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Proteolysis targeting chimeras (PROTACs) have become a new modality for drug development of
particular importance for cancer chemotherapy. PROTACs are composed of a ligand that binds to the
protein of interest (POI) tethered by a linker to a ubiquitin E3 ligase-binding motif. These molecules can
degrade the POI by ubiquitination and subsequent digestion using the ubiquitin-proteasome system (UPS).
Although more than six hundred E3 ligases are encoded in human genome, only a small number are
currently utilized by PROTACs. Because the expression levels and activities of E3 ligases vary among the
cell lines, it can be advantageous to develop PROTACs that utilize new E3 ligase-binding components. In
our current work we report new E3 ligase-binding ligands that employ viral protein R (Vpr), an accessory
protein of the human immunodeficiency virus type-1 (HIV-1). Vpr can bind to both the E3 ligase complex,
Cul4A-DDB1-DCAF1 and host proteins, such as UNG2 and facilitate host protein degradation via the UPS.
We envisioned that Vpr fragments may function in PROTACs as new E3 ligase-binding ligands. Herein, we
designed, synthesized and evaluated bromodomain 4 (BRD4)-targeting PROTACs (BRD4-PROTACs) that
employ a well-known BRD4 inhibitor (JQ1) as a warhead and Vpr-derived peptides as the E3 ligase-
binding ligands. We successfully demonstrate that the Vpr-derived peptides can function as E3 ligase-
targeting ligands for PROTAC development. We also evaluated PROTACs based on the HIV-1 latency-
reversing activity of JQ-1. The chemical degraders are less effective than the parent inhibitor as a latency-
reversing agent (LRA). However, the low cytotoxicity of the new peptidic PROTACs allowed the
compounds to be tolerated at high does, leading to potent LRA activity.

Introduction

The ubiquitin-proteasome system (UPS) is a crucial cellular
pathway for protein degradation. It regulates a variety of
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cellular processes by selectively degrading misfolded, damaged,
or regulatory proteins." Ubiquitin, E1 ubiquitin-activating
enzymes, E2 ubiquitin-conjugating enzyme and E3 ubiquitin
ligases are involved in the UPS and cooperatively transfer
ubiquitin to target proteins. The E3 facilitates ubiquitin trans-
fer from the E2 enzyme to lysine residues on the target protein.”
Subsequent polyubiquitination results in recognition by the
26S proteasome followed by proteolytic degradation.’
Proteolysis targeting chimeras (PROTACs) were initially
reported by Crews and colleagues in 2001.* PROTACs function
to induce degradation of a protein of interest (POI) via the UPS.
PROTACs offer significant therapeutic potential for treatment
of a variety of diseases.””® PROTACs are generally composed of
three integral components: a ligand that binds to a POI, a
component that binds to an E3 ubiquitin ligase and a linker
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that joins the two together. PROTACs simultaneously bind to
the POI and the E3 ligase to facilitate the ubiquitination of the
POI and subsequent proteolytic degradation.'® This leverages
the endogenous protein degradation machinery to provide a
strategy for the selective elimination of pathogenic proteins.*

Despite the identification of more than six hundred E3
ligases, only a limited number of ligases have been utilized in
the development of PROTACs. These include VHL, CRBN, cIAP,
and keap1.'>"® However, E3 ligases can exhibit significant
variation among cell lines in terms of enzymatic activity, target
specificity, expression level, and tissue distribution."* In order
to expand the utility of PROTACs it would be beneficial to
employ new E3 ligases and their ligands.

The E3 ligase complex DCAF-1-DDB1-cullin4A (Cul4) has
recently been reported as being suitable for use in PROTACs.
Several small molecules have been reported as DCAF1-binding
components within PROTACs.">"® This E3 ligase is also known
as a target protein of viral protein R (Vpr), a human immuno-
deficiency virus type-1 (HIV-1) accessory protein. Vpr interacts
with the DCAF1-DDB1-Cul4 E3 ligase to induce degradation of
target proteins via the host cell UPS. Targets include uracil-DNA
glycosylases UNG2 and SMUG1 to aid viral replication and
immune evasion."””'° We envisioned that Vpr fragment peptides
might serve as E3 ligase-binding ligands for use in PROTACs.

Results and discussion
Design of BRD4-PROTACs possessing Vpr-derived peptides

Bromodomain-containing protein 4 (BRD4) is a member of the
bromodomain and extraterminal domain (BET) family. This
protein binds to acetylated histones to promote gene transcrip-
tion. In cancer cells, BRD4 is correlated with the expression of
several oncoproteins, including Myc.”® Therefore, BRD4 repre-
sents a potentially attractive target for anticancer drug devel-
opment. JQ1 is a well-established BRD4 inhibitor that also
targets other BET family members, including BRD2, BRD3,
and BRDT (Fig. 1).*'

JQ1 binds to bromodomains and prevents interaction with
acetylated histones. JQ1 inhibits the roles of bromodomains in
epigenetic regulation of gene expression and shows anti-cancer
activity.>' JQ1 is used as a warhead in BRD4-targeting PROTACs
(BRD4-PROTACS). ZXH-3-26 is a PROTAC in which JQ1 serves as
a BET binding moiety that is tethered to pomalidomide, a
cereblon (CRBN) E3 ligase-binding ligand. ZXH-3-26 selectively
degrades BRD4 relative to BRD2 and BRD3 (Fig. 1).>> MZ1 is a
PROTAC that JQ1 is tethered to VHL-1 as a VHL E3 ligase-
binding ligand. MZ1 degrades BRD4 as well as BRD2 and BRD3
(Fig. 1).** A crystal structure of a UNG2-Vpr-DCAF1-DDB1-Cul4
complex shows how the N-terminal region of Vpr (Vpr (1-14))
and the C-terminal region (Vpr (60-74)) engage with DCAF1
(Fig. 2).

We took these Vpr regions as potential DCAF1-binding
peptides, and we designed the BRD4-PROTACs 1-6. These are
composed of JQ1, a polyethylene glycol (PEG) linker, Vpr-
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Fig. 1 Structures of the BRD4 inhibitor JQ1 and the BRD4-PROTACs
ZXH-3-26 and MZ1.

derived peptides as the DCAF1 ligands, and octa-arginine as a
cell penetrating peptide (Fig. 3).>*

Compounds 1 and 2 consist of JQ1, a PEG3 linker and either
Vpr (1-14) or Vpr (60-74), respectively. Compounds 3 and 4
have JQ1, a PEG3 linker and either Vpr (1-14) or Vpr (60-74),
and octa-arginine with a two-glycine spacer at the C-terminus of
the Vpr peptides. Compounds 5 and 6 have JQ1, a PEG3 linker,
an octa-arginine on the lysine e-amino group and either Vpr (1-
14) or Vpr (60-74), and octa-arginine at the C-terminus of the
Vpr peptides.

Fig. 2 Structure of a UNG2-Vpr-DCAF-1-DDB1 complex (PDB: 5JK7). (a)
A whole complex structure; (b) and (c) regions enlarged on Vpr-DCAF-1
interaction sites, Vpr (1-14) and Vpr (60-74), respectively. UNG2: cyan
ribbon and surface, Vpr: red stick and ribbon, DCAF1: orange ribbon and
surface, DDB1: purple ribbon and surface.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structures of synthetic JQ1-based BRD4-PROTACs 1-6, in which
JQlis tethered at the N-termini of Vpr-derived peptides (Vpr (1-14, green)
or Vpr (60-74, magenta)). The cell penetrating peptide octa-arginine
(orange), is attached to the N- or C-terminus of the Vpr peptides.

Initial evaluation of BRD4 degrading ability

Compounds 1-6 were evaluated by western blots for their
ability to degrade BRD4 using the human breast cancer cell
line, MCF-7 (Fig. 4 and Fig. S1a).>>*’ The results of the initial
assays (Fig. 4a and b) showed that compounds 1, 2, and 4 did
not exhibit significant BRD4 degradation activity. Compounds
3 and 6 showed cytotoxicity in high concentration range
possibly arisen from their hydrophobic nature of the peptide
moiety. However, compound 5 did demonstrate weak but dose-
dependent BRD4 degradation. Compound 5 was subjected to
western blot analysis at high concentrations that ranged up to
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Fig. 5 Structures of synthesized JQl-based BRD4-PROTACs 7-9, in
which JQ1 and octa-arginine (orange) were tethered with Vpr (1-14,
green) at the C-terminus.
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Fig. 6 Results from western blot assays using MCF-7 cells to evaluate the
BRD4 degradation ability of compounds 7-9 from 1 to 30 pM.

100 pM (Fig. 4c). The results clearly showed that BRD4 degra-
dation occurred at 50 and 100 uM concentrations.

BRD4-PROTACSs bearing C-terminal JQ1 conjugation

Next, we designed and synthesized BRD4-PROTACs possessing
JQ1 appended to the C-terminus of Vpr (1-14) using lysine for 7,
lysine with three 8-amino-3,6-dioxaoctanoic acid (miniPEG)
units for 8, and lysine with six miniPEG units for 9. An octa-
arginine was appended to the C-terminus of the Vpr (1-14)
using a two-glycine spacer (Fig. 5).

Evaluation of the BRD4 degrading ability of compounds 7-9

Compounds 7 and 8 did not show BRD4 degradation, whereas
compound 9 showed slight degrading activity, but less than
compound 5 (Fig. 6 and Fig. S1b). These results suggest that
conjugation of JQ1 at the N-terminus of Vpr (1-14) is preferred
to conjugation at the C-terminus.

BRD4-PROTACSs with different PEG linkers

Next, we designed and synthesized the compound 5 derivatives
10-13 that possess different PEG linkers (Fig. 7). Compound 10
has a miniPEG unit between the octa-arginine and the lysine &-
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Fig. 4 Results from western blot assays using MCF-7 cells to evaluate BRD4 degradation by compounds 1-6. (a) and (b) Initial evaluation of compounds
1-6 from 1 to 30 uM; (c) evaluation of compound 5 at higher concentration ranges (10 to 100 uM).
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Fig. 7 Structures of compound 5 derivatives 10-13 possessing varied
PEG linkers and Vpr peptides 14 and 15.

amino group. Compound 11 has a miniPEG unit between lysine
and Vpr (1-14). Compound 12 replaces the PEG3 linker with a
miniPEG unit. Compound 13 replaces the PEG3 linker with a
miniPEG unit while having a miniPEG unit between lysine and
Vpr (1-14).

Evaluation of BRD4 degrading ability of compounds 10-13

All compound 5 derivatives 10-13 showed improved BRD4
degradation activity. Derivatives 11 and 13 having PEG linkers
incorporated at N- and C-terminal lysine residues showed
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Fig. 8 Results from western blot assays using MCF-7 cells to evaluate
BRD4 degradation ability of compounds 10-13 from 1 to 30 pM.
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Fig. 9 Results from western blot assays using MCF-7 cells to evaluate the
BRD4 degrading ability of compounds 5 and 11 at 30 uM in the presence of
10 uM of MG-132 or 10 uM of MLN7243.

significantly greater potent activity as compared to compound
5 (Fig. 8 and Fig. Sic). Compound 11 was selected for further
evaluation.

Evaluation of BRD4 degrading ability of compounds 5 and 11 in
the presence of the proteasome inhibitor MG-132, a ubiquitin
activating enzyme inhibitor MLN7243, or Vpr (1-14) peptides

In order to determine whether PROTACs bearing Vpr-derived
peptides as E3 ligase-binding ligands degrade BRD4 via the
UPS, we performed co-treatment of compound 5 or 11 with the
proteasome inhibitor MG-132%*® or with a ubiquitin activating
enzyme (UAE, E1) inhibitor MLN7243 (Fig. 9).>° We found that
BRD4 degradation by compounds 5 and 11 was suppressed by
these inhibitors. The partial degradation of BRD4 in the
presence of MLN7243 might be because of co-treatment of
the compounds and MLN7243. MLN7243 is a mechanism-
based inhibitor, and the active species is the ubiquitin
covalently bound form.>® Therefore, inhibitory activity of
MLN7243 was partially attenuated.>*** We also conducted the
western blot assays of compounds 5 and 11 with the pre-
treatment of a neural precursor cell-expressed developmentally
downregulated protein 8 (NEDDS8)-activating enzyme (NAE)
inhibitor, MLN4924, which inhibits DCAF1-mediated degrada-
tion pathway (Fig. S2),">*? and with the co-treatment of JQ1,
Vpr (1-14) peptides 14 or 15 to test whether the each moiety is
required for their degrading ability (Fig. 7 and Fig. S2, S3). The
results demonstrated that the treatment of MLN4924 and
competitive inhibition with excess JQ1 and Vpr (1-14) peptides
decreased the BRD4 degrading activity of compounds 5 and 11.
These results suggest that the Vpr-derived peptides function as
E3 ligase-binding ligands and that compounds 5 and 11
degrade their target protein BRD4 via UPS.

Evaluation of cytotoxicity of compounds 5, 11, and 14

Next, we performed MTT assays to evaluate the cytotoxicities of
compounds 5, 11, and 14 against MCF-7 cells and two HIV-1
latently infected model cell lines; HIV-1 gene integrated human
T lymphocyte cells (Jurkat cells) in which a GFP gene replaces
with Nef gene (J-Lat 10.6 cells)** and HIV-1 NL4-3 strain®*
-based viral vector, pNLn-NanoLuc-Kp, integrated human
monocytic leukemia cells (THP-1 cells) in which a NanoLuc
gene is incorporated as a reporter in the Nef region (THP-1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Results from MTT assays using MCF-7, J-Lat 10.6, and THP-1
NLuc#225 cells

CCso” (LM)
Compound MCF-7 J-Lat 10.6 THP-1 NLuc#225
JQ1 2.4 £0.18 9.5+ 1.8 22 4 0.48
MZ1 0.065 & 0.010 2.8 & 0.090 0.44 £ 0.040
5 52 £ 5.4 >50 >50
11 45 + 3.6 >50 >50
14 >200 >50 >50

“ CCs values were determined from three independent experiments
and shown as the average ICs, value + standard error of the mean
(SEM, pM).

NLuc#225 cells, Table 1 and Fig. $4).>**” Compounds 5 and 11
showed lower cytotoxicities than JQ1 and MZ-1, and compound
14 did not show significant cytotoxicity in MCF-7 cells. This
could imply low cell membrane permeability of compounds 5
and 11 due to their peptidic features and it supports further
optimization using additional CPPs. J-Lat 10.6 and THP-1
NLuc#225 cells were less sensitive to BRD4 inhibitors and
degraders in terms of cytotoxicity even though MZ1 showed
improved activity compared to JQ1. Compounds 5, 11, and

2}
o
J

>k

AACt
8
1

(normalized to 18S rRNA)

N
o
1

2 10 50 10 50 10 50 (M)

- — -—-—‘IBRDusoA

100 129 124 10 7 116 49 98 39 118 142 BRDA4 IsoAla-tubulin

1oo—|--.- - - —-IBRDUsoc

100 107 95 4 3 107 28 102 22 109120 BRD4 IsoCla-tubulin
|-__._..__._._._.-| rm—
e)
> 250 3 BRD4 IsoA
£z 7 BRDA4 IsoC
3
< °1 200
2=
z=
S 2 150
§2
83
S 3 100
s 50
s2
-3

o

UNO08 5 1 2

10 50 10 50 10 50 (uM)
MZ1 5 1 14

Ja1

View Article Online

Paper

peptide 14 did not show significant cytotoxicity against either
cell line up to 50 pM.

Evaluation of HIV latency-reversing activity of the synthesized
compounds 5 and 11

The BRD4 inhibitor, JQ1 is known as a highly potent HIV-1
latency-reversing agent (LRA).*® In the forty years since the
discovery of HIV-1,*° acquired immune deficiency syndrome
(AIDS) and HIV-1 infection-related diseases have change from
fatal infections to controllable chronic infections because of
the development of efficient drugs and their use in combi-
nation antiretroviral therapy (cART).*>*" Despite this, medica-
tions have yet to be developed that can completely eliminate
HIV-1 from infected individuals. One barrier to the achieving a
HIV-1 cure is latent infection.** Latently infected cells are not
responsive to anti-HIV drugs and the virus rebounds rapidly
when cART is stopped. A “shock and kill” approach has been
studied as a means of eradicating HIV-1 from latently infected
cells.** The shock process involves HIV-1 latency reversal by
LRAs followed by viral clearance via the host immune response
and apoptotic cell death. In theory, cART combined with the
shock and kill approach can eliminate HIV-1 entirely from the
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Fig. 10 LRA activity of JQ1, MZ1, 5, 11, and the Vpr-derived peptide 14 using J-Lat 10.6 cells (a) and THP-1 NLuc#225 cells (b). Results from western blot
assays using J-Lat 10.6 cells (c) and THP-1 NLuc#225 cells (d) to evaluate BRD4 degrading abilities of JQ1, MZ1, 5, 11, and 14. Average numbers of BRD4/
a-tubulin ratio from three independent experiments using J-Lat 10.6 cells (e) and THP-1 NLuc#225 cells (f). UN: untreated (PBS control); ns: not

significant (P > 0.05); *P < 0.05; **P < 0.01.
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host body. However, effective LRAs in in vivo have not yet been
reported. Although JQ1 has shown potent LRA activity,>® the
JQ1-based PROTACs, ZXH-3-26 and MZ1 show much less LRA
activity than JQ1 in Jurkat cell-derived latency model cell
lines.**™*® Therefore, we evaluated the LRA activities of the
BRD4-PROTACs MZ1, 5, 11 with the Vpr-derived peptide 14 as
a negative control. These studies were conducted using J-Lat
10.6 and THP-1 NLuc#225 cells as latently infected cell models
(Fig. 10).>>” In comparison to JQ1, MZ-1 showed lower LRA
activity in both cell lines, which was consistent with previous
reports (Fig. 10a and b).*>*® The reason why chemical degra-
ders show lower LRA activity than the parent compound
remains unclear. However, Turner and co-workers have recently
proposed a mechanism related to BRD4-related latency
reversal.*® These authors showed that the BRD4 inhibitor JQ1
releases BRD4 from chromatin, and the released BRD4 then
interacts with the positive transcription elongation factor b
(P-TEFD) in the 7SK small nuclear ribonucleoprotein (SnRNP)
complex. This interaction facilitates dissociation of P-TEFb-
BRD4 from the 7SK complex and increases free active P-TEFb
levels, resulting in HIV transcriptional initiation. This ratio-
nale may explain why BRD4 degraders do not show potent LRA
activity. Additionally, it is difficult to use high concentrations
of MZ1 due to cytotoxicity. However, the BRD4-PROTACs 5 and
11 are less toxic than MZ1 and JQ1 (Table 1), and therefore
these PROTACs can be used at much higher concentrations
than JQ1 and MZ1. Indeed, compounds 5 and 11 demon-
strated potent LRA activities at high dosages (Fig. 10a and b).
Results from western blot assays showed that MZ1 effectively
degraded BRD4 in both cell lines, whereas BRD4 degradation
by 5 and 11 in J-Lat 10.6 cells was observed rather than that in
THP-1 NLuc#225 cells (Fig. 10c-f and Fig. S5). The difference
between these cell lines might result in the more potent LRA
activity of 5 and 11 in the THP-1 NLuc#225 cells than that in J-
Lat 10.6 cells due to increase of the free BRD4 in the cells.
Since peptide 14 composed of Vpr (1-14) and octa-arginine
showed no LRA activity in both cell lines (Fig. 10a and b), the
LRA activities of 5 and 11 were thought to be from JQ1 moiety.
These results are consistent with Turner’s proposed
mechanism*® and suggest that chemical knockdown of BRD4
may not result in effective LRA activity. This is similar to
knockdown by siRNA.***

Conclusions

PROTACSs represent a new modality in drug development, and
researchers are actively engaged in developing clinically usable
agents using this approach. Numerous PROTACs have been
developed that are based on a limited set of E3 ligase-binding
ligands that include VHL, CRBN, cIAP, and keapl. However,
certain cell lines do not express VHL*® or exhibit CRBN
resistance.*® Yet, DCAF-1-mediated PROTACs are often able to
work in these cell lines.'® Therefore, utilizing DCAF-1 as an E3
ligase may expand the application of PROTACs. Our current
work focusses on using the HIV-1 accessory protein Vpr in the
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construction of BRD4-PROTACs. We demonstrated BRD4
degradation by compound 5 that possesses the Vpr-derived
peptide Vpr (1-14) as a E3 ligase-binding ligand (Fig. 3 and 4).
Structural optimization provided the more potent compound 11
(Fig. 7 and 8). Mechanistic analysis using proteasome and UAE
inhibitors and Vpr (1-14) peptides showed that these com-
pounds function as PROTACs to degrade BRD4 via UPS (Fig. 9
and Fig. S2, S3). The LRA activities of MZ1, 5, and 11 were also
evaluated (Fig. 10). Results demonstrated that MZ1 is not
suitable for use as LRAs. However, the BRD4-PROTACs 5 and
11 have low cytotoxicities and BRD4 degradation abilities.
Although these features are not advantageous to the develop-
ment of BRDA4-targeting anti-cancer agents, by increasing
dosages PROTACs 5 and 11 showed more potent HIV-1 LRA
activities in both J-Lat 10.6 and THP-1 NLuc#225 cells as
compared to MZ1. Several reports demonstrate a relationship
between BRD4 isoforms and HIV-1 latency.’®>* There is a long
BRD4 isoform, isoform A (isoA, BRD4 (1-1362)), which contains
the P-TEFb-interacting domain (PID) at the C-terminus and a
short BRD4 isoform, isoform C (isoC, BRD4 (1-722)) that does
not have the extended C-terminal region and PID. As mentioned
in the Turner’s proposed mechanism,’® releasing BRD4 isoA
from chromatin into cytoplasm by BRD4 inhibitors facilitates
BRD4-P-TEFb interactions resulting in LRA activity. In contrast,
isoC lacking a PID binds to BRM/SWI2-related gene 1 (BRG1,
SMARCA4) in SWI/SNF chromatin-remodeling complexes (also
known as BRGl-associated factors, BAF) on the latent HIV-1
promoter and represses its transcription.’® These reports and
our findings suggest that there is room for fine-tuning of BRD4
inhibitors and degraders to reduce cytotoxicity and increase
isoform selectivity especially for isoC-selective degradation. This
may lead to the development of potent and safe LRAs.

Overall, our results identified the HIV-1 accessory protein-
derived Vpr (1-14) as a new E3 ligase-binding ligand, that is
suitable for PROTAC development. Further investigation is in
progress to apply these findings for developing PROTACs
targeting other proteins and more potent LRAs.
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