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A B S T R A C T   

Various diseases are deeply associated with aberrations in HDAC8 functions. These aberrations can be assigned to 
either structural functions or catalytic functions of HDAC8. Therefore, development of HDAC8 degradation in
ducers might be more promising than HDAC8 inhibitors. We employed the proteolysis targeting chimera 
(PROTAC) strategy to develop a selective and potent HDAC8 degradation inducer CT-4 with single-digit nano
molar DC50 values and over 95% Dmax in both triple-negative breast cancer MDA-MB-231 cells and T-cell leu
kemia cells. Notably, CT-4 demonstrated potent anti-migration activity and limited anti-proliferative activity in 
MDA-MB-231 cells. In contrast, CT-4 effectively induced apototic cell death in Jurkat cells, as assessed by a 
caspase 3/7 activity assay and flow cytometry. Our findings suggest that the development of HDAC8 degradation 
inducers holds great potential for the treatment of HDAC8-related diseases.   

1. Introduction 

Histone deacetylases (HDACs) catalyze deacetylation of proteins 
lysine residues, which plays essential roles in regulation of gene 
expression and protein activity [1–3]. Eleven zinc-dependent HDACs 
and seven nicotinamide adenine dinucleotide (NAD+)-dependent sir
tuins (SIRTs) have been identified in humans. The zinc-dependent 
HDACs can be subdivided into four enzyme groups: class I (HDAC1, 2, 
3, and 8), class IIa (HDAC4, 5, 7, and 9), class IIb (HDAC6 and 10), and 
class IV (HDAC11). The dysregulation of HDACs is deeply related to 
various cancers, inflammation, and neurodegenerative disorders [1,2]. 
Although four non-selective and one class-selective HDAC inhibitors 
have been approved for the treatment of cancers, especially for hema
tological malignancies [1,2], these HDAC inhibitors can cause serious 
side effects, probably owing to their broad-spectrum activity against 
HDACs [4,5]. Therefore, targeting specific HDAC isoforms may enable 
avoiding undesirable side effects, which will enable widening of the 
therapeutic indexes in contrast to non-selective and class-selective 
HDAC inhibitors. 

HDAC8 is a unique class I HDAC containing 377 amino acids and can 
be located in both the nucleus and the cytoplasm [6–8]. Currently, it 
remains controversial whether histones are bona fide HDAC8 substrates 
[6,7]. Importantly, various non-histone proteins, such as Structural 
Maintenance of Chromosomes protein 3 (SMC3), Estrogen-Related Re
ceptor alpha (ERRα), and p53 were reported to be either substrates or 
interaction partners of HDAC8 [6,7,9]. Apart from being a deacetylase, 
HDAC8 may also mediate signaling via scaffolding functions. For 
example, HDAC8 might act both as a deacetylase and an interacting 
scaffold in inv (16) fusion protein/HDAC8/p53 complex [10]. Addi
tionally, HDAC8 can also interact with transcription factors including 
Signal Transducer and Activator of Transcription 3 (STAT3), cAMP 
Response Element-Binding protein (CREB) and Deleted in Esophageal 
Cancer 1(DEC1) to regulate gene expression [11–13]. Aberrant HDAC8 
expression or dysregulated interactions with transcription factors are 
deeply associated with various cancers, including T-cell malignancies, 
childhood neuroblastoma, breast cancer, colon cancer, and lung cancer 
[6–8,14–16]. In addition, HDAC8 is indispensable for the expression of 
p53, and depletion or inhibition of HDAC8 only affects the proliferation 

Abbreviations: CRBN, cereblon; CREB, cAMP response element-binding protein; DCM, dichlorometane; DEC1, deleted in esophageal cancer 1; DIPEA, N,N-dii
sopropylethylamine; DMF, N,N-dimethylformamide; EDCI, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide; ERRα, estrogen-related receptor alpha; HDAC, histone 
deacetylase; HATU, 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate; HOBT, hydroxybenzotriazole; MTS, 3-(4,5- 
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)–2H-tetrazolium; MeOH, methanol; NAD+, nicotinamide adenine dinucleotide; POI, protein of 
interest; PROTAC, proteolysis targeting chimera; SMC3, structural maintenance of chromosomes protein 3; STAT3, signal transducer and activator of transcription 3; 
TFA, trifluoroacetic acid; THF, tetrahydrofuran; TNBC, triple-negative breast cancer. 
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of cancer cells harboring mutated p53 [17]. Therefore, HDAC8 has 
emerged as a potentially attractive drug target for the treatment of 
various cancers. Over the past years, some HDAC8-selective inhibitors 
have been reported (Fig. 1A) [18–23]. 

Triple-Negative Breast Cancer (TNBC) is the most aggressive subtype 
of breast cancer, which accounts for 15% of all breast cancer cases and 
25% of all breast cancer-related deaths [24]. However, no effective 
targeted therapy has been well-established so far [24]. HDAC8 is upre
gulated in TNBC and is correlated with poor prognosis. However, its 
exact functions in TNBC were not fully elucidated [25]. Interestingly, 
pharmacological inhibition of HDAC8 showed limited anti-proliferative 
activity against solid tumor cells, including TNBC, whereas it clearly 
induced growth inhibition in T-cell malignancies [19,25]. Research have 
demonstrated that both deacetylase activity and the scaffolding function 
of HDAC8 play an essential role in metastasis of breast cancer cells. On 
the one hand, HDAC8 can trigger the dissemination of breast cancer cells 
via AKT/GSK-3β/Snail signals [25]. On the other hand, HDAC8 can 
provide a scaffold platform for the HDAC8/SMAD3/4 heterotrimer 
complex to promote cell survival and migration in breast cancer cells 
[26]. However, it remains unclear whether the scaffolding function of 
HDAC8 contributes to proliferation of TNBC. In addition, although 
HDAC8-selective inhibitors demonstrates potent HDAC8 inhibition with 
two-digit namolar IC50 values, their anti-proliferative activities against 
T-cell malignancies or neuroblastoma cells remained poor with two- 
digit micromolar GI50 values [18,21,23]. These indicate that targeting 
of the HDAC8 deacetylase enzyme activity might not be sufficient, and 
instead, targeting of the scaffolding role of HDAC8 is needed to identify 
its roles in the pathology in TNBC and other HDAC8-related diseases. 

Development of PRoteolysis TArgeting Chimeras (PROTACs) has 

emerged as a novel and powerful strategy in drug discovery. PROTACs 
are heterobifunctional molecules consisting of a ligand for the protein of 
interest (POI), a ligand for E3 ligase, and a linker [27–29]. This heter
obifunctional character enables simultaneous binding to the POI and E3 
ligase to form a ternary complex, thus triggering target protein degra
dation via the Ubiquitin-Proteasome System (UPS) (Fig. 1B) [27,28]. 
The event-driven PROTACs enable inhibition of protein scaffolding 
functions or protein–protein interactions, thus enabling exploitation of 
protein functions that were considered to be undruggable by classical 
occupancy-driven therapeutics [30–32]. In recent years, some HDAC 
PROTACs have been reported, demonstrating the great therapeutic po
tential for the treatment of HDACs related diseases [33–43]. In 2022, 
several HDAC8 PROTACs were reported (Fig. 1C). Suzuki’s group re
ported the first HDAC8 PROTAC 5 by connecting HDAC8 selective in
hibitor to E3 ligase cereblon (CRBN) recruiter via different linkers [44]. 
Although PROTAC 5 potently inhibited the growth of T-cell leukemia 
Jurkat cells, the degrading potency of PROTAC 5 against HDAC8 
remained limited with a potency (DC50 value) in the high nanomolar 
range (702 nM) in Jurkat cells [44]. Similarly, Sippl’s group reported 
another HDAC8 PROTAC 6 with anti-neuroblastoma activity, which has 
poor efficiency to lower the HDAC8 levels in neuroblastoma cells [45]. 
Chen’s group reported a class of HDAC8 PROTACs, including PROTAC 7 
with a potency in the nanomolar range but provides recovery of the 
HDAC8 levels in 24 h in colorectal cancer cells [46]. Very recently, Zhu’s 
group reported a new HDAC8 PROTAC 8, which provided a DC50 value 
of 580 nM in A549 cells, but demonstrated limited HDAC8-degrading 
ability in Jurkat cells [47]. In addition, PROTAC 8 showed slightly 
better in vitro anti-proliferative activity against A549 cells than HDAC8 
inhibitor 1 [47]. This indicates the need to explore structure–function 

Fig. 1. (A) Representative examples of selective HDAC8 inhibitors. (B) The schematic representation of the PROTAC mode of action. PROTAC binds to both the 
Protein of Interest (POI) and an E3 ligase, thus enabling POI ubiquitination and proteasomal degradation. (C) Reported HDAC8 PROTACs from literature [44–47]. 
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relationships for HDAC8 PROTACs further in order to achieve PROTACs 
with improved potency and duration of action. 

In this study, we report a novel series of HDAC8 PROTACs by teth
ering HDAC8 inhibitors to the CRBN recruiter pomalidomide. We 
identified a potent HDAC8 degradation inducer (CT-4) in both MDA- 
MB-231 cells and Jurkat cells. A wound healing assay was perfomed 
to demonstate that CT-4 inhibited the migration of MDA-MB-231 cells. 
Furthermore, growth inhibition was assessed by the MTS in Jurkat cells, 
which demonstated potent inhibition of cell viability. Subsequently, 
apoptosis-induction in Jurkat cells was investigated by the caspase 3/7 
activity assay and a flow cytrometry assay. Overall, we demonstrate here 
in vitro experimental evidence that CT-4 can be used as a biological tool 
to investigate the roles of HDAC8 cancer cells. Moreover, it provides 
potential therapeutic concept for the treatment of HDAC8-related can
cers as well. 

2. Results and discussion 

2.1. Design, synthesis and characterization of HDAC8 PROTACs 

Development of HDAC8-selective PROTACs starts from inhibitors 
that bind selectively to this respective HDAC. Compound 4 (Fig. 1A) 
shows potent HDAC8 inhibition with lower nanomolar IC50 and has not 
been used for PROTAC design before [21]. Molecular modeling studies 
of compound 4 in HDAC8 provided docking poses as depicted in Fig. 2A 
in which the hydroxamic acid coordinates with the zinc ion and the 
phenyl group occupies the sub-pocket of HDAC8. This indicates that the 
phenyl group of compound 4 projects out of the active site and is 
solvent-exposed, which indicates that attachement of linkers might be 
tolerated in this position (Fig. 2A). Curently, cereblon (CRBN) recruiters 
have been widely used for PROTAC development and have more 
favorable drug-likeness than VHL E3 ligase recruiters [48]. 

Pomalidomide (9) is a CRBN recruiter, which is widely used for PROTAC 
design [49]. The co-crystal complex of compound 9 in CRBN showed 
that compound 9 occupies the active site of CRBN. It’s worth noting that 
the imide moieties of compound 9 is involved in multiple hydrogen 
bonding interactions with key CRBN amino acid residues, meanwhile 
leaving the aromatic amine solvent-exposed (Fig. 2B). This binding 
mode demonstrates that the aromatic amine group of compound 9 can 
be employed as a linker attachment position. Based on the binding 
modes, we designed a novel series of HDAC8 PROTACs by connecting 
compound 4 and compound 9 via flexible aliphatic linkers of various 
lenghts (Fig. 2C). 

A collection of HDAC8-directed PROTACs, denoted CT-1 to CT-4, 
and the negative control (NC-CT-4) were synthesized using procedures 
shown in Scheme 1. Methyl 3-hydroxy-4-methoxybenzoate (10) was 
reacted with compound 11 in the presence of K2CO3 to give compound 
12 in 80% yield. The tert-butyl group of compound 12 was hydrolyzed 
under acid conditions in TFA/CH2Cl2 to give compound 13 in 97% yield. 
Subsequently, compound 13 was condensed with various mono-Boc- 
diamines in the presence of HATU and DIPEA, followed by methyl 
ester hydrolysis under basic condidition in NaOH(aq)/MeOH/THF to 
afford intermediates 14a-14d in 58% − 70% yield. Intermediates 15a 
and 15b were synthesized according to previously reported methods 
[51]. The Boc-protection of 14a-14d was removed under acidic condi
tions followed by reaction with compound 15a or 15b to yield key in
termediates 16a-16e in 13% − 21% yield. Finally, compounds 16a-16e 
were condensed with O-(Tetrahydro-2H-pyran-2-yl)hydroxylamine 
(NH2OTHP) using EDCI and HOBt as coupling reagents, followed by 
THP group deprotection in the presence of 4 N HCl in dioxane to afford 
the target compounds CT-1, CT-2, CT-3, CT-4, and the negative control 
NC-CT-4 in 16% − 73% yield. The final products were characterized by 
1H and 13C NMR and LC-HRMS. The purity of the final products was 
verified by high-performance liquid chromatography (HPLC), which 

Fig. 2. (A) Proposed binding mode of compound 4 in HDAC8 (PDB Code: 2V5X).The hydrogen bond interactions and zinc ion coordinations were shown as red dash 
lines. Zinc ion was shown as green sphere. (B) Co-crystal structure of Pomalidomide (9) in CRBN (PDB Code: 4V2Z) [50]. The hydrogen bond interactions were 
shown as red dash line. (C) Conceptual design of HDAC8 PROTACs. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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demonstrated a purity of at least 95%. 
The capacity of PROTACs CT-1 to CT-4 to induce HDAC8 degrada

tion was evaluated in triple-negative breast cancer MDA-MB-231 cells. 
Towards this aim, MDA-MB-231 cells were treated with CT-1, CT-2, CT- 
3, and CT-4 at concentrations of 1 μM and 10 μM for 24 h and the levels 
of HDAC8 expression were analyzed using western blot (Fig. 3, Table 1). 
The degradation percentage was calculated as the percentage of 
reduction of HDAC8 levels compared to the vehicle control group. All 
degradation inducers significantly reduced the intracellular level of 
HDAC8 at both concentrations. At concentration of 10 μM, the degra
dation inducers decreased the HDAC8 levels by 44%-93% compared to 
the vehicle control group. At concentrations around 1 μM, the degra
dation was more effective, which may be explained by the “hook effect” 
in which higher concentrations provide binary complexes of the PRO
TAC with either HDAC8 or the E3 ligase, instead of the desired target 
protein-PROTAC-E3 ligase ternary complexes, which will attenuate 
degradation [52–54]. All the PROTACs provided similar activity in 
HDAC8 degradation at 1 μM. 

2.2. Characterization of CT-4 as a potent HDAC8 PROTAC 

The concentration-dependence of the HDAC8 degradation was 
investigated for all the PROTACs CT-1 to CT-4 in order to determine the 
DC50 and Dmax values. Towards this aim, MDA-MB-231 cells were 
treated with a range of concentration of compounds CT-1, CT-2, CT-3, 
and CT-4 for 24 h. Changes in the intracellular amount of HDAC8 were 
determined in response to treatment with various PROTAC concentra
tions (Fig. 4). The HDAC8 levels were normalized to the vehicle treated 
control, plotted to the corresponding concentrations and DC50 and Dmax 
were calculated (Table 2). All degradation inducers reached a Dmax >

90% for HDAC8. CT-4 proved to be the most potent PROTAC with a 
DC50 at about 1.8 nM. Interestingly, shortening the linker length in CT- 
1, CT-2 and CT-3 reduced the potency by a factor 10 or more. The “hook 
effect” appeared at concentrations of 10 μM, thus indicating that the 
PROTACs are effective in a reasonably large concentration window. 

Because compound 4 showed moderate HDAC6 inhibition [21], we 
also investigated concentration-dependence of HDAC6 degradation for 
CT-1, CT-2, CT-3, and CT-4 in MDA-MB-231 cells. All the PROTACs 

Scheme 1. The synthetic route of CT-1, CT-2, CT-3, CT-4, and NC-CT-4. Reagents and conditions: a) K2CO3, DMF, rt; b) TFA/DCM (v/v = 1:2), rt; c) (1) mono-Boc- 
diamines, HATU, DIPEA, DMF, rt; (2) 1 N NaOH(aq), THF/MeOH, reflux; d) (1) TFA/DCM (v/v 1:1), rt; (2) DIPEA, 15a or 15b, DMSO, 130℃; e) NH2OTHP, EDCI, 
HOBt, DMF, rt; (2) 4 N HCl in dioxane, THF, rt. 

Fig. 3. MDA-MB-231 cells were treated with compounds CT-1, CT-2, CT-3, and CT-4 at 1 μM (A) or 10 μM (B) for 24 h. The HDAC8 levels were detected using 
western blot. GAPDH was used as loading control. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs vehicle group, one-way analysis of variance 
(ANOVA). Data are representative of three independent experiments. 
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could reduce the intracellular levels of HDAC6 with a Dmax of 55%-71%. 
CT-4 proved also to be the most potent HDAC6 PROTAC in this series 
with a DC50 of 38 nM. The difference in DC50 between HDAC8 and 
HDAC6 is 20-fold for CT-4 (Fig. 4 and Table 2). The 20-fold difference in 
DC50 as well as the lower Dmax for HDAC6 indicates that a certain level of 
selectivity between HDAC8 and HDAC6 degradation is reached, but that 
HDAC6 levels will also be affected upon use of PROTAC CT-4. 

We selected CT-4 for further characterization as an HDAC8-directed 
PROTAC, because it proved to be the most potent HDAC8 PROTAC in 
this series with over 20-fold selectivity with respect to HDAC6. The 
selectivity profile of CT-4 was further investigated by the determination 
of the intracellular level of HDAC1. CT-4 showed no significant effect on 
the level of HDAC1 (Fig. 5A and Fig. S1A). It is worth noting that CT-4 
could dose-dependently increase the levels of both HDAC8 substrate 
acetylated SMC3 (Ac-SMC3) and HDAC6 substrate acetylated α-tubulin 
(Ac-α-tubulin), indicating effects on the cellular substrates of HDAC8 
and HDAC6 (Fig. 5B and Fig. S1B-C). 

HDAC8 degradation by PROTAC CT-4 was analysed further. The 
kinetics of HDAC8 degradation upon treatment with 0.5 μM CT-4 
showed rapid degradation with a maximum effect of 98% maximal 
degradation that is reached after 4 h and remained up to 48 h (Fig. 6A). 
Next, the mechanism of HDAC8 reduction was investigated. We 
observed significant inhibition of HDAC8 degradation upon pre- 
treatment with HDAC8 inhibitor 4 or CRBN ligand 9 (Fig. 6B), which 
indicates that HDAC8 degradation proceeds via ternary complex for
mation. Also co-treatment with proteasome inhibitor bortezomib 
inhibited the degradation of HDAC8, thus indicating that HDAC8 
degradation is proteasome-dependent. Furthermore, we also synthe
sized a control compound NC-CT-4 with an ethylated pomalidomide as 
CRBN ligand (Scheme 1), which is unable to recruit CRBN. NC-CT-4 
failed to induce the degradation of HDAC8, suggesting the essential role 
of CRBN recruitment for degradation. Taken together, these results 
demonstrate that HDAC8 degradation induced by CT-4 depends on both 
binding to HDAC8 and CRBN as well as proteasomal activity. Thus, we 
conclude that CT-4 is an effective and potent HDAC8-directed PROTAC 
with a moderate selectivity for HDAC8 over HDAC6 (both in D50 and 
Dmax). 

2.3. CT-4 demonstrated limited anti-proliferative activity, but potent anti- 
migration activity against triple-negative breast cancer MDA-MB-231 cells 

After having established CT-4 as potent HDAC8 degradation inducer, 
its effects on cell proliferation were investigated. The potency of CT-4 on 
proliferation of MDA-MB- 231 cells was evaluated using the MTS assay. 
PROTAC CT-4 demonstrated a weak anti-proliferative activity, whereas 
both HDAC8 inhibitor 4 and CRBN ligand 9 did not show obvious anti- 
proliferative activity against MDA-MB-231, which indicates that HDAC8 
contributes little to the proliferation of MDA-MB-231 cells (Fig. S2). In 
addition, CT-1, CT-2 and CT-3 also showed weak anti-proliferative ac
tivities. (Fig. S2). 

Because CT-4 shows weak anti-proliferative activity against MDA- 
MB-231 cells and HDAC8 plays an essential role in the metastasis of 
MDA-MB-231 cells [25,26], we next investigated the effect of CT-4 on 
migration of MDA-MB-231 cells. The wound healing assay demonstrated 
that CT-4 dose-dependently inhibited the migration of MDA-MB-231 
cells (Fig. 7). It is worth noting that treatment with 2.5 and 5 μM 
PROTAC CT-4 inhibited migration over 40%, while 5 μM of HDAC8 
inhibitor 4 and CRBN ligand 9 had no significant effect on the migration 
of MDA-MB-231 cells. Based on these results, we can conclude that 
HDAC8 protein levels are important for migration of MDA-MB-231 cells, 
whereas inhibition of HDAC8 enzyme activity by 4 or CRBN binding by 
9 does not affect migration, which indicates that the HDAC8 protein 
levels are more important than the HDAC8 lysine deacetylase activity. 

2.4. CT-4 induced HDAC8 degradation and cell death in T-cell leukemia 
Jurkat cells 

It has been described that aberrant HDAC8 activities play essential 
roles in T-cell malignancies and HDAC8 inhibitors have shown anti- 
proliferative activites against T-cell malignancies [18–20,23]. There
fore, we explored the therapeutic potential of HDAC8 degradation 
inducer CT-4 against T-cell malignancies. Firstly, we treated T-cell leu
kemia Jurkat cells with different concentrations of CT-4 and determined 
the HDAC8 levels (Fig. 8). CT-4 reduced the HDAC8 levels effectively 
with a DC50 value of 4.7 nM and Dmax of 95%. In comparison the pre
viously reported HDAC8 PROTAC 5 was about 150-fold less potent 
(DC50 = 0.702 μM) [44]. Although also in this cell line obvious HDAC6 
degradation (DC50 = 78.5 nM, Dmax = 76%) was observed, CT-4 still 

Table 1 
Reduction of cellular HDAC8 upon treatment with degradation inducers CT-1 to CT-4.  

Compounds Linker Degradation (%)a   

1 μM 10 μM 

CT-1 90 ± 4 93 ± 1 

CT-2 83 ± 4 75 ± 3 

CT-3 94 ± 1 44 ± 9 

CT-4 94 ± 0.1 62 ± 10  

a Degradation percentage is calculated from Fig. 3. Data are shown as [100%-mean (±standard deviation, SD) of relative HDAC8 levels]. Data are representative of 
three independent experiments. 
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retained over 16-fold selectivity (Fig. 8). Moreover, CT-4 did not show 
significant impact on the level of HDAC1 and HDAC3 (Fig. 8 and 
Fig. S3). Altogether, this shows that CT-4 has good efficacy and potency 
to reduce HDAC8 levels and moderate selectivity compared to HDAC6. 

Next, we compared the anti-proliferative activitiy against Jurkat 
cells between HDAC8 degradation by CT-4 treatment and HDAC8 in
hibition by treatment with inhibitor 4. Proliferation of Jurkat cells was 
investigated by the MTS assay. PROTAC CT-4 demonstrated potent anti- 
proliferative activity against Jurkat cells with a GI50 value of 2.4 μM, 
which was about 10-fold more potent than HDAC8 inhibitor 4 (GI50 =

23 μM) (Fig. 9), even though CT-4 (HDAC8 IC50 = 1.6 μM) showed about 
9-fold decreased in vitro HDAC8 inhibitory activity compared to com
pound 4 (HDAC8 IC50 = 0.18 μM) (Fig. S4). In contrast, CRBN ligand 9 
showed little or no effect on anti-proliferative activity against Jurkat 

Fig. 4. MDA-MB-231 cells were treated with the indicated concentrations of CT-1 (A), CT-2 (B), CT-3 (C), and CT-4 (D) for 24 h. HDAC8 and HDAC6 levels were 
determined using western blot. GAPDH was used as loading control. Data were normalized to vehicle (DMSO)-treated group and the dot plot represented as the mean 
relative expression with ± SD. Data are representative of at least two independent experiments. Nonlinear fitting was generated by the GraphPad Prism. 

Table 2 
DC50

a and Dmax
b Determinationc.  

Compounds HDAC8 HDAC6 SId 

DC50, 24h (nM) Dmax (%) DC50, 24h (nM) Dmax (%) 

CT-1 53 ± 8 95 ± 1 1812 ± 615 59 ± 5 34 
CT-2 119 ± 18 96 ± 1 1114 ± 241 55 ± 4 9 
CT-3 14 ± 3 91 ± 0.4 129 ± 21 71 ± 2 9 
CT-4 1.8 ± 0.5 97 ± 0.6 38 ± 5 69 ± 10 21  

a The concentrations at which half-maximal degradation was achieved. 
b The maximum percentage of degradation. 
c DC50 and Dmax values with ± SD obtained from nonlinear data in Fig. 4. 
d SI: selectivity index. 
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cells at ≤ 100 μM. In addition, co-treatment experimients with com
pound 4 and 9 provided a GI50 value of 34 μM, indicating that compound 
9 can slightly attenuate the cell growth inhibitory activity of compound 
4. These results demonstate that PROTAC CT-4 retains high HDAC8- 
degrading potency and potently inhibits Jurkat cell viability. 

2.5. CT-4 induced apoptosis in Jurkat cells 

Because compound 9 and co-treatment with compound 4 and 9 
showed weak anti-proliferative activity with GI50 values ＞33 μM, we 
compared the effects of PROTAC CT-4 and inhibitor 4 on cell viability by 
assays on the induction of apoptosis. Firstly, we performed a caspase 3/7 
activity assay, which demonstrated that HDAC8 inhibitor 4 has no sig
nificant impact on caspase 3/7 activity, whereas PROTAC CT-4 signifi
cantly increased the caspase 3/7 activity in a dose-dependent manner 

(Fig. 10A). Next, the apoptosis-inducing ability of PROTAC CT-4 was 
further evaluated by a flow cytometry assay. Jurkat cells were treated 
with compound 4 and CT-4 for 48 h, which demonstrated that CT-4 
could induce Jurkat cells apoptosis in a dose-dependent manner. 
Notably, 3 μM and 10 μM of CT-4 could induce over 40 % and 60% 
Jurkat cells apoptosis, respectively, in contrast to compound 4 that 
induced only about 8% apoptosis at 10 μM (Fig. 10B and 10C). These 
results indicate that CT-4 has stronger apoptosis-inducing ability than 
compound 4, which can explain its potent anti-proliferative activity 
against Jurkat cells (Fig. 9). 

3. Conclusion 

In the present study, we describe the development of a novel series of 
HDAC8 PROTACs by linking a known HDAC8 inhibitor to pomalidomide 

Fig. 5. (A) MDA-MB-231 cells were treated with the indicated concentrations of CT-4 for 24 h. The HDAC1 levels were determined using western blot. β-actin was 
used as loading control. (B) MDA-MB-231 cells were treated with the indicated concentrations of compound 4 and CT-4 for 24 h. Ac-SMC3 and Ac-α-tubulin levels 
were determined by western blot. GAPDH was used as loading control. Data are representative of two independent experiments. 

Fig. 6. (A) Time-depdendent changes of the HDAC8 levels upon treatment with 0.5 μM CT-4. GAPDH was used as loading control. (B) Mechanistic investigation of 
HDAC8 degradation induced by CT-4 in MDA-MB-231 cells. MDA-MB-231 cells were pre-treated with HDAC8 inhibitor 4, CRBN ligand 9, and co-treated with 
bortezomib, followed by 24 h treatment with CT-4 at 0.5 μM. MDA-MB-231 cells were treated with NC-CT-4 for 24 h at 0.5 μM. GAPDH was used as loading control. 
ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs vehicle group, one-way analysis of variance (ANOVA). Data are representative of two 
independent experiments. 
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Fig. 7. MDA-MB-231 cells were treated with HDAC8 inhibitor 4, CRBN ligand 9 and PROTAC CT-4 at indicated concentrations for 24 h. Cell migration was 
measured by wound healing assay (A), and quantitatively analyzed (B). ns: not significant,*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs vehicle group, 
one-way analysis of variance (ANOVA). Values are the mean ± SD of two independent experiments. 
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via an aliphatic linker of variable length. Among them, CT-4 was iden
tified as a potent HDAC8 PROTAC (DC50 = 1.8 nM, Dmax = 97% in MDA- 
MB-231 cells, DC50 = 4.7 nM, Dmax = 95% in Jurkat cells). Despite of 
limited effect on HDAC1 and HDAC3 levels, CT-4 induced HDAC6 
degradation in both MDA-MB-231 cells and Jurkat cells albeit with a 
lower DC50 and Dmax. This indicates that CT-4 has moderate selectivity 
between HDAC8 and HDAC6, but good selectivity over HDAC1 and 
HDAC3. Notably, CT-4 effectively inhibited the migration of MDA-MB- 
231 cells, while it demonstrated limited effect on proliferation, which 
indicates that HDAC8 contributes little to the proliferation of MDA-MB- 
231 cells. In Jurkat cells, CT-4 showed potent anti-proliferative activity 
via induction of apoptosis. In both cell lines the HDAC8 PROTAC per
formed much better than the HDAC8 inhibitors 4 thus confirming the 
potential for HDAC8 degradation in oncology. Overall, these results 
highlight the power and utility of HDAC8 PROTACs not only as new 
drug modality in HDAC8-directed drug discovery for oncology and other 
HDAC8-related diseases, but also as molecular tool to investigate the 
roles of HDAC8 disease models. 

4. Experimental section 

4.1. Chemistry 

Unless otherwise noted, the chemical reagents and solvents were 
purchased from commercial sources, such as Sigma-Aldrich, BLDpharm, 
Fluorochem as well as Acros, and were used without further 

purification. All reactions were monitored by thin-layer chromatog
raphy (TLC) on 0.25 mm silica gel plates (60GF-254). UV light, iodine 
stain, and ferric chloride were used to visualize the spots. 1H and 13C 
NMR spectra were recorded on a Bruker DRX spectrometer at 500 MHz, 
with δ given in parts per million (ppm) and J in hertz (Hz) and using 
TMS an internal standard. Multiplicity of 1H NMR signals was reported 
as singlet (s), doublet (d), triplet (t), quartert (q), and multiplet (m). 
High-resolution mass spectra (HRMS) were recorded using Fourier 
Transform Mass Spectrometry (FTMS) and Orbitrap XL Hybrid Ion Trap- 
Orbitrap Mass Spectrometer. Mass spectra were measured on a Waters 
Investigator Supercritical Fluid Chromatograph with a 3100 MS Detec
tor (ESI). Silica gel was used for column chromatography purification. 
C18 reverse-phase high performance liquid chromatography (HPLC) 
analysis was performed to determine the purity of target compounds, 
and all target compounds achieved a minimum of 95% purity. 

4.1.1. Compound 4 was prepared according to the previously reported 
methods [21]. 

4.1.1.1 3-(benzyloxy)-N-hydroxy-4-methoxybenzamide (4) The com
pound was obtained as 0.10 g of a white solid in a yield of 73%. 1H NMR 
(500 MHz, DMSO‑d6) δ 11.10 (s, 1H), 7.49 – 7.46 (m, 3H), 7.43 – 7.39 
(m, 3H), 7.37 – 7.32 (m, 1H), 7.04 (dd, J = 8.5, 1.1 Hz, 1H), 5.12 (s, 2H), 
3.82 (d, J = 1.1 Hz, 3H). 13C NMR (126 MHz, DMSO‑d6) δ 164.33, 
151.97, 147.76, 137.37, 128.90, 128.38, 128.31, 125.33, 120.83, 
112.41, 111.77, 70.40, 56.19, 56.07. HRMS, calculated 274.1079 for 
C15H16NO4 [M + H]+, found 274.1071. Purity: 95.6%. 

Fig. 8. Jurkat cells were treated with the indicated concentrations of CT-4 for 24 h. HDAC8, HDAC6, HDAC1 and HDAC3 levels were detected by western blot. 
GAPDH was used as loading control. Data were normalized to vehicle (DMSO)-treated group and the dot plot represented as the mean relative expression with ± SD. 
Nonlinear fitting was generated by the GraphPad Prism. Data are representative of at least two independent experiments. 

Fig. 9. Jurkat cells were treated with PROTAC CT-4, HDAC8 inhibitor 4, and CRBN ligand 9, and co-treated with 4 and 9 for 72 h. Cell viability was determined by 
MTS assay. Values are the mean ± SD of three independent experiments. 

C. Zhao et al.                                                                                                                                                                                                                                    



Bioorganic Chemistry 136 (2023) 106546

10

4.1.2. Methyl 3-((4-(tert-butoxycarbonyl)benzyl)oxy)-4-methoxybenzoate 
(12) 

A mixture of compound 10 (0.36 g, 2.0 mmol) and K2CO3 (0.83 g, 
6.0 mmol) in 10 mL of dimethylformamide (DMF) was cooled at 0℃, 
then compound 11 (0.60 g, 2.2 mmol) was added. The resulting mixture 
was warmed to room temperature and stirred at room temperature for 4 
h. Then, the mixture was poured into cold water and extracted with 
EtOAc. The combined organic layer was washed with brine, dried over 
MgSO4, filtered, and further purified by column chromatography 
(Pentane/EtOAc = 10:1 – 4:1) to give 0.60 g of the product as a white 
solid in a yield of 80%. 1H NMR (500 MHz, DMSO‑d6) δ 7.93 (d, J = 8.0 
Hz, 2H), 7.62 (dd, J = 8.5, 2.0 Hz, 1H), 7.58 (d, J = 8.0 Hz, 2H), 7.53 (d, 

J = 2.0 Hz, 1H), 7.12 (d, J = 8.5 Hz, 1H), 5.25 (s, 2H), 3.87 (s, 3H), 3.81 
(s, 3H), 1.55 (s, 9H). ESI-MS, calculated 395.15 for C21H24NaO6 [M +
Na]+, found 395.37. 

4.1.3. 4-((2-methoxy-5-(methoxycarbonyl)phenoxy)methyl)benzoic acid 
(13) 

Compound 12 (0.60 g, 1,6 mmol) was dissolved in 4 mL of CH2Cl2 
(DCM) and the resulting solution was cooled to 0℃, then 2 mL of tri
fluoroacetic acid (TFA) was added dropwise. The resulting solution was 
allowed to stir at room temperature for 4 h. Then solvents were removed 
under reduced pressure to give 0.50 g of the product as a white solid in a 
yield of 97%. 1H NMR (500 MHz, DMSO‑d6) δ 7.98 (d, J = 8.0 Hz, 2H), 

Fig. 10. (A) The caspase 3/7 activity was measured on Jurkat cells treated with the indicated concentrations of HDAC8 inhibitor 4 and PROTAC CT-4 for 48 h and 
luminescence was measured after 1 h reagent incubation. All data were normalized to the vehicle control group and shown as mean with SD of three independent 
experiments. (B) Induction of apoptosis in Jurkat cells after 48 h of treatment. (C) Efficacy of compound CT-4 at different concentrations to induce apoptosis in Jurkat 
cells after 48 h of treatment. ns: not significant,*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs vehicle group, one-way analysis of variance (ANOVA). 
Data are shown as mean with SD of two independent experiments. 
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7.63 (dd, J = 8.5, 2.0 Hz, 1H), 7.58 (d, J = 8.0 Hz, 2H), 7.55 (d, J = 2.0 
Hz, 1H), 7.13 (d, J = 8.5 Hz, 1H), 5.25 (s, 2H), 3.88 (s, 3H), 3.81 (d, J =
1.1 Hz, 3H). ESI-MS, calculated 339.08 for C17H16NaO6 [M + Na]+, 
found 339.30. 

4.1.4. General procedures for synthesis of compounds 14a-14d 
Compound 13 (1.0 mmol, 1.0 eq) and HATU (1.2 eq) were dissolved 

in 5 mL of DMF and the solution was cooled to 0℃ followed by the 
addition of DIPEA (3.0 eq). The resulting solution was stirred at 0℃ for 5 
mins and respective amines (1.2 eq) were added. The resulting solution 
was warmed to room temperature and stirred at room temperature for 2 
h. Then, the solution was diluted with EtOAc, washed with water, 1 N 
HCl(aq), saturated NaHCO3(aq), and brine. The organic layer was dried 
over MgSO4, filtered, and concentrated to give intermediate products, 
which were used without further purification for next step in which the 
respective intermediate products (1.0 eq) dissolved in 10 mL of THF/ 
H2O (1:1) after which LiOH (10 eq) was added. The reaction mixtures 
were stirred at room temperature overnight. The organic solvents were 
removed under reduced pressure and the pH value of the resulting res
idues were adjusted to 4–6 by addition of 1 N HCl while cooling on an ice 
bath. The crude products were collected by filtration. 

4.1.4.1. 3-((4-((2-((tert-butoxycarbonyl)amino)ethyl)carbamoyl)benzyl) 
oxy)-4-methoxybenzoic acid (14a). Using the general procedure for the 
synthesis of compound 14a-14d, compound 14a was obtained as 0.27 g 
of a white solid in a yield of 63%. 1H NMR (500 MHz, DMSO‑d6) δ 12.68 
(s, 1H), 8.47 (d, J = 5.9 Hz, 1H), 7.86 (d, J = 8.0 Hz, 2H), 7.59 (dd, J =
8.4, 1.9 Hz, 1H), 7.53 (d, J = 7.7 Hz, 3H), 7.09 (d, J = 8.5 Hz, 1H), 6.93 
(t, J = 5.8 Hz, 1H), 5.21 (s, 2H), 3.86 (s, 3H), 3.33 – 3.27 (m, 2H), 3.11 
(q, J = 6.3 Hz, 2H), 1.38 (s, 9H). ESI-MS, calculated 467.18 for 
C23H28N2NaO7 [M + Na]+, found 467.37. 

4.1.4.2. 3-((4-((4-((tert-butoxycarbonyl)amino)butyl)carbamoyl)benzyl) 
oxy)-4-methoxybenzoic acid (14b). Using the general procedure for the 
synthesis of compound 14a-14d, compound 14b was obtained as 0.30 g 
of an off-white solid in a yield of 64%. 1H NMR (500 MHz, DMSO‑d6) δ 
12.68 (s, 1H), 8.46 (t, J = 5.7 Hz, 1H), 7.85 (d, J = 7.9 Hz, 2H), 7.59 (dd, 
J = 8.5, 1.9 Hz, 1H), 7.53 (dd, J = 5.2, 3.0 Hz, 3H), 7.09 (d, J = 8.5 Hz, 
1H), 6.81 (s, 1H), 5.21 (s, 2H), 3.86 (s, 3H), 3.25 (q, J = 6.4 Hz, 2H), 
2.97 – 2.90 (m, 2H), 1.51–1.47 (m, 2H), 1.41–1.22 (m, 11H). ESI-MS, 
calculated 495.21 for C25H32N2NaO7 [M + Na]+, found 495.39. 

4.1.4.3. 3-((4-((6-((tert-butoxycarbonyl)amino)hexyl)carbamoyl)benzyl) 
oxy)-4-methoxybenzoic acid (14c). Using the general procedure for the 
synthesis of compound 14a-14d, compound 14c was obtained as 0.31 g 
of a white solid in a yield of 64%. 1H NMR (500 MHz, DMSO‑d6) δ 8.45 
(t, J = 5.5 Hz, 1H), 7.87 – 7.84 (m, 2H), 7.59 (dd, J = 8.5, 1.9 Hz, 1H), 
7.53 (dd, J = 5.2, 3.3 Hz, 3H), 7.08 (dd, J = 8.6, 1.2 Hz, 1H), 6.79 (t, J =
5.8 Hz, 1H), 5.20 (s, 2H), 3.86 (d, J = 1.2 Hz, 3H), 3.24 (q, J = 6.7 Hz, 
2H), 2.90 (q, J = 6.5 Hz, 2H), 1.54 – 1.48 (m, 2H), 1.37–1.34 (m, 11H), 
1.33 – 1.23 (m, 4H). ESI-MS, calculated 523.24 for C27H36N2NaO7 [M +
Na]+, found 523.43. 

4.1.4.4. 3-((4-((8-((tert-butoxycarbonyl)amino)octyl)carbamoyl)benzyl) 
oxy)-4-methoxybenzoic acid (14d). Using the general procedure for the 
synthesis of compound 14a-14d, compound 14d was obtained as 0.33 g 
of a white solid in a yield of 58%. 1H NMR (500 MHz, DMSO‑d6) δ 8.44 
(t, J = 5.7 Hz, 1H), 7.85 (d, J = 7.9 Hz, 2H), 7.59 (dd, J = 8.4, 1.9 Hz, 
1H), 7.53 (dd, J = 5.3, 3.2 Hz, 3H), 7.09 (d, J = 8.5 Hz, 1H), 6.76 (t, J =
5.9 Hz, 1H), 5.20 (s, 2H), 3.86 (s, 3H), 3.25 (q, J = 6.7 Hz, 2H), 2.93 – 
2.85 (m, 2H), 1.56 – 1.47 (m, 2H), 1.37–1.33 (m, 11H), 1.31 – 1.22 (m, 
8H). ESI-MS, calculated 529.29 for C27H37N2O7 [M + H]+, found 
529.48. 

4.1.5. Compounds 15a and 15b were prepared acroding to published 
methods [51]. 

4.1.5.1. 2-(2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione (15a). 
Compound 15a was obtained as 1.6 g of a white solid in a yield of 58%. 
1H NMR (500 MHz, DMSO‑d6) δ 11.17 (s, 1H), 7.96 (td, J = 8.0, 4.4 Hz, 
1H), 7.80 (d, J = 7.3 Hz, 1H), 7.75 (t, J = 8.9 Hz, 1H), 5.17 (dd, J = 13.0, 
5.4 Hz, 1H), 2.90 (ddd, J = 17.2, 13.9, 5.5 Hz, 1H), 2.62 (dt, J = 17.2, 
3.4 Hz, 1H), 2.59 – 2.52 (m, 1H), 2.07 (dtd, J = 13.1, 5.4, 2.3 Hz, 1H). 
ESI-MS, calculated 277.06 for C13H10FN2O4 [M + H]+, found 277.33. 

4.1.5.2. 2-(1-ethyl-2,6-dioxopiperidin-3-yl)-4-fluoroisoindoline-1,3-dione 
(15b). Compound 15b was obtained as 0.62 g of a light-yellow solid in a 
yield of 70%. 1H NMR (500 MHz, DMSO‑d6) δ 7.97 (td, J = 7.9, 4.4 Hz, 
1H), 7.81 (d, J = 7.4 Hz, 1H), 7.76 (t, J = 8.9 Hz, 1H), 5.24 (dd, J = 13.0, 
5.5 Hz, 1H), 3.69 (qt, J = 9.9, 5.1 Hz, 2H), 2.98 (ddd, J = 17.2, 14.0, 5.4 
Hz, 1H), 2.80 – 2.73 (m, 1H), 2.08 (dtd, J = 13.1, 5.5, 2.6 Hz, 1H), 1.03 
(t, J = 7.0 Hz, 3H). ESI-MS, calculated 305.09 for C15H14FN2O4 [M +
H]+, found 305.34. 

4.1.6. General procedures for synthesis of compounds 16a-16e 
Intermediates 14a-14d (0.56 mmol, 1.0 eq) were dissolved in 2 mL 

of DCM and cooled to 0℃. Then, TFA (2 mL) was added dropwise at 0℃. 
The resulting solution was warmed to room temperature and stirred at 
room temperature for 2 h. Then, the solvents were removed under 
reduced pressure. The obtained crude product was used directly for the 
next step without further purification. A solution of obtained crude 
products (0.56 mmol, 1.0 eq), compound 15a or 15b (1.0 eq), and 
DIPEA (4.0 eq) in 5 mL of DMSO was heated at 130℃ overnight. The 
resulting solution was diluted with EtOAc, washed with water, 1 N 
HCl(aq), and brine. The combined organic layer was dried over MgSO4, 
filtered, concentrated, and further purified by column chromatography. 

4.1.6.1. 3-((4-((2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)ethyl)carbamoyl)benzyl)oxy)-4-methoxybenzoic acid (16a). Using 
the general procedures for synthesis of compounds 16a-16e, compound 
14a and 15a gave 60 mg of compound 16a as a yellow solid in a yield of 
21%. 1H NMR (500 MHz, DMSO‑d6) δ 11.11 (s, 1H), 8.72 (t, J = 5.4 Hz, 
1H), 7.86 (d, J = 7.9 Hz, 2H), 7.59 (t, J = 7.4 Hz, 2H), 7.54 (d, J = 8.6 
Hz, 3H), 7.27 (d, J = 8.6 Hz, 1H), 7.10 (d, J = 8.5 Hz, 1H), 7.03 (d, J =
7.1 Hz, 1H), 6.87 (s, 1H), 5.21 (s, 2H), 5.06 (dd, J = 12.8, 5.4 Hz, 1H), 
3.86 (s, 3H), 3.56 – 3.45 (m, 4H), 2.89 (td, J = 17.0, 15.4, 5.3 Hz, 1H), 
2.63 – 2.54 (m, 2H), 2.03 (dd, J = 12.6, 6.4 Hz, 1H). 

4.1.6.2. 3-((4-((4-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)butyl)carbamoyl)benzyl)oxy)-4-methoxybenzoic acid (16b). Using 
the general procedures for synthesis of compounds 16a-16e, compound 
14b and 15a gave 50 mg of compound 16b as a yellow solid in a yield of 
15%. 1H NMR (500 MHz, DMSO‑d6) δ 12.68 (s, 1H), 11.11 (s, 1H), 8.51 
(t, J = 5.7 Hz, 1H), 7.89 – 7.83 (m, 2H), 7.61 – 7.54 (m, 2H), 7.53 (dd, J 
= 5.1, 3.0 Hz, 3H), 7.11 (dd, J = 14.0, 8.6 Hz, 2H), 7.02 (d, J = 7.0 Hz, 
1H), 6.60 (t, J = 6.0 Hz, 1H), 5.21 (s, 2H), 5.06 (dd, J = 12.8, 5.5 Hz, 
1H), 3.86 (s, 3H), 3.32–3.30 (m, 4H), 2.89 (ddd, J = 17.0, 13.9, 5.5 Hz, 
1H), 2.65 – 2.57 (m, 1H), 2.08 – 1.98 (m, 1H), 1.68 – 1.56 (m, 4H). 

4.1.6.3. 3-((4-((6-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)hexyl)-carbamoyl)benzyl)oxy)-4-methoxybenzoic acid (16c). 
Using general procedures for synthesis of compounds 16a-16e, com
pound 14c and 15a gave 75 mg of compound 16c as a yellow solid in a 
yield of 20%. 1H NMR (500 MHz, DMSO‑d6) δ 12.70 (s, 1H), 11.11 (s, 
1H), 8.46 (t, J = 5.7 Hz, 1H), 7.85 (d, J = 7.9 Hz, 2H), 7.62 – 7.55 (m, 
2H), 7.52 (d, J = 7.4 Hz, 3H), 7.09 (dd, J = 8.6, 2.0 Hz, 2H), 7.02 (d, J =
7.1 Hz, 1H), 6.55 (t, J = 5.8 Hz, 1H), 5.20 (s, 2H), 5.06 (dd, J = 12.7, 5.4 
Hz, 1H), 3.86 (s, 3H), 3.31–3.24 (m, 4H), 2.94 – 2.83 (m, 1H), 2.61–2.57 
(m, 1H), 2.06 – 2.00 (m, 1H), 1.61 – 1.51 (m, 4H), 1.38 (d, J = 6.2 Hz, 
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4H). 

4.1.6.4. 3-((4-((8-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)octyl)-carbamoyl)benzyl)oxy)-4-methoxybenzoic acid (16d). 
Using the general procedures for synthesis of compounds 16a-16e, 
compound 14d and 15a gave 70 mg of compound 16d as a yellow solid 
in a yield of 17%. 1H NMR (500 MHz, DMSO‑d6) δ 12.67 (s, 1H), 11.10 
(s, 1H), 8.44 (t, J = 5.8 Hz, 1H), 7.85 (d, J = 8.0 Hz, 2H), 7.62 – 7.56 (m, 
2H), 7.52 (d, J = 7.3 Hz, 3H), 7.09 (d, J = 8.5 Hz, 2H), 7.02 (d, J = 7.0 
Hz, 1H), 6.53 (t, J = 6.0 Hz, 1H), 5.20 (s, 2H), 5.06 (dd, J = 12.7, 5.4 Hz, 
1H), 3.86 (s, 3H), 3.33 – 3.21 (m, 4H), 2.89 (td, J = 16.2, 14.0, 5.4 Hz, 
1H), 2.64 – 2.51 (m, 2H), 2.09 – 1.99 (m, 1H), 1.63 – 1.47 (m, 4H), 1.32 
(s, 8H). 

4.1.6.5. 3-((4-((8-((2-(1-ethyl-2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindo
lin-4-yl)amino) octyl)carbamoyl)benzyl)oxy)-4-methoxybenzoic acid 
(16e). Using the general procedures for synthesis of compounds 16a- 
16e, compound 14d and 15b gave 60 mg of compound 16e as a yellow 
solid in a yield of 13%. 1H NMR (500 MHz, DMSO‑d6) δ 8.44 (t, J = 5.6 
Hz, 1H), 7.85 (d, J = 8.2 Hz, 2H), 7.62 – 7.56 (m, 2H), 7.55 – 7.50 (m, 
3H), 7.10 (dd, J = 8.6, 2.4 Hz, 2H), 7.03 (d, J = 7.0 Hz, 1H), 6.55 (s, 1H), 
5.20 (s, 2H), 5.13 (dd, J = 13.0, 5.4 Hz, 1H), 3.86 (s, 3H), 3.69 (dt, J =
8.8, 6.1 Hz, 2H), 3.27 (dt, J = 20.2, 6.2 Hz, 4H), 3.03 – 2.91 (m, 1H), 
2.74 (d, J = 16.9 Hz, 1H), 2.04 (d, J = 12.6 Hz, 1H), 1.57 (d, J = 7.3 Hz, 
2H), 1.56 – 1.49 (m, 2H), 1.32 (s, 8H), 1.02 (t, J = 7.0 Hz, 3H). 

4.1.7. General procedures for synthesis of compounds CT-1, CT-2, CT-3, 
CT-4, and NC-CT-4 

Respective carboxylic acids (0.083 mmol, 1.0 eq), EDCI (1.2 eq), and 
HOBt (1.2 eq) were dissolved in 5 mL of DMF at 0℃ and stirred at 0℃ 
for 10 mins. Then, NH2OTHP (1.2 eq) was added. The resulting solution 
was warmed to room temperature and stirred at room temperature 
overnight. The solution was diluted with EtOAc, washed with water, 
saturated NaHCO3(aq), 1 N HCl(aq), and brine. The organic layer was 
dried over MgSO4, filtered, and concentrated to give a yellow solid. The 
yellow solid was dissolved in 2 mL of tetrahydrofuran (THF) followed by 
addition of 1.0 mL 4 N HCl in dioxane. The resulting mixture was stirred 
at room temperature for 1 h. The desired compound was collected by 
filtration. 

4.1.7.1. 3-((4-((2-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)ethyl) carbamoyl)benzyl)oxy)-N-hydroxy-4-methoxybenzamide 
(CT-1). Using the general procedures for synthesis of compounds CT-1, 
CT-2, CT-3, CT-4, and NC-CT-4, compound 16a gave 13 mg of CT-1 as a 
yellow solid in a yield of 26%. 1H NMR (500 MHz, DMSO‑d6) δ 11.11 (s, 
1H), 11.09 (s, 1H), 8.73 (t, J = 5.4 Hz, 1H), 7.86 (d, J = 7.9 Hz, 2H), 7.62 
– 7.57 (m, 1H), 7.54 (d, J = 7.9 Hz, 2H), 7.46 (d, J = 2.0 Hz, 1H), 7.41 
(dt, J = 8.5, 1.6 Hz, 1H), 7.27 (d, J = 8.6 Hz, 1H), 7.04 (t, J = 7.9 Hz, 
2H), 6.87 (s, 1H), 5.19 (s, 2H), 5.07 (dd, J = 12.8, 5.4 Hz, 1H), 3.83 (s, 
3H), 3.52 (d, J = 6.4 Hz, 2H), 3.47 (q, J = 5.5 Hz, 2H), 2.89 (ddd, J =
17.1, 13.6, 5.4 Hz, 1H), 2.63 – 2.51 (m, 2H), 2.02 (ddd, J = 14.1, 6.5, 
3.5 Hz, 1H). 13C NMR (126 MHz, DMSO‑d6) δ 173.31, 170.59, 169.18, 
167.78, 167.03, 164.27, 151.98, 147.58, 146.82, 140.62, 136.74, 
136.63, 134.31, 132.71, 127.88, 127.76, 125.33, 120.95, 117.68, 
112.55, 111.80, 111.01, 109.76, 69.91, 56.22, 48.98, 41.77, 39.22, 
31.45, 22.63. HRMS, calculated 616.2043 for C31H30N5O9 [M + H]+, 
found 616.2037.Purity: 97.1%. 

4.1.7.2. 3-((4-((4-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)butyl) carbamoyl)benzyl)oxy)-N-hydroxy-4-methoxybenzamide 
(CT-2). Using the general procedures for synthesis of compounds CT-1, 
CT-2, CT-3, CT-4, and NC-CT-4, compound 16b gave 7 mg of CT-2 as a 
yellow solid in a yield of 16%. 1H NMR (500 MHz, DMSO‑d6) δ 11.10 (s, 
1H), 8.52 (t, J = 5.7 Hz, 1H), 7.86 (d, J = 7.9 Hz, 2H), 7.57 (t, J = 7.8 Hz, 
1H), 7.52 (d, J = 7.9 Hz, 2H), 7.46 (d, J = 2.0 Hz, 1H), 7.40 (d, J = 8.4 

Hz, 1H), 7.12 (d, J = 8.7 Hz, 1H), 7.03 (dd, J = 14.8, 7.7 Hz, 2H), 6.59 (s, 
1H), 5.19 (s, 2H), 5.06 (dd, J = 12.7, 5.4 Hz, 1H), 3.83 (s, 3H), 3.37 – 
3.29 (m, 4H), 2.89 (td, J = 17.8, 15.6, 5.4 Hz, 1H), 2.63 – 2.51 (m, 2H), 
2.06 – 2.00 (m, 1H), 1.62 (s, 4H). 13C NMR (126 MHz, DMSO‑d6) δ 
173.31, 170.60, 169.39, 167.78, 166.36, 164.25, 151.97, 147.58, 
146.86, 140.40, 136.80, 136.67, 134.64, 132.68, 127.84, 127.69, 
125.32, 125.32, 120.96, 117.73, 112.61, 111.81, 110.87, 109.47, 69.89, 
56.12, 48.99, 42.01, 39.28, 31.45, 27.03, 26.72, 22.62. HRMS, calcu
lated 644.2356 for C33H34N5O9 [M + H]+, found 644.2354. Purity: 
95.4%. 

4.1.7.3. 3-((4-((6-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)hexyl) carbamoyl)benzyl)oxy)-N-hydroxy-4-methoxybenzamide 
(CT-3). Using the general procedures for synthesis of compounds CT-1, 
CT-2, CT-3, CT-4, and NC-CT-4, compound 16c gave 30 mg of CT-3 as a 
yellow solid in a yield of 50%. 1H NMR (500 MHz, DMSO‑d6) δ 11.11 (s, 
1H), 11.08 (s, 1H), 8.46 (t, J = 5.5 Hz, 1H), 7.85 (d, J = 7.9 Hz, 2H), 7.58 
(t, J = 7.8 Hz, 1H), 7.52 (d, J = 8.0 Hz, 2H), 7.45 (d, J = 2.0 Hz, 1H), 
7.40 (dd, J = 8.6, 2.0 Hz, 1H), 7.10 (d, J = 8.6 Hz, 1H), 7.04 (dd, J =
13.2, 7.7 Hz, 2H), 6.56 (s, 1H), 5.18 (s, 2H), 5.06 (dd, J = 12.8, 5.5 Hz, 
1H), 3.83 (s, 3H), 3.33 – 3.24 (m, 4H), 2.94 – 2.83 (m, 1H), 2.62 – 2.56 
(m, 1H), 2.57 – 2.51 (m, 1H), 2.06 – 2.00 (m, 1H), 1.63 – 1.51 (m, 4H), 
1.38 (s, 4H). 13C NMR (126 MHz, DMSO‑d6) δ 173.31, 170.60, 169.41, 
167.78, 166.29, 164.24, 151.96, 147.57, 146.88, 140.35, 136.80, 
134.69, 132.66, 127.84, 127.69, 125.31, 120.97, 117.65, 112.54, 
111.81, 110.84, 109.46, 69.89, 56.23, 48.99, 42.25, 31.45, 29.54, 
29.11, 26.68, 26.55, 22.62. HRMS, calculated 672.2670 for C35H38N5O9 
[M + H]+, found 672.2667. Purity: 96.0%. 

4.1.7.4. 3-((4-((8-((2-(2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl) 
amino)octyl) carbamoyl)benzyl)oxy)-N-hydroxy-4-methoxybenzamide 
(CT-4). Using the general procedures for synthesis of compounds CT-1, 
CT-2, CT-3, CT-4, and NC-CT-4, compound 16d gave 45 mg of CT-4 as a 
yellow solid in a yield of 73%. 1H NMR (500 MHz, DMSO‑d6) δ 11.11 (s, 
1H), 11.08 (s, 1H), 8.92 (s, 1H), 8.45 (t, J = 5.7 Hz, 1H), 7.85 (d, J = 7.8 
Hz, 2H), 7.58 (t, J = 7.9 Hz, 1H), 7.52 (d, J = 7.8 Hz, 2H), 7.45 (d, J =
1.9 Hz, 1H), 7.44 – 7.37 (m, 1H), 7.09 (d, J = 8.5 Hz, 1H), 7.04 (dd, J =
13.2, 7.7 Hz, 2H), 6.54 (s, 1H), 5.18 (s, 2H), 5.06 (dd, J = 12.8, 5.4 Hz, 
1H), 3.83 (s, 3H), 3.32 – 3.23 (m, 4H), 2.94 – 2.83 (m, 1H), 2.64 – 2.51 
(m, 2H), 2.03 (d, J = 13.8 Hz, 1H), 1.58–1.53 (m, 4H), 1.32 (s, 8H). 13C 
NMR (126 MHz, DMSO‑d6) δ 173.30, 170.59, 169.42, 167.78, 166.26, 
164.30, 151.98, 147.59, 146.90, 140.34, 136.80, 134.72, 132.66, 
127.81, 127.75, 127.68, 125.33, 120.94, 117.65, 112.53, 111.81, 
110.85, 109.45, 109.45, 69.91, 56.23, 49.00, 42.29, 31.45, 29.58, 
29.22, 29.18, 26.94, 26.77, 22.64. HRMS, calculated 700.2982 for 
C37H42N5O9 [M + H]+, found 700.2979. Purity: 95.6%. 

4.1.7.5. 3-((4-((8-((2-(1-ethyl-2,6-dioxopiperidin-3-yl)-1,3-dioxoisoindo
lin-4-yl)amino) octyl)carbamoyl)benzyl)oxy)-N-hydroxy-4-methox
ybenzamide (NC-CT-4). Using the general procedures for synthesis of 
compounds CT-1, CT-2, CT-3, CT-4, and NC-CT-4, compound 16e gave 
30 mg of NC-CT-4 as a yellow solid in a yield of 56%. 1H NMR (500 MHz, 
DMSO‑d6) δ 11.07 (s, 1H), 8.44 (t, J = 5.7 Hz, 1H), 7.85 (d, J = 8.1 Hz, 
2H), 7.59 (t, J = 7.8 Hz, 1H), 7.53 (dd, J = 8.2, 3.5 Hz, 2H), 7.51 – 7.37 
(m, 2H), 7.13 – 7.00 (m, 3H), 6.55 (s, 1H), 5.18 (s, 2H), 5.13 (dd, J =
13.0, 5.4 Hz, 1H), 3.83 (d, J = 3.9 Hz, 3H), 3.69 (dt, J = 8.8, 6.4 Hz, 2H), 
3.26 (tt, J = 12.7, 6.0 Hz, 4H), 2.97 (ddd, J = 17.8, 14.0, 5.4 Hz, 1H), 
2.78 – 2.70 (m, 1H), 2.08 – 2.00 (m, 1H), 1.58 (t, J = 6.9 Hz, 2H), 
1.51–1.55 (m, 2H), 1.32 (s, 8H), 1.02 (t, J = 7.0 Hz, 3H). 13C NMR (126 
MHz, DMSO‑d6) δ 171.85, 169.81, 169.38, 167.74, 166.24, 164.27, 
151.98, 147.59, 146.90, 140.33, 136.67, 134.72, 132.65, 127.81, 
125.33, 120.93, 117.67, 112.63, 111.81, 110.84, 109.43, 69.93, 56.12, 
49.57, 42.30, 35.14, 31.65, 29.55, 29.19, 26.91, 26.76, 21.92, 13.39. 
HRMS, calculated 728.3296 for C39H46N5O9 [M + H]+, found 728.3291. 
Purity: 95.4%. 
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4.2. Molecular docking 

AutoDock was used to model the binding mode of compound 4 in 
HDAC8 [55,56]. The ligand 4 was prepared and optimized using the 
AutoDockTools (ADT) v.1.5.7. The crystal structure of HDAC8 (PDB 
code: 2V5X) was downloaded from PDB (https://www.rcsb.org/). Then, 
all the water molecules in the structure were deleted and polar hydro
gens were added using PyMOL, and further optimized by AutoDockTools 
(ADT) v.1.5.7. AutoDock was utilized for docking with a search box of 
50 × 58 × 60 Å3 to cover the whole active pocket. Other docking pa
rameters were kept to the default values. The docking structure was 
analyzed by PyMOL (https://pymol.org/). 

4.3. Cell culture 

MDA-MB-231 cell lines were cultured in Dulbecco′s Modified Eagle′s 
Medium (DMEM) medium containing 10% (v/v) fetal bovine serum 
(FBS), 100 U/ml penicillin/streptomycin at 37℃ with 5% CO2 in hu
midified air. Jurkat cell lines were cultured in RPMI 1640 medium 
containing 10% (v/v) fetal bovine serum (FBS), 100 U/ml penicillin/ 
streptomycin at 37℃ with 5% CO2 in humidified air. 

4.4. Western blot 

After treated with DMSO or different concentration of compounds, 
cells were collected and washed with cold PBS, and subsequently lysed 
with RIPA lysis buffer supplemented with complete protease inhibitor 
cocktail, EDTA-free (Roche, Basel, Switzerland) inside. Protein con
centrations were determined by a BCA Protein Assay Kit (Thermo Fisher 
Scientific, USA) according to the manufacturer’s protocol. Samples were 
separated by NuPAGETM 4–12% Bis-Tris gels (Invitrogen, Carlsbad, 
Canada), and transferred onto polyvinylidene fluoride (PVDF) mem
branes. The membranes were blocked at room temperature for 1 h in 
0.1% PBST solution containing 5% skimmed milk, and subsequently 
incubated at 4℃ overnight with corresponding primary antibodies in 
5% BSA in 0.1% PBST solution. Membranes were washed three times in 
0.1% PBST and incubated at room temperature for 1 h with corre
sponding secondary antibody. The bonds were visualized via ECL 
chemiluminescent western blot detection. 

4.5. Cell viability 

MTS assay was used to measure the cell viability. MDA-MB-231 
(5000 cells/well) and Jurkat (10000 cells/well) were seeded in 96- 
well plates in 100 µL complete medium. After overnight seeding, 50 
μL of media containing various concentrations of compounds or the 
vehicle was added to each well. After 72 h of treatment, 20 μL of Cell
Titer 96® AQueous One Solution reagent (Promega, Madison, USA) was 
added to each well according to manufacturer’s protocol. Plates were 
incubated at 37℃ for 1–2 h. The absorbance was determined at a 
wavelength of 490 nm using a Synergy H1 plate reader (Biotek, 
Winooski, VT, USA). 

4.6. Wound healing assay 

MDA-MB-231 cells were seeded in a 6-well plate. After the formation 
of a complete monolayer, cells were scratched using a yellow tip. After 
scratching, cells were washed twice with PBS. Then, the cells were 
treated with compounds dissolved in medium with 3% FBS. Images at 
different time points (0 and 24 h) were taken on a light microscope. The 
relative wound area is calculated using Image J software. 

4.7. In vitro HDAC8 inhibition assay 

Black 96-well flat-bottom microplates were used for the HDAC8 in
hibition assay. Human recombinant C-terminal His-tag HDAC8 (BPS 

Bioscience, Catalog #50008) was diluted (1 μg/mL) with assay buffer 
(25 mM Tris-HCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 
0.01% Triton-X and 1 mg/mL BSA). 40 µL of this HDAC8 enzyme dilu
tion was incubated with 10 µL of different concentrations of inhibitors in 
10% DMSO/incubation buffer for 5 min at room temperature. Then 50 
µL of the fluorogenic Boc-Lys (trifluoroacetyl)-AMC (20 mM) and the 
plate was incubated at 37 ◦C for 30 min. Then, 50 µL of the stop solution 
(25 mM Tris-HCl (pH 8), 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 
0.01% Triton-X, 6.0 mg/mL trypsin and 200 mM SAHA) was added, and 
the assay development was allowed to proceed for 20 min at 37℃. 
Fluorescence was then analyzed with an excitation of 350–360 nm and 
an emission wavelength of 450–460 nm at a microplate reader. The IC50 
values were calculated using nonlinear regression with normalized 
dose–response fit using Prism GraphPad software. 

4.8. Caspase 3/7 activity assay 

Jurkat cells were seeded in white-walled 96-well plates (Greiner bio- 
one, Alphen a/d Rijn, The Netherlands) in 100 µL complete medium and 
cultured overnight. Then, 50 μL of compounds were added to the plates 
and incubated for 48 h. The Caspase-Glo 3/7 Reagent (Promega Cor
poration, Madison, WI, USA) was equilibrated to room temperature, and 
150 μL of the reagent was added to each well. After incubation at room 
temperature for 1 h, the luminescence was collected using a Synergy H1 
plate reader (Biotek, Winooski, VT, USA). 

4.9. Flow cytometry assay 

The cell apoptosis assay was performed using eBioscienceTM Annexin 
V-FITC/PI Apoptosis Detection Kit (Thermo Fisher Scientific, Carlsbad, 
CA, USA). Jurkat cells (5x105) were treated with different concentra
tions of test compounds for 48 h. Cells were harvested after incubation, 
washed twice in cold PBS, centrifuged, and resuspended in 1X annexin- 
binding buffer. According to the manufacturer’s instructions, cells were 
incubated with annnexin V and Propidium iodide (PI) sequentially. All 
samples were analyzed by NovoCyte Quanteon Flow Cytometer (Agilent 
Technologies, CA, USA). The results were analyzed using Kaluza Anal
ysis software. 
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