermative
cmbiadiments, the HSP cliont protein is Hif 1,

in certain embodiments, the subject is huntan, The agent may be a nueleic
ackl In particular embodiments, the nucleic acid may be an expression vedtor
encoding Cullin §,

The method may further comprise the step of administering an HEP2O
infibitor to the subject. The HepW) infubitor can be, for example, geldanamycinora
devivative thereof, Thet isp‘}O inhibitor can also inchide 1 7-ally-lamino-17-
demnethoxygeldanamyein {17-AAG), 17-2-dimethylaminocthyDamino-17-
demethoxygeldanamyein (17-DMAG]), tanespimycin, retaspimyoein, IPI493 ONF-
G, alvespimvein, BHBO2T, SNX-5422 and STAT-9094,

BDiscussion

The data presented here suggests that CulS is recruited by the Hsp%i complex
and serves o regulate HspO0 chent proteins via an ElonginB-ElonginC-independent
mechanism. This is an example of a Cullin-RING E3 abiguitin ligase being involved
in chaperone-mediated protein regulation. Culd is shown o interact with HspB4,
Hsp70, and EvbB2. Gul3 specifically co-localizes with ErbB2 at the plasma
membrane, Culd but not Cul2 is required for proteasomal degradation of ErbRB2,

Lentivirus detivered shRNA was used against Culd o evaluate ErbB2
degradation in SKBR3 breast cancer cells and observed stabilization of ErbB2 in the
presence of GAL Inereased levels of ErbB2 was also observed in DMSO controds,
suggesting that Cald plays a role in regulation of ErbB2 in both 2037 eelis cotopically
expressing ErbB2 and ErbB2 positive SKBRI breast cancer cells in the absence of
GA. I addition, Uall serves to regulate another Hep®6 olfent Hifl-a, sogpesting a
role for Culs in Hsp90 client regulation. Interestingly, inhibition of the BlonginB-C
mrcude via SIRNA and donunant negative mutant suggests that Culs may be
functioning independently of the traditional adaptor proteins, The ElongimnC dominant

negative matant can no onger interact with the SOCS box w1 both HIV Vit and

i2
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adenovirus BEdortd, suggesting that # can no longer interact with cellular SQCS box
comaining substrate receptors, This data suggests that a Cald E3 lgase &s af wink
here. s possible that CulS may be interacting directly with the Hsp90/Hsp70
chaperone complex,

Hsp0 client proteins play tmportant roles in pumercus cellular procosses
inctuding signal transduction, gene regulation, cell evele control, and ‘apf}mosis, angd
elevated exprassion of some Hsp90 client p.mteins has been implicated inthe
maintenance and progression of a number of cancers. The data shown herein ratse the
possibility that Cold dysreguiaiiﬂn may play g role in the overexprassion of Hepd8
cliont proteins in cortabn tumors, Interestingly, CulS expression has been shown o be
decreased ina number of cancers, sugeesting that Culd suppression may be beneticial
for tumaor development or maintenance (35). The data also suggest that Culd can
inflaence the effectivencss of antivancer treatment with GA or s derivatives, and #s
potential effects should be considered when evaluating the clinical efficacy of these
treatmends, Thus, the relationship between oncogenesis and CuiS-mediated Hyp9Q
chient regufation may represent an avenae for cancer drug development.

Without further elaboration, it is believed that one skilled in the ant, using the
preceding description, can utilize the present imvention to the fullest extent. The
following examples are lustrative only, and not Hmiting of the remainder of the
disclosure in any way whatsoever.

E

MPLES

The ollowing exmuoples are put forth 50 as 1o provide those of ovdinary skill in
the art with a complete disclosure and description of how the compounds,
compositions, articles, devices, andfor methods deseribed and claimed herein are
made and evaluated, and are intended to be purcly illustrative and are not intended to
Hmit the scope of what the nventors regard as their invention.  Efforts have heen
made o ensure acouracy with respect to numbers (.., amounts, temperature, 2i¢.}
hut some ervors and deviations should be accounted for heremn., Undess indicated
atherwise, parts are parts by weight, tomperature s i degrees Celsius or 18 at ambient
tepperature, and prossurs is at or near atmospheric. There are manerous variations
and combinations of reaction conditions, £.2., component concentrations, desived
sobvents, solvent mixtures, tomperatures, pressures and other reaction ranges and

conditions that can be used to optimize the product purity and yvield obtained from the

o
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deseribed process. Only reasonable and routine experimentation will be required to
optimize such process conditions.
Materials and Methods

Celis Plasmids, Tronsfection, Reagents, and Antibodics. 2937 celis [AIDS

5 Research Reagents Program, Division of AIDS, National Institute of Allevgy and
Infectious Diseases (NTATDY, National Institutes of Health (INTH), cat no. 35221 were
maintained in DMEM (Invitrogen) with 10%, FBS and gentamyein (5 pgfml D-10
medium) and passaged apon confluence, Plasmids VRIGE2, pElonginCAd, pCals-
HA, pColS-myc, and pCulSANedd® have been described { |, 19 pErbB2 and

10 pOMV-HIF T~ HA were desortbed previously (29, 33) Cells were transfected with
Mirus LT1 transfection reagent or Lipofectamine2 000 (luvitrogen) according 1o
manafacturers’ instructions, The following antibodies used herein have been
described previoasty (18 anti-HA anttbody-agarose conjugate, anti-Elongin B anti~
Elongin €, antivnye, anti-HA, and anti-human ribosomal P antigens, In addition, the

tellowing antibodies were used: anti-ErbB2 (Oncogene), satit-Culs (Santa-Cruz

DE s

Biotechnology), anti-Cud2 (Zymed), anti~abiguitin (Covance), anti-Hsp70, and andi-
Hsp90 (Stressgen). Geldanampvein (Invivogen) was stored as a 1 mM stock solution
i DMSO and ased at the indicated concentrations. MG132 (EMD Biosciences) was
stored as a 10 mM stock solution in PMSO and vsed at 3 uM unless otherwise

2 iwdicated.

bnmunoprecipitation and Wostern Blotting,  Tmumunoprecipitation was

performed as deseribed previously { ) The cluted materials were then analyzed by
SDS-PAGE and Western blotting as deseribed (18).

RNA Interierence. siRNA duplexes (Dharmacon) were obtained as a

ot
Lr

smaripool. Duplexes were transfected according to Dharmacon's instructions using
Lipofectaming 2000 (Invitrogen). Cells were transtected at 30% confluence and
harvested 72 b later,

shRNA Lentivirus Production and Transduction. shERNA and lentivirsg

packaging system were obtained Fom The RN AT Consortiom collection available
30 through the Hit center at Johma Hopking University ax a gift from Jef Boeke.
Lentivaruses were prepared, and cells were transduced following the protocol
generated by the The RNAL Consortinm at the Broad Institute. Briefly, 2937 cells
were plated in a 10-cm plate at a concentration of £.3-1.8 = 10° cells’ml and
transtected al a confluence of approximately 70% with the following plasmids: Cals

14
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or GFP shRNA pLKOGE (20 ped, pMD2.G {6 pg), pREV-Rev (5 pg), and
pMDLe/pRRE {10 ug). Eightcen hours post transfection media was changed o high
H5A viras production media. Viras was harvested 48 h post transfection,

Superngtant was centrifuged to remove any cell debris, SKBR3 cells were infected by
adding 1% of the harvested vivus plus polybroene at & concentration of 8 pg/mi.
Twenty-four howrs post infection, media was replaced with fresh media containing
paromycin at a concentration of 2 pgiml. Cells were selected tor T week before
heing used for the GA-induced degradation assay.

In Vive Libiguitination Assavs. 2937 cells were co-transfected with ErbB2,

CulSANeddS, and control vector as indicated. AU4R b post ranstection, the cells
were freated with § M MGL32 for 1S b EvbB2 was immunoprecipitated as
deseribed previousty, Impwmoprecipitates were washed with o SO0 uM NaCl wash
bulfer. Samples wore then analyzed by Westarn blot against ErbB2, ulnguitin, myc,
aned factin.

hununofuorescent Stainine. 2037 cells were transfected with the indicated

plasmids as deseribed above. AL24 b post transfechion, the cells were trvpsinized and
plated oy glass coverstips at a dilution of one-cighth. Sivteen howrs post-plating, cells
were fised i 4% parafomaldehyde, permeablized in 0.3% Triton X-100, then stained
with the indicated antibodies, Cells werg visualized with a Zeiss Meta 516 confoeal
sicroscope and viewed with LSM software or a Nikon 901 and viewed with Velocity
software as indicated.

Example 1:  CulS Interacts with the Hsp98 Chaperone Complex.

While the cellular fnction of Caly is poorly understood, it s known to be
Bijacked by the HIV type | (HIV-1) Vi protein {o suppress the antivival protein
Apobec3G {A3G) (18-20) and by adenovires Edorfd and EI1B3SK 1o degrade pd3,
Mreti, and DNA Hgase TV (18, 2125 To identify potential celinlar partoers of the
Culd E3 bgase, HA-tagged CulS was immuboprecipitated and proteins that
specifically co-immunoprecipiiated with Cul3-HA bat not with a emye-fagged Cald

control protein were identified. In repeated experiments, CulS-HA, but not CulS-mye,
vo-precipitated Hap70, as indicated by muass spretrometry analysis {(Figure 1A)
fnteraction of Hsp70 with Cul3-HA bat not Cald~-mye was confitmed by Western
blotting with an anti-Hsp70 antibody (Figure 18). An interaction between Hyp® and
CulS-HA was also observed (Figure 1B), suggesting that Cald may be involved in the
regulation of HspB0 client proteins, Hsp®0 is a chaperone that is required for the

i
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maturation and function of a number of classes of protaing, namely receptors, kinases,
and transcription factors (7, 26), Huxp%0 assembles with a number of co-chaperones,
mcluding HepT0, and coordinates the maturation of #s clivnt protems. Client proteiy
maturation ocours via g dynamic ATP-dependent process (7). ATP hydrolysis or
inhibition of HspfQ function through drug treatment results in the reorganization of
the chaperene complex and subsequent destabitization of the client protein (7).
Interaction of ColS with Hsp90 and Hep70 was also confirmed in US7cells (Figare

I'C}. Im_mum;)prac ipimtic:m e‘fendoganws Hsp?ﬂ also co-precipitaied endogenous

;}:‘ecipitamd m}d{)gemus f‘isp@{} and Hsp70 (Figure 1E)

Hsph0 has been shown to be expressed af high levels, along with & nunber of
its client proteins, in a variety of cancars and has therefore become a promising target
for intervention {7). Treatment of cells with the benroguinone ansamycin antibiotic
geldanamycin (GA) or its anglogs rosalts inthe proteasomal degradation of Hsp®0
client proteing (163, GA s an ATPase inhibitor that binds the nucleatide-binding
pocket with an affinity greater thay that of ATP or ADP, shifting the chaperone
comples into a conformation that favors chient-proteln degradation {27). ErbB2 is an
Hsp90 chient that bas been extensively characterized. This receptor tyrosine Kinase is
overgxpressed in approximately 30% of breast cancars and is reguived for tumor cell
profiferation. Treatment of ErbR2-overexpressing cells with GA or is analogs resalts
inn rapid proteasomal degradation of ErbB2 (28, 29). While the U-hox-containing £3
ligase, CHIP, has been implicated in the degradation of ErbB2 via Hsp/Hse T3, GA-~
mediated ErbB2 degradation still occurs in CHIF cells, suggesting that an
additional B3 ligase is also involved in GA-mediated degradation of EYbB2 { )

To examine the possibility that Cull, interacting with the Hsp®0 chaperong
comples, might serve as an B3 ligase to degrade HepSU client proteins, the interaction
of Culd with ErbB2 was cheracterived, 2937 cells tramsfected with ErbB2 or empty
veotor were treated with 2 M GA or control DMSO and 5§ oM MGI32, Even though
equal amounts of ErbB2 were immunoprecipiated, Culd intevaction was detected
only i GA-~treated cells (Figure 1F). Thase data demonstrate the endogencus
interaction of Cul3 with ErbB2 and the Hep90 chaperone complex, suggesting the

imvoivement ol Culd in the reguiation of Hsp®0 cliont protoins,
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Example 2:  CulS Co-Localizes with EcbB2 at the Plasma Membrane,

Bocause ErbB2 is a receptor tyrosing kinase, # was hypothesized that Culs
might b acting on ErbB2 at the plasma membrane, 2937 cells were therclore
transfected with either the EfbB2 expression vector or omply vector control for 48 b
then stained for ErbB2 and endogenous Culd. 1o the absence of ErbB2, Culd was
evenly distributed throughout the cell (Figure 2A). However, in the presence of
ErbB2, CulS expression appeared to be concentrated at the plasma wembrane (Figure
2 D and E), suggesting that the presence of substrate resubts i the recruitment of Culd
o the plasma membrane. This inferaction was specific 1o Cul§, as Cul? did not ¢o-
focatize with BrbB2 (Figure 7). Culd appears to co-localize with BrbB2 at the plasma
membrane as seen in nuiltiple (2-pm) frames of g zstack (Figure 8). ErbB2 expression
did not affeet cell intogrity as seen by DAPL and phase contrast {Figure 9).

Exsmple 3: CulS §s Reguired for Polvabiguitination and Proteasomal
Degradation of ErbB2,

Treatment of ErbB2-expressing cells with GA is knowa to result inrapid
pn‘;tea&n‘.ﬂ'ﬂai degradation of the receptony bowever, degradation of ErbB2 still cccurs
in CHIP™ cells, suggesting that CHIP s necessary but not sufficient for GA-
mediated degradation of ErbB2 (). 1n fact, the same phenotype was observed in the
prosent system, Transfection with CHIP siRNA resulied in efficient CHIP
knockdowry however, treatment with GA still resulted in ErbB2 degradation,
supporting the hypothesis that an additional mechanism of GA-induced degradation is
al work in this systent (Figure 340,

To detenmine whether Cald &5 involved 1 BErbB2 degradation, 8 dominant-
pegative mutant, ColSANedd8, was used to assess the requirement of Culd for ExbB2
degradation {Figure 3B). In the absence of ColSANeddS, treatmont of ErbB2-
transtected 2937 colls with GA resulted in EybB2 depradation (Figure 38, compare
lanes 1 and 23, However, after the addition of CuldANeddS, ErbB2 was stabilized
gven in the presence of GA (Figure 3B, compare fanes 3 and 1), It was also
demonstrated that A nduced degradation of endogenous ErbB2 in the SKBR3
breast cancer cell Bine was inhibited when Culd was efficiently knocked-down, The
stabilization of BErbB2 in the SKBR3 cells was observed even in the presence of GA
when Culs expression was reduced by the shRNA strategy via a lentiviral delivery
system (Figure 3C, lang 4), compared to SKBR3 cells treated with vontrol shRNA

targeting GFP (Figure 3C, fane 2} GA treatment induced polvabiguitination of

i
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ErbB2 (Figure 3D, lane 2), when compared to the control treated cells (lane 3).
CuldANaddE alse inhibited the polyubiguitination of ErbB2 induced by GA (Figure
3D, compare lanes 2 and 4).

To tfarther examine the role of Culd in GA-Induced degradation of Hspbl
clients, sIRNA was used against the Cald coding region to knoek down Culd
expression, Addition of CulS-specific siRNA (Figure 4A, fanes 3 and 4), but not
control siIRNA (Filgure 44, Janes | and 2), resulted in efficient CulS knockdown, GA
induced officient degradation of £rbB2 in control siRN A-treated cells (Figure 4A,
compare fanes 1 and 23, but el knockdown served to stabilize ErbB2, even i the
presence of GA (F igure 44, compare lanes 3 and 1) In contrast, knockdown of
another Cullin E3 higase (Cul2) had hitle effect on GA-indoced ErbB2 degradation
{Figure 48). Taken together, these data suggest that Cull is requuired for GA-induced
polyubiquitination and degradation of the Hap90 clicut protems ErbB2.

Example ¢ CulS Is Required for Degradation of HiF1-g, Another Hsp%0
Client,

These findings led o the hypothesis of whether ColS also participates in the
regulation of other Hep90 cliont proteins, HIF1-g isa transoription factor that s
involved in the regulation of anglogenesis and glucose metabolism (30). Under
normaoxic conditions, the Cul2-VHL E3 ublquitin ligase induces the degradation of
HiF o, but under hypoxic conditions, HIF Lo is stabilized (313, Siabilization of
HiF o snder normoxic conditions has been observed in tamors and VHE-null or
sttt cel fines (323 Constitutive expression of HIF -y is important for
vaseularization, adaptation (o hypoxia, and overall tmor survival, HIF Lo bas akso
been shown to associate with Hsp9i and is sensitive to GA-induced degradation via a
mechanism that is independent of oxygen and VHL-Cul2 {7, 33). The potential
invalvement of Culd in GA-mediated, oxygen-independent degradation of HiF l-a
was examined. In the presence of control sIRNA, treatment with 3 pM GA for 16 b
induced HIF Lva degradation (Figare 4C, lane 1), when compared to controd cells that
were not subjected to GA {Figure 4C, kane 2}, Honwever, when Culd expression was
reduced by sIRNA against Cull, GA-induced degradation of HEFL-a was inhibited
{(Figure 40, compare Jane 3 to Jane 1), A similar effect was observed with the Cals
dominant negative mutant, Culd3ANedd® (Figure 4123 Thus, Coll gpparently alse
plays a role in the regulation of the HspOO chient protein HIF -u, suggesting that Culs

may vegulate multiple Hap9 client proteins.
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Example 3:  CulS-Induced Degradation of ExbB2 Ocours Independent of
ElonginB and ElonginC.

Clals classically requires the adaptor proteins BElonginB3 and ElongmnC to
efficiently induce the proteasomial degradation of its substrate. To determine whether
ElonginB and ElonginC are required for ErbHB2 degradation, siRNA was used against
ElonginB. Interestingly, knockdown of ElonginB resubted in a significant decrease in
ElonginC {Figwre 3 A and B, lanes 3 and 6). This data supports the hypothesis that
ElonginB may be mvalved in stabilization of ElonginC (34}, {o the presence of
sIRNA targeted against BlonginB, a defect in GA-induced degradation of FrbB2 was
not observed when compared to nontargeting control sIRNA (Figure 3A, compare
lanes 1 and 3}, However, a defect in HIV Vilbmadiated degradation of APOBECIG
was observed, suggesting an efficient deorease in ElonginB and HlonginC levels
{Figure 3B, compare fanes 2 and 3). To firther evaluate the role of the ElonginB-C
adaptor module in CulS-medinted ErbB2 degradation, an ElonginC dominant negative
mustant was used. This moetant can bind Culd but can no longer bind the SOCS box in
the substrate veceptor (Figare 3C), This has been observed for both HIV-1 Vifand
adenoviras BEdorfd (19, 22}, Transfection of the ElonginC dominant negative mutant
that can no longer interact with the SOCS box had no effect on GA-mediated ErbiB2
degradation {Figure 53D, compare lane 1 with fane 33 but did effect Vifbmediated A3G
degradation (Figure 3E, conpare lanes 2 and 4), Because this mutant can no longer

o

interact with the SQCS hox, this data suggests that CulS-mediated degradation of
ErbB2 aceurs 1o the absence ofa SOCS box contatung substrate receptor. in
addition, this data suggesis Qlf-mediated BrbB2 regulstion occurs via an HlonginB-

ElonginC-independent, £3 uhiguitin lig:
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We claim:

i A method for determining whether an agent causes an increase in the

expression of Cullin 5 protein comprising the steps of)

{a} comdacting the agent with a eukaryotic cell under conditions
which, in the absence of the agent, permit expression of Cullin § protein;

(b} determining, after a suitable portod of time, the amount of
expression of Cullin 3 protein inthe celip and

{) comparing the amount of expression deternined in step ()
with the amount of expression which occurs in the absence of the agent, whereby an
increased amount of expression in the presence of the agent indicates that the agent

causes an inerease in the expressiom of Cullin 3 protein.

. The ncthod of claim 1, wherein the cell is preseut in a cell culture.
3. The method of clanm 1, wherein the cell is a nunor cell
4. The method of claim {, wherein determiming the amount of expression

of Cullin 3 protein in the cell is performed by determining the amount of Cullin 3
profein-encoding mRNA present in the cell

3. The nwethod of claim 1, whereln deternuning the amount of expression
of Collin 5 protein in the cell i performed by deternuning the aimount of Cullin 3

protein present in the cell,

6. The method of claim &, wherein determining the amount of Cullin §
protein in the cell is performed using an antibody specific for such protein.
7. A method for determining whether an agent causes an morease in the
activity of Collin 3 protein comprising the steps off
{#) contacting the agent with a stkaryvotic coll under conditions which,
in the absence of the agent, penmit activity of Cullin 3 protein;
() determaining, after a suitable period of time, the amount of activity

of Cullin § protein in the ¢oll; and

bd
1}4
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{c) comparing the amewnt of activity determined in step (b) with the
amount of activity of Cullin 3 profein which ocvurs in the absence of the agent,
whereby an increased amouant of activity n the presence of the agent ndicates that the

agent canses an inerease in the gotivity of Cullin § protein,

5
8. The method of claim 7, wherein the cell §s present in g cell culture.
£, The nethod of claim 7, wherein the eolf i & tumor cell,

10 Hy A method for increasing the expression of Cullin 5 in a enkarvotic celi
comprising introducing into the cell an agent which specifically ncreases the
expression of Cullin § protein in the cell

P, The method of elaim 10, wherein the agent i a polynucleotide.
15
12, The method of claim 11, wherein the polynucleotide is an expression
vector encoding Callin 5,
3. The method of clatm 10, wherein the cell ix a finnmor cefl,
20
i, A method for treating a subjeet afflicted with an HSPRO client protein
refated disorder comprising administering tothe subject a therapeutically effective
armount of an agent which specifically noreases the expression of Cullin § protein in
the cells of the subject.
25
15 The method of claim 14, further comprising the step of adnunistering
an HSPSO inhibitor to the subject.
16, The method of claim 14, wherein the subject s human,
3

17, The method of claim T4, wherain the agent i3 a polynuclentide.

18, The method of claim 17, wherein the polynacieotide is an expression

vector encoding Callin 3,
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(9. The method of claim 14, wherein the HSP chient protein is selected
from the group cousisting of ErbB2, Hif-la, e-Rav-1, AKGPKR, CDRA4, Polo~

[

kinase, Met, mutant p33, and RTERT.

3
20, The method of claim 14, wherein the H5P cliont protein is ErbB2.
21 The method of clanm 14, wherein the HSP client protein s Hif+1o.
0

]
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