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ABSTRACT: Histone deacetylase inhibitors (HDACi) have emerged as promising therapeutics for the 

treatment of neurodegeneration, cancer and rare disorders. Herein, we report the development of a series of 

spiroindoline derivatives as novel HDAC6 isoform-selective inhibitors based on the X-ray crystal studies of 

the prototype compound 6a. On investigating the inhibition profile of this series of compounds against 

recombinant HDAC enzymes, we identified compound 6j as the most selective and potent hHDAC6 

inhibitor with an IC50 value of 48.5 nM and a selectivity index of 140 over hHDAC1 and 66 over hHDAC8. 

Further biological evaluation on compounds 6b, 6h and 6j demonstrated antiproliferative activity in the 

micromolar range against diverse cancer cell lines. Western blotting studies indicated that 6b and 6h were 



able to increase tubulin acetylation, and 6h induced PARP cleavage indicating its apoptotic potential at the 

molecular level while 6j displayed pSTAT3 inhibition which is in turn regulated by inhibition of HDAC6.  

GRAPHICAL ABSTRACT: 

 

Many human diseases have an underlying epigenetic etiology, including cancer, diabetes, cardiovascular, 

neurological and metabolic disorders.1 In eukaryotic cells, histone proteins play a crucial role in organizing 

the DNA into structures called nucleosomes. Histone acetylation and deacetylation comprises a prime 

example of post-translational modifications (PTM) that function in epigenetic regulation. Histone 

deacetylases (HDAC) belong to the family of hydrolases that remove acetyl groups from lysine residues and 

thereby regulate key processes such as gene expression.2 They are clustered in 4 different classes (I-IV) 

based on their homology to yeast HDACs. Class I HDAC enzymes consist of isoforms 1, 2, 3 and 8; whereas 

class II, enzymes include the isoforms 4, 5, 6, 7, 9, and 10. Class IV contains only isoform 11 and similar to 

class I and II this enzyme is zinc dependent. In contrast, the class III HDACs are NAD+ dependent enzymes 

called sirtuins (SIRT isoforms 1-7). A common general structural feature of HDAC inhibitors (HDACi) is 

the presence of a zinc binding group (ZBG), a linker moiety and a cap group portion. Both the linker and the 

cap-group can be functionalized to modulate selectivity towards specific HDAC isoforms.3 Many HDACi 

have been identified as therapeutic tools in the treatment of various disorders such as cancer, infectious 

diseases, neurodegenerative diseases and rare disorders.4–6 To date, four HDACi have been approved by the 

FDA in cancer therapy: vorinostat (SAHA, 1) and romidepsin (2) for cutaneous T-cell lymphomas treatment 

(CTCL),7,8 panobinostat (3) for multiple myeloma,9 and belinostat (4) for relapsed or refractory peripheral T-

cell lymphoma10 (Figure 1). Unfortunately, these HDACi have proven to be non-selective or only partially 

selective and their use may lead to several unwanted side-effects.11 
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Figure 1. Structure of SAHA (1), romidepsin (2), panobinostat (3), belinostat (4), previously developed spiroindoline 

inhibitor (5) and novel HDAC6 inhibitors 6a-j. 

 

Significant research efforts are currently focused on the development of isoform-selective HDACi in the 

treatment of various diseases that lack the undesirable side effects of existent pan-HDAC drug candidates. In 

this regard, many recent efforts from the scientific community aimed at developing selective HDAC6i.12 

HDAC6 represents a unique member of the HDAC family due to two main factors: a) it contains two distinct 

catalytic domains and is primarily found in the cytoplasm (unlike HDAC1, 2 and 3, which are nuclear 

localized isoforms and HDAC8, which displays both nuclear and cytoplasmic distribution); b) it 

predominantly acts on non-histone substrates, such as α-tubulin, Hsp90 and cortactin.13 Aiming at 

developing novel anticancer agents we directed our attention toward the HDAC6 because of its known 

involvement in cancer cell migration and metastasis.14 The contribution of non-histone proteins such as α-

tubulin and Hsp90 in HDAC6-mediated tumorigenesis makes HDAC6 inhibition a unique therapeutic 

strategy for cancer chemotherapy, with respect to the use of classical pan-HDAC inhibitors.15 Interestingly, 

the cytosolic enzyme HDAC10, which is closely related to HDAC6, is mainly known to promote autophagy-

mediated effects and is ineffective as a lysine deacetylase.16 

In an effort to develop potent and selective HDAC6i, our group has recently identified a highly potent and 

selective spiroindoline-capped HDACi (5, NF2373, Figure 1) which exhibited promising anticancer activity 

against several cancer cell lines.17 This previous work allowed us to ascertain the spiroindoline scaffold as an  

optimal cap group for selective HDAC6 inhibition. In this work, we have investigated the impact of a 

strategical overturning of the linker and the ZBG moieties from the indoline nitrogen (as in compound 5) to 

the piperidine nitrogen (compounds 6a-j). The prototype of this novel series of compounds (6a, Table 1) 

demonstrated a promising HDAC6 IC50 value of 264.4 nM with a selectivity index of 85 over HDAC1 and 7 



over hHDAC8. To get a deeper understanding of the binding mode of this compound, a 2.09 Å-resolution X-

ray crystal structure was determined of the complex between 6a and catalytic domain 2 of HDAC6 from 

Danio rerio (zebrafish). The active site structure of zebrafish HDAC6 is essentially identical to that of 

human HDAC6, and zebrafish HDAC6 yields crystals of much better quality compared with crystals of 

human HDAC6.18 Subsequently, molecular modeling approaches were exploited to analyze the binding 

mode and the structural requirements to design novel “reversed” spiroindolines with an improved HDAC6 

inhibitory profile and selectivity index. This was achieved following two main strategies: i) synthesizing 

derivatives with bulkier cap-groups, and ii) modulating the outdistancing between the cap-group and the 

ZBG, through the insertion of amide, urea and carbamate functionalities in the linker portion. The resulting 

compounds (6b-j) were tested for their ability to inhibit the HDAC1, 6 and 8 isoforms. In addition, the best 

performing compounds were further evaluated for their effects on cell cycle progression and apoptosis in 

various cancer cell lines. 
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Table 1. Inhibitory activity of compounds 6a-j and reference compounds (5 and tubastatin A) against 
hHDAC1, as IC50 (µM), and hHDAC6, as IC50 (nM). 

Cpd R1 R2 X Ar 

HDAC1  
IC50 (µM)a 
 or % of 

inhibition at 
1 µM 

HDAC6  
IC50 (nM)a 
 or % of 

inhibition at 
1 µM 

HDAC1/HDAC6 

6a 
NF2657 H -CH3 -CH2- 

 
22.4 ± 6 264.4 ± 45 85 

6b 
NF2864 H -CH2C6H5 -CH2- 

 
6.5 ± 0.8 561.0 ± 203 12 

6c 
NF2872 H -COC6H5 -CH2- 

 
10.1 ± 2.1 155.0 ± 26 65 

6d 
NF2876 C6H5 -CH3 -CH2- 

 
8.5% 50.0% n.d. 

6e 
NF2875 C6H5 -CH2C6H5 -CH2- 

 
2.9% 29.7% n.d. 

6f 
NF2877 C6H5 -COC6H5 -CH2- 

 
4.7 ± 0.5 465.0 ± 122 10 

6g 
NF2865 H -CH3 -CH2- S  

6.6 % 51.3% n.d. 

6h 
NF2867 H -CH2C6H5 -COCH2- 

 
10.2 ± 1 227.0 ± 97 45  

6i 
NF2870 H -CH2C6H5 -CONHCH2- 

 
3.6 ± 0.3 110.0 ± 19 33 

6j 
NF2866 H -CH2C6H5 -COOCH2- 

 
6.8 ± 0.3 48.5 ± 23 140 

517 - - - - 4.00 ± 0.78 41.9 ± 7.9 95 
Tubastatin A - - - - 1.91 ± 0.42 30.4 ± 2.1 63 

aAll compounds were assayed at least two times, and the results are expressed with standard deviations. 



For the synthesis of compounds 6a-j, four key-steps were employed to obtain the desired products which 

include: i) a Fischer indole synthesis, starting from suitable arylhydrazines and N-Boc-piperidine-4-

carboxaldehyde providing 3,3-disubstituted indolenines, ii) reduction of the imine bond of the indolenines to 

get the respective indolines, iii) appropriate substitution at the N-1 position of the indoline, and, iv) insertion 

at the piperidine nitrogen with suitable linkers. 

Scheme 1.A describes the synthesis of compounds 6a-f. Commercially available 1-Boc-4-piperidone (7) was 

converted to its enol ether derivative by Wittig reaction using (methoxymethyl)triphenylphosphonium 

chloride in the presence of NaHMDS as the base.19 The corresponding enol ether was hydrolyzed with 

cerium(III)chloride in MeCN to obtain 8 in high yield. Compound 8 and the suitable phenyl hydrazine were 

heated in AcOH at 80 ºC to obtain the corresponding spiroindolenines, by applying a Fischer indole synthetic 

protocol.20,21 These intermediates were then reduced by catalytic hydrogenation to provide the spiroindolines 

9a and 9b. A reductive amination of these latter with the suitable aldehydes in the presence of NaBH3CN or 

treatment with benzoyl chloride in the presence of TEA afforded the N-substituted derivatives, which, upon 

Boc-deprotection, provided amines 10a-f. A second reductive amination protocol, performed on the 

piperidine using methyl 4-formyl benzoate followed by treatment of the resulting ester derivatives with 

NH2OH and aqueous KOH, afforded the desired compounds 6a and 6b-f.  

 

Scheme 1. Synthesis of the final compounds 6a-ja 
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aReagents and conditions: (A) a) Ph3P(Cl)CH2OMe, NaHMDS,  THF, 0 to 25 ºC, 30 min; b) CeCl3·7H2O, NaI, 40 ºC, 

MeCN, 16 h; c) phenylhydrazine or (1,1-biphenyl)-2-ylhydrazine·HCl , AcOH, 80 ºC, 2 h; d) H2, Pd/C, MeOH, 25 ºC, 3 

h; e) paraformaldehyde or benzaldehyde, NaBH3CN, MeOH, 25 ºC, 8 h; f) benzoyl chloride, TEA,  DCM, 25 ºC, 1 h; g) 

1 N HCl in MeOH, 25 ºC, 15 min; h) methyl 4-formyl benzoate, NaBH3CN, MeOH, 25 ºC, 8 h; i) NH2OH (50% wt in 

H2O), 4 M KOH in MeOH, DCM/MeOH, 25 ºC, 2 h. 

(C) j) NMO, MeCN, 25 ºC, 12 h; k) 10a, NaBH3CN, MeOH, 25 ºC, 8 h; l) NH2OH (50% in H2O), KOH, DCM, MeOH, 

25 ºC, 2 h.  

(B) m) 2-(4-(Methoxycarbonyl)phenyl)acetic acid, EDCI, HOBt, DIPEA, DCM, 0º to 25 ºC, 24 h; n) NH2OH (50% in 

H2O), KOH, DCM, MeOH, 25 ºC, 2 h; o) methyl 4-(isocyanatomethyl)benzoate, TEA, dry THF, 45 ºC, 2 h; p) methyl 

4-(hydroxymethyl)benzoate, CDI, DCM, 0º to 25 ºC, 6 h; 

 

Thiophene-based compound 6g was synthesized as described in Scheme 1.B. Aldehyde 12 was obtained 

from the bromo derivative 11 upon reaction with 4-methylmorpholine N-oxide (NMO) in MeCN.17 The 

successive reductive amination reaction involving 10a and 12 afforded the methyl ester intermediate, which 

was converted to the hydroxamate 6g.  

For the synthesis of the amide derivative 6h (Scheme 1.C), 2-(4-(methoxycarbonyl)phenyl)acetic acid 

(synthesized as described in the supporting information, Scheme 1 SI) was coupled with amine 10b and the 

resulting methyl ester intermediate was converted to the corresponding hydroxamic acid 6h. To synthesize 

the urea 6i, the key intermediate was methyl 4-(isocyanatomethyl)benzoate (see supporting information, 

Scheme 1 SI) which was reacted with 10b to obtain the methyl ester intermediate subsequently converted to 

the hydroxamic acid 6i. Finally, the carbamate 6j was prepared by reacting amine 10b with the commercially 

available methyl 4-(hydroxymethyl)benzoate in the presence of CDI in DCM to afford the methyl ester 

intermediate needed for subsequent conversion into the corresponding hydroxamic acid 6j. 

The 2.09 Å-resolution crystal structure of the HDAC6 CD2-6a complex reveals that the inhibitor 

hydroxamate group coordinates to the catalytic Zn2+ ion with a bidentate geometry (Figure 2). The Zn2+-

bound hydroxamate C=O group accepts a hydrogen bond from Y745, the Zn2+-bound hydroxamate N-O– 

group accepts a hydrogen bond from H573, and the hydroxamate NH group donates a hydrogen bond to 

H574. This constellation of intermolecular interactions with catalytically important residues accounts for the 

generally high affinity of hydroxamate-based inhibitors in the HDAC6 active site.  

The para-substituted phenyl linker makes favorable offset π-π interactions in the aromatic crevice defined by 

F583 and F643. The piperidine ring adopts a chair conformation and the piperidine nitrogen forms a 

hydrogen bond with a water molecule that in turn hydrogen bonds with the backbone carbonyl of R798. The 

spiroindoline capping group is oriented toward the L2 pocket at the mouth of the active site. There, the 

indoline nitrogen hydrogen bonds with a water molecule that in turn hydrogen bonds with N645 and a 

second water molecule; a third water molecule completes a hydrogen bond network between the indoline 

nitrogen and Zn2+ ligand H614. Although the inhibitor makes no direct enzyme-inhibitor hydrogen bonds 

apart from those made with the hydroxamate moiety, it is interesting that three water molecules comprise a 

“wet” hydrogen bonded interface in such a high-affinity enzyme-inhibitor pair. 



It is relatively rare to see inhibitor capping groups bind in the L2 pocket, since most tend to bind in the L1 

pocket on the opposite side of the active site.12,22–25 It appears that the chair conformation of the piperidine 

ring combined with the molecular structure of the novel spiro-fused indoline moiety yields a structure and a 

conformation that is ideal for binding within the L2 pocket.  

 
Figure 2. Stereoview of a Polder omit map of the HDAC6-6a complex for which the atomic coordinates of 6a were 

omitted from the structure factor calculation (PDB 6V7A; contoured at 5.0 σ). Atoms are color-coded as follows: C = 

light blue (HDAC6 catalytic domain 2), light gray (symmetry mate), or wheat (inhibitor), N = blue, O = red, Zn2+ = 

gray sphere, and solvent = small red spheres. Metal coordination and hydrogen bond interactions are indicated by solid 

and dashed black lines, respectively. 

 

The in vitro inhibitory profile of the newly developed compounds 6a-j (Table 1) was evaluated against both 

hHDAC1 and 6 isoforms. SAR studies were performed by taking into consideration the data obtained from 

in vitro, X-ray and computational studies. These calculations outlined the preferential binding of the 

“reversed” spiroindoline compounds towards HDAC6. To get a better understanding of the behavior of the 

compounds in the binding sites of hHDAC1 and 6 we performed docking studies based on a previously 

reported protocol (see supporting information, Figures S1-S8).4,17 It was observed that the hindrance imposed 

by a bulkier cap group allowed the compound to be better accommodated into the HDAC6 enzyme with 

respect to the HDAC1 isoform. Accordingly, we herein report the docking outputs of 6a (Figure 3) and 6j 

(Figure 4), two of the most selective derivatives of the series with 85- and 140-fold selectivity respectively. 



 
Figure 3. Docked poses of 6a into HDAC1 (panel A) and HDAC6 (panel B). Compound 6a is represented by purple 

sticks while the residues in the active sites are represented by lines and the protein is represented in cartoon form. Zn2+ 

is represented by a gray sphere. H-bonds are shown as by black dotted lines, while the red solid lines represent the metal 

coordination bonds. 

 

Based on these studies, limited contacts were established by 6a within the HDAC1 binding site (Figure 3A) 

compared to the contacts established within the HDAC6 binding site (Figure 3B). In fact, 6a was able to 

coordinate with the metal ion in HDAC1 by its hydroxamic moiety through polar contacts with the backbone 

of G149 and the sidechain of Y303. In addition, we observed only a π-π stacking with H141 and some 

hydrophobic interactions with Y204, F205 and L271. On the contrary, the docking output of 6a into HDAC6 

showed an improvement of the number of the contacts. In this accommodation, the hydroxamic acid moiety 

in addition to the metal coordination bond with the Zn2+ ion, established a series of supplementary H-bonds 

with the sidechain of Y782 and H610 and with the backbone of G619. Moreover, the benzyl linker was able 

to establish a double π-π stacking with F620 and H651. We also noted relevant hydrophobic interactions with 

F679, F680, M682 and L749. This pattern of interaction perfectly supported the selectivity of 6a towards 

HDAC6 over HDAC1 (IC50 HDAC1 = 22.4 µM; IC50 HDAC6 = 264.4 nM).  

Compounds 6b-g were mainly synthesized in order to investigate the role of the cap-group and its bulkiness 

on HDAC potency and selectivity, while maintaining unvaried the benzyl moiety of the linker. 

Compound 6b, bearing a pendant benzyl group on the indoline nitrogen of the cap portion, was found to be 

largely solvent exposed owing to its bulkiness thereby reducing the ligand efficiency. In particular, it showed 

a π-π stacking with F150 through its benzyl moiety. 6b showed a decrease of number of the contacts with 

HDAC6 with the loss of the key π-π stacking with F680 (IC50 HDAC1 = 6.5 µM; IC50 HDAC6 = 561 nM). 

The N-benzoyl functionality led to a similar pattern of interaction to that described for 6b with the exclusion 



of a π-π stacking with F150. As regards HDAC6, 6c was able to restore the π-π stacking with F680. 

Moreover, the carbonyl group belonging to the benzoyl functionality established an H-bond with the 

sidechain of F680 (IC50 HDAC1 = 10.1 µM; IC50 HDAC6 = 155 nM). In compound 6d, the bulk was 

increased by introducing a phenyl ring on the indoline aromatic moiety, while inserting a methyl group on 

the indoline nitrogen. Unfortunately, we observed a reduction in hydrophobic contacts as well as a loss of 

key H-bond interaction, namely with the sidechain of Y303 in HDAC1 and the sidechain of H610 in 

HDAC6. This pattern accounted for a weak inhibition towards both enzymes with respect to compound 6a 

with a percentage of inhibition of 8.5% for HDAC1 and of 50% for HDAC6 when tested at 1 µM. The 

introduction of a N-benzyl moiety as in compound 6d resulted in the least potent compound of the series. In 

full agreement with in vitro data, the cap group was found completely solvent exposed for both enzymes. 

Notably, 6f, bearing a benzoyl group in place of the benzyl of 6e, was able to establish a H-bond with the 

backbone of F205 by its carbonyl group. In addition, a strong network of hydrophobic interactions with 

Y204 and L271 in HDAC1, while an additional π-π stacking with F679 was detected in HDAC6. This 

accounted for the three-digit nM potency of inhibition of HDAC6 and a µM inhibitory activity for HDAC1 

(IC50 HDAC6 = 465 nM; IC50 HDAC1 = 4.7 µM). In compound 6g the bioisosteric replacement of the 

phenyl ring of 6a with a thiophene led to a decrease in affinity towards both enzymes as already observed by 

us in the previously reported series of spiroindoline-based HDAC inhibitors.17  

Based on the computational insights and X-ray co-crystal structure, we synthesized compound 6h in which 

we moderately extended the region between the linker and the cap group by replacing the benzyl -CH2- with 

a -COCH2- moiety. Moreover, we increased the bulkiness of the cap-group by introducing a pendant benzyl 

group on the indoline nitrogen. As expected, we observed a slight improvement in the inhibitory potency 

against both isoforms. In fact, in addition to the contacts found for 6a, 6h was able to produce an additional 

π-π stacking with F205 of HDAC1 through the benzyl functionality. With respect to HDAC6, we observed 

for the same pattern of interaction for 6h as already described for 6a with an additional π-π stacking with 

F680. This incremental increase in the number of contacts is reflected by an improved inhibitory potency 

towards both enzymes, although the stronger affinity for HDAC6 was preserved (IC50 HDAC1 = 10.2 µM; 

IC50 HDAC6 = 227 nM). Compound 6i demonstrated that the urea functionality was very well tolerated by 

both enzymes, as we registered a strong improvement in inhibitory potencies against HDAC1 as well as 

HDAC6. In the case of HDAC1 enzyme, 6i established two further interactions relative to those described 

for 6h, namely i) an H-bond with the sidechain of H178, and ii) a cation-π stacking with K200. With respect 

to the HDAC6 enzyme, 6i interacts with the same residues described for 6h, displaying an additional H-bond 

between the sidechain of S568 and the urea NH. This accounts for an increase in inhibitory potency against 

both enzymes (IC50 HDAC1 = 3.6 µM; IC50 HDAC6 = 110 nM). 



 
Figure 4. Docked poses of 6j into HDAC1 (panel A) and HDAC6 (panel B). Compound 6j is represented by orange 

sticks while the residues in the active sites are represented by lines and the protein is represented by cartoon. Zn2+ is 

represented by a gray sphere. H-bonds are represented by black dotted lines, while the red lines represent the metal 

coordination bonds. 

 

Gratifyingly, the introduction of a carbamic functionality to replace the urea moiety led to 6j that showed a 

relevant improvement in terms of both potency and selectivity towards HDAC6 over HDAC1. The limited 

contacts established by 6j within the HDAC1 binding site (Figure 4A) relative to HDAC6 (Figure 4B) 

explain the improved potency and selectivity profiles of 6j over 6a. Indeed, 6j was only able to form with 

HDAC1 the same contacts already described for 6a without any additional interaction. In addition, the 

bulkier cap group was found to be largely solvent exposed reducing the ligand efficiency. On the other hand, 

the docking output of 6j into HDAC6 showed a huge improvement of the number of the contacts. Its 

hydroxamic acid moiety in addition to the metal coordination bond with the Zn2+ ion, established a series of 

H-bonds with the sidechain of Y782 and with the backbone of G619. Moreover, for this compound the 

benzyl linker was able to establish a triple π-π stacking with F620, F680 and H651. Also, relevant 

hydrophobic interactions with T678, F679, M682 and L749 were observed. Notably, the pendant benzyl 

group of the cap portion established a cation-π stacking with R673. This pattern of interaction is in strong 

agreement with the potency and selectivity profile observed for 6j (IC50 hHDAC1 = 6.8 µM; IC50 hHDAC6 = 

48 nM; IC50 hHDAC8 = 3.9 µM). A further computational investigation on 6a was performed using the 

crystal structure of zfHDAC6 in complex with 6a in comparison with docking 3D models of 6a with 

hHDAC6 and zfHDAC6. As reported in Figure S9, 6a accommodated in a similar fashion in both zfHDAC6 



and hHDAC6 enzymes, with only slight differences caused by the different residues within the binding sites. 

In fact, we noted three main differences in the studied binding sites, the residues D567, T678 and M682 in 

hHDAC6 are replaced by N530, A641 and N645 in zfHDAC6. In particular, the presence of M682 in 

hHDAC6 contributed to a slightly different orientation of the cap group that is more solvent exposed with 

respect to the crystal structure and the docked pose of zfHDAC6. However, this study confirms that the 

zfHDAC6 could represent a valuable model for translating the results of potential inhibitors to the hHDAC6. 

In addition to HDAC1 and 6, the potency of three representative inhibitors (6a,i,j, Table 2) was assessed on 

HDAC8 isoform, which represents a unique member of the class I HDAC family. HDAC8 is endowed with 

the ability to recognize both histone and non-histone substrates and is ubiquitously expressed and it can 

localize either in the nucleus or in the cytoplasm.26 To our delight, the three compounds demonstrated low 

activity on HDAC8 (from 1.91-3.19 µM, Table 2), thus confirming their significant selective profile towards 

HDAC6 enzyme.  

 

Table 2. Inhibitory activity of compounds 6a,i,j, as IC50 (µM), against the hHDAC8 enzyme 

Cpd 6a 6i 6j TubA17 

IC50 (µM)a 1.91 ± 0.33 2.48 ± 0.67 3.19 ± 1.51 0.695 
aAll compounds were assayed at least two times, and the results are expressed with standard deviations. 

 

The new molecules were tested in different tumor cell lines which include leukemic and oral and esophageal 

cancer cells. On the basis of the in vitro HDAC affinity and HDAC6 isoform selectivity, the best performing 

compounds were selected to evaluate their antiproliferative activities. Also, in order to verify their 

mechanism of action, the target compounds were subjected to cell viability, apoptotic assay (AnnexinV/PI 

staining), cell cycle analysis (PI staining), cell cycle distribution studies and an analysis of transcription 

factor activation. Cell cycle distribution and PI analysis studies were performed on U937 and NB4 cell lines, 

with compounds 6b and 6h showing the most promising results. Specifically, in U937 cells, 6h exhibited cell 

death and a significant S phase reduction at a concentration of 10 µM compared to the control (DMSO) (as 

shown in the supporting information, Figure S13). Interestingly, in NB4 cell line, both 6b and 6h displayed 

an identical phenotypic effect in terms of cell death at the two-time intervals 24 and 48 h (Figure 5A,B). 

Inspired from these results, western blot analyses on NB4 total cell extracts using compounds 6b and 6h 

were performed. Induction of acetylated tubulin was observed (Figure 5C,D), thus confirming HDAC6 

inhibition. Moreover, cleavage of PARP at 24 h by 6h was also detected indicating apoptosis at molecular 

level at both 24 and 48 h at 10 µM concentration (Fig 5D). Flow cytometry assay of compounds 6a,i,j in 

multiple myeloma cells (U266) showed an induction of apoptotic cell death by these compounds, with 

compound 6j resulting the most active (Figure S14).  

 



 

 
Figure 5. (A, B) FACS analysis of NB4 cells upon 6b (A) and 6h (B) compounds treatment at three different 

concentrations (1, 5 and 10 µM) at indicated time points. DMSO-treated cells were used as control.  Error bars indicate 

SD of three biological replicates (*P < 0.05, **P ≤ 0.01). (C, D). Western blot analysis of NB4 total cell extracts 

untreated (DMSO) or treated with 1, 5 and 10 μM of 6b (C) or 6h (D) compounds at indicated times. Immunoblots were 

performed against the indicated proteins. Actin was used as loading control.  

 

STAT3 represents an important signal transducer and transcription factor displaying a key role in the 

tumorigenic process. This has been confirmed by the fact that 70% of cancers express activated STAT3.27 

Recent reports highlighting the important crosstalk between HDAC6 and STAT3 have provided deep 

insights into the mechanistic details regarding cancer therapy. It has been demonstrated that HDAC6 

inhibition leads to a decrease in phosphorylated levels of STAT3 and inhibits the expression of STAT3-

targeted genes.28 The enhanced survival of leukemic cells in chronic lymphocytic leukemia and in multiple 



myeloma has been associated with the constitutive activation of the JAK/STAT3 signaling pathway.29,30 

Therefore, we proceeded to test STAT3 inhibition using the HDAC6 inhibitors 6a (prototypic of the new 

series) and 6j (most potent HDAC6 inhibitor of the series) at 5 and 10 µM concentration in the human 

chronic lymphocytic leukemia cell line (MEC1)31 and at 25 µM against multiple myeloma cells (U266).32 To 

our delight, both compounds showed a marked decrease in the levels of pSTAT3 in both cell lines. 

Specifically, 6j demonstrated the most potent activity in a dose dependent manner (Figure 6). 

          A) 

B)

 
Figure 6. A) Immunoblot analysis of phosphorylated STAT3 in MEC-1 cells treated with 6a or 6j (5 µM or 10 µM) 

for 30 h. Actin was used as loading control. The histogram shows the quantification by densitometric analysis of the 

levels of phosphorylated STAT3 relative to actin (n = 2). Data are presented as mean value ± SD. One Way ANOVA; 

*p < 0.05; B) Immunoblot analysis of phosphorylated STAT3 in U266 cells treated with 6j (25 µM) for 4, 8. 16, 24 and 

48 h. Cells were collected, lysed and ran on 12% SDS-PAGE. 

 

The majority of cases of oral and esophageal cancer (OEC) are detected late and despite recent medical 

advances, diagnosis is still relatively poor.33,34 In a range of malignancies HDAC6 has been found to be over-

expressed and shown to correlate with increased tumor aggressiveness35–38 including oral squamous cell 

carcinoma39 and esophageal squamous cell carcinoma.40 HDAC6 thus represents a key potential target for 

therapeutic drug development in OEC. The compounds were also screened against several human cancer cell 

lines namely, KYSE520 (esophageal squamous cell carcinoma), OE33 (esophageal adenocarcinoma), Ca9-

22 (gingival squamous cell carcinoma), TR-146 (buccal mucosa squamous cell carcinoma). The results 

suggested that the selected compounds exhibit antiproliferative activity. 6b demonstrated the highest activity 

against KYSE520 (IC50 = 12.76 µM), OE33 (IC50 = 5.56 µM), Ca9-22 (IC50 = 19.00 µM) and TR-146 (IC50 = 

18.00 µM, Table 3), while 6j, even if it was the best performing analogue in enzymatic assays, was found 

less potent in these cell-based assays since, being a carbamate in nature, might be subject to hydrolytic 



processes. Flow cytometric analysis established that 6b was able to trigger apoptosis after 48 h of treatment 

in KYSE520 cell lines (see supporting information, section 6.1). 

Furthermore, cytotoxicity assays were performed on the prototype compound 6a and the compound with the 

best activity against cancer cells 6b, to establish the effect on mouse fibroblasts NIH3T3. The results 

indicated that the compound 6b shows a TC50 of 40 µM being slightly less toxic than 6a (TC50 of 24 µM, 

Table 5 SI). Potential mutagenicity caused by the use of hydroxamic-based compounds remains a major 

concern affecting their drug-like profile.41 To asses this property Ames test towards two strains of 

Salmonella typhimurium (TA98 and TA100), with and without metabolic activation by employing rat liver 

S9 fraction, was carried out. It was clear from the results that compounds 6a,b showed no mutagenic effect 

on the TA98 strain (with or without S9 activation) but low mutagenicity on TA100 strain (above 8 µM for 

compound 6b or above 24 to 40 µM for compounds 6a and 6j as shown in the supporting information, 

section 10.1) was detected. This effect has been reported also for FDA approved HDACi (1-4), and it is 

mostly supposed to be determined by a Lossen rearrangement involving the hydroxamate group. This 

process, leads to the generation of the corresponding isocyanate, which can trigger mutagenicity by 

damaging the DNA due to its susceptibility to undergo nucleophilic attack.42 Moreover, the capability of 

HDACi to unwind chromatin may also expose DNA to damage by intracellular factors such as reactive 

oxygen species (ROS), which can cause further DNA damage leading to genetotoxicity.43,44 

In summary, a new series of spiroindoline-capped derivatives were developed and characterized as isoform-

selective HDAC6 inhibitors. X-ray crystallographic studies on the prototype compound 6a allowed us to 

understand its binding mode thus enabling a further rational design of new derivatives aimed at improving 

potency and selectivity towards HDAC6. Biological evaluation of these compounds led to the identification 

of 6j as the most potent and selective HDAC6 inhibitor with an IC50 value of 48.5 nM and a selectivity index 

of 140 over HDAC1 isoform. Further studies on compounds 6a,b,h,j showed their antiproliferative potential 

against several cancer cell lines with IC50 in the micromolar range. Congruent with their mode of action, 6b 

and 6h induced an increase in acetylated tubulin levels as confirmed using a Western blotting analysis. 

Moreover, PARP cleavage was observed with compound 6h indicating its pro-apoptotic potential at the 

molecular level in NB4 cell extracts. Based on the recent reports highlighting the role of HDAC6 inhibition 

on the regulation of pSTAT3, we tested the most potent and selective HDAC6 inhibitor from the newly 

developed series 6j for STAT3 inhibition. Gratifyingly, 6j was able to inhibit STAT3 in the MEC1 and U266 

cell lines showing a significant decrease in pSTAT3 levels in a dose- and time-dependent manner. In 

conclusion, the studies here presented on this set of HDAC6 inhibitors contributed to advance our 

understanding of the structural determinants necessary for potent and selective HDAC6 inhibition and could 

pave the way for the discovery of novel HDAC6 inhibitors as anticancer agents.  
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