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Proteolysis-targeting chimera (PROTAC) has emerged as an efficient strategy to accurately control intracel-
lular protein levels. However, conventional PROTACs are generally limited by nonspecific protein degra-
dation and off-tissue side effects. Particularly, there is a lack of effective chemical tools for visualizing
protein degradation. Herein, a near-infrared fluorescent and theranostic PROTAC (PRO-S-DCM) was de-
signed for imaging the degradation of bromodomain-containing protein 4 (BRD4). PRO-S-DCM could be
tumor-specifically activated and exhibited favorable imaging effects both in vitro and in vivo. PRO-S-DCM
was proven to be a theranostic probe, which potently inhibited growth, invasion and migration of HeLa
cells and induced cell apoptosis.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Proteolysis-targeting chimera (PROTAC) is emerging as a
promising technology to control intracellular protein levels and
has attracted considerable interests in drug discovery and develop-
ment [1,2]. Specifically, PROTACs hijack the endogenous E3 ubig-
uitin ligase to protein of interest (POI) by forming ternary com-
plex and trigger protein degradation by the ubiquitin-proteasome
system (UPS) [3,4]. Compared with traditional occupancy-driven
inhibitors, the event-driven mechanism of PROTACs possess dis-
tinct advantages, including catalytic nature, longer-lasting effects
and expanded target space [5,6]. To date, a large number of PRO-
TACs have been designed to degrade hundreds of drug targets and
more than twenty PROTACs are currently evaluated in clinical trials
[7-10].

Despite the unique features of PROTACs, there are also sev-
eral major limitations of conventional PROTAC molecules, such as
large molecular weight, unfavorable pharmacokinetic properties,
nonspecific protein degradation and off-tissue side effects [11]. In
particular, systemic administration of PROTACs would cause un-
wanted accumulation at off-target sites, leading to undesired toxi-
city [12]. Nevertheless, precise target protein degradation still re-
mains a major challenge. Therefore, there is urgent need to de-
velop new strategies for real-time detecting and tracking the pro-
tein degradation. Previously, our group designed the first fluores-
cent PROTAC, enabling the visualization of protein degradation in
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living cells [13]. However, the PROTAC probe was designed from a
fluorescent ligand with the maximum emission wavelength (Aem)
of 450 nm, which is restricted by poor tissue penetration.

Near-infrared (NIR) probes have the advantages of low inva-
siveness, deep tissue penetration and reduced toxicity, which were
developed as indispensable tools in chemical biology and precise
medicine [14,15]. However, direct introduction of NIR fluorophores
on PROTACs may block the protein degrading activity. Taking the
advantages of stimuli-activatable PROTACs developed by our group
and others [16-18], we envisioned that attaching NIR fluorophore
to the PROTAC through an activatable linker could simultaneously
realize imaging, targeting and protein-degrading effects.

Bromodomain-containing protein 4 (BRD4) belongs to the bro-
modomain and extraterminal (BET) protein family with tandem
bromodomains (BDs) that interact with hyper-acetylated histone
regions along the chromatin, accumulating on transcriptionally ac-
tive regulatory elements to promote gene transcription at initia-
tion and elongation phases [19]. Upregulated expression of BRD4 is
closely related to the development of multiple tumors, which has
been considered as a promising antitumor drug target [20,21]. Cur-
rently, a large number of PROTACs have been designed to degrade
BRD4 (Fig. 1) [8]. However, off-tissue side effects of BRD4 PROTAC
ARV-771 were also reported [22].

Herein, we designed an NIR PROTAC probe (PRO-S-DCM,
Scheme S1 in Supporting information) for detection and degra-
dation of BRD4. PRO-S-DCM could be selectively activated by
endogenous glutathione (GSH) in tumor cells and exerted dual
functions of fluorescence imaging and BRD4 degradation (Fig. 2A).

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



K. Li, G. Dong, S. Wu et al.

HO,, o

H
O NN
o N HN- H
0:
N/\/O\/\O/\/O\)LN,.. 0,
H H Mo
= o
PRO SN HBL4 §F_§‘:

OH

Bele o e
N/\/°\/\/°\)L N N N o
H H § H N

[

0
W NH
ARV-T71 N WWL0245 d

Fig. 1. Representative BRD4 PROTACs.
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Fig. 2. Design of NIR fluorescent and theranostic PROTAC probe. (A) Schematic di-
agram of the design strategy of PROTAC-based theranostic probe. NIR fluorophore
and PROTAC are connected through an activable linker. The cleavable linker is at-
tacked by GSH to release the original PROTAC for degradation and fluorophore for
imaging. (B) Design rationale of NIR fluorescent PROTAC PRO-S-DCM.

PRO-S-DCM was also a theranostic probe, which showed potent
antitumor activity against HeLa cells.

Previous studies indicated that the alkylation of the hydroxyl
group in the von Hippel-Lindau (VHL) ligand would eliminate the
protein degradation activity [1,23]. Therefore, an NIR fluorescent
PROTAC was rationally designed by introducing NIR fluorophore
onto the VHL hydroxyl group of BRD4 PROTAC through an activable
linker. Considering that tumor cells have higher endogenous glu-
tathione (GSH) content than normal cells [24], disulfide bond that
could be selectively recognized by GSH was selected as the cleav-
able site. Dicyanomethylene-4H-pyran derivative DCM was used as
the NIR fluorescent group because it possessed maximum emission
wavelength (Aem) in the NIR region (650-900nm), large Stokes
shift and high photostability [25]. The potent BRD4 degrader PRO
was selected as the original PROTAC, as PRO has been widely em-
ployed as a template molecule for PROTAC-based proof of concept
[18]. As a result, NIR fluorescent PROTAC PRO-S-DCM was ratio-
nally designed, which was expected to be activated by nucleophilic
attack of abundant endogenous GSH and then release PRO and
DCM, respectively (Fig. 2B). Negative control PRO-C-DCM with an
uncleavable alkane linker was also designed.
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The synthetic route for preparation of NIR fluores-
cent PROTAC is shown in Scheme S1. 2-(2-Methyl-4H-
chromen-4-ylidene)malononitrile (1) was treated with N-(4-
formylphenyl)acetamide (2) to afford fluorophore DCM via Kno-
evenagel and deacetylation reactions at high temperatures. VHL
ligand 4 was acylated with 4-nitrophenyl carbonochloridate in the
presence of 4-(dimethylamino)pyridine (DMAP) to give intermedi-
ate 6, which was further reacted with 2,2’-disulfanediylbis(ethan-
1-ol) to afford intermediate 7. Then, intermediate 9 was prepared
by the deprotection of intermediate 7 in the presence of triflu-
oroacetic acid (TFA), followed by a condensation reaction with
the polyethylene glycol linker. Compound 10 was obtained by
the deprotection of intermediate 9, which was further con-
densed with commercially available (+)-JQ1 carboxylic acid
in the presence of 1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU)
and N,N-diisopropylethylamine (DIPEA) to afford key intermedi-
ate PRO-S. Finally, target compound PRO-S-DCM was obtained
by forming a carbonate bond between DCM and PRO-S in the
presence of triphosgene. Synthesis of negative control PRO-C-DCM
and BRD4 degrader PRO were depicted in Schemes S2 and S3
(Supporting information).

Initially, the release of PRO-S-DCM in the presence of GSH
was verified by high performance liquid chromatography (HPLC).
Without exogenous GSH, PRO-S-DCM remained stable (Fig. S1A in
Supporting information). In contrast, under the activation of ex-
cessive GSH (10 mmol/L) within 6h, PRO-S-DCM (1 mmol/L) was
completely transformed into BRD4 PROTAC PRO (retention time
(RT)=18.55min) and NIR fluorophore DCM (RT =23.55min), re-
spectively. The activation of PRO-S-DCM by GSH was also con-
firmed by liquid chromatograph-mass spectrometer (LC-MS) with
the same gradient elution conditions (Fig. S1B in Supporting infor-
mation). To further validate in vitro drug release, the spectral prop-
erties of target compounds in dimethyl sulfoxide (DMSO) were fur-
ther tested (Table S1 and Fig. S2 in Supporting information). The
maximum emission wavelengths of PRO-S-DCM (Aem =557 nm)
and PRO-C-DCM (Aem =560nm) were significantly shorter than
that of the fluorophore DCM (Aem =647 nm). However, upon the
addition of GSH (10 mmol/L), the fluorescence spectral of PRO-
S-DCM (1 mmol/L) was changed with a new maximum emission
wavelength appearing at 647 nm in DMSO, which was the same as
that of DCM (Figs. 3A and B). On the contrary, the spectral prop-
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Fig. 3. The changes of the emission spectrum of probe PRO-S-DCM and negative
control PRO-S-DCM in the presence of GSH. (A) Comparison of the emission spectra
of PRO-S-DCM (1 mmol/L) in DMSO with and without GSH (10 mmol/L). (B) Com-
parison of the emission spectra of PRO-S-DCM (1 mmol/L) with GSH (10 mmol/L)
and DCM (1 mmol/L) in DMSO. (C) Comparison of the emission spectra of PRO-C-
DCM (1 mmol/L) in DMSO with and without GSH (10 mmol/L). (D) Comparison of
the emission spectra of PRO-C-DCM (1 mmol/L) with GSH (10 mmol/L) and DCM
(1 mmol/L) in DMSO.
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Fig. 4. In vitro and in vivo imaging effects of target compounds. (A) The time-dependent confocal fluorescence imaging of PRO-S-DCM in HeLa and HUVEC cells (10 pmol/L).

Scale bar: 25um. (B) The time-dependent flow cytometry results of HeLa cells staining by PRO-S-DCM (10 umol/L). (

C) The flow cytometry results of PRO-C-DM, PRO-S-

DCM and DCM incubated with HeLa cells (10 pmol/L) for 24 h. (D) Imaging effects of PRO-C-DCM and PRO-S-DCM on xenograft tumor-bearing nude mice after intratumor
injection (5 mg/kg, excitation wavelength =500 nm, detection wavelength =660 nm). RFP: red fluorescent protein; DAPI: 4’,6-diamidino-2-phenylindole.

erties of negative control PRO-C-DCM were unchanged upon the
treatment with GSH (Figs. 3C and D). Furthermore, the activation
of PRO-S-DCM was not interfered by other substances besides GSH
(Fig. S3 in Supporting information). The results demonstrated that
PRO-S-DCM could be specifically activated by GSH to release BRD4
PROTAC PRO and NIR fluorophore DCM in vitro.

Prior to the evaluation of the imaging effects and antitu-
mor activity of PRO-S-DCM, cervical cancer cell line (HeLa) with
high expression of BRD4 and human umbilical vein endothelial
cell line (HUVEC) were selected to measure the endogenous GSH
content. The results indicated that GSH content in HeLa cells
(358.50 umol/gprot) was significantly higher than that in normal
cells (100.98 umol/gprot, Fig. S4 in Supporting information).

Based on the verified drug release of PRO-S-DCM and defi-
nite endogenous GSH content, time-dependent confocal fluores-
cence imaging was performed on HelLa and HUVEC cells to eval-
uate staining effects of PRO-S-DCM (Fig. 4A). After the addition
of PRO-S-DCM (10 umol/L), faint red fluorescence was observed in
Hela cells at 2 h. With the extension of incubation time, the flu-
orescence intensity was increased gradually with a maximum flu-
orescence intensity at 24 h. In contrast, the fluorescence intensity
of HUVEC cells was significantly weaker than that of HeLa cells at
each time point. The staining effects of PRO-S-DCM were further
quantitatively analyzed by flow cytometry analysis. As shown in
Fig. 4B, Hela cells exhibited a gradual fluorescence intensity in-
crease with prolonged incubation time and the maximum effect
was observed at 24h. In addition, the labeling effects of DCM,
PRO-S-DCM and PRO-C-DCM were also verified by flow cytometry
analysis. As expected, the labeling effect of PRO-S-DCM on Hela
cells was comparable to that of NIR fluorophore DCM (Fig. 4C).
However, the fluorescence intensity of PRO-C-DCM-labeled cells
was much weaker than that of PRO-S-DCM. These results demon-
strated that PRO-S-DCM could be used as an effective tool for se-

lective labeling of tumor cells based on the differences in endoge-
nous GSH levels, which prompted us to further investigate the in
vivo imaging of xenograft tumor nude mice.

Before the animal studies, the in vitro metabolic stability of
PRO-S-DCM was evaluated using the Institute of Cancer Research
(ICR) mouse liver microsome assay (Table S2 and Fig. S5 in
Supporting information). PRO-S-DCM exhibited proper metabolic
properties with a terminal half-life (¢;,) of 14.71 min and an in-
trinsic clearance (CLi;) of 94.20mL min~! kg~!. To determine
the in vivo fluorescent imaging effects of PRO-S-DCM, the Hela
xenograft mouse model was prepared and PRO-C-DCM was used
as the negative control. The experimental procedures, the animal
use and care protocols were approved by the Committee on Ethics
of Biomedicine, Navy Medical University. Two compounds were re-
spectively injected into the tumors at a dose of 5mg/kg, then NIR
images were captured at different time points. As shown in Fig.
4D, the fluorescence intensity of PRO-S-DCM could be observed
within 0.25h, then reached the maximum fluorescence intensity
at 1h and decreased with time prolonged. In contrast, the negative
control showed consistently weaker fluorescence intensity. Further-
more, the tumor and major organs of experimental nude mice
were harvested for imaging and the tumor showed the strongest
fluorescence intensity, which indicated that PRO-S-DCM could be
selectively activated by endogenous GSH in tumor tissue (Fig. S6
in Supporting information). These results demonstrated that highly
active PRO-S-DCM can be rapidly activated by intra-tumoral GSH
to release BRD4 PROTAC PRO and near-infrared fluorophore DCM
in vivo.

BRD4 degradation effects of PRO-S-DCM and PRO-C-DCM
in HeLla and HUVEC cells were further conducted by Western
blot analysis. As shown in Figs. 5A and B and Fig. S7 (Sup-
porting information), BRD4 in Hela cells could be degraded
by PRO-S-DCM at the concentration range of 100nmol/L to
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Fig. 5. BRD4 degradation and in vitro antitumor activity of target compounds. (A) The BRD4 levels in HeLa and HUVEC cells treated with PRO, PRO-S-DCM and PRO-C-DCM
at various concentrations for 24 h. (B) Intensity quantification of the Western blot bands. (C) Cytotoxicity of PRO-S-DCM and PRO-C-DCM in Hela cells with and without
exogenous GSH (2.50 mmol/L), as determined by a CCK-8 assay. (D) Cell apoptosis and cycle arrest effects of PRO-S-DCM in HeLa cells. (E) Inhibition effects of invasion by
PRO-S-DCM against HeLa cells (two parallel experiments). (F) Inhibition effects of migration by PRO-S-DCM against HeLa cells (n=3). The error bars indicate the mean +

standard deviation (SD) values. Scale bar: 200 pm.

5umol/L in a dose-dependent manner (half-degradation concen-
tration (DCs9)=408.10nmol/L, maximum degradation (Dmax) >
92%), while the degradation activity of PRO-S-DCM was decreased
about 7-fold in HUVEC (DCsq=2.90umol/L). Potentially owing
to insufficient drug release in HeLa cells, PRO-S-DCM was less
active than positive control PRO (DCsg=13.10nmol/L, Dmax >
91%). However, the BRD4 degradation activity of PRO-S-DCM
was enhanced upon the addition of 2.50 mmol/L exogenous GSH
(DCs59 =277.70 nmol/L, Fig. S8 in Supporting information). Even
though, PRO-S-DCM showed better tumor targeting than PRO, be-
cause PRO remained similar BRD4 degradation in normal HUVEC
cells (DC59 =15.70 nmol/L, Dmax > 93%). Additionally, the negative
control PRO-C-DCM failed to degrade BRD4. These results veri-
fied that PRO-S-DCM exhibited effective and tumor-specific BRD4
degradation.

Additionally, the in vitro antitumor activity and cytotoxicity
of target compounds were further tested using the cell counting
kit-8 (CCK-8) assay (Table S3 and Fig. S9 in Supporting informa-
tion). PRO-S-DCM showed potent antitumor activity against HelLa
cells (half-inhibitory concentration (ICs¢)=0.68 pmol/L). Compared

with PRO-S-DCM, the negative control PRO-C-DCM showed
a 32-fold decrease of inhibitory activity against Hela cells
(ICs59 =21.72 pmol/L). As shown in Fig. 5C, the antitumor activity of
PRO-S-DCM was further increased about 6-fold (IC59 =0.12 pmol/L)
after the addition of exogenous GSH (2.50 mmol/L), whereas PRO-
C-DCM still showed weak antitumor activity (IC5g=10.09 pmol/L).
Compared with the original PROTAC PRO possessing similar anti-
tumor activity and cytotoxicity (HeLa, ICsg = 17.67 nmol/L; HUVEC,
IC59 =26.52 nmol/L), PRO-S-DCM showed significantly reduced cy-
totoxicity in HUVEC cells (IC5g =4.51 pmol/L), and PRO-C-DCM re-
mained inactive (ICs59=31.54umol/L). These results further indi-
cated that PRO-S-DCM could be activated by GSH to release PRO
and exert antitumor effects, which were consistent with the results
of BRD4 degradation.

Uncontrolled cell growth is one of the primary characteristics
of tumor cells [26]. The induction of cell apoptosis and regulation
of cell cycle distribution contribute to the growth inhibition of tu-
mor cells. Thus, flow cytometry analysis was performed to explore
the influence of PRO-S-DCM on the induction of cell apoptosis and
cell cycle distribution. As shown in Fig. 5D and Fig. S10 (Supporting
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information), after the incubation with PRO-S-DCM at the concen-
trations of 0.63, 1.25, 2.50 and 5.00pumol/L for 48 h, the number
of apoptotic HelLa cells was increased to 3.87%, 4.20%, 5.42% and
10.24%, respectively, while the percentages of apoptotic cells in the
control group was only 3.32%. Furthermore, PRO-S-DCM could ar-
rest HeLa cell cycles at the G1/M stage in a dose-dependent man-
ner. These results indicated that PRO-S-DCM dose-dependently in-
duced apoptosis in HeLa cells and cycle arrest at the G1/M phase.

It is well-acknowledged that tumor metastasis is one of the ma-
jor causes of tumor-related deaths [26]. Inhibition of tumor cell
metastasis reflects the antitumor effects of drugs. We further eval-
uated the anti-metastasis capacity of PRO-S-DCM by cell invasion
and migration (transwell and wound-healing) assays. Specifically,
the transwell assay manifested that PRO-S-DCM dose-dependently
decreased the number of Hela cells invading into the lower com-
partment and the invasion inhibition rate was larger than 80% at a
concentration of 5.00 pmol/L (Fig. 5E), demonstrating that PRO-S-
DCM efficiently inhibited invasion capacity against HeLa cells. Ad-
ditionally, wound-healing assays were performed to examine the
migration inhibition ability of PRO-S-DCM against the Hela cell
line. As depicted in Fig. 5F, the scratched area in the blank con-
trol decreased distinctly with the cell migration rate greater than
40%. PRO-S-DCM dose-dependently restrained the wound healing
and the cell migration rate was reduced to less than 10% at the
concentration of 5.00 umol/L. In contrast, the negative control PRO-
C-DCM only exhibited weak inhibitory activity against cell invasion
and migration (Figs. S11 and S12 in Supporting information).

In summary, based on BRD4 PROTAC PRO and fluorophore DCM,
we developed a novel tumor-targeted activatable NIR theranostic
BRD4 PROTAC, possessing both BRD4 degradation activity and flu-
orescence imaging property. Activated by GSH, PRO-S-DCM suc-
cessfully released original PROTAC for BRD4 degradation and NIR
fluorophore for tumor imaging both in vitro and in vivo. PRO-S-
DCM was proven to be an NIR fluorescent and theranostic PROTAC
probe, which had tumor-specific BRD4 degradation activity and
reduced cytotoxicity, induced HeLa cell apoptosis, and inhibited
tumor cell metastasis. Taken together, this work highlighted the
degradative and imaging potential of tumor-targeted NIR fluores-
cent theranostic PROTAC and provided a paradigm for expanding
the applications of PROTACs in tumor treatment. Moreover, PRO-
S-DCM provides a new strategy for the improvement of diagnosis
and therapeutic of BRD4 PROTACs.
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