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Abstract

Background/Objectives: Cancer resistance, pathway redundancy, and compensatory sig-
naling challenge traditional therapies. Dual target strategies address this by engaging two
disease-relevant proteins within a single molecule. This review compares classical dual
inhibitors with dual proteolysis-targeting chimeras (dual PROTACs) to evaluate the thera-
peutic advantages of degradation over occupancy. Methods: We examine oncology target
pairs featuring documented examples of both dual inhibitors and dual PROTACs. The
biological rationale for co-targeting is analyzed alongside a comparative assessment of their
chemical frameworks, focusing heavily on the synthetic strategies, length, and structure
of linkers required for dual PROTAC ternary complex formation. Results: While dual
inhibitors rely on active-site occupancy, dual PROTACs leverage the ubiquitin–proteasome
system for catalytic target elimination. Transitioning from dual inhibition to dual degra-
dation in most cases (>85%) enhances antitumor efficacy, extends duration of action, and
overcomes resistance mutations. Optimizing linker design remains the critical factor in bal-
ancing the simultaneous degradation kinetics of two distinct proteins. Conclusions: Dual
PROTACs provide distinct advantages over traditional inhibitors by completely destroying
target proteins rather than merely blocking them. This comparison offers a practical entry
point and actionable synthetic strategies for medicinal chemists designing multi-target
protein degraders.

Keywords: dual inhibitors; dual PROTACs; oncology; polypharmacology; targeted
protein degradation

1. Introduction
Proteolysis-targeting chimeras (PROTACs) have emerged as a transformative modality

in chemical biology and drug discovery, enabling the selective degradation of disease-
relevant proteins rather than their transient inhibition [1]. PROTACs are heterobifunctional
molecules composed of three key elements: (i) a ligand that binds the protein of interest
(POI), (ii) a ligand that recruits an E3 ubiquitin ligase, and (iii) a linker connecting these two
moieties [2]. Upon simultaneous binding to the POI and the E3 ligase, PROTACs induce the
formation of a ternary complex that facilitates ubiquitination of the target protein, leading
to its subsequent degradation by the ubiquitin–proteasome system (Figure 1) [1–3]. This
event-driven pharmacology distinguishes PROTACs from conventional occupancy-driven
inhibitors and enables sub-stoichiometric activity, catalytic turnover, and the potential to
overcome resistance mechanisms [4]. Consequently, PROTAC technology has attracted con-
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siderable interest as a new therapeutic strategy across a broad range of diseases, particularly
in oncology.

To date, more than 30 PROTACs are under evaluation in clinical trials (mostly Phase I
and II), predominantly in oncology indications such as lymphoma and breast cancer [5]. A
major milestone for the field was reached with the approval of vepdegestrant (ARV-471;
marketed as VEPPANU) by the FDA in 2026 for the treatment of adults with ESR1-mutated,
ER-positive/HER2-negative advanced or metastatic breast cancer following endocrine
therapy [6]. Two other compounds have now entered Phase III clinical trials: BMS-986365
(also known as CC-94676; an androgen receptor degrader developed by Bristol Myers
Squibb, currently in the Phase III rechARge trial for metastatic castration-resistant prostate
cancer) [7,8]; and BGB-16673 (catadegbrutinib; a BTK degrader developed by BeOne
Medicines, in Phase III trials for relapsed/refractory chronic lymphocytic leukemia and
small lymphocytic lymphoma) [9,10].

Figure 1. Modular design, catalytic mechanism, and clinical evolution of PROTACs. (a,b) PROTACs
are heterobifunctional degraders that form a ternary complex to induce target protein polyubiquitina-
tion and subsequent proteasomal degradation, leaving the intact chimera free to recycle. (c) Since the
first small-molecule proof-of-concept in 2008, the field has rapidly advanced from initial clinical trials
in 2019 to the FDA approval of ARV-471 in 2026 [6,11,12]. (d) Chemical structures of advanced Phase
III candidates BMS-986365 and BGB-16673, color-coded by target ligand (orange), linker (black), and
E3 ligase recruiter (blue).

The vast majority of the developed PROTACs are based on a single-target warhead,
meaning that they are designed to induce the degradation of a single protein of inter-
est (POI) [2]. While this approach has proven effective, its therapeutic benefit may be
compromised by the emergence of resistance mechanisms, including mutations in the
target protein, activation of compensatory signaling pathways, and tumor heterogeneity [5].
Building upon this paradigm, dual PROTACs have recently emerged as an extension of
targeted protein degradation strategies [5,13–15]. These heterobifunctional systems are
designed to simultaneously degrade two distinct protein targets within a single molecular
framework, thereby enabling the modulation of multiple disease-relevant pathways. By
targeting complementary or synergistic proteins, dual degraders may enhance therapeutic
efficacy, reduce the likelihood of resistance, and provide broader biological activity than
conventional single-target degraders. However, dual PROTAC development is far from
straightforward. Medicinal chemists often face tough selectivity trade-offs, where the
molecule might degrade one target perfectly but completely miss the other, or accidentally
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destroy unintended proteins. There is also very little animal or pharmacokinetic data avail-
able yet to prove they actually work in a living body. Ultimately, because these molecules
are so large and complex, they struggle with poor absorption and metabolic instability,
creating steep roadblocks for clinical translation that scientists must learn to navigate.

Depending on their molecular architecture, dual PROTACs can be classified into three
main categories: (i) true dual target degraders, which incorporate two distinct ligands
directed against different POIs; (ii) degraders based on promiscuous ligands, capable of
engaging and degrading multiple related proteins, such as members of the bromodomain
and extra-terminal BET family; and (iii) multivalent or trivalent PROTACs, in which
branched architectures enable simultaneous or cooperative interactions with multiple
proteins or E3 ligases [5].

The concept of simultaneously engaging two biological targets is not new. Before the
development of degraders, scientists focused on the development of dual inhibitors [16].
These are single small molecules capable of modulating two distinct biological targets, a
concept long explored in medicinal chemistry to address the complexity of multifactorial
diseases [16,17]. These compounds typically rely on either shared pharmacophoric features
or hybrid scaffolds combining two inhibitory motifs. One of the earliest clinically successful
examples is lapatinib (Tykerb®), the first dual inhibitor of epidermal growth factor receptor
(EGFR/ErbB1) and human epidermal growth factor receptor (HER2/ErbB2) tyrosine ki-
nases, approved by the FDA in 2007 for the treatment of HER2-positive metastatic breast
cancer [18]. Its ability to simultaneously suppress two closely related yet functionally
distinct oncogenic drivers within the ErbB family exemplifies the shared pharmacophoric
approach to dual inhibition. Here, a single scaffold is accommodated within the highly
homologous ATP-binding pockets of both receptors [19]. A second paradigmatic case is so-
rafenib (Nexavar®), originally identified as a Raf kinase inhibitor [20]. It was subsequently
found to inhibit multiple additional kinases, including VEGFR-1, -2, and -3, PDGFRβ, FLT-
3, c-Kit, and RET receptor tyrosine kinases. Approved by the FDA for advanced renal cell
carcinoma, sorafenib was the first targeted therapy approved for this cancer in more than a
decade. It subsequently received approval for hepatocellular carcinoma and differentiated
thyroid cancer as well [20]. More recently, duvelisib (Copiktra®) became the first approved
dual inhibitor of PI3K-d and PI3K-g isoforms, both of which are expressed in normal and
malignant B-cells [21]. Approved in September 2018 for adult patients with relapsed or
refractory CLL/SLL after at least two prior therapies, duvelisib also received accelerated
approval for relapsed or refractory follicular lymphoma after at least two prior systemic
therapies [22]. Taken together, these examples illustrate that dual inhibitors have been
successfully translated into the clinic across a range of cancer types. They demonstrate that
simultaneous modulation of two biological targets by a single small molecule is not only
achievable but can also constitute a therapeutically meaningful strategy.

Dual PROTACs and dual inhibitors share the concept of polypharmacology, which
recognizes that multifactorial diseases such as cancer may be more effectively addressed
by molecules capable of modulating multiple targets [23]. However, these two strategies
differ fundamentally in their mechanisms of action, structural complexity, and translational
profiles. To appreciate the current state of each field, Figure 2 plots the annual number of
oncology-focused publications indexed in PubMed and Scopus between 2007 and 2025.

Panel (a) underlines a contrast in research maturity. Dual inhibitors have maintained
a growing publication output throughout this period, while the PROTAC field remained
largely confined to academic proof-of-concept studies until 2018. After this year, it under-
went exponential growth coinciding with the first clinical translations of targeted protein
degraders. Panel (b) narrows the analysis to dual PROTACs specifically. We can see that a

https://doi.org/10.3390/ph19081146

https://doi.org/10.3390/ph19081146


Pharmaceuticals 2026, 19, 1146 4 of 28

meaningful output emerges only from 2021 onward, when Zheng et al. reported the first
canonical dual PROTAC degrading EGFR and PARP [24].

Figure 2. Annual number of oncology-focused publications indexed in PubMed and Scopus
(2007–2025). (a) Comparative output for the PROTAC field as a whole (blue) and for dual inhibitors
(red). (b) Subset analysis restricted to dual target PROTACs designed to simultaneously degrade two
distinct protein targets (green).

Dual inhibitors benefit from well-established optimization frameworks, favorable
physicochemical properties, and synthetic scalability that aligns with medicinal chemistry
workflows [16]. In contrast, dual PROTACs offer a distinct mode of action based on the si-
multaneous catalytic degradation of two protein targets. This approach eliminates not only
the target enzymatic activity, but also their non-catalytic functions, including scaffolding
roles and protein–protein interactions [5]. As a result, targeted protein degradation (TPD)
may provide mechanistic advantages that cannot be achieved through occupancy-driven
inhibition alone.

These advantages are, however, accompanied by design challenges. Dual PROTACs
generally exhibit higher molecular weights, increased structural complexity, and an ad-
ditional layer of optimization associated with linker design. Linker composition, length,
and geometry profoundly influence ternary complex formation, cooperativity, and stability,
which ultimately determine degradation efficiency and selectivity [25–30]. The main charac-
teristics of dual inhibitors and dual PROTACs, as well as their advantages and drawbacks,
are summarized in Figure 3.

Figure 3. Comparative overview of dual inhibitors and dual PROTACs. Schematic illustration
summarizing the structural engagement of dual targets, contrasting mechanisms of action (MOA),
cellular effects, and their respective therapeutic advantages and drawbacks. TPD: Targeted Protein
Degradation, PK: pharmacokinetics.
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The present review provides a comparative analysis of dual PROTACs and dual
inhibitors across key development parameters, including drug-likeness, metabolic stability,
and pharmacokinetic properties. Its primary objective is to identify the context in which
each approach offers the greatest therapeutic potential and to highlight their value as
complementary rather than competing strategies. Given that linker architecture represents
the principal structural feature distinguishing dual PROTACs from both mono-PROTACs
and dual inhibitors, particular attention will be devoted to the linker designs and synthetic
strategies reported in the dual PROTAC literature. Through this analysis, we seek to provide
medicinal chemists entering the field with practical guidance on linker design, synthesis,
and optimization, thereby facilitating the rational development of future dual degraders.

2. Results and Discussion
2.1. Dual PROTACs vs. Dual Inhibitors

To compare traditional occupancy-driven pharmacology (dual inhibitors) and event-
driven targeted protein degradation (TPD, dual PROTACs), we evaluate dual targeting
strategies across two distinct categories: homologous protein families and interconnected
heterologous networks.

The majority of this discussion focuses on homologous protein families that share
conserved structural domains, including cyclin-dependent kinases (CDKs), histone deacety-
lases (HDACs), BCL-2 family proteins, and CBP/p300 transcriptional coactivators. These
target classes represent the most extensively investigated epigenetic and cell-cycle regula-
tory axes in contemporary oncology [31,32]. Consequently, they provide a robust body of
literature that enables a direct comparison between conventional small-molecule inhibition
and targeted protein degradation.

To maintain a focused and coherent analysis, specific boundaries have been applied to
the selection criteria. While the expanding landscape of TPD includes an array of multi-
target systems, an exhaustive cataloging of every emergent heterologous combination lies
beyond the scope of this review. Crucially, we explicitly exclude complex, multi-warhead
architectures, such as trifunctional “Y-type” PROTACs that tether two separate targeting
moieties to a single E3 ligase ligand. This family of compounds are extensively described
in other works, notably the review by Liu et al. published in 2024 [5,33–35]. Instead, our
exploration of heterologous pathways is intentionally restricted to single-warhead bivalent
ligands disrupting interconnected networks through a shared binding interface. The
structure, the activity, and the targets of the dual PROTACs and dual inhibitors discussed
in each part are reported in the corresponding tables.

2.1.1. CDKs

Cyclin-dependent kinases (CDKs) are key regulators of cell-cycle progression and tran-
scription, and their dysregulation is a hallmark of numerous cancers. CDK1, CDK2, CDK4,
and CDK6 play essential roles in controlling cell cycle transitions, while CDK7, CDK8,
CDK9, CDK12, and CDK13 primarily modulate gene transcription [36]. Overactivation of
CDKs usually drives uncontrolled cellular proliferation and tumor growth. Beyond their
roles in cell-cycle control, transcription-associated CDKs such as CDK7, CDK9, and CDK12
support oncogenic transcriptional programs and promote cancer cell survival. Conse-
quently, the dependence of many tumors on dysregulated CDK activity has established this
protein family as a major therapeutic target, leading to the successful development of selec-
tive CDK inhibitors for the treatment of breast cancer and hematological malignancies [37].

Building on this therapeutic rationale, several degraders capable of simultaneously tar-
geting multiple CDK isoforms have been developed through the conjugation of established
CDK-binding ligands to cereblon (CRBN)-recruiting moieties. We begin our discussion of
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dual inhibition and dual degradation strategies with CDK2 and CDK9, two kinases that
play complementary roles in cell proliferation and survival. Whereas CDK2 contributes
primarily to cell-cycle progression, CDK9 regulates transcriptional elongation through
phosphorylation of RNA polymerase II, thereby sustaining the expression of short-lived
oncogenic and anti-apoptotic proteins. By sustaining the expression of short-lived onco-
genic and anti-apoptotic proteins, including MYC and MCL-1, CDK9 plays a central role
in tumor cell survival [38]. Consequently, the simultaneous targeting of CDK2 and CDK9
represents an attractive strategy to disrupt both proliferative and transcriptional survival
programs in cancer cells [39].

A few years ago, Zhou and colleagues developed the dual PROTAC F3 by conjugating
the CDK inhibitor FN-1501 to the CRBN ligand pomalidomide [40,41]. This PROTAC induced
efficient degradation of both CDK2 (DC50 = 62 nM) and CDK9 (DC50 = 33 nM), and dis-
played remarkable antiproliferative activity against prostate cancer PC-3 cells (IC50 = 120 nM),
where it effectively blocked cell-cycle progression at the S and G2/M phases [40]. In parallel,
CCT068127 represents a dual CDK2/9 inhibitor derived from optimization of the purine
scaffold of seliciclib [42]. The compound inhibits CDK2/cyclin E and CDK9/cyclin T with
IC50 values of 10 nM and 90 nM, respectively [42]. Importantly, treatment of HT29 colon
cancer cells with CCT068127 resulted in decreased tumor-suppressor RB phosphorylation,
reduced RNA polymerase II phosphorylation, inhibition of DNA synthesis, and induction of
cell-cycle arrest and apoptosis [42]. Its cellular antiproliferative activity is remarkable, with an
average GI50 of 0.5 µM versus 12 µM across colon cancer and melanoma cell lines. CCT068127
and F3 occupy distinct regions of chemical space, leading to distinct advantages and liabil-
ities in drug development. CCT068127 molecular weight and physicochemical properties
remain within Lipinski’s Rule of Five, supporting favorable oral drug-like characteristics.
As a PROTAC, F3 places itself in the beyond-Rule-of-Five (bRo5) space [43]. As a result,
F3 is expected to display reduced membrane permeability, lower oral bioavailability, and
greater metabolic liability relative to CCT068127. From a metabolic perspective, CCT068127
was specifically optimized to overcome the rapid oxidative metabolism associated with its
precursor, seliciclib (roscovitine). Structural studies showed a stable binding mode within the
CDK2 ATP pocket, including hydrophobic interactions with the gatekeeper residue Phe80,
supporting improved metabolic robustness [42]. Conversely, F3 contains several metabolically
vulnerable regions, including the methylpiperazine-containing FN-1501 warhead, a flexible
linker region, and a pomalidomide-derived CRBN ligand, all of which may contribute to
higher intrinsic clearance. Although no direct microsomal stability data are available for F3,
its molecular architecture is consistent with the ADME limitations frequently encountered
with first-generation PROTACs. From a pharmacological perspective, CCT068127 demon-
strated robust cellular efficacy, with approximately 20-fold improved antiproliferative activity
over seliciclib and effectively suppressing both RB phosphorylation and RNA polymerase
II signaling. F3 instead operates through an event-driven degradation mechanism, whereby
transient exposure may be sufficient to induce prolonged CDK2/CDK9 degradation through
the ubiquitin-proteasome system. This catalytic mode of action may provide sustained biolog-
ical effects despite lower systemic exposure. However, no in vivo PK data for F3 has yet been
reported, limiting assessment of its translational potential. Finally, CCT068127 benefits from
relatively straightforward medicinal chemistry and scalable synthesis based on established
trisubstituted purine chemistry. In contrast, F3 requires multistep convergent assembly of the
warhead, linker, and E3 ligase ligand, making synthesis and large-scale manufacturing more
complex. While CCT068127 presents superior conventional drug-like and pharmacokinetic
properties, F3 illustrates the unique mechanistic advantages of targeted protein degradation
despite the inherent challenges associated with PROTACs.
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TMX-2172 is a potent dual PROTAC derived from the pan-CDK inhibitor dinaciclib,
engineered to achieve high degradation selectivity for these two kinases while sparing
others like CDK1 and CDK5 [44,45]. In OVCAR8 ovarian cancer cells, TMX-2172 exhibits
a significant potency boost, achieving a GI50 of 33.1 nM, which outperforms the parent
inhibitor’s cellular activity (90 nM average GI50) [44,45]. This increased efficacy is driven
by its event-driven mechanism, with DC50 values reaching 33 nM for CDK2 [45,46]. By
utilizing a CRBN-recruiting ligand to physically eliminate the CDK2 “cell cycle engine”
and the CDK5 “survival scaffold,” TMX-2172 demonstrates that selective co-degradation
can provide a more favorable therapeutic window and deeper cellular response than the
broader, more toxic inhibition characteristic of traditional pan-CDK small molecules.

Other groups based PROTACs development on selective CDK inhibitors, as in the
case of Jiang and co-workers [47]. The researchers conjugated the dual CDK4/6 inhibitor
palbociclib to a CRBN-recruiting ligand to generate BSJ-02-162, which was capable of inducing
degradation of both CDK4 and CDK6 [47,48]. BSJ-02-162 displays a DC50 of 32 nM and
6.1 nM for CDK4 and CDK6, respectively. This profile reflects the high activity of the parental
palbociclib, which showed an IC50 of 9 and 15 nM for CDK4/cyclin D1 and CDK6/cyclin D2,
respectively. In Mantle Cell Lymphoma (MCL) cell lines, BSJ-02-162 significantly outperforms
palbociclib in terms of antiproliferative activity. This superior potency is driven by the “dual
threat” mechanism of the PROTAC: it destroys the CDK4/6 proteins and simultaneously
degrades the IMiD targets (IKZF1/3), which are vital for MCL survival [49]. In fact, the average
GI50 for MCL cells (Mino, Granta-519, Geko-1) is 35 nM for BSJ-02-162, showing an 8-fold
improvement with respect to palbociclib (280 nM) [47]. Zhao and Burgess developed the dual
CDK4/6 PROTACs Pal-pom and Rib-pom using CuAAC “click” chemistry to fuse parent
inhibitors (palbociclib and ribociclib, respectively) to a pomalidomide recruiter, significantly
enhancing their antiproliferative potency compared to traditional inhibition [48,50]. In MDA-
MB-231 breast cancer and A375 melanoma cells, Pal-pom demonstrated superior efficacy with
a GC50 of 40 nM (a 5-fold improvement over palbociclib), while Rib-pom showed a GC50

of 120 nM, reflecting the higher binding affinity of the palbociclib warhead [48,50]. These
degraders operate through an event-driven mechanism, achieving DC50 values as low as
13 nM for CDK4 and 34 nM for CDK6 for Pal-pom. By physically eliminating the kinases
rather than merely occupying their binding sites, these PROTACs induce more robust G1
phase arrest and a deeper suppression of pRb phosphorylation at lower concentrations than
their parent compounds, though their high molecular weights (950–1000 Da) present greater
challenges for oral bioavailability than the original small-molecule inhibitors.

The research group led by Chinnaiyan and Ding identified compound 7f as a
dual CDK12/CDK13 PROTAC built from an analog of the potent parent inhibitor
SR-4835 [51–53]. 7f exhibits extraordinary degradation efficiency in MDA-MB-231 cells,
with DC50 values of 2.2 nM (CDK12) and 2.1 nM (CDK13). In the BRCA-deficient TNBC line
MFM223, it shows high antiproliferative activity with a GI50 of 47 nM, roughly doubling the
potency of the parent SR-4835 (100 nM) by inducing a permanent “BRCAness” phenotype
through the loss of DNA repair transcripts [51]. Despite its cellular strength, 7f faced
significant drug-like hurdles due to poor aqueous solubility. This led to the development
of 7b, an optimized derivative with a more balanced lipophilic profile (ClogP = 4.8) [51].
While 7b’s DC50 values shifted slightly to 5 nM (CDK12) and 6 nM (CDK13), and its GI50

in MFM223 cells moved to 70 nM, it retained nanomolar degradation efficiency while
overcoming previous formulation dead-ends. Crucially, 7b demonstrated robust in vivo
activity in MDA-MB-231 xenograft models, where doses of 20–30 mg/kg achieved sus-
tained target degradation and significant tumor regression [51]. This transition proves
that optimizing the physicochemical properties of a PROTAC is as critical as its catalytic
potency for successful translation into systemic therapies.
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To finish with, LL-K8-22 is a first-in-class dual degrader of the CDK8–Cyclin C complex,
built using the inhibitor BI-1347 as its warhead [54,55]. While BI-1347 is a nanomolar inhibitor
of CDK8/19 enzymatic activity, LL-K8-22 achieves more comprehensive cellular control by
physically eliminating the kinase and its “undruggable” co-activator, Cyclin C, in MDA-MB-
468 TNBC cells. LL-K8-22 exhibits DC50 values of 2.5 µM for both targets and provides a 5-fold
improvement in antiproliferative activity (GI50 of 58 nM) compared to its parent inhibitor. By
suppressing oncogenic E2F- and MYC-driven transcriptional programs more persistently, LL-
K8-22 illustrates the superior efficacy of an event-driven strategy in eliminating multi-protein
complexes driving cancer progression. Interestingly, LL-K8-22 is not a classical PROTAC:
in fact, it exploits the hydrophobic tagging (HyT) technology. By mimicking a “misfolded
protein” signal, the adamantane tag tricks the endogenous chaperone proteins into recognizing
the complex. The chaperones then shuttle the entire CDK8–cyclin C assembly straight to the
proteasome for degradation, successfully bypassing the traditional requirement for an E3
ligase [54]. The structure, the activity, and the targets of the dual PROTACs and dual inhibitors
discussed in this part are reported in Table 1.

2.1.2. BCL-2 and BCL-xL

As key anti-apoptotic members of the BCL-2 (B-cell lymphoma 2) protein family, the
homologous proteins BCL-2 and BCL-xL (B-cell lymphoma-extra-large) are well-established
therapeutic targets in oncology [56]. Their aberrant expression drives both tumorigenesis
and the development of drug resistance to anticancer therapies, making their simultaneous
targeting an attractive therapeutic strategy [57].

The evolution of anti-apoptotic targeting has recently progressed from conventional
occupancy-driven inhibition to event-driven targeted protein degradation. The classi-
cal dual BCL-2/BCL-xL inhibitor navitoclax (ABT-263, see Table 2 for dosage used in
various preclinical models) demonstrated high clinical efficacy by physically blocking
the hydrophobic grooves of these anti-apoptotic proteins [58]. This competitive binding
displaces pro-apoptotic ‘killer’ proteins (such as BIM), freeing them to permeabilize the
mitochondrial membrane and rapidly trigger cancer cell apoptosis [58–60].

Table 1. Dual inhibitors and dual PROTACs against CDK isoforms.

Strategy Name Structure Target Profile and Potency Cellular Activity

Bind &
Block
(Dual
Inhibitors)

CCT068127/
Seliciclib

 

CDK2/cyclin IC50 = 10 nM
CDK9/cyclinT IC50 = 90 nM

Colon cancer and
melanoma
(avg GI50) = 0.5 µM

Palbociclib CDK4/cyclin IC50 = 9 nM
CDK6/cyclin IC50 = 15 nM

Mantle cell
lymphoma
GI50 = 280 nM
Human melanoma
cell (GC50) = 200 nM

SR-4835

 

CDK12
IC50 = 99 nM
CDK13
IC50 = 4.9 nM

TNBC—MFM223
GI50 = 100 nM

BI-1347

 

CDK8
IC50 = 1.1 nM

MDA-MB-468
TNBC
GI50 = 290 nM
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Table 1. Cont.

Strategy Name Structure Target Profile and Potency Cellular Activity

Bind &
Degrade
(Dual
PROTACs)

F3

CDK2
DC50 = 62 nM
CDK9
DC50 = 33 nM

PC-3 prostate cancer
IC50 = 120 nM

TMX-2172

 

CDK2/cyclinA IC50 = 6.5 nM
CDK5/p25
IC50 = 6.8 nM
CDK2
DC50 = 33 nM

Ovarian cancer
GC50 = 33 nM

BSJ-02-162

CDK4
DC50 = 32 nM
CDK6
DC50 = 6.1 nM

Mantle cell
lymphoma
GI50 = 35 nM

Pal-pom

CDK4
DC50 = 13 nM
CDK6
DC50 = 34 nM

Human melanoma
cell
GC50 = 40 nM

Rib-pom — Human melanoma
cell GC50 = 120 nM

7f

CDK12
DC50 = 2.2 nM
CDK13
DC50 = 2.1 nM

TNBC—MFM223
GI50 = 47 nM

7b

CDK12
DC50 = 5 nM
CDK13
DC50 = 6 nM

TNBC—MFM223
GI50 = 70 nM

LL-K8-22

 

CDK8
DC50 = 2.5 µM
Cyclin C
DC50 = 2.5 µM

MDA-MB-468
TNBC GI50 = 58 nM

However, navitoclax clinical translation has been severely hindered by dose-limiting,
on-target thrombocytopenia, as platelet survival relies heavily on BCL-xL signaling [61,62].
To decouple anti-tumor activity from this hematological toxicity, Khan and colleagues ap-
plied TPD strategies to selectively eliminate BCL-xL [63]. Although the first lead compound,
DT2216, was designed as a selective BCL-xL degrader with minimal activity toward BCL-2,
subsequent structure-guided optimization of the linker architecture led to the identification
of 753b (Table 2), the potent first-in-class dual BCL-2/BCL-xL PROTAC [64–67]. Compound
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753b induced potent degradation of both targets, with DC50 values of 6 nM for BCL-xL and
48 nM for BCL-2 [67].

Table 2. The structure, IC50 and GI50 of dual inhibitors and dual PROTACs against BCL-2 and BCL-xL
are presented.

Strategy Name Structure Target Profile and Potency Cellular Activity

Bind &
Block
(Dual
Inhibitors)

Navitoclax
(ABT-263)

BCL-2 and BCL-xL
IC50 = 0.5 nM for
both proteins

Dosage: 0.001–10.0 µM in
SCLC cell lines, 1.0 µM
epithelial cancer cell lines,
1–5 µM MDA-MB-231
and MCF-7

Bind &
Degrade
(Dual
PROTACs)

753b

 

DC50 BCL-xL = 6 nM;
DC50 BCL-2 = 48 nM;

GI50 on Kasumi-1 (AML):
59.6 nM, MOLM-1 (AML):
37.0 nM,

WH244

 

DC50 BCL-xL = 0.6 nM;
DC50 BCL-2 = 7.4 nM;

GI50 on MOLM-1/Jurkat:
1.51 nM, H146 (SCLC):
2.10 nM

From a drug-likeness and pharmacokinetic perspective, 753b operates well beyond
traditional Lipinski’s “Rule of 5” space due to its large, bivalent macromolecular structure
(MW: 1641.49). Consequently, whereas navitoclax possesses traditional oral bioavailability,
753b is administered parenterally (intravenously or intraperitoneally) [64,65].

A key advantage of 753b lies in its ability to exploit tissue-specific differences in E3
ligase expression. Human platelets express very low levels of the von Hippel–Lindau (VHL)
E3 ligase, limiting the formation of productive ternary complexes and thereby reducing
BCL-xL degradation in these cells. As a result, 753b largely preserves platelet viability
while maintaining antitumor activity, effectively dissociating BCL-xL targeting from the
dose-limiting thrombocytopenia associated with navitoclax [67].

Recent studies show that 753b naturally accumulates in the liver [68]. This liver-
specific targeting allows it to act as a highly effective “senolytic”, a drug that selectively
destroys aging, damaged cells (senescent cells) that cause tissue degradation [64]. In animal
models, 753b successfully cleared these aging cells, slowed the progression of fatty liver
disease, and prevented the development of liver cancer (metabolic dysfunction-associated
steatohepatitis (MASH)-driven hepatocellular carcinoma) [68]. Importantly, these beneficial
therapeutic effects were achieved without causing the severe systemic toxicities seen with
earlier small-molecule inhibitors [68].
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Building on the structural proof-of-concept established by 753b, subsequent structure-
guided optimization of both linker architecture and warhead regions further resulted in the
next-generation dual degrader WH244 (Table 2) [66]. This structural fine-tuning enhanced
ternary complex cooperativity, driving the DC50 values down to 0.6 nM for BCL-xL and
7.4 nM for BCL-2. Consistent with its improved degradation profile, WH244 exhibited
superior antiproliferative activity in Jurkat leukemia cells compared with 753b, DT2216,
and the parent inhibitor navitoclax, achieving a GI50 value of 1.51 nM [66].

Collectively, the progression from navitoclax to DT2216, 753b, and WH244 illustrates
how targeted protein degradation can transform a clinically validated yet toxicity-limited
pharmacological mechanism into a more selective therapeutic strategy. Although alter-
native dual targeting approaches have also been explored [69,70], VHL-recruiting dual
degraders currently represent one of the most advanced examples of leveraging tissue-
specific E3 ligase biology to improve the therapeutic index of BCL-xL-directed therapies.

2.1.3. HDACs

The histone deacetylase (HDAC) family occupies a central hub in cancer pathogene-
sis. These enzymes regulate chromatin structure and gene expression by removing acetyl
groups from histone and non-histone proteins, thereby influencing key cellular processes,
including cell-cycle progression, DNA damage repair, apoptosis, and differentiation [71,72].
Consequently, aberrant overexpression or hyperactivation of class I HDAC isoforms
(HDAC1, 2, 3, and 8) is frequently associated with tumor initiation, progression, metasta-
sis, and resistance to anticancer therapies, making them attractive targets for therapeutic
intervention [71,73–75].

The high degree of structural homology among class I HDACs, particularly within
their zinc-dependent catalytic domains, has historically favored the development of multi-
target inhibitors capable of simultaneously modulating several isoforms [72,76–80]. Indeed,
many clinically approved HDAC inhibitors, including vorinostat, panobinostat, and beli-
nostat, display varying degrees of activity across multiple HDAC family members rather
than strict isoform selectivity. While such polypharmacology can broaden therapeutic
efficacy, it may also contribute to dose-limiting toxicities arising from the inhibition of
HDAC isoforms expressed in normal tissues.

More recently, targeted protein degradation has emerged as an alternative strategy to
modulate HDAC biology. By eliminating HDAC proteins rather than simply blocking their
catalytic activity, HDAC-directed PROTACs have the potential to suppress both enzymatic
and non-enzymatic functions, including their participation in transcriptional corepressor
complexes. This mechanistic distinction is particularly relevant for class I HDACs, which
frequently exert their oncogenic functions as components of large multiprotein assemblies.

This growing trend is illustrated by the VHL-recruiting HDAC1/HDAC3 degrader
JPS016 and the HDAC3/HDAC8 degrader YX968 (Table 3) [81,82]. To contextualize the
performance of these dual degraders, they should be compared with the pharmacological
and pharmacokinetic (PK) profiles of their corresponding parent inhibitors. For instance,
the benzamide-based dual HDAC1/HDAC3 inhibitor CI-994 (tacedinaline, Table 3), which
served as the warhead for JPS016, exhibits favorable drug-like properties, including an
oral bioavailability of approximately 30–40% in preclinical models and a prolonged plasma
half-life (approximately 11 h in humans), allowing sustained target occupancy [83,84].
Similarly, traditional hydrazide-class inhibitors, which served as precursors to the dual
degrader YX968, possess excellent metabolic stability and low molecular weights (<400 Da),
which strictly align with Lipinski’s Rule of 5 and yield excellent cell permeability [82,85].
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Table 3. Summary of activity values for dual inhibitors and PROTACs active against HDACs.

Strategy Name Structure Target Profile and Potency Cellular Activity

Bind &
Block
(Dual
Inhibitors)

CI-994
(tacedinaline)

IC50 = 0.9 µM (HDAC1),
1.2 µM (HDAC3)

GI50 on HCT116
cells: 10 µM

Bind &
Degrade
(Dual
PROTACs)

JPS016

 

DC50 HDAC1 = 550 nM;
DC50 HDAC3 = 530 nM

GI50 on HCT116
cells: 5.3 µM

YX968

 

DC50 HDAC3 = 1.7 nM;
DC50 HDAC8 = 6.1 nM

GI50 on DLBCL
cells: 1.0 µM

However, these classical dual inhibitors are intrinsically limited by occupancy-driven
mechanics, often demanding high systemic exposure that exacerbates off-target toxicities
such as myelosuppression and cardiotoxicity. This is mainly due to a lack of strict isoform
selectivity within the highly conserved catalytic pockets of the HDAC family [32,84].

In contrast, dual PROTACs such as JPS016 and YX968 circumvent these pharma-
cokinetic pitfalls through sub-stoichiometric, event-driven pharmacology, in which sub-
stoichiometric target engagement can trigger sustained protein degradation. Although
these chimeras inevitably suffer from classic bRo5 liabilities (poor aqueous solubility, high
molecular weights, and significantly reduced oral bioavailability), their capacity to form
cooperative ternary complexes allows them to achieve isoform selectivity and nanomolar
degradation potencies. Specifically, JPS016 effectively drives the simultaneous degradation
of HDAC1 (DC50 = 550 nM) and HDAC3 (DC50 = 530 nM), while YX968 demonstrates ex-
ceptional dual degradation of HDAC3 (DC50 = 1.7 nM) and HDAC8 (DC50 = 6.1 nM) [81,82].
The two PROTACs also showed very good antiproliferative activity against HCT116 (hu-
man colon cancer cells) and DLBCL (Diffuse Large B-cell Lymphoma cells) cancer cell lines
in the micromolar range (Table 3).

Collectively, these examples illustrate how dual PROTACs can convert clinically
relevant but toxicity-limited occupancy-driven inhibitors into degraders with improved
isoform selectivity and prolonged pharmacodynamic effects.

2.1.4. CBP and p300

CREB-binding protein (CBP, also known as CREBBP) and its highly conserved paralog
p300 (EP300) are twin transcriptional coactivators and lysine acetyltransferases (KATs) that
share approximately 61% overall sequence similarity [86]. These multidomain proteins play
a pivotal role in cancer pathogenesis by functioning as scaffolding engines that bridge tran-
scription factors with RNA polymerase, while concurrently acetylating histones H3K18 and
H3K27 to orchestrate oncogenic enhancer programs like driving MYC expression [86,87].
Dysregulation of CBP/p300 is frequently implicated in acute leukemias and castration-
resistant prostate cancer, establishing them as attractive therapeutic targets [86,88].
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Traditional small-molecule inhibitors have historically targeted either the bro-
modomain or the catalytic acetyltransferase domain to suppress specific CBP/p300
functions [89–93]. In contrast, the emergence of heterobifunctional PROTACs provides
complete ablation of the entire multi-domain scaffolding framework, eliminating both
canonical and noncanonical functions of the proteins [88].

One of the earliest dual CBP/p300 degraders, dCBP-1, was generated by link-
ing the highly selective bromodomain inhibitor GNE-781 to a CRBN-recruiting ligand.
(Table 4) [87,94]. GNE-781 displays exceptionally high potency against the CBP and
p300 bromodomains (IC50 = 0.94 nM and IC50 = 2.2 nM, respectively), combined with
excellent metabolic stability, low intrinsic clearance (4.4 mL/min in mice), and high
oral bioavailability (F = 81% in mice) [94,95]. When converted into dCBP-1 via a flexi-
ble linker, the resulting PROTAC preserves sub-nanomolar potency, generating DC50

values of 0.8 nM for CBP and 1.9 nM for p300 (Table 4) [87]. However, the dCBP-1
chimera sacrifices these favorable drug-like properties, exhibiting high molecular weight
(1028.13 Da) and strict dependency on parenteral or in vitro applications [87]. To over-
come these pharmacokinetic boundaries, next-generation chimeras have successfully
optimized the bRo5 structural space. JET-209, optimized from the potent catalytic do-
main inhibitor GNE-207, reaches high degradation potencies, achieving a DC50 value
of 0.05 nM for CBP and 0.2 nM for p300, alongside a maximum degradation (Dmax)
exceeding 95% for both proteins in RS4-11 leukemia lines (Table 4) [96]. Similarly, the
highly optimized, orally active PROTAC CBPD-268 achieves an in vitro IC50 of 11 nM
against CBP and 9.5 nM against p300 [88]. In HiBit assays, CBPD-268 exhibits a DC50 of
0.5 nM against CBP and 0.8 nM against p300, which further drops down to a range of
0.01–0.03 nM in androgen receptor-positive (AR+) prostate cancer cells [88]. Crucially,
unlike early degraders, CBPD-268 demonstrates outstanding drug-like parameters with
an oral bioavailability of 51% in mice, driving complete tumor regression in vivo when
orally administered at doses of 0.3–3 mg/kg [88,97]. An alternative strategy has relied on
the clinical-stage, orally active inhibitor CCS1477 (inobrodib) as a structural foundation.
CCS1477 functions as a potent, selective CBP/p300 bromodomain inhibitor with a Kd

(binding affinity) of 1.7 nM and over 130-fold selectivity against the off-target BRD4
Kd = 222 nM, Table 4) [98]. Structurally building upon CCS1477, Xu et al. developed
the CRBN-recruiting dual PROTACs XYD190 and XYD198, which retain high target
recognition and completely eliminate the proteins with a DC50 around 1.9 nM [99].
While the parent inhibitor CCS1477 exhibits a direct, occupancy-driven profile, the dual
PROTACs transform this mechanism into event-driven activity. Consequently, XYD190
and XYD198 exhibit remarkable in vitro antiproliferative activities against the MV4-11
AML cell line (GI50 = 1.8 nM and GI50 = 0.9 nM, respectively) [99]. This potent in vivo
tumor suppression, yielding TGI (tumor-growth inhibition) values of 88% (XYD190) and
93% (XYD198) in MV4-11 xenografts, underscores the profound therapeutic advantage of
upgrading standalone domain inhibitors into cooperative, multi-domain degraders [99].

2.1.5. ERα and ARO

The simultaneous targeting of the estrogen receptor alpha (ERα) and the enzyme
aromatase (ARO) represents a vital therapeutic approach in hormone receptor-positive
breast cancer. This strategy aims to disrupt both the primary oncogenic nuclear transcrip-
tion factor and the rate-limiting enzyme responsible for estrogen biosynthesis, thereby
suppressing estrogen signaling at two complementary levels [100].

https://doi.org/10.3390/ph19081146

https://doi.org/10.3390/ph19081146


Pharmaceuticals 2026, 19, 1146 14 of 28

Table 4. Activity on isolated proteins and on cancer lines relative to dual inhibitors and PROTACs
acting on CBP and p300.

Strategy Compound
Name Structure Target Profile and Potency Cellular Activity

Bind &
Block
(Dual
Inhibitors)

GNE-781

 

IC50 CBP bromodomain = 0.94 nM;
IC50 p300 bromodomain = 2.2 nM

GI50: 31 nM in MOLM-16
cells

CCS1477
(inobrodib)

 

Kd CBP/
p300 bromodomain = 1.7 nM

GI50 = 16 nM—140 nM
(hematological and
AR+ prostate cancer
cell lines)

Bind &
Degrade
(Dual
PROTACs)

dCBP-1

NH

N
N

N

N
F

F

N
N

N O
O

O
O

N
H

N
NH

O

O

O

O

O

O

DC50 CBP = 0.8 nM;
DC50 p300 = 1.9 nM

EC50 = 13 nM
(MOLM-13),
EC50 = 24 nM (MM.1S
myeloma cells)

JET-209 DC50 CBP = 0.05 nM;
DC50 p300 = 0.2 nM

Dmax > 95% for both
targets in RS4-11
leukemia cells

CBPD-268

IC50 CBP = 11 nM,
IC50 p300 = 9.5 nM;
DC50 CBP = 0.5 nM,
p300 = 0.8 nM (HiBit);
DC50 = 0.01–0.03 nM in
AR+ prostate cancer cells

GI50 = 0.17 nM
(MOLM-13);
GI50 = 2.9 nM (RS4;11)

XYD190

 

DC50 = 1.9 nM (both proteins);
GI50 (MV4-11 AML) = 1.8 nM;

TGI in MV4-11
xenografts: 88% at
5 mg/kg

XYD198 DC50 = 0.5 nM (CBP and p300)

GI50
(MV4-11 AML) = 0.9 nM;
TGI in MV4-11
xenografts: 93% at
5 mg/kg

Historically, this dual blockade required combination regimens using selective es-
trogen receptor modulators or downregulators (SERMs or SERDs) alongside traditional
aromatase inhibitors (AIs). To combine these distinct mechanisms into a single agent,
dual inhibitors resembling norendoxifen were engineered to competitively bind both tar-
gets [101]. Norendoxifen, an active metabolite of tamoxifen, and its chemical hybrid
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derivatives exhibit nanomolar enzymatic aromatase inhibition (IC50 = 44 nM), while retain-
ing potent ERα modulation (Table 5) [101]. Owing to their relatively low molecular weight
and favorable physicochemical properties, these dual inhibitors remain within conventional
rule-of-five chemical space, supporting efficient passive membrane permeability and oral
bioavailability. As a result, they represent an attractive example of how classical medicinal
chemistry can successfully integrate two complementary endocrine targets within a single
small-molecule framework.

Table 5. List of dual inhibitors and dual PROTACs against Erα and ARO enzymes.

Strategy Name Structure Target Profile and Potency Cellular Activity

Bind &
Block
(Dual
Inhibitors)

Norendoxifen

 

Aromatase IC50 = 44 nM

GI50 = 5.0 nM (In
estrogen-dependent
ER+ MCF-7 breast cancer
cell models)

Bind &
Degrade
(Dual
PROTACs)

Compound 18c Ki ERα = 0.25 µM; IC50
Aromatase = 4.6 µM

GI50 = 0.54 µM (MCF-7 WT);
0.31 µM (MCF-7 D538G
mutant); 0.075 µM (MCF-7
EGFR bypass-resistant)

However, these occupancy-driven dual inhibitors remain susceptible to clinically
relevant resistance mechanisms. In particular, activating ERα mutations such as Y537S and
D538G reduce ligand responsiveness and promote constitutive receptor signaling, thereby
diminishing the efficacy of endocrine therapies [100].

To overcome these limitations, Zhou and colleagues developed a series of heterobi-
functional degraders, evolving from their early ERα-selective PROTAC ZD12 to the dual
ERα/ARO degrader compound 18c (Table 5) [102,103]. Compound 18c incorporates a sin-
gle dual targeting warhead coupled to an E3 ubiquitin ligase ligand via an optimized linker.
In doing so, it shifts the pharmacological mechanism from occupancy-driven inhibition to
event-driven degradation of both ERα and ARO [103]. Although compound 18c operates
in the bRo5 structural space with a high molecular weight (1124.3 Da) that inherently
restricts passive cell permeability, its catalytic, event-driven mechanism of action enables re-
markable antiproliferative potency against resistant cells [103]. Specifically, compound 18c
achieved GI50 values of 0.54 µM in wild-type MCF-7, 0.31 µM in endocrine-resistant mutant
MCF-7D538G, and 0.075 µM in bypass-resistant MCF-7EGFR lines [103]. Furthermore, the
optimized linker structure prevents rapid hepatic metabolism. This ensures high in vivo
stability and excellent tumor accumulation, driving significant regression in resistant breast
cancer xenografts without the high systemic toxicity of traditional dual inhibitors [103].

2.2. Synthesis of Linkers Employed in Dual PROTACs Design

The synthetic preparation of PROTAC linkers dictates both the geometric orientation
and the physicochemical properties of the final bifunctional molecule. Depending on the
desired degree of conformational flexibility, these spacer units are assembled through a
variety of well-established chemical transformations. Here, we will describe the synthesis
of the main classes of linkers employed in the dual PROTACs cited in this review.
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The synthesis of PROTAC linkers represents a critical aspect of degrader design, as
linker architecture directly influences both the geometric arrangement of the target protein
and E3 ligase within the ternary complex and the physicochemical properties of the final
bifunctional molecule. Parameters such as linker length, rigidity, polarity, and attachment
vectors can profoundly affect degradation efficiency, selectivity, cellular permeability, and
pharmacokinetic behavior. Consequently, the preparation of linker scaffolds constitutes a
key component of modern PROTAC medicinal chemistry. Depending on the desired degree
of conformational flexibility and structural complexity, PROTAC linkers can be assembled
through a variety of well-established synthetic transformations. In this section, we describe
the principal linker classes employed in the dual PROTACs discussed throughout this
review, with particular emphasis on their synthetic preparation.

2.2.1. Triazole Linkers

The Copper(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC) represents a highly
efficient, convergent strategy for installing rigid triazole linkers in proteolysis-targeting
chimera (PROTAC) synthesis. Owing to its excellent functional-group tolerance, high
chemoselectivity, and near-quantitative yields, CuAAC provides a highly convergent
strategy for joining complex molecular fragments under mild conditions. Furthermore, the
resulting 1,2,3-triazole ring introduces a relatively rigid and metabolically stable structural
element that can influence linker conformation and ternary complex formation.

This strategy is exemplified by the modular synthesis of the dual CDK4/CDK6
degraders Pal-pom and Rib-pom (Scheme 1), in which azide- and alkyne-functionalized
intermediates are coupled in a late-stage CuAAC reaction to generate the final
bifunctional degraders.

 

Scheme 1. Synthetic strategies to incorporate a triazole linker into a PROTAC structure. As a warhead
example, palbociclib and ribociclib structures are reported [48].

Structurally, the target protein warhead is functionalized through propargylation of
its solvent-exposed piperazine nitrogen using propargyl bromide and K2CO3 in DMF at
room temperature [104]. To prepare the linker-E3 ligase recruiter fragment, the 4-amino
group of pomalidomide is coupled to commercially available ω-azidoalkanoic acids (N3-
(CH2)n-COOH) via HATU-mediated amide bond formation in DMF at room temperature
or under mild heating to 60–80 ◦C. This modular approach readily enables the preparation
of linker series differing in length and composition [104,105].

Final convergence is achieved under standard CuAAC conditions employing
CuSO4·5H2O (0.1 eq.) and sodium ascorbate (0.3 eq.) in a 1:1 t-BuOH/H2O mixture
at room temperature or 60 ◦C [106]. In this particular case, DMSO was added to increase
substrate solubility, whereas tris(benzyltriazolylmethyl)amine (TBTA) served as a stabiliz-
ing ligand to maintain the catalytically active Cu(I) species and minimize its oxidation [50].
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This transformation typically proceeds within 2–12 h, affording the exclusive 1,4-
disubstituted 1,2,3-triazole regioisomer in high yields [106]. Beyond its exceptional syn-
thetic efficiency, CuAAC is particularly well suited to parallel and combinatorial synthesis,
allowing the rapid optimization of linker length, attachment vectors, and overall degrader
architecture [107]. Furthermore, the resulting 1,2,3-triazole ring acts as a metabolically
robust amide bioisostere, preserving the spatial arrangement of an amide bond while
eliminating its susceptibility to hydrolysis. In addition, triazoles generally exhibit excellent
resistance toward both enzymatic degradation and cytochrome P450-mediated oxidation,
while their relatively high dipole moment may contribute to improved aqueous solubility
compared with purely hydrocarbon linkers [108].

2.2.2. Flexible Alkyl and PEG Linkers

Flexible alkyl and poly(ethylene glycol) (PEG) linkers represent the most widely ex-
ploited linker class in PROTAC design. Their conformational flexibility allows efficient
sampling of the spatial orientations required for productive ternary complex formation
while simultaneously influencing key physicochemical properties such as aqueous solubil-
ity, membrane permeability, and pharmacokinetic behavior.

Alkyl linkers are typically introduced as alkylamide spacers extending from solvent-
exposed functional groups of the target-binding warhead, most commonly secondary
amines or piperazine nitrogen atoms, as illustrated by the dual PROTACs F3, BSJ-02-162,
7f, YX968, and compound 18c. In contrast, PEG linkers consist of one to six ethylene glycol
repeat units in most reported PROTACs and are frequently selected to increase linker
polarity and aqueous solubility while preserving conformational flexibility [30].

The choice between alkyl and PEG linkers not only influences the physicochemical
profile of the degrader but also determines the synthetic strategy used for linker installation,
including the order of fragment assembly and the coupling methodology.

To illustrate the incorporation of a flexible alkyl linker into a dual PROTAC, the
synthesis of YX968 provides a representative example (Scheme 2).

 

Scheme 2. Synthetic strategies to incorporate an alkyl flexible linker into PROTAC structure. For this
example, n = 7 (PROTAC YX968) [82].

In this approach, the commercially available Von Hippel-Lindau (VHL) ligand VH032
amine is employed as the E3 ligase recruiter. Because the hydroxyl group of the hydrox-
yproline core is sterically hindered, the primary amine is left as the sole accessible, reactive
functional group. Linker installation is typically achieved through HATU-mediated amide
coupling between VH032 amine and a ω-bromoalkanoic acid (Br-(CH2)n-COOH) in the
presence of triethylamine (TEA) in DCM, usually at room temperature overnight.

The resulting bromide-terminated intermediate subsequently undergoes a nucleophilic
substitution (SN2) with the nucleophilic functional group of the target-binding warhead,
thereby furnishing the final bifunctional degrader. This two-step sequence is operationally
simple, highly modular, and readily accommodates systematic variation in alkyl linker
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length, making it one of the most broadly applicable synthetic strategies for flexible alkyl
linkers in PROTAC chemistry [82].

The utility of this linker class was established in the earliest VHL-recruiting PROTACs,
where flexible alkyl spacers consistently enabled efficient target degradation. Subsequent
structure-guided investigations of VH032 exit vectors further demonstrated that linker
attachment geometry strongly influences ternary complex formation and degradation
efficiency, establishing flexible alkyl linkers as a benchmark for VHL-based degrader
design [109,110].

In kinase optimization campaigns, subtle tuning of the aliphatic span has proven
essential for achieving thermodynamic selectivity between homologous targets by stabiliz-
ing cooperative ternary complexes [105]. From a medicinal chemistry perspective, pure
alkyl chains offer a distinct advantage over equivalent poly(ethylene glycol) (PEG) variants
by lowering overall molecular weight (MW), which frequently enhances cell membrane
permeability [107]. However, these benefits are often accompanied by reduced aqueous
solubility. Furthermore, standard hydrocarbon chains (such as C5 to C6) present a severe
in vivo pharmacokinetic liability due to rapid, cytochrome P450-mediated ω- and (ω-1)-
oxidation [111]. To mitigate this metabolic vulnerability while preserving lipophilicity,
contemporary strategies frequently substitute select methylene units with oxygen atoms
(such as replacing -CH2-CH2-CH2- with -CH2-O-CH2-). This modification interrupts the
continuous hydrocarbon chain, decreases susceptibility to oxidative metabolism, and simul-
taneously improves polarity without introducing the excessive hydrophilicity associated
with long PEG sequences. Consequently, short PEG-containing or mixed alkyl/PEG linkers
have become among the most widely employed spacer architectures in contemporary
PROTAC design [107].

As a representative example of PEG linker incorporation into a PROTAC architecture,
the synthesis of CBP/p300 degrader dCBP-1 is presented (Scheme 3) [87]. In this strategy,
thalidomide 5-fluoride serves as the E3 ligase-recruiting building block and provides a
convenient electrophilic handle for the installation of an amine-terminated PEG linker
through nucleophilic aromatic substitution (SNAr). Although thalidomide 5-fluoride
can be synthesized from 4-fluorophthalic anhydride and 3-aminopiperidine-2,6-dione
(glutarimide) [87], it is now commercially available from several suppliers and is therefore
commonly employed directly as the starting material. Linker installation is achieved by
reacting thalidomide 5-fluoride with the appropriate amino-terminated PEG derivative
under heating in a polar aprotic solvent, typically DMSO, which promotes the SNAr
reaction (Scheme 3) [87]. Depending on the substrate, the transformation can be performed
either under conventional thermal conditions or under microwave irradiation, the latter
often reducing reaction times while maintaining comparable or improved isolated yields.

 

Scheme 3. Synthetic strategies to incorporate a PEG flexible linker into PROTAC structure. For this
example, n = 4 (PROTAC dCBP-1) [87].
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Finally, the tert-butyl ester group is deprotected using trifluoroacetic acid (TFA) in
DCM at room temperature to afford the corresponding carboxylic acid. In the final step of
this example, the COOH-linker is coupled to the warhead under standard peptide coupling
conditions (HATU and DIPEA in DMF) to give the desired PROTAC dCBP-1 [87].

2.2.3. Rigid and Semi-Rigid Linkers

As previously discussed, flexible PEG and alkyl chains are typically deployed to
map out the initial spatial landscape required for ternary complex assembly in PROTAC
discovery. However, these highly dynamic chains present significant drawbacks. In fact,
they require an entropic penalty upon binding, as they must adopt a defined conformation
to engage the target protein, and they are also more susceptible to metabolic degrada-
tion [107]. To overcome these challenges, rigid and semi-rigid linkers are increasingly
employed [26]. A representative example of this design is exemplified by the degrader LL-
K8-22, which targets the CDK8–cyclin C complex via a hybrid piperazine–glycine–amide
linker assembly [54]. Wang and colleagues anchored a conformationally constrained hete-
rocycle (piperazine) to a semi-flexible spacer (glycine), thereby creating a chimeric motif
that balances rigidity and flexibility. This design restricts excessive linker entropy while
retaining sufficient adaptability to allow optimal alignment between the target protein and
the E3 ligase. As a result, it provides a practical framework for refining early leads into
more potent and drug-like degraders.

To install the piperazine-glycine linker, the authors adopted a highly efficient, con-
vergent synthetic strategy. Rather than assembling the spacer stepwise, the warhead was
directly functionalized at an early stage. The synthesis started with the primary core scaf-
fold derived from the CDK inhibitor BI-1347. The central pyrazole nitrogen underwent a
nucleophilic substitution (SN2) reaction with a haloacetamide derivative already bearing
a mono-Boc-protected piperazine (Scheme 4). This alkylation step was carried out under
mild basic conditions, utilizing NaOH or K2CO3 in a polar solvent (acetone/water) at
room temperature, enabling the incorporation of the piperazine–glycine–amide spacer in a
single step.

 

Scheme 4. Synthetic strategies to incorporate a piperazine-glycine semi-rigid linker into PROTAC
structure. For this example, the PROTAC LL-K8-22 is described [54].

Following successful installation of the spacer, the intermediate underwent acidic N-
Boc deprotection. In the reported procedure, HCl in MeOH was employed, but a solution
in 1,4-dioxane or TFA in DCM can be used as well. In the final step, the hydrophobic
adamantane tag was introduced via a reductive amination sequence. The deprotected
piperazine amine intermediate was reacted with an adamantane-alkyl aldehyde derivative
in an organic solvent such as DCM. Triethylamine (TEA) was added as a base, and the
mixture was stirred briefly to allow in situ formation of the corresponding iminium ion.
Subsequently, sodium triacetoxyborohydride NaBH(OAc)3 was added as the mild and
chemoselective reducing agent, affording the desired PROTAC series.
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3. Materials and Methods
A systematic literature search was conducted across the PubMed and Scopus databases

up to 2026 to identify peer-reviewed articles evaluating dual-targeting small molecules and
proteolysis-targeting chimeras (PROTACs) in oncology. Search queries utilized Boolean
combinations of terms including (“PROTAC” OR “dual inhibitor”) AND (“cancer” OR
“tumor”) to isolate studies reporting definitive chemical structures, synthetic methodologies,
and quantitative biological activity metrics (IC50, DC50). Studies focusing on homologous
families (CDKs, HDACs, BCL-2, CBP/p300) and interconnected heterologous networks
(ER-α/aromatase) were included, while complex macromolecular layouts like trifunctional
“Y-type” architectures were excluded to maintain a strict focus on single-warhead bivalent
designs. Data regarding chemical topologies, linker classifications (flexible aliphatic/PEG
vs. rigid networks), and synthetic pathways (e.g., CuAAC click chemistry, amide couplings)
were extracted and cataloged. All data supporting the findings of this review are thoroughly
documented within the manuscript and its figures. No large datasets, animal models, or
human studies requiring ethical approval codes were involved in this work. Generative
artificial intelligence (GenAI) was utilized during the drafting stage strictly for superficial
text editing, formatting, and structural refinement; consequently, no formal GenAI study
design disclosures are required under journal guidelines.

4. Conclusions and Perspectives
TPD has emerged in recent years as a complementary and transformative paradigm in

oncology [34,112,113]. Dual inhibitors and dual PROTACs represent two fundamentally
distinct yet complementary strategies for tackling the hallmark challenges of cancer, such
as resistance mechanisms, pathway redundancy, and compensatory signaling. Dual in-
hibitors benefit from well-established optimization frameworks, scalable synthesis, and
physicochemical properties consistent with Lipinski’s Rule of Five, facilitating favorable
cell permeability and oral bioavailability. However, their reliance on systemic exposure to
maintain target occupancy frequently results in off-target toxicity and clinical vulnerability
to resistance mutations.

In contrast, dual PROTACs harness the ubiquitin–proteasome system to achieve cat-
alytic, sub-stoichiometric degradation of two distinct targets within a single bifunctional
molecule. The recent FDA approval of vepdegestrant in May 2026, alongside multiple
candidates advancing into Phase III clinical trials, validates TPD as a validated therapeutic
class [6]. By eliminating target proteins rather than merely blocking their active sites, dual
PROTACs get rid of both enzymatic and non-canonical scaffolding or protein–protein
interaction functions [105]. This distinct mode of action provides a prolonged effect that
can outlast systemic exposure and achieves good isoform-selective targeting within highly
conserved protein families (such as CDKs, BCL-2, HDACs, and CBP/p300). Also, it can
overcome resistance mutations that limit conventional small-molecule inhibitors. Fur-
thermore, as demonstrated by the VHL-recruiting dual BCL-2/BCL-xL degrader WH244,
PROTACs can exploit tissue-specific expression of E3 ligases to decouple antitumor efficacy
from dose-limiting on-target toxicities, such as thrombocytopenia, commonly associated
with dual inhibitors [66]. Despite their strong therapeutic potential, dual PROTACs re-
side in a region deep within bRo5 chemical space. Their high molecular weights, limited
aqueous solubility, reduced passive membrane permeability, and increased metabolic
liability present major hurdles for oral drug delivery and pharmacokinetics [107]. Conse-
quently, their successful translation into clinics depends heavily on advanced structural
optimization, particularly at the level of linker engineering.

Linker architecture is a critical structural determinant of ternary complex formation,
stability, and cooperativity between the E3 ligase and target proteins. Flexible alkyl and
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PEG-based linkers remain valuable for early-stage screening and spatial mapping. How-
ever, they often suffer from high conformational entropy and susceptibility to oxidative
metabolism, particularly via cytochrome P450 enzymes [107]. In this context, medicinal
chemists are increasingly adopting rigid and semi-rigid linkers, such as triazole-containing
motifs or hybrid piperazine–glycine architectures. This strategy aims at reducing conforma-
tional flexibility, enhancing metabolic stability, and improving physicochemical properties
relevant to membrane permeability [26,29,30,107]. In parallel, emerging degradation strate-
gies that bypass canonical E3 ligase recruitment, such as hydrophobic tagging (HyT), exem-
plified by the CDK8–cyclin C degrader LL-K8-22, offer additional opportunities to disrupt
multi-protein complexes using simpler and lower-molecular-weight design elements [54].

Ultimately, dual inhibitors and dual PROTACs should be viewed not as competing
modalities, but as complementary implementations of a broader “proximity pharmacol-
ogy” paradigm for the modulation of oncogenic targets. Whereas dual inhibitors rely on
occupancy-driven suppression of enzymatic function within structurally conserved active
sites, dual PROTACs operate through event-driven pharmacology. In this latter scenario,
transient productive ternary complex formation is translated into sustained and catalytic
target elimination. This fundamental shift from inhibition to induced proximity introduces
new design constraints that extend beyond classical structure–activity relationships, placing
ternary complex cooperativity, cellular context, and E3 ligase engagement at the center of
molecular optimization. Future drug discovery will likely rely on a toolkit of proximity-
inducing molecules. By leveraging PROTACs, molecular glues, and emerging lysosomal
or hydrophobic-tagging technologies, we can now selectively control protein stability and
turnover instead of relying on traditional functional inhibition. In this evolving landscape,
dual PROTACs represent a powerful but still emerging class of degraders. Their successful
clinical translation will depend on balancing selectivity, cooperativity, and pharmacokinetic
properties within these larger, more complex structures.
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ADME Absorption, Distribution, Metabolism, and Excretion
AI Aromatase Inhibitor
AML Acute Myeloid Leukemia
AR/AR+ Androgen Receptor/Androgen Receptor-positive
ARO Aromatase
ATP Adenosine Triphosphate
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BCL-2 B-cell lymphoma 2
BCL-xL B-cell lymphoma-extra-large
BET Bromodomain and extra-terminal
Boc tert-Butyloxycarbonyl (protecting group)
BRCA Breast Cancer gene
bRo5 Beyond-Rule-of-Five
BTK Bruton’s Tyrosine Kinase
CBP/CREBBP CREB-binding protein
CDK Cyclin-dependent kinase
CLL Chronic Lymphocytic Leukemia
CRBN Cereblon
CuAAC Copper(I)-catalyzed Azide-Alkyne Cycloaddition
DCM Dichloromethane
DC50 Half-maximal degrading concentration
DIPEA N,N-Diisopropylethylamine
DLBCL Diffuse Large B-cell Lymphoma
Dmax Maximum degradation
DMF N,N-Dimethylformamide
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
E2F E2 Factor (transcription factor family)
EGFR Epidermal Growth Factor Receptor
EP300/p300 E1A binding protein p300 (transcriptional coactivator)
ER/ERα Estrogen Receptor/Estrogen Receptor alpha
FDA Food and Drug Administration
FLT-3 Fms-like tyrosine kinase 3
GC50 Half-maximal growth inhibition concentration
GI50 Half-maximal inhibition of cell growth

HATU
1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium
3-oxide hexafluorophosphate

HDAC Histone deacetylase
HER2 Human Epidermal Growth Factor Receptor 2
HyT Hydrophobic Tagging
IC50 Half-maximal inhibitory concentration
IMiD Immunomodulatory imide drug
KAT Lysine acetyltransferase
MASH Metabolic dysfunction-associated steatohepatitis
MCL Mantle Cell Lymphoma
MOA Mechanism of Action
MW Molecular Weight
MYC Myelocytomatosis oncogene
PARP Poly (ADP-ribose) polymerase
PDGFRβ Platelet-Derived Growth Factor Receptor beta
PEG Poly(ethylene glycol)
PI3K-d/PI3K-g Phosphoinositide 3-kinase delta/gamma isoforms
PK Pharmacokinetics
POI Protein of Interest
PROTAC Proteolysis-targeting chimera
RNA Ribonucleic acid
SCLC Small-Cell Lung Cancer
SERD Selective Estrogen Receptor Downregulator
SERM Selective Estrogen Receptor Modulator
SLL Small Lymphocytic Lymphoma
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SN1/SN2 Nucleophilic Substitution (unimolecular/bimolecular)
SNAr Nucleophilic Aromatic Substitution
TBTA Tris(benzyltriazolylmethyl)amine
TEA Triethylamine
TFA Trifluoroacetic acid
TGI Tumor-growth inhibition
TNBC Triple-Negative Breast Cancer
TPD Targeted Protein Degradation
VEGFR Vascular Endothelial Growth Factor Receptor
VHL Von Hippel–Lindau
WT Wild-Type
A549 Human alveolar basal epithelial cell line
COLO205 Human colon cancer cell line
HCC1954 Human breast cancer cell line
HCT116 Human colon cancer cell line
MCF-7 Human breast cancer cell line (Estrogen Receptor positive)
MDA-MB-
231/MDA-MB-468

Human triple-negative breast cancer cell lines

MV4-11 Human acute myeloid leukemia cell line
NCI-H1975 Human non-small cell lung cancer cell line
RS4;11 Human acute lymphoblastic leukemia cell line
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