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The proteome contains hundreds of proteins that in the-
ory could be excellent therapeutic targets for the treat-
ment of human diseases. However, many of these pro-
teins are from functional classes that have never been
validated as viable candidates for the development of
small molecule inhibitors. Thus, to exploit fully the poten-
tial of the Human Genome Project to advance human
medicine, there is a need to develop generic methods of
inhibiting protein activity that do not rely on the target
protein’s function. We previously demonstrated that a
normally stable protein, methionine aminopeptidase-2 or
MetAP-2, could be artificially targeted to an Skp1-Cullin-
F-box (SCF) ubiquitin ligase complex for ubiquitination
and degradation through a chimeric bridging molecule or
Protac (proteolysis targeting chimeric molecule). This
Protac consisted of an SCF�-TRCP-binding phosphopep-
tide derived from I�B� linked to ovalicin, which covalently
binds MetAP-2. In this study, we employed this approach
to target two different proteins, the estrogen (ER) and
androgen (AR) receptors, which have been implicated in
the progression of breast and prostate cancer, respec-
tively. We show here that an estradiol-based Protac can
enforce the ubiquitination and degradation of the � isoform
of ER in vitro, and a dihydroxytestosterone-based Protac
introduced into cells promotes the rapid disappearance of
AR in a proteasome-dependent manner. Future improve-
ments to this technology may yield a general approach to
treat a number of human diseases, including cancer.
Molecular & Cellular Proteomics 2:1350–1358, 2003.

One of the major pathways to regulate protein turnover is
ubiquitin-dependent proteolysis. Post-translational modifica-
tion of proteins with ubiquitin occurs through the activities of
ubiquitin activating enzyme (E1), ubiquitin-conjugating en-
zymes (E2), and ubiquitin ligases (E3), which act sequentially
to catalyze the attachment of ubiquitin to lysine residues in an
energy-dependent manner (1, 2). Among the hundreds of E3s
encoded within the human genome, the Skp1-Cullin-F-box
(SCF)1 ubiquitin ligases comprise a heterotetrameric group of
proteins consisting of Skp-1, Cul1, a RING-H2 protein Hrt1
(also known as Roc1 or Rbx1), and an F-box protein (1, 3). The
mammalian F-box protein �-transducin repeat-containing
protein (�-TRCP) of SCF�-TRCP binds I�B�, the negative reg-
ulator of NF-�B, and promotes its ubiquitination and degrada-
tion (4). A 10-aa phosphopeptide segment of I�B� is both
necessary and sufficient to mediate its binding to SCF�-TRCP

and subsequent ubiquitination and degradation (4).
There is a pressing unmet need to develop effective drugs

to treat cancer and other diseases that afflict humans. The
recent completion of the human genome sequence coupled
with basic studies in molecular and cellular biology have
revealed hundreds to thousands of proteins that could con-
ceivably serve as targets for rational drug therapy. Unfortu-
nately, many of these protein targets are not considered to be
readily “drugable,” in that they are not enzymes and it is not
obvious how to inhibit their function with small molecule
drugs. Thus, it would be valuable to have a generic method
that would enable specific and efficacious inhibition of any
desired protein target, regardless of its biochemical function.
Short interfering RNA (siRNA) represents one such method (5,
6), but it remains unclear whether siRNA will work as thera-
peutic agents in humans. We sought to develop a different
approach, taking advantage of the 10-aa phosphopeptide
sequence of I�B� described above to target proteins for
ubiquitination and degradation (4).

As proof of concept, we previously synthesized a chimeric
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molecule or Protac (proteolysis targeting chimeric molecule)
consisting of the I�B� phosphopeptide linked to ovalicin,
which covalently binds methionine aminopeptidase-2
(MetAP-2). We showed that this Protac (Protac-1) recruits
MetAP-2 to the SCF�-TRCP ubiquitin ligase resulting in both
ubiquitination and degradation of MetAP-2 (7). MetAP-2 is not
known to be an endogenous substrate of SCF�-TRCP (8), and
was not ubiquitinated by SCF�-TRCP in the absence of Pro-
tac-1. Although this experiment demonstrated that Protacs
could work as envisioned, it left open a number of critical
questions. For example, can Protacs be used more gener-
ically to target other substrates, including proteins of po-
tential therapeutic interest? Can a Protac recruit a target to
SCF�-TRCP through a noncovalent interaction? Can a Protac
work within the context of a cell?

Both estrogen receptor � (ER) and androgen receptor (AR)
have been demonstrated to promote the growth of breast and
prostate cancer cells (9, 10). In fact, there are several treat-
ment modalities such as Tamoxifen and Faslodex, which con-
trol breast tumor cell growth through inhibition of ER activity.
In early prostate cancer, tumor cells are often androgen re-
sponsive. Patients with prostate cancer receive hormonal
therapy to control tumor growth. Recent evidence suggests
that even in androgen-independent prostate cancer, the AR
may promote tumor growth (10). Similarly, many tamoxifen-
resistant tumors still express ER (11). Thus, new drugs that
down-regulate AR and ER by novel mechanisms may be of
potential benefit in treating breast and prostate cancers.

To address the key questions about Protacs raised by our
first study, we set out to develop Protacs comprising the I�B�

phosphopeptide linked to either estradiol (E2) or dihy-
droxytestosterone (DHT) to recruit ER or AR to SCF�-TRCP to
accelerate their ubiquitination and degradation. Recently,
both the ER and AR have been shown to be regulated by
proteasome-dependent proteolysis (12–14). We reasoned
that Protacs might mimic the action of the human papilloma-
virus E6 protein, which accelerates the turnover of the already
unstable p53 to the point where p53 can no longer accumu-
late, resulting in loss of its function (15).

In this paper, we report the feasibility of using Protacs to
target degradation of proteins known to promote tumor
growth. We show that Protacs can recruit the ER for ubiquiti-
nation and degradation in a cell-free system. Furthermore, our
results demonstrate that in cells, Protacs can promote the
degradation of AR in a proteasome-dependent manner. Thus,
Protacs may be a useful therapeutic approach to destroy
proteins that promote tumor growth in patients with cancer.

EXPERIMENTAL PROCEDURES

Synthesis of Protacs

I�B� Phosphopeptide-Estradiol Protac—To generate GA-1-mono-
succinimidyl suberate, the estradiol derivative, GA-1 (7 mg, 11.5
�mol), was dissolved in 1 ml of anhydrous dimethylformamide (DMF),
and disuccinimidyl suberate (21 mg, 57.0 �mol) was added at room

temperature. After overnight stirring, DMF was removed under high
vacuum, and the resulting white solid was flash-chromatographed to
give GA-1-monosuccinimidyl suberate (6.3 mg, 7.3 �mol, 63.5%). For
synthesis of GA-1-I�B� phosphopeptide, GA-1-monosuccinimidyl
suberate (6 mg, 6.9�mol) in DMSO (1 ml) was added to dimethylsul-
foxide (DMSO) solution (0.4 ml) containing I�B� phosphopeptide (1.5
mg, 0.92�mol) and dimethylaminopyridine (0.5 mg). After 30 min
stirring at room temperature, the coupling reaction was completed,
which was confirmed by a Kaiser test. DMSO was removed under
high vacuum, and the resulting crude product was repeatedly washed
with dichloromethane and methanol to remove excess GA-1-mono-
succinimidyl suberate to give the final product, GA-1-I�B� phos-
phopeptide (1.5 mg, 0.63 �mol, 68.5%). The final product was char-
acterized by electrospray (ES) mass spectrometry. ES-MS (M�H)�

for GA-1-I�B� phosphopeptide was 2384.0 Da. All other intermedi-
ates were characterized by 500-MHz 1H nuclear magnetic resonance
spectroscopy.

I�B�-DHT Protac—For DHT-Gly-monosuccinimidyl suberate, DMF
(28 �l, 0.33 mmol) was added to dichloromethane solution (20 ml)
containing Fmoc-Gly-OH (1.06 g, 3.57 mmol) and oxalyl chloride (0.62
ml, 7.10 mmol) at 0 °C. After 3 h of stirring at room temperature,
dichloromethane was removed under nitrogen atmosphere. The re-
sulting solid residue was redissolved in dichloromethane (8 ml) and
was combined with 5�-dihydrotestosterone (0.18 g, 0.62 mmol) and
dimethylaminopyridine (0.58 g, 4.75 mmol) in dichloromethane (20 ml)
at 0 °C. The reaction mixture was stirred overnight at room temper-
ature. After dichloromethane was removed under reduced pressure,
the resulting residue was flash-chromatographed to provide DHT-
Gly-Fmoc (0.21 g, 0.37 mmol, 60%). Next, DHT-Gly-Fmoc (0.12 g,
0.21 mmol) was treated with tetrabutylammonium fluoride (0.3 ml, 1 M

in tetrahydrofuran) at room temperature for 20 min, and the DMF was
removed under high vacuum. The resulting residue was flash-chro-
matographed to provide DHT-Gly-NH2 (white solid, 49 mg, 0.14
mmol, 67%). Next, disuccinimidyl suberate (0.27g, 0.73 mmol) was
added to DMF solution (1 ml) containing DHT-Gly-NH2 (49 mg, 0.14
mmol) at room temperature. After overnight stirring, DMF was re-
moved under high vacuum, and the resulting crude product was
flash-chromatographed to give DHT-Gly-monosuccinimidyl suberate
(70 mg, 0.12 mmol, 86%). DHT-Gly-monosuccinimidyl suberate (5.5
mg, 9.16 �mol) in DMSO (0.6 ml) was added to DMSO solution (1 ml)
containing I�B� phosphopeptide (4.5 mg, 2.75 �mol) and dimethyl-
aminopyridine (2.0 mg, 16.37 �mol). After 20 min of stirring at room
temperature, the coupling reaction was completed, which was con-
firmed by a Kaiser test. DMF was removed under high vacuum, and
the resulting crude product was repeatedly washed with dichlo-
romethane and methanol to remove excess DHT-Gly-monosuccinimi-
dyl suberate to give the final product, DHT-I�B� phosphopeptide (3.5
mg, 1.65 �mol, 60%). The final product was characterized by ES
mass spectrometry. ES-MS (M�H)� for fumagillol-Gly-suberate-
HIF-1� octapeptide was 2120 Da. All other intermediates were char-
acterized by 500-MHz 1H nuclear magnetic resonance spectroscopy.

Tissue Culture and Transfections—293T cells were cultured in Dul-
becco’s modified Eagle’s medium with 10% (v/v) fetal bovine serum
(Life Technologies, Rockville, MD), penicillin (100 units/ml), strepto-
mycin (100 mg/ml), and L-glutamine (2 mM). Cells were split 1:5 the
day prior to transfection and transiently transfected with 40 �g of
plasmid. Cells were 70% confluent in 100-mm dishes on the day of
transfection. Cells were transfected with DNA [20 �g of pFLAG-Cul1
(RDB1347) and 20 �g of pFLAG-�-TRCP (RDB1189)] using calcium
phosphate precipitation method as described (7). Cells were har-
vested 30 h after transfection. Five micrograms of pGL-1, a plasmid
containing the cytomegalovirus promoter linked to the green fluores-
cent protein (GFP) cDNA, was cotransfected into cells at the same
time to assess transfection efficiency. Cells were greater than 80%
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GFP positive at the time of harvesting.
Ubiquitination Assays with ER—293T cell pellets were lysed with

200 �l of lysis buffer (25 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.1%
Triton X-100, 5 mM NaF, 0.05 mM EGTA, 1 mM phenylmethylsulfonyl
fluoride). Pellets from cells transfected with vector, pFLAG-�-TRCP,
or pFLAG-Cul-1 were vortexed for 10 s, then incubated on ice for 15
min. After centrifugation at 13,000 rpm in an Eppendorf microfuge for
5 min at 4 °C, the supernatant was added to 20 �l of FLAG M2 beads
(Sigma), which were washed with lysis buffer three times before
immunoprecipitation. Lysates were incubated with the beads on a
rotator for 2 h at 4 °C, followed by one wash with buffer A (25 mM

HEPES buffer, pH 7.4, 0.01% Triton X-100, 150 mM NaCl) and one
wash with buffer B (the same buffer without the Triton X-100). Ubiq-
uitination assay was performed by mixing rabbit E1 (0.2 �g.) the E2,
Ubch5a (0.8 �g; from Boston Biochem, West Bridgewater, MA), ubiq-
uitin (5 �g) or methyl ubiquitin (1.5 �g), Protac (10 �M final concen-
tration unless otherwise specified), recombinant ER (260 ng; from
Invitrogen, Carlsbad, CA), and ATP (1 mM final concentration) in total
reaction volume of 5.0 �l, which was then added to 20 �l (packed
volume) of washed FLAG-M2 beads (7). Reactions were incubated for
1 h at 30 °C in a thermomixer (Eppendorf, Westbury, NY) with inter-
mittent mixing. SDS-PAGE loading buffer was added to terminate the
reactions. Western blot analysis was performed by standard methods
using polyclonal anti-ER antisera (1:1000 dilution).

Degradation Experiments with Purified Yeast 26S Proteasome—
Ubiquitination assays were performed as described above. Purified
26S yeast proteasomes (40 �l of 0.5 mg/ml) were added to the
ubiquitinated ER on beads and the reaction was supplemented with 6
�l of 1 mM ATP, 2 �l of 0.2 M magnesium acetate, and ubiquitin
aldehyde 5 �M final concentration as previously described (16, 17).
The reaction was incubated for 10 min at 30 °C with occasional
shaking in a thermomixer. For proteasome inhibition studies, purified
yeast 26S preparations were preincubated 45 min at 30 °C with the
metal chelators 1,10 phenanthroline or 1,7 phenanthroline (Sigma) at
1 mM final concentration prior to adding to ubiquitinated ER.

Microinjection Experiments—293 cells were transfected with a plas-
mid that expresses GFP-AR (kindly provided by Charles Sawyers,
Howard Hughes Medical Institute, University of California, Los Angeles,
CA) as described above. Cells were selected with G418 (600 �g/ml)
and cultured in modified essential medium with penicillin, streptomy-
cin, and L-glutamine. Prior to experiments, cells were �60% conflu-
ent in 6-cm dishes. Protac diluted to 10 �M in KCl (200 mM) with
rhodamine dextran (molecular mass 10,000 Da; 50 �g/ml) was in-
jected into cells through a microcapillary needle using a pressurized
injection system (Picospritzer II; General Valve Corporation, Fairfield,
NJ). The injected volume was 0.2 pl, representing 5–10% of the cell
volume. For proteasome inhibition experiments, cells were treated
with 10 �M epoxomicin (Calbiochem, La Jolla, CA) for 4 h or coin-
jected with epoxomicin (10 �M) and Protac (10 �M) (18, 19). Photo-
graphs were taken following injection using a Nikon 35 mm camera
(Nikon, Melville, NY). GFP and rhodamine fluorescence were visual-
ized with a Zeiss fluorescent microscope (Zeiss, Oberkochen,
Germany).

RESULTS

Protacs consisting of the minimal 10-aa peptide (phospho-
rylated on the underlined S residues), DRHDSGLDSM co-
valently linked to either estradiol (E2; Protac-2) or DHT (Pro-
tac-3), were synthesized (Fig. 1). We first performed in vitro
ubiquitination assays with both Protacs, but focused our
efforts on Protac-2 due to problems encountered with expres-
sion of recombinant AR. To determine whether Protac-2 pro-
motes theubiquitinationofERbySCF�-TRCP inaconcentration-

dependent manner, we performed ubiquitination assays with
increasing concentrations of Protac (Fig. 2A). ER was ubiq-
uitinated starting at a concentration of 0.1–1 �M Protac-2,
with maximal efficiency observed at 5–10 �M. At 500 �M, we
no longer observed ubiquitination of ER by SCF�-TRCP, which
may be due to a “squelching” phenomenon wherein the pres-
ence of excess Protac-2 inhibits competitively the formation
of heteromeric ER-Protac-2-SCF complexes. Because 10 �M

Protac-2 promoted efficient ubiquitination of ER, we contin-
ued to use this concentration for the remainder of our studies
(except as noted below). It should be noted that we consis-
tently observed Cul1-dependent ubiquitination of ER in the
absence of Protac-2 (e.g. Fig. 2, A and B, lane 1). This may be
due to the presence of an ER-specific SCF ubiquitin ligase in
the Cul1 precipitates. Regardless, these Protac-independent
conjugates were of low molecular mass and clearly distin-
guishable from the high molecular mass, methyl ubiquitin-
sensitive conjugates induced by Protac-2 (e.g. compare lanes
1, 3, and 4 of Fig. 2B).

To address the mechanism of action of Protac-2, we tested
whether the I�B� phosphopeptide and estradiol individually
can compete out Protac-2, and whether these ligands when
added together as free compounds can mimic the action of
Protac-2. A 10-fold excess of either I�B� phosphopeptide
(Fig. 2D) or estradiol (Fig. 2E) in cells completely blocked the
ubiquitination-promoting activity of 1 �M Protac-2. More-
over, when added together as separate compounds, estra-
diol, and I�B� phosphopeptide failed to reproduce the effect
of Protac-2 (Fig. 2C).

These results are consistent with our hypothesis that Pro-
tac-2 acts as a bridging molecule in that the estradiol moiety
associates with the ER while the other moiety, the I�B� phos-
phopeptide, recruits the ER to the SCF�-TRCP.

We next tested the specificity of Protac-mediated ubiquiti-
nation. Ubiquitination assays with ER were performed in the
presence of either Protac-2, Protac-3, or a Protac (Protac-4)
that consisted of the Zap70 phosphopeptide, which is recog-
nized by the cbl ubiquitin ligase (20) and ovalicin, which binds
MetAP-2 (8). As shown in Fig. 2F, ER was not ubiquitinated by
SCF�-TRCP in the presence of either Protac-3 or Protac-4.

Not all ubiquitin-ubiquitin linkages are able to sustain tar-
geting to the proteasome (21), and possibly as a consequence
substrates ubiquitinated under the relatively artificial condi-
tions encountered in reconstituted systems can be poor sub-
strates for the proteasome (22). Thus, we sought to determine
whether ER-ubiquitin conjugates induced by Protac-2 were rec-
ognized by the 26S proteasome. To answer this question, pu-
rified yeast 26S proteasome (16) was added to ubiquitinated ER
formed in the presence of SCF�-TRCP and Protac-2. Complete
disappearance of high molecular mass ubiquitin conjugates
was observed within 10 min (Fig. 3A) and was partially blocked
by the metal chelator 1,10 phenanthroline (which inhibits the
essential Rpn11 isopeptidase activity of the proteasome), but
not by the inactive derivative 1,7 phenanthroline (17) (Fig. 3B).
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Our results with the I�B� phosphopeptide-estradiol Protac
demonstrated that a medically relevant target protein can be
recruited to a ubiquitin ligase through noncovalent interac-

tions and be ubiquitinated and degraded in vitro. We next
wished to test whether a Protac could promote the degrada-
tion of proteins in cells. For these experiments we used Pro-

FIG. 1. Protacs to target the ER and
AR for ubiquitination and degradation.
A, Protacs consisting of the I�B� phos-
phopeptide and either B, estradiol (E2) or
C, dihydroxytestosterone (DHT) were
synthesized to recruit the ER and AR,
respectively, to the SCF�-TRCP ubiquitin
ligase.
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FIG. 2. Protac-2 activates ubiquitination of ER in vitro. A, dose-dependent stimulation of ER ubiquitination by Protac-2. Purified ER was
incubated with recombinant E1, E2, ATP, ubiquitin, and immobilized SCF�-TRCP isolated from animal cells by virtue of FLAG tags on
cotransfected Cul1 and �-TRCP. Reactions were supplemented with the indicated concentration of Protac-2, incubated for 60 min at 30 °C,
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tac-3, because we encountered technical difficulties in work-
ing with cells that transiently expressed an ER-based reporter
protein and because a 293 cell line that stably expresses
AR-GFP (293AR-GFP) was readily available to us. We employed
microinjection because the phosphate groups on the I�B�

phosphopeptide preclude its efficient uptake into cells.
293AR-GFP cells were injected with Protac-3 (10 �M stock; 1
�M final) and monitored for presence or absence of GFP by
fluorescence microscopy. A time course was performed, and
maximal GFP-AR degradation was observed 1 h after injec-
tion of Protac (data not shown; Fig. 4A). We observed that the
majority of cells injected with Protac expressed decreased
levels of GFP (Fig. 4B). This decrease was not due to GFP-AR
leakage because cells coinjected with rhodamine were not
affected after 1 h (indicated by the pink stained cells shown in
Fig. 4). To quantify the degree of GFP-AR degradation, we
counted over 200 cells and determined the relative decrease
in GFP-AR signal 1 h following injection (Fig. 4B). Greater than
70% of cells demonstrated minimal, partial, or complete dis-
appearance of GFP-AR. In all experiments, only cells that
continued to be rhodamine positive after 1 h were counted.
Each experiment was performed on at least 2 separate days
with 30–50 cells injected per experiment. Injection of rhoda-
mine or 200 mM KCl buffer alone did not result in disappear-
ance of GFP from 293AR-GFP cells (data not shown).

We further verified that the linkage of phosphopeptide and
DHT was required for GFP-AR degradation. Coinjection of
free I�B� phosphopeptide and testosterone (10 �M each) into
293 cells did not result in decreased GFP signal (Fig. 4C),
indicating that intact Protac is necessary to promote deg-
radation of GFP-AR. To determine whether GFP-AR degra-
dation was dependent on I�B� phosphopeptide and testos-
terone binding to their respective targets, we coinjected
Protac-3 (10 �M) with a 10-fold molar excess (100 �M) of
free phosphopeptide (Fig. 4D) or testosterone (Fig 4E) into
293AR-GFP cells. In both cases, degradation of GFP-AR was
inhibited. All experiments were performed on three separate
days with 20–30 cells injected per experiment. The results
shown are representative of the phenotype in greater than
70% of cells counted. Taken together, these data support the
hypothesis that Protac-3 induced AR-GFP degradation by
targeting AR-GFP to SCF�-TRCP.

To determine whether the disappearance of GFP-AR was
proteasome dependent, 293AR-GFP cells were treated with the
proteasome inhibitor epoxomicin for 4 h prior to injection with
Protac-3 (10 �M) (Fig. 4F). In cells treated with epoxomicin,
GFP-AR was not degraded, suggesting that the Protac me-
diates degradation through a proteasome-dependent path-
way. Cells were also coinjected with Protac (10 �M) and
epoxomicin (10 �M) in the absence of pretreatment resulting in
inhibition of GFP-AR degradation (data not shown). The result
shown is representative of experiments performed on 3 dif-
ferent days with at least 30 cells injected per day.

As demonstrated previously (Fig. 2F), the I�B� phos-
phopeptide-estradiol Protac-2, but not Protac-3, specifically
induces ubiquitination of ER in vitro. The specificity is depend-
ent on the ability of Protac-2 to be recognized by the ubiquitin
ligase as well as its ability to bind to ER. The same specificity
of Protac action appears to hold true in cells, because Pro-
tac-2, unlike Protac-3, does not induce degradation of
GFP-AR (Fig. 4G).

DISCUSSION

The ubiquitin-proteasome pathway rapidly, efficiently, and
selectively ubiquitinates and degrades targeted polypeptides.
Many signaling processes critical to the biology of normal and
diseased cells are regulated by ubiquitin-dependent proteol-
ysis, including exit from M phase of the cell cycle and initiation
of innate immune response, which are respectively controlled
by degradation of cyclin B and the NF-�B regulator I�B� (23,
24). To harness the power of the ubiquitin-proteasome path-
way for therapeutic purposes, we are developing Protacs to

and monitored by SDS-PAGE followed by immunoblotting with an anti-ER antibody. B, Protac-2 induces assembly of high molecular weight
multiubiquitin chains on ER. Same as A, except that methyl ubiquitin was added in the place of ubiquitin (lane 4). C, estradiol and I�B�
phosphopeptide must be covalently linked to promote ER ubiquitination. The reaction was as described in A, except that I�B� phosphopeptide
and estradiol (5 �M) were separately added to the ubiquitination reaction instead of Protac-2. D and E, free I�B� phosphopeptide (D) and
estradiol (E) compete out Protac activity. Same as A, except that Protac-2 was used at 1 �M. Increasing amounts of I�B� phosphopeptide
(lanes 2–5) or 10 �M of I�B� peptide that is unphosphorylated (lane 6, arrow) was added to ubiquitination reaction. F, Protacs are target specific.
Same as A, except that ZAP70-ovalicin and I�B� phosphopeptide-DHT Protacs were used in place of Protac-2, as indicated.

FIG. 3. Ubiquitinated ER is degraded by the 26S proteasome. A,
Ubiquitination reactions performed as described in the legend to Fig.
2A were supplemented with purified yeast 26S proteasomes. Within
10 min, complete degradation of ER was observed. B, Purified 26S
proteasome preparations were preincubated in 1,10 phenanthroline
(1 mM) or 1,7 phenanthroline (1 mM) prior to addition. The metal
chelator 1,10 phenanthroline inhibits the Rpn11-associated deubiq-
uitinating activity that is required for substrate degradation by the
proteasome. Degradation of ER was inhibited by addition of 1,10
phenanthroline, but not the inactive derivative 1,7 phenanthroline.
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recruit proteins to ubiquitin ligases to promote their ubiquiti-
nation and degradation. An important aspect of the Protacs
approach is that it in theory can be applied to any protein in
the cytoplasm or nucleus of a diseased cell, and thus may
enable the development of therapeutics against a large frac-

tion of proteins in the proteome. The linchpin of our approach
is a heterobifunctional small molecule (i.e. Protac) that serves
as a bridge to link a target protein to a ubiquitin ligase.
Previously, we demonstrated that a Protac comprising a
phosphopeptide that binds SCF�-TRCP and a small molecule

FIG. 4. Microinjection of Protac
leads to GFP-AR degradation in cells.
Protac-3 (10 �M in the microinjection
needle) was introduced using a Pico-
spritzer II pressurized microinjector into
293AR-GFP cells in a solution containing
KCl (200 mM) and rhodamine dextran (50
�g/ml). Approximately 10% of total cell
volume was injected. A, Protac-3 in-
duces GFP-AR disappearance within 60
min. The top panels show cell morphol-
ogy under light microscopy overlaid with
images of cells injected with Protac as
indicated by rhodamine fluorescence
(pink). The bottom panels show images
of GFP fluorescence. By 1 h, GFP signal
disappeared in almost all microinjected
cells. To quantitate these results, we in-
jected over 200 cells and classified the
degree of GFP disappearance as being
either none (1), minimal (2), partial (3), or
complete (4). Examples from each cate-
gory and the tabulated results are shown
in B. These results were reproducible in
three independent experiments per-
formed on separate days with 30–50
cells injected per day. C, Same as A,
except that 293 cells expressing
GFP-AR were microinjected with free
I�B� phosphopeptide (I�B�pp) plus tes-
tosterone (test). D–F, Same as A, except
that 293AR-GFP cells were microinjected
with Protac (10 �M) plus 10-fold molar
excess (100 �M) of I�B� phosphopep-
tide (I�B�pp) (D), testosterone (test) (E),
or proteasome inhibitor epoxomicin (10
�M) (F). G, Same as A, except that
293AR-GFP cells were microinjected with
Protac-2. The controls shown in C–G
confirm that Protac-dependent turnover
of AR-GFP depended on intact Protac
and was both saturable and specific.
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(ovalicin) that binds MetAP-2 activates the ubiquitination of
MetAP-2 by SCF�-TRCP ubiquitin ligase in vitro, and conse-
quently targets MetAP-2 for degradation by the proteasome in
frog extract (7).

Our goals in the current work were to show that Protacs can
increase the turnover of a given target protein in cells, and to
extend the Protacs approach to proteins that play a causal
role in human diseases. We chose the estrogen and androgen
receptors for our current studies due to their well-character-
ized association with estrogen and androgen, respectively.
Furthermore, both receptors have been associated with the
development and progression of cancer.

The results reported here indicate that Protacs operate by a
bridging mechanism to enable efficient and specific down-
regulation of ER in vitro and AR in cells. From our in vitro data,
it is apparent that Protacs can be developed against different
targets (MetAP-2, ER, and AR), and that Protacs promote
ubiquitination of these targets in a manner that is both target
selective and dose dependent.

From microinjection experiments, it is clear that Protacs
can activate AR turnover in the context of the cellular degra-
dation machinery. This degradation was also found to be
specific and dependent on both components of the Protac
molecule. Moreover, the proteasome inhibitor epoxomicin
blocked the ability of Protacs to promote AR turnover, sug-
gesting that the degradation is proteasome specific and not
due to alternative pathways, such as those involving lyso-
somes, or due to other proteases, such as caspases.

To deliver Protacs to cells in the experiments described
here, we employed microinjection due to the impermeability
of the SCF�-TRCP-binding I�B� phosphopeptide moiety. A key
remaining challenge for Protac technology is to develop cell
permeable molecules that can be used to test for efficacy in
cell and animal models of cancer. Ongoing work in our labo-
ratories suggests that Protacs based on the hydroxyproline
motif of HIF1-� may be used to target ubiquitination and
degradation of proteins in cells through the von-Hippel-
Lindau ubiquitin ligase pathway.2

We postulate that many Protac compounds can be gener-
ated to treat a variety of diseases. First of all, hundreds of
putative ubiquitin ligases that can be exploited as agents of
Protac action have been uncovered by the Human Genome
Project. Second, it is important to note that Protacs should
not be limited to receptors with well-defined ligands such as
AR and ER. In theory, any protein that binds a small molecule
through high affinity interactions can be a candidate target.
Our studies suggest that Protacs technology is not only fea-
sible, but warrants further exploration as an alternative to
conventional pharmacologic inhibition of proteins that pro-
mote human disease. Current treatment of cancer includes
drugs that nonspecifically inhibit the cell cycle, DNA repair,

and metabolism. Protacs provide a means of specifically tar-
geting a protein that is known to regulate abnormal growth
and survival of cancer cells, in much the same way that
Gleevec improves the survival of chronic myelogenous leuke-
mia patients by inhibiting the causative agent breakpoint clus-
ter region-abelson murine leukemia (25). The hope is that by
developing a generic method that enables us to target the
proteins responsible for the malignant phenotype, regardless of
their mechanism of action or functional attributes, it will be
possible to combat cancer while sparing damage to normal
cells.
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