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ABSTRACT: Among the various strategies being developed in the
field of protein degraders, HyTags remain relatively underexplored,
despite their advantages over PROTACs. Their synthesis typically
involves multistep procedures, including the use of coupling
reagents and protection/deprotection steps. To develop a more
sustainable and streamlined approach, we designed a versatile
multicomponent platform that generates HyTags with diverse
linkers and hydrophobic moieties in high yields. Using (+)-JQ1 as
the POI ligand, we synthesized a series of BRD4-targeting HyTags
and discovered that compound 23 induces degradation of BRD4
via the autophagy-lysosome pathway through ER stress. This
finding further supports the valuable application of this synthetic
methodology in the search for effective degraders.

1. INTRODUCTION

With the advancement of scientific research, more and more
mechanisms underlying various pathologies are being pro-
gressively elucidated, leading to the identification of new
potential pharmacological targets. Yet, some of these targets,
including transcription factors, phosphatases, scaffold and
epigenetic proteins, are deemed “undruggable”. This is primarily
attributed to the absence of well-defined ligand-binding pockets,
particularly when the objective is to disrupt protein—DNA or
protein—protein interactions (PPIs). Additionally, the high
mutation rate of the protein’s active site or the limited structural
differences between target isoforms may pose obstacles to the
development of selective inhibitors."

Targeted protein degradation (TPD) is an emerging strategy
to overcome these limitations in drug discovery. TPD triggers
the depletion of the protein of interest (POI) through
intracellular mechanisms, such as the ubiquitin-proteasome
system (UPS) or autophagy-lysosome system (ALS).”” Over
the years, different types of degraders have been conceived,
serving both as therapeutic modalities and chemical tools,
including Proteolysis Targeting Chimeras (PROTACs).**
PROTAC S are heterobifunctional molecules composed of two
pharmacophores: a ligand for the POI—the so-called war-
head—and an anchor able to recruit an E3 ligase, connected by a
linker. By inducing PPI between the target and the E3 ligase,
PROTACs can foster the degradation of the POI via the
ubiquitin-dependent proteasome 26S.° This approach has led to
the development of countless PROTAC degraders, several of
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which are currently advancing in clinical trials (e.g, estrogen
receptor degrader ARV-471 in phase III).”*

A relatively underexplored technology that is gaining more
interest in the field of drug discovery is the hydrophobic tag
(HyTag)-based protein degradation.” HyTags are composed of
a POI ligand, a linker, and a highly hydrophobic functionality
that mimics a partially denatured protein state, thus hijacking the
cellular unfolded protein response (UPR) that eventually
triggers the degradation of the desired target.'’

After Crews’s pioneering work on the first HyTag, which, due
to its adamantane moiety, was able to degrade HaloTag fusion
proteins in vivo,'" further exploration led to the discovery of
other tags, namely tfert-butylcarbamate-protected arginine
(Boc3Arg),12 pyrene,13 fluorene,'* carborane," menthoxyace-
tyl,'® norbornene,'” and tert-butylcarbamate-protected lysine
(Boc,Lys).'® Some examples of HyTag-based degraders
reported in the literature are depicted in Figure 1.

Compared to PROTACs, whose mechanism relies solely on
the UPS, HyTags induce the degradation of the POI through
multiple pathways that depend on the type of tag carried (Figure
2). For example, while HyTags bearing a fluorene moiety
activate the UPR by triggering endoplasmic reticulum (ER)
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Figure 1. Representative HyTags reported in the literature: (A) HaloTag fused protein degrader;'' (B) glutathione S-transferase (GST)-arl

degrader;'” (C) poly[ADP-ribose] polymerase (PARP)1 degrader;'* (D) cyclin-dependent kinase (CDK) 9 degrader;'® (E) anaplastic lymphoma
kinase (ALK) degrader;17 (F) protein kinase B (AKT3) degrader.19
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Figure 2. (1) Degradation cycle of PROTACs. (2) Mechanisms of degradation of HyTags: the hydrophobic moiety can directly recruit (a) the 20S
proteasome in the absence of protein ubiquitination; (b) an E3 ligase; and (c) the chaperonin Hsp70 that mediates the interaction between the HyTag

and the E3 ligase. The E3 ligase allows the degradation of the target protein by the (d) 26S proteasome or the lysosome. HyTags can also induce ER
stress, which eventually activates the UPR-mediated protein degradation (f).
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Figure 3. Our MCR-based platform for the synthesis of PROTACs (previous work) and HyTags (present work).

stress,'* compounds endowed with Boc;Arg can directly bind
the protein to the 20S core proteasome in a ubiquitin-
independent manner.”” On the other hand, adamantyl induces
the degradation of the POI mainly through UPS, either with or
without the direct recruitment of the chaperonin Hsp70.'"*'
However, further research is required to elucidate precisely how
HyTags promote degradation.

Although no HyTag-based degraders have progressed into
clinical stages so far, they hold significant promise in drug
discovery due to several advantages over PROTACs. Specifi-
cally, HyTags have a simpler chemical structure with a lower
molecular weight and a reduced number of hydrogen bond
donors/acceptors. These features confer upon them a more
favorable drug-likeness profile and bioavailability, as well as the
potential for targeting proteins related to central nervous system
diseases.”””> Moreover, contrary to PROTACs, they show a
better capability of inducing the degradation of proteins
involved in PPIs or protein complex formation.'®***> Lastly,
HyTags do not exhibit the “hook effect” when tested at high
concentrations, and, owing to the synergistic effect of their
multiple degradation mechanisms, their degradation activity
may be augmented and can be observed even at shorter
incubation times compared to the corresponding PROTAC
degraders."®

Since they lack the ligand for an E3 ligase, the molecular
design of HyTags might be expected to be straightforward.
Nevertheless, just like PROTACs, most HyTags reported in the
scientific literature were discovered either by serendipity or by
testing libraries of compounds, rather than by rational
design.'”'®*® Therefore, to identify the most promising
HyTag, a huge structure—activity relationship study (SAR) is
necessary. This study should be carried out around the
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hydrophobic moiety, as well as around the linker, by varying
its length, chemical composition, and linkage point to the POI
ligand. Such an exploration often demands massive synthetic
and screening efforts.

Recently, with the aim of providing a new chemical toolkit for
simplified access to PROTACs, we conceived a synthetic
platform based on multicomponent reactions (MCRs),”
namely the Ugi reaction, two of its variants, and the Passerini
reaction (Figure 3).”"

By capitalizing on the modularity and efficiency of MCRes, this
platform enabled the one-pot assembly of highly decorated
PROTACs for the selective targeting of bromodomain-
containing protein 4 (BRD4), a protein involved in epigenetics
and used as a probe in many studies of drug discovery regarding
protein degraders.”” Our BRD4-targeting PROTACs were
readily obtained with good yields, avoiding cumbersome
multistep synthetic routes usually needed for the asymmetric
diversification of both sides of the linker.”” Notably, most of
these reactions are far from the principles of green chemistry,
which, in response to the growing environmental pollution, aims
at mitigating the impact of chemical processes on human health
and the Earth. In contrast, by cutting down waste, by reducing
the use of hazardous substances and, in turn, by adopting
straightforward procedures, our MCRs platform perfectly aligns
with the concept of green chemistry.”'

To further study the scope of this methodology and
demonstrate its efficiency and versatility, in this work we
describe the application of the MCR platform to the synthesis of
novel HyTags, once again using BRD4 as a proof-of-concept.
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Scheme 1. Multicomponent Synthesis of HyTags Targeting BRD4"
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MeOH, reflux, 4 h; (e¢) CH,CL, 40 °C, 3 h.

2. RESULTS AND DISCUSSION

For the synthesis of HyTags targeting BRD4, we used the
following building blocks (Scheme 1):
(i) Six different isocyanides bearing those hydrophobic
groups described in the already reported HyTags 1—6;
(i) The (+)-JQl-based carboxylic acid 7 as a POI ligand;
(iii) Paraformaldehyde or formalin as the carbonyl source 8;
(iv) In the four-component Ugi reactions, three different
amines 9—11 were used: methylamine 9 as an unhindered

primary amine, tritylamine 10 as a surrogate of ammonia,*” and
piperazine 11 as a bis-secondary diamine.”> The last two
methodologies originated from previous research conducted by
our laboratory.

The selected tags comprised fragments with different degrees
of lipophilicity, dimensions, and flexibility. Specifically, they
included: (i) adamantane (asin 1), the most frequently reported
substructure in the field of HyTags, which to date has been
exploited to efficiently degrade targets related to various

https://doi.org/10.1021/acsomega.4c09726
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. . L 10
diseases, ranging from cancer to neurodegenerative disorders;

(i) norbornene (asin 2), a cage-hydrocarbon which, among the
reported tags, exhibits the smallest molecular weight, thereby
conferring better pharmacokinetic properties;'” (iii) diphenyl-
methane (as in 3), methyldiphenylmethane (as in 4),
naphthalene (as in §), and fluorene (as in 6), a group of
aromatic hydrocarbons endowed with high lipophilicity and
remarkable steric hindrance.

While the (+)-JQl-based carboxylic acid 7, formaldehyde,
and all the selected amines were commercially available, some
isocyanides needed to be prepared by using a two-step protocol
as depicted in Scheme 2. First, the primary amine bearing the

Scheme 2. Preparation of Isocyanides’

_NH, N_ _H 2,92%
R RO rNC 4,65%
o) 5, 83%

6, 96%

U e Py
0l of

‘Reagents and conditions: (a) ethyl formate, Et;N, reflux, 7 h; (b)
POCI,, Et;N, CH,CL,, 0 °C for 15 min, then rt for 2 h. Yields refer to
the two-step sequence.

HyTag moiety was treated with ethyl formate at reflux in a
formylation reaction to give the corresponding N-formamide.
After removal of the formylating agent, the crude products were
converted to the corresponding isocyanides by a dehydration
reaction using POCl; and Et;N in CH,Cl,. The desired
isocyanides 2 and 4—6 were afforded in good to excellent yields
(65—96%) and were further used in the MCRs.

When using methylamine 9, the four components were
reacted in MeOH at 0 °C for 4 h to afford HyTags 12—17 in
moderate to excellent yields (50—78%). In the case of
tritylamine 10, upon completion of the MCR, the trityl group
was cleaved by treating the crude compounds with TFA at 0 °C
in CH,Cl,, affording HyTags 18—22 in yields ranging from 62%
to 71%. During the deprotection step, all HyTags were stable
except for the norbornene-bearing one, which decomposed. In
the split Ugi reaction, all components were combined in MeOH
and heated at reflux to afford the desired HyTags 23—28. Of
note, besides affording excellent yields (67—96%), the use of
piperazine as the amine component allows for the easy
introduction in the linker of this heterocycle, which is known
to enhance both degradation efficiency and ADME properties of
degraders.

Following previous studies reporting that the substitution of
an amide group with an ester moiety at the linkage point
between the POI ligand and the linker might improve cellular
permeability without decreasing metabolic stability,”* the
isocyanide 3 was reacted in a Passerini MCR with the
(+)-JQl-based carboxylic acid 7 in the presence of form-
aldehyde 8 in CH,Cl, at 40 °C to afford the HyTag 29 in 75%
yield. All of the final synthesized HyTags are shown in Figure 4.

As a proof-of-concept, the platform was applied to degrade
BRD4 in the triple-negative breast cancer cell line, 4T 1. This cell
line was chosen based on its ability to express high levels of
BRD4. As a result, eight out of 18 compounds exhibited good
degradation activity. Indeed, as shown in Figure SA, eight

4749

HyTags compounds were able to partially degrade BRD4 at the
concentration of 30 uM, after 8 h of incubation. As the
degradation induced by 23 (bearing the adamantane-based tag)
and 26 (bearing methyldiphenylmethane) was significant under
these conditions, these two compounds were selected for further
analysis. We performed a dose—response curve (0.3—30 M)
for 8 h that allowed us to demonstrate the dose-dependency of
both compounds in inducing such degradation (Figure SB).
Notably, compound 26 was more potent as it caused a more
marked degradation of BRD4 (DCq, of 10.2 uM and D, of
83.3%), compared to compound 23 (DCg, of 24.7 uM and D,
of 57.4%).

To further characterize the mechanism of action of these two
compounds, we investigated whether BRD4 degradation was
based on proteasome or lysosome activity. Therefore, BRD4
levels were assessed in 4T1 cells preincubated (30 min) with
pharmacologically active concentrations of the proteasome
inhibitor bortezomib, or the lysosome inhibitor chloroquine,
just before being exposed to compound 26 or compound 23. As
shown in Figure 6A, neither inhibitor affected the 26-induced
degradation of BRD4. In contrast, only chloroquine counter-
acted the effects of 23 on BRD4 protein levels, suggesting that
this specific HyTag acts via the lysosomal pathway of
degradation.

As mentioned above, the literature on HyTags has
documented that UPR, resulting from ER stress, may be
responsible, at least in part, for POI degradation. Three ER
membrane-associated sensors are responsible for the activation
of the UPR signaling pathway: activating transcription factor-6
(ATF6), double-stranded RNA-dependent protein kinase
(PKR)-like eukaryotic initiation factor 2a (elF2a) kinase
(PERK), and inositol-requiring transmembrane kinase/endor-
ibonuclease 1 (IRE1). To investigate if this pathway is involved
in the effects of 23 and 26 on BRD4 protein levels, we evaluated
the expression of Atf4, Atf6, and Xbpls genes, as each of these
transcription factors participates in one of the three branching
pathways of the UPR activation.>® As shown in Figure 6B, both
compounds could activate UPR, although through a mechanism
different from that of thapsigargin (TG), a known ER stress
inducer. In fact, while all 3 genes were induced by TG treatment,
only Atf4 increased (up to S-fold compared to controls) upon
exposure to compound 23 or compound 26 (Figure 6B).

BRD4 is widely recognized for regulating the expression of
oncogenes in cancer cells. Therefore, we evaluated whether
targeted inhibition of BRD4, following exposure to HyTags,
could induce growth arrest or apoptosis of the 4T1 breast cancer
cell line.*® As summarized in the graphs depicted in Figure 6C,
both HyTags 23 and 26 caused a dose-dependent cytotoxicity,
with an IC; 0of 20.6 + 3.2 uM and 15.9 + 7.3 uM, respectively.
Conversely, both compounds were less efficient and potent in
reducing healthy fibroblast viability compared with what was
observed by testing 4T1 cells. Indeed, ICs, was not reached even
at the concentration of 30 uM (see Figure S23).

3. CONCLUSIONS

In this follow-up work, we expanded our recently published
MCR-based platform to synthesize a variety of HyTags for
protein degradation. Our synthetic strategy works in one-pot
under mild conditions, is versatile, avoids the use of peptide
coupling reagents, and does not require protecting groups
(except for the trityl group in one of the Ugi variants). By
modifying the tag moiety, we were able to rapidly generate 18
different HyTags compounds, exploiting three variants of the
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Figure 4. HyTags were synthesized using our MCR platform.

Ugi reaction as well as the Passerini one and varying the (+)-JQ1 as the POI ligand and adamantane as the lipophilic tag,
attachment point between the POI ligand and the lipophilic tag. induces BRD4 degradation through the autophagy-lysosome
Of note, the split Ugi reaction affords the highest yields and system via ER stress.

allows for the easy introduction of piperazine, a privileged In conclusion, our results corroborate the potential of HyTags
substructure in protein degraders. Within this series, 23, bearing as a new approach for targeted protein degradation and highlight
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Figure 5. BRD4 degradation after treatment with HyTags. (A) Western blot analysis of BRD4 degradation onto 4T1 cells lysates after 8 h exposure to
BRD4-targeting HyTags (30 #M). Actin was used as an internal control for equal loading. (B) Dose—response experiments of BRD4 degradation after
8 h treatments with DMSO (vehicle), 26 or 23 (0.3—30 zM). Immunoblots are representative of three independent experiments.
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Figure 6. Characterization of HyTags mechanism of action. (A) Western blot analysis of BRD4 protein levels after 8-h treatments with DMSO
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representative of three independent experiments. (B) RT-PCR analysis of transcripts for the UPR-mediated degradation markers Atf4, Atf6, and Xbp1s
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