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Abstract: In the context of dysregulated ubiquitylation, the accumulation of oncogenic substrates can lead to tu-
morigenesis. In particular, mutations in Von Hippel-Lindau (VHL) E3 ubiquitin ligase are related to overexpression 
of hypoxia-inducible factors (HIF-1α and HIF-2α) which is evolving into renal cell carcinoma (RCC). The classical 
approach of drug discovery focuses on the development of highly selective small molecules able to bind and to 
inhibit enzymatic active sites. This strategy faces limitations in the context of ‘undruggable’ proteins, which are 
challenging to target. The discovery of Proteolysis Targeting Chimeras (PROTACs) as an alternative strategy to 
induce selective protein degradation is presented as a working hypothesis to understand further the Ubiquitin-
Proteasome System (UPS) and eventually counteract RCC cancer lacking VHL ubiquitin ligase. 
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Protein Ubiquitylation and Degradation
Posttranslational modifications play a fundamental role in 

protein functions, such as regulation of the folding, interaction 
with ligands or other proteins and localization to specific subcel-
lular compartments. Moreover, these chemical changes regulate 
protein functional states, such as signal transduction pathways in 
the case of signaling proteins or the catalytic activity in the case 
of enzymes. Among the different posttraslational modifications, 
ubiquitylation has emerged as an essential player in determin-
ing cell function and control, as it can affect the stability, in-
teractions, localization or activity of several proteins.[1] Indeed, 
proteins that could be harmful to the cell, such as damaged, mis-
folded or misassembled proteins are finally degraded.[2] Protein 
degradation is regulated by the Ubiquitin-Proteasome System 
(UPS) which involves different steps that depend on ubiquitin, 

a 76 amino acid protein that is highly conserved among higher 
eukaryotes. The addition of polyubiquitin chains to a target pro-
tein serves as a recognition marker and leads to proteolytic deg-
radation through the proteasome. This multiple enzymatic step 
process consists of a sequential action of ubiquitin-activating 
enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiqui-
tin ligases (E3). In particular, E3 ubiquitin ligase recruits an E2 
ubiquitin-conjugating enzyme that has been attached to ubiqui-
tin, recognizes a protein substrate, and catalyzes the relocation 
of ubiquitin from the E2 to the protein substrate, which is finally 
degraded through the proteasome (Fig. 1).[3]

Dysregulations in UPS 
Genetic defects in the ubiquitin system are at the root of 

many acquired and hereditary diseases, including neurodegen-

Fig. 1. General scheme representing the ubiquitylation process, adapted 
from ref. [3].
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eral types of tumors.[18] Small-molecule inhibitors called Nutlins 
occupy the p53 binding site of MDM2, thereby displacing p53 and 
preventing its degradation.[19] In this way, the p53 tumor suppres-
sor function can be re-established. Unfortunately, translating this 
strategy to RCC cancer treatment would most likely be ineffective 
since UPS defects due to VHL mutations lead to a decreased deg-
radation of HIF-α proteins. Therefore, promoting the degradation 
of HIF-α proteins in RCC cancer needs to be further studied. In 
this context, the PROTAC approach might represent an attractive 
strategy to activate the proteasome pathway in a specific manner.

The PROTAC Approach to Explore the UPS in the 
Context of RCC Cancer

Among the novel pharmacological strategies for cancer ther-
apy, such as small-molecule inhibitors, monoclonal antibodies 
and oligonucleotide agents, PROTACs (Proteolysis Targeting 
Chimeras) have emerged as a potent tool to rapidly and reversibly 
deplete endogenous proteins.[20]

PROTACs are heterobifunctional molecules, which can bind 
specifically a target protein and induce its degradation through a 
given E3 ubiquitin ligase acting in a catalytic way.[21] Since this 
technology benefits from the cell’s own protein degradation path-
way to specifically remove targeted proteins, it represents an or-
thogonal approach compared to small-molecule inhibitors, which 
act through an occupancy-driven pharmacology.[22] Thus, in con-
trast to small-molecule inhibitors that need a specific cavity or 
binding pocket which is ‘druggable’ to lead to therapeutic benefit, 
PROTACs have been shown to be suitable for targeting substrates 
that lack an active binding site.[23]

In the context of RCC cancer, the PROTAC approach might be 
useful to counteract the accumulation of HIF-1α and -2α, due to 
the absence of VHL activity, through the recruitment of a different 
E3 ligase able to degrade them (Fig. 3).

Challenges in PROTAC Design
PROTAC design relies on the combination of three different 

chemical moieties: an E3 ligase binder, a target of interest (TOI) 
ligand and a linker, which connects the two parts (Fig. 4). One of 
the most common strategies to combine these parts is click chem-
istry,[25] a reaction under mild conditions that consists of a 1,3-di-
polar cycloaddition starting from an azide and alkyne moiety (Fig. 
4 and Fig. 5). In addition, the presence of the triazole moiety may 
represent a metabolic advantage when linked to linear linkers, such 
as polyethylene glycol (PEG) or alkyl linkers, which are more eas-
ily exposed to oxidative metabolism in vivo.[26]

Finding the best combination of the three moieties represents 
a big challenge in PROTAC development. Firstly, to design and 
synthesize any new PROTAC, a pharmacologically/biophysically 
well-characterized ligand, often an inhibitor, is needed as the TOI 
recruiting moiety. Simultaneously, a known ligand to recruit the E3 
ubiquitin ligase is also required. Once the inhibitor for the target pro-
tein and a ligand for the E3 ligase have been identified, their func-
tionalization to generate an effective TOI ligand and, respectively, a 
ligase binder needs careful study of the SAR guided by molecular 
modeling.[29] This can be explained by the fact that modifications 
of the ligands might affect the binding affinity for their target. It is 
also true that a reduced binding affinity does not produce necessar-
ily inactive PROTACs. Indeed, the mechanism of PROTAC-induced 
degradation is dependent on the formation of a ternary complex and 
this might be more important in determining a productive PROTAC 
than the binary affinity of the TOI ligand or the ligase binder, as 
shown by Crews laboratory in a recent study.[30] Furthermore, dif-
ferent degradation profiles can be observed depending on which E3 
ligase is recruited. There are more than 600 E3 ligases predicted in 
the human genome but so far, only a few have been validated for 
PROTAC development:[31] in particular VHL, CRBN, MDM2, and 
cIAP1. In this context, the choice of the E3 ubiquitin ligase is cru-

erative, immune, and neoplastic disorders.[4] In cancer, both 
tumor-suppressing and tumor-promoting pathways are regulated 
by ubiquitylation. In particular, abnormal expression of E3 li-
gases is directly associated with altered expression of oncogenic 
substrates. Depending on the type of ubiquitin ligase, mutations 
or alterations in their expression can be found in a wide variety 
of cancers, or less frequently, restricted to a particular type of 
tumor, thus representing an attractive drug target in cancer. An 
example is the von Hippel-Lindau tumor suppressor (VHL), a 
recurrently mutated gene in clear cell renal cell cancer (RCC).[5] 
VHL encodes for a ubiquitin ligase adaptor protein that forms 
a Cullin-RING E3 ligase complex with Elongin B & C, CUL2 
and RBX1.[5,6] It is implicated in the recognition and degradation 
of hydroxyproline modified hypoxia-inducible factors HIF-1α 
and -2α under normoxic conditions (Fig. 2).[7] The loss of VHL 
function has been shown to promote tumorigenesis by leading to 
an increased HIF-1α and -2α transcriptional activity with conse-
quent upregulation of vascular endothelial growth factor (VEGF) 
and other factors that are thought to promote survival.[8]

Strategies to Treat RCC Cancer
Different strategies have been developed to treat RCC tumors, 

which are often characterized by abnormal vascularization. Small 
molecule tyrosine kinase inhibitors block receptor signaling by 
primarily targeting VEGF and platelet-derived growth factor 
(PDGF),[10] but these agents suffer from low specificity for the tar-
geted kinases. The discovery that the primary genetic event in clear 
cell RCC (loss of VHL) results in a defect in the UPS suggested that 
novel therapies targeting this pathway could be employed to induce 
apoptosis in cancer cells. For this reason, 26S proteasome inhibi-
tors, such as Bortezomib, which stabilize proteins that normally 
contribute to apoptosis, have been used to treat RCC cancer.[11] 

Bortezomib causes apoptosis of kidney cancer cell lines in vitro, 
but Phase II clinical trials results were less promising.[12] Its toxic-
ity probably reflects the consequences of nonspecific inhibition of 
the UPS.[13] Among other treatments, small molecule inhibitors of 
Hsp90 have been shown to promote the degradation of HIFα pro-
teins in a VHL-independent manner.[14] Moreover, inhibitors of the 
mTOR pathway, such as Rapamycin, have been shown to reduce 
HIF-1α levels and HIF-1α transcriptional activity.[15] However, all 
these treatments lack specificity and therefore have non-negligible 
side effects. In general, ubiquitin E3 ligases are very specific in 
their interaction with protein substrates, determining the selectiv-
ity of the ubiquitination process.[16] Thus, they are attractive targets 
for drug discovery since their inhibition would be expected to have 
fewer ‘off-target’ effects and less toxicity than other inhibitors.[17] 
One example is represented by the inhibition of the interaction 
between the p53 tumor suppressor gene and its E3 ubiquitin ligase, 
MDM2. The p53 gene is often mutated in cancer, and moreover, 
functional inactivation of p53 can also occur through its increased 
proteasomal degradation by MDM2, which is overexpressed in sev-

Fig. 2. HIF-1α ubiquitylation pathway adapted from ref. [9]. Under nor-
moxic conditions, HIF-1α is constitutively expressed and is recognized 
by VHL ligase upon hydroxylation by prolyl hydroxylases domain (PHD) 
enzymes at a specific proline residue. This leads to its subsequent VHL-
mediated polyubiquination and proteasomal degradation.[9] 
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PROTAC’s potency depending on its concentration and thus it 
may decrease its activity. Moreover, favorable or repulsive in-
teractions between the TOI and E3 ligase in ternary complex 
formation might also influence this effect, resulting in a more 
or less stable ternary complex.[34] The term cooperativity (α) 
is used to describe these interactions. Positive cooperativity  
(α > 1) takes place when favorable interactions between the TOI 
and E3 ligase stabilize the ternary complex. In contrast, nega-
tive cooperativity (α < 1) occurs when repulsive interactions 
inhibit ternary complex formation. To minimize the extent of 
the hook effect, positive cooperativity is required, resulting in 
enhanced productive ternary complex formation.[32] Since these 
interactions are difficult to predict in advance, minimizing the 
hook effect is a major challenge. A strategy to reduce this effect 
might be the progressive release of the two end-moieties of the 
PROTAC (E3 ligase and TOI binders).

Conclusions
The recruitment of different E3 ligases through PROTACs 

might counteract HIF-1α and -2α accumulation in RCC tumors. 
Since certain targets are more responsive to the proteasomal deg-
radation than others, the choice of E3 ubiquitin ligase pairing 
appears crucial. Additionally, the expression profile of the chosen 
E3 ligase has an important influence on the degradation of a tar-
get in specific tissues or cellular compartments.[35]

As mentioned above, there are more than 600 E3 ligases pre-
dicted in the human genome but so far, only a few have been 
explored in targeted protein degradation (CRBN, VHL, IAPs, 
MDM2, DCAF15, DCAF16, RNF114).[31] Some of them are ex-
pressed ubiquitously in different tissues, which may translate to 
undesired effects of PROTACs. Thus, PROTACs that recruit E3 
ligases with a tissue-selective expression profile are expected to 
present unique opportunities for therapeutic applications, as they 
should not degrade the targeted protein in tissues where the E3 li-
gase is not expressed.[36] To assess the tissue-selective expression 
profile we need to better understand the UPS system using clinical 
relevant samples and both genetic and chemical perturbation tools 
such as PROTACs. 

cial. Equally, the species and length of the linkers have a dramatic 
impact on the activity of the PROTAC and the stability of the ternary 
complex. In a recent study, Gray and co-workers found that different 
PROTAC linker lengths favored different ternary complex confor-
mations in which the target protein BRD4 interacts with either the 
C-terminal or the N-terminal domain of CRBN.[32] This suggests 
that PROTACs with the same E3 recruiting ligand and TOI ligand 
can provide different selectivity profiles depending on differences in 
linker attachment points and linker chemical composition.[32]

Hook Effect in PROTACs
A recurrent issue that can be observed in PROTAC technol-

ogy is the hook effect, which promotes the formation of ineffec-
tive binary complexes (PROTAC-TOI or PROTAC-E3 ligase) 
at high PROTAC concentrations instead of ternary complexes 
(TOI-PROTAC-E3 ligase).[33] This phenomenon affects the 

Fig. 3. PROTACs can restore the 
normal ubiquitylation through a 
catalytic mechanism, adapted 
from ref. [24].

Fig. 4. General scheme to develop PROTACs through click chemistry. 

Fig. 5. The copper-catalyzed reaction of an azide with an alkyne forms a 
5-membered heteroatom ring: a Cu(i)-catalyzed azide-alkyne cycloaddi-
tion (CuAAC).[27]. Adapted from ref. [28].
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Overall, this technology represents a promising strategy for 
inducing selective protein degradation in cancer. Some of the 
challenges in PROTAC design and synthesis were discussed, 
such as the combination of three different chemical moieties 
(TOI ligand, linker, ligase binder), the formation of a stable ter-
nary complex, the hook effect and the choice of the recruited 
E3 ubiquitin ligase. All these aspects are crucial to obtain effec-
tive PROTACs, to understand further the Ubiquitin-Proteasome 
System (UPS) and eventually counteract RCC cancer lacking 
VHL ubiquitin ligase.
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