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ABSTRACT: Proteolysis targeting chimeras (PROTACs) hijack-
ing the cereblon (CRBN) E3 ubiquitin ligase have emerged as a
novel paradigm in drug development. Herein we found that linker
attachment points of CRBN ligands highly affect their aqueous
stability and neosubstrate degradation features. This work provides
a blueprint for the assembly of future heterodimeric CRBN-based
degraders with tailored properties.
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The past decade has seen tremendous advancements in the
field of proteolysis targeting chimeras (PROTACs).

Several entities revealed promising activity in various diseases
in the preclinical setting1 and recently entered clinical trials in
human patients.2 As discussed in several of the latest reviews
on the topic of chimeric degraders,3−5 very few E3 ligases are
utilized with this technology. These include cullin-RING E3
ubiquitin ligases (CRL), cereblon (CRBN), and von Hippel−
Lindau. Two ligases that do not belong to the CRL class, i.e.,
cellular inhibitor of apoptosis protein 1 and mouse double
minute 2 homologue, are also frequently used. Of the former
class, CRBN is the most commonly used E3 ligase for
PROTAC design.6 Immunomodulatory drugs (IMiDs) such as
thalidomide and related derivatives mediate their effects by
interacting with CRBN.7,8 Upon binding, the newly established
molecular interface promotes the recognition and ubiquitina-
tion of neosubstrates, namely, the transcription factors IKZF1
and IKZF3,9,10 as well as casein kinase 1A1.11 The IMiDs
lenalidomide and pomalidomide are currently approved as
treatments for multiple myeloma,12 other B-cell neoplasms,
and myelodysplastic syndrome,13 and new IMiD derivatives are
being studied in other cancers and autoimmune disorders.14

The widespread utilization of CRBN as the recruited E3 ligase
in PROTACs encouraged the utilization of different linker
types (Figure 1).15−17 The optimization of the linker length
has been a central part of numerous studies.18,19 However,
little attention was paid to the intercomparison of different
linker attachment points. Although the majority of CRBN-
based PROTACs contain N-alkylated pomalidomide deriva-

tives, a variety of other linker connections have been realized
(Table S1).
Despite being used frequently in degraders, one fundamental

consideration of thalidomide-based compounds needs to be
emphasized, i.e., their stability. Previous studies showed that
IMiDs are hydrolytically20−22 and metabolically23−25 unstable
under physiological conditions, rendering their chemical
properties challenging. For instance, during previous studies
our group and others noticed that certain CRBN-based
PROTACs suffered from hydrolytic susceptibility, resulting
in the less durable degradation of the desired target
protein.26,27 Interestingly, such PROTACs mainly differed in
their linker attachment points to the CRBN ligand.
To thoroughly examine this observation, we sought to

unravel the influence of the linker junction of phthalimide−
linker conjugates on their hydrolytic stability and their
capability to induce neosubstrate degradation. A broad set of
related thalidomide- and lenalidomide-derived compounds was
synthesized (Scheme 1). Thalidomide analogs were prepared
from phthalic anhydrides by condensing them with 3-amino-
piperidine-2,6-dione in acetic acid.28,29 Lenalidomide-based
conjugates were synthesized from methyl 2-(bromomethyl)-
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benzoates. The so-obtained functionalized CRBN ligands were
then coupled to a respective polyethylene glycol-based linker
equipped with a terminal benzyl ether group, which was stable
under all pH conditions applied in our stability experiments.
The entire set spans 16 thalidomide derivatives and six
lenalidomide derivatives potentially suitable for PROTAC
design (Scheme 1). Next, ligand-linker conjugates were tested
for their susceptibility toward hydrolysis under different
conditions. Triplicates of compound solutions in an acetoni-
trile/buffer mixture were incubated for 0, 24, or 48 h at 37 °C,
and analyte decomposition was monitored by HPLC. A first
control compound (CC1, see the Supporting Information) was
used as an internal standard due to its very high stability at all
pH levels tested and its favorable long retention time on the
HPLC system. The whole data set is presented in Tables S2
and S3. These compounds were only marginally affected at pH
1 and pH 6, but hydrolysis rates were more pronounced at pH
7.4, indicating the potential risk of hydroxide-promoted ring-
opening reactions. Hydrolysis was significantly influenced by
the different linker junctions (Table 1). Whereas amino
conjugates T01/T02 and T07/T08 represented very stable
entities, alkynyl- (T13/T14) and carboxamide-derived con-
jugates (T15/T16) were almost completely degraded after 24
h at pH 7.4. In all cases, a linker attachment at position 4
resulted in more stable derivatives. To investigate whether the
corresponding linker junctions increased or decreased the
stability of the phthalimide ring system, a second control
compound (CC2) was synthesized that carried the linker at
the imide nitrogen and kept the aromatic positions
unsubstituted (Figures S1A and S1B). Relative to this
thalidomide derivative, only pairs T01/T02, T05/T06, and
T07/T08 showed improved stabilities. As expected, hydrolysis
occurred at both the phthalimide and glutarimide rings as
judged by comparing T05 with simplified compounds CC3
and CC4 (Figures S1A and S1C). To shed light on potential
determinants, stability data, 13C NMR resonances of the atom
adjacent to the linker junction, and logD and TPSA values of
all compounds were plotted in a correlation matrix (Figure
S2). The 13C NMR shifts correlated convincingly with the
stability data.
Because neosubstrate degradation can be recognized either

as a desired quality or an undesired off-target effect of
PROTAC molecules, it is highly desirable to install an on−off
switch for this feature. Thus, we also investigated whether

compounds from our unique set of linker conjugates can
induce the degradation of the pomalidomide neosubstrate
IKZF1. To account for the potential liability of the compounds
in terms of aqueous stability, a short treatment time of only 6 h
was chosen. Highly unstable compounds T13/T14 and T15/
T16 were excluded from this analysis. After the treatment of
MM.1S cells with 1 μM T01 or T11 bearing an aminoalkyl or
methylamino-acyl linker, respectively, pronounced degradation
of IKZF1 was observed (Table 1). In comparison, the
alkylether compounds T05 and T09 showed only minimal
neosubstrate degradation. In general, attaching the linker at the

Figure 1. Selected examples of CRBN-based PROTACs with different
linker attachments.

Scheme 1. Synthesis of Tailored Phthalimide-Linker
Conjugates in This Studya

aFG = functional group.
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position 5 of the phthalimide unit further reduced the IKZF1
degrading ability. Previous studies indicated that the hydrolytic
and metabolic stabilities of lenalidomide are higher compared
to those of thalidomide and pomalidomide.23 Accordingly, the
removal of one carbonyl group might be an excellent strategy
to decrease the potential inactivation of PROTACs in aqueous
media. As expected, lenalidomide-derived conjugates L01−
L06 showed good stabilities in pH 7.4 buffer (Table 1). In
particular, pairs L03/L04 and L05/L06 improved significantly
compared to their corresponding thalidomide derivatives
(T03/T04 and T05/T06). IKZF1 degradation was less
pronounced in the lenalidomide series, with L05 inducing
most neosubstrate degradation. In general, neosubstrates
degradation does not seem to be correlated with the stability
data but is rather structurally determined by specific functional
groups that create de novo surfaces on CRBN.30

Compounds with particular functional groups, including
amides, are more susceptible to hydrolysis by plasma enzymes
than others.31 To investigate whether the linker attachment
types affect enzymatic cleavage, we performed in vitro plasma
stability assays in human plasma with selected compounds
containing an additional amide bond in the linker. Whereas the
stability of T07 and T11 (Scheme 1) was not heavily
influenced by plasma enzymes, compounds T03 and L03

bearing an acylated aniline portion were subject to significant
enzymatic degradation (Table 1 and Figure S3). As L03
showed a much lower half-life (87 min) compared to its
phthalimide derivative T03 (118 min), we investigated further
pairs of thalidomide and lenalidomide analogs. However, we
did not see any significant differences between the pairs T01/
L01 and T06/L06.
Next, we wanted to demonstrate that the attributes of

different linker attachment points can be transferred to the
biological activity of PROTACs. Two complementary pairs of
CDK4- and CDK6-targeting compounds were designed based
on the CDK inhibitor palbociclib (Figure 2), which were
expected to (i) either be hydrolytically stable or not and (ii)
either cause the degradation of neosubstrates or not. One
representative was the literature-known CDK6-selective
degrader YKL-06-102, which is known to cause IKZF1/3
degradation besides potent on-target activity.32 This com-
pound was derived from the very stable scaffold T01 (Table
1). In SAB355, the pomalidomide-based scaffold was
exchanged with the similarly stable lenalidomide-derived
subportion of L03 that did not cause IKZF1 degradation in
our initial physicochemical assessment of linker conjugates.
The second pair of PROTACs consisted of SAB401 and
CST837, both of which were based on hydrolysis-sensitive
thalidomide scaffolds. SAB401 was derived from the linker
conjugate T11, which possessed the highest neosubstrate
degradation capability in our set of 16 different linker types.
The linker connection of the latter degrader, CST837,
consisted of a hydroxylated thalidomide derivative that

Table 1. Summary of Hydrolytic and Enzymatic Stability
Profiles and IKZF1 Degradation Data of Phthalimide-Based
CRBN Ligands Substituted at Positions 4 or 5a

compound logD7.4

% stability
pH 7.4b

% IKZF1
depletionc

plasma t1/2
(min)d

T01 3.1 80 64 >120
T02 2.6 70 19 n.d.
T03 2.6 15 14 118
T04 2.3 11 1 n.d.
T05 2.6 46 5 n.d.
T06 2.9 30 0 >120
T07 2.1 68 29 >120
T08 1.8 56 6 n.d.
T09 2.0 17 0 n.d.
T10 2.0 15 0 n.d.
T11 2.0 21 73 >120
T12 1.8 16 0 n.d.
T13 3.2 6 n.d. n.d.
T14 3.3 1 n.d. n.d.
T15 1.9 3 n.d. n.d.
T16 1.9 1 n.d. n.d.
L01 2.4 74 5 >120
L02 2.1 79 0 n.d.
L03 1.6 79 0 87
L04 1.8 73 6 n.d.
L05 2.3 78 22 n.d.
L06 2.2 73 16 >120
CC2 n.d. 19 n.d. n.d.
CC3 n.d. 90 n.d. n.d.
CC4 n.d. 99 n.d. n.d.

an.d. = not determined. bPercentage stability refers to the remaining
starting material as determined by HPLC after incubation for 24 h in
pH 7.4 buffer. Values represent the mean of three independent
repeats. cPercentage IKZF1 degradation in MM.1S cells treated with a
1 μM concentration of the compounds for 6 h. Values are normalized
to DMSO-treated cells and the loading controls (100%) and represent
the mean of six independent repeats. dIn vitro plasma stability as
determined by HPLC after incubation in human plasma.

Figure 2. Chemical structures of novel CDK4/6 PROTACs that were
specifically designed to cotarget neosubstrates such as IKZF3 or to
influence the durability of the PROTAC effect. MM.1S cells were
treated with compounds at the indicated concentrations for 16 h.
Pomalidomide (POM) and the VHL-based CDK4/6 degrader
CST651 were included as controls. Representative Western blot of
at least three independent repeats.
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included a glycolic acid moiety. This subunit avoids neo-
substrate degradation,32,33 which was further supported by the
results of our linker-conjugate T09.
We tested these newly synthesized PROTACs for their

capability to degrade CDK4 and CDK6 at concentrations of
0.1 and 1 μM in MM.1S cells after a 16 h treatment time. The
highly selective VHL-based CDK4 and CDK6 degrader
CST65126 and pomalidomide were used as control com-
pounds. All PROTACs were able to induce substantial CDK4
and CDK6 degradation at 1 μM (Figure 2). As expected, YKL-
06-102 and SAB401 had additional effects on the CRBN
neosubstrate IKZF3, demonstrating that these features can be
selectively modulated by the proper choice of the linker
connection unit. Consequently, the degradation of this
neosubstrate was absent with SAB355 and CST837, which
were designed to avoid such off-target effects. Moreover, YKL-
06-102 and SAB401 showed a higher impact on the cell
viability of MM.1S cells (Figure S4). As the selected scaffolds
did also clearly influence the susceptibility toward hydrolysis,
we next investigated whether such soft spots can negatively
impact the durability of the PROTAC efficiency. MM.1S cells
were treated with both pairs of CDK4 and CDK6 PROTACs.
Cells were lysed after multiple time points, and Western
blotting analyses were conducted. For an enlarged time regime,
samples of each PROTAC were taken to follow hydrolytic
degradation in pH 7.4 buffer. Both time-dependent analyses
are plotted in Figure 3. Even after 96 h, YKL-06-102 and
SAB355 showed only moderate decomposition (47% and 46%,
respectively) in aqueous media and were able to maintain
pronounced CDK4 and CDK6 degradation. By contrast,
CDK4 and CDK6 protein levels recovered more rapidly after
treatment with labile compounds SAB401 and CST837.
Notably, the course of the curves for protein levels and
aqueous stability behaved analogously for both PROTAC pairs
(Figure S5), suggesting that the time regime of PROTAC

effects can be regulated by selecting the appropriate linker
attachment points.
Our results decipher the influence of the types of linker

attachment points to CRBN ligands as well as the position of
the linkers on the stability and capacity to degrade CRBN
neosubstrates. Besides the opportunity to guide degrader
activity by modifying the linker length and physicochemical
properties,18,19,34−36 the linker attachment points of PROTAC
ligands can heavily influence this activity. The results serve as
guidance toward the generation of stable PROTACs that either
do or do not cause secondary CRBN-related cellular effects.
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