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9 ABSTRACT: Histone deacetylase inhibitors (HDACi) have
10 emerged as promising therapeutics for the treatment of neuro-
11 degeneration, cancer, and rare disorders. Herein, we report the
12 development of a series of spiroindoline-based HDAC6 isoform-
13 selective inhibitors based on the X-ray crystal studies of the hit 6a.
14 We identified compound 6j as the most potent and selective
15 hHDAC6 inhibitor of the series. Biological investigation of
16 compounds 6b, 6h, and 6j demonstrated their antiproliferative
17 activity against several cancer cell lines. Western blotting studies
18 indicated that they were able to increase tubulin acetylation,
19 without significant variation in histone acetylation state, and
20 induced PARP cleavage indicating their apoptotic potential at the
21 molecular level. 6j induced HDAC6-dependent pSTAT3 inhib-
22 ition.
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24 Cancer, diabetes, cardiovascular, neurological, and meta-
25 bolic disorders have an epigenetic etiology. Histone
26 proteins play a crucial role in organizing the DNA into
27 structures called nucleosomes. Histone acetylation and
28 deacetylation comprise a prime example of post-translational
29 modifications that function in epigenetic regulation. Histone
30 deacetylases (HDAC) remove acetyl groups from lysine
31 residues and thereby regulate key processes such as gene
32 expression.1 They are clustered in four different classes (I−
33 IV): class I HDAC enzymes consist of isoforms 1, 2, 3, and 8;
34 whereas class II enzymes include the isoforms 4, 5, 6, 7, 9, and
35 10. Class IV contains only isoform 11, and, similarly to class I
36 and II isoforms, this enzyme is zinc dependent. In contrast, the
37 class III HDACs are NAD+-dependent enzymes called sirtuins
38 (SIRT isoforms 1−7). A common structural feature of HDAC
39 inhibitors (HDACi) is the presence of a zinc binding group
40 (ZBG), a linker moiety and a cap-group portion. The linker
41 and the cap-group and ZBG can be functionalized to modulate
42 selectivity toward specific HDAC isoforms.2 Many HDACi
43 have been identified as therapeutic tools for the treatment of
44 various pathologies such as cancer, infectious diseases,
45 neurodegenerative disorders and rare diseases.3−6 To date,

46four HDACi pan-inhibitors have been approved by the U.S.
47Food and Drug Administration (FDA) in cancer therapy:
48vorinostat (1), romidepsin (2), panobinostat (3), and
49 f1belinostat (4, (Figure 1). Their use may lead to unwanted
50side effects such as thrombocytopenia, neutropenia, diarrhea,
51nausea, vomiting, and fatigue as the most commonly detected.7

52Accordingly, significant research efforts are currently focused
53on the development of isoform-selective HDACi.2,6 HDAC6
54represents a unique member of the HDAC family due to two
55main factors: (a) it contains two distinct catalytic domains and
56is primarily found in the cytoplasm (unlike HDAC1, -2, and -3,
57which are nuclear localized isoforms and HDAC8, displaying
58both nuclear and cytoplasmic distribution; interestingly, the
59cytosolic enzyme HDAC10, which is closely related to
60HDAC6, is ineffective as a lysine deacetylase);8 (b) it
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61predominantly acts on non-histone substrates, such as α-
62tubulin, Hsp90, and cortactin.2 In spite of a couple of recent
63reports stating the challenges of using HDAC6i in cancer,9,10

64ample evidence outweighs its utility as anticancer agents.6,11 In
65particular, the involvement of HDAC6 in cancer cell migration
66and metastasis11 prompted us to develop novel anticancer
67agents as selective HDAC6 inhibitors. Further, the contribu-
68tion of non-histone proteins such as α-tubulin and Hsp90 in
69HDAC6-mediated tumorigenesis makes selective HDAC6
70inhibition a unique therapeutic strategy for cancer chemo-
71therapy, with respect to the use of classical pan-HDAC
72inhibitors.6

73In an effort to develop potent and selective HDAC6i, our
74group has recently identified spiroindoline-capped HDACi (5,
75Figure 1) which exhibited significant anticancer potential
76against several cancer cell lines.12 In this work, we have
77investigated the impact of a strategical overturning of the linker
78and the ZBG moieties from the indoline nitrogen (compound
795) to the piperidine nitrogen (compounds 6a−j) in order to
80 t1improve biological properties. The prototype 6a (Table 1)
81demonstrated a promising hHDAC6 IC50 value of 264.4 nM
82with a selectivity index of 85 over hHDAC1 and of 7 over
83hHDAC8. To gain a deeper understanding of the binding
84mode of 6a and to proceed to the design of analogues, a 2.09 Å
85resolution X-ray crystal structure of the complex between 6a
86and catalytic domain 2 of HDAC6 from Danio rerio (zebrafish)

Figure 1. Structures of FDA approved HDAC inhibitors: Vorinostat
(1), romidepsin (2), panobinostat (3), and belinostat (4), spiroindo-
line inhibitor 5, and novel HDAC6i 6a−j.

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)a

aEach value is the mean of at least three determinations; compounds were assayed at eight concentrations; results are expressed with SD.
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87 was determined. The active site structure of zebrafish HDAC6
88 (zfHDAC6) is essentially identical to that of hHDAC6, and
89 zfHDAC6 yields crystals of much better quality compared
90 with crystals of hHDAC6.13 Subsequently, molecular modeling
91 approaches were exploited to analyze the binding mode and
92 the structural requirements to design novel “reversed”
93 spiroindolines with an improved HDAC6 inhibitory profile
94 and selectivity index. This was achieved following two main
95 strategies: (i) synthesizing derivatives with bulkier cap-groups
96 and (ii) modulating the outdistancing between the cap-group
97 and the ZBG, through the insertion of amide, urea, and
98 carbamate functionalities in the linker portion. The resulting
99 compounds (6b−j) were tested for their ability to inhibit the
100 HDAC1, -6, and -8 isoforms. In addition, the best performing
101 compounds were further evaluated for their effects on cell cycle
102 progression and apoptosis in various cancer cell lines.
103 For the synthesis of compounds 6a−j, five key steps were
104 employed to obtain the desired products which include (i) an
105 interrupted Fischer indolization, starting from suitable
106 arylhydrazines and N-Boc-piperidine-4-carboxaldehyde provid-
107 ing 3,3-disubstituted indolenines, (ii) reduction of the imine
108 bond of the indolenines to get the respective indolines, (iii)
109 appropriate substitution at the N-1 position of the indoline,
110 (iv) insertion at the piperidine nitrogen with suitable linkers,

111 s1and (v) conversion of the ester into hydroxamic acid (Scheme
112 s11). See the Supporting Information, section 1, for more details.
113The 2.09 Å resolution crystal structure of the zfHDAC6
114CD2-6a complex revealed that the inhibitor hydroxamate
115group coordinates to the catalytic Zn2+ with bidentate
116 f2geometry (Figure 2). The Zn2+-bound hydroxamate CO
117group accepts a hydrogen bond from Y745, the Zn2+-bound
118hydroxamate N−O− group accepts a hydrogen bond from
119H573, and the hydroxamate NH group donates a hydrogen
120bond to H574. This constellation of intermolecular inter-
121actions with catalytically relevant residues accounts for the
122high affinity generally retrieved for the hydroxamate-based
123inhibitors in the HDAC6 active site.
124The para-substituted phenyl linker makes favorable offset
125π−π interactions in the aromatic crevice defined by F583 and
126F643. The piperidine ring adopts a chair conformation, and the
127piperidine nitrogen forms a hydrogen bond with a water
128molecule that in turn hydrogen bonds with the backbone
129carbonyl of R798. The spiroindoline group is oriented toward
130the L2 pocket at the mouth of the active site. There, the
131indoline nitrogen hydrogen bonds with a water molecule that
132in turn is linked to N645 and a second water molecule; a third
133water molecule completes a hydrogen bond network between
134the indoline nitrogen and Zn2+ ligand H614. Although the
135inhibitor makes no direct enzyme−inhibitor hydrogen bonds

Scheme 1. Synthesis of the Final Compounds 6a−ja

aReagents and conditions: (A) (a) Phenylhydrazine or (1,1-biphenyl)-2-ylhydrazine·HCl, AcOH, 80 °C, 2 h; (b) H2, Pd/C, MeOH, 25 °C, 3 h;
(c) paraformaldehyde or benzaldehyde, NaBH3CN, MeOH, 25 °C, 8 h; (d) benzoyl chloride, TEA, DCM, 25 °C, 1 h; (e) 1 N HCl in MeOH, 25
°C, 15 min; (f) methyl 4-formyl benzoate, NaBH3CN, MeOH, 25 °C, 8 h; (g) NH2OH (50 wt % in H2O), 4 M KOH in MeOH, DCM/MeOH, 25
°C, 2 h. (B) (h) NMO, MeCN, 25 °C, 12 h; (i) 10a, NaBH3CN, MeOH, 25 °C, 8 h. (C) (j) 2-(4-(Methoxycarbonyl)phenyl)acetic acid, EDCI,
HOBt, DIPEA, DCM, 0−25 °C, 24 h; (k) methyl 4-(isocyanatomethyl)benzoate, TEA, dry THF, 45 °C, 2 h; (l) methyl 4-
(hydroxymethyl)benzoate, CDI, DCM, 0° to 25 °C, 6 h.
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136 apart from those made with the hydroxamate moiety, it is
137 interesting that three water molecules comprise a “wet”
138 hydrogen bonded interface in such a high-affinity enzyme−
139 inhibitor pair.
140 It is relatively rare to see inhibitor capping groups bind in
141 the L2 pocket, since most tend to bind in the L1 pocket on the
142 opposite side of the active site.14−18 It appears that the chair
143 conformation of the piperidine ring combined with the
144 molecular structure of the novel spiro-fused indoline moiety
145 yields a structure and a conformation that is ideal for binding
146 within the L2 pocket.
147 A computational investigation (Figure S1) highlighted that
148 6a accommodates in a similar fashion in both zfHDAC6 and

149hHDAC6 enzymes, with only slight changes. Three main
150differences could be observed, involving the residues D567,
151T678, and M682 in hHDAC6 which are replaced by N530,
152A641, and N645 in zfHDAC6. The presence of M682 in
153hHDAC6 contributed to a slightly different orientation of the
154cap-group that is more solvent exposed with respect to the
155crystal structure and the docked pose within zfHDAC6. This
156study confirms that zfHDAC6 could represent a valuable
157structural model for translating the results of potential
158inhibitors to hHDAC6.
159The in vitro inhibitory profile of the newly developed
160compounds 6a−j (Table 1) was evaluated against hHDAC1
161and -6. SAR studies were performed by taking into
162consideration the data obtained from in vitro, X-ray, and
163computational studies. To get a better understanding of the
164behavior of the compounds in the binding sites of hHDAC1
165and -6, we performed docking studies based on a previously
166reported protocol (Figures S2−S9).3,12 It was observed that
167the hindrance imposed by a bulkier cap-group allowed the
168compound to be better accommodated into the HDAC6
169enzyme with respect to the HDAC1 isoform.
170Based on these studies, limited contacts were established by
171 f36a within the HDAC1 binding site (Figure 3A) compared to
172those established within HDAC6 binding site (Figure 3B). 6a
173was able to coordinate Zn2+ in HDAC1 by its hydroxamic
174moiety through polar contacts with the backbone of G149 and
175the side chain of Y303. In addition, we observed only a π−π
176stacking with H141 and some hydrophobic interactions with
177Y204, F205, and L271. On the contrary, the docking output of
1786a into HDAC6 showed an increased number of contacts. The
179hydroxamic acid moiety coordinated with Zn2+ and established
180supplementary H-bonds with the side chain of Y782 and H610
181and with the backbone of G619. The benzyl linker was able to

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.

Figure 3. Docked poses of 6a into HDAC1 (A) and HDAC6 (B). Compound 6a is represented by purple sticks, the residues in the active sites are
represented by lines, and the protein is represented as a cartoon. Zn2+ is represented by a gray sphere. H-bonds are shown as black dotted lines, and
the red solid lines represent the metal coordination bonds.
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182 establish a double π−π stacking with F620 and H651. We also
183 noted relevant hydrophobic interactions with F679, F680,
184 M682, and L749. This pattern of interaction perfectly
185 supported the selectivity of 6a toward HDAC6 over HDAC1
186 (IC50 HDAC1 = 22.4 μM; IC50 HDAC6 = 264.4 nM).
187 The docking studies of analogues 6b−g are reported in the
188 Supporting Information, and poses are shown in Figures S1−
189 S8.
190 In order to investigate the role of the linker portion,
191 compounds 6h−j were synthesized. 6h, in addition to the
192 contacts found for 6a, was able to produce a π−π stacking with
193 F205 of HDAC1 through the benzyl functionality. In HDAC6,
194 compound 6h showed the same interactions of 6a and the
195 crucial π−π stacking with F680 (IC50 HDAC1 = 10.2 μM; IC50
196 HDAC6 = 227 nM). Compound 6i demonstrated that the urea
197 functionality determines an improvement in inhibitory potency
198 against both isoforms. Therefore, 6i established two further
199 interactions beside those described for 6h, namely, (i) a H-
200 bond with the side chain of H178 and (ii) a cation−π stacking
201 with K200. With respect to the HDAC6 enzyme, 6i interacts
202 with the same residues described for 6h, displaying an
203 additional H-bond between the side chain of S568 and the
204 urea NH (IC50 HDAC1 = 3.6 μM; IC50 HDAC6 = 110 nM).
205 The carbamic functionality of 6j determined an improve-
206 ment in potency and selectivity toward HDAC6 over HDAC1

f4 207 (Figure 4). The hydroxamic acid moiety, in addition to the
208 metal coordination bond with the Zn2+, established a series of
209 H-bonds with the side chain of Y782 and with the backbone of
210 G619 of HDAC6. Moreover, its benzyl linker established a
211 triple π−π stacking with F620, F680, and H651. Also, relevant
212 hydrophobic interactions with T678, F679, M682, and L749
213 were observed. Notably, the phenyl group of the indole
214 established a cation−π stacking with R673 (IC50 hHDAC1 =
215 6.8 μM; IC50 hHDAC6 = 48 nM; IC50 hHDAC8 = 3.9 μM).

216 t26a, 6i, and 6j were tested on the hHDAC8 isoform (Table
217 t22), and their selective profile was confirmed toward the
218HDAC6 enzyme.

219We also investigated the potential affinity toward HDAC10
220of the new compounds. We used the crystallized structure of
221the mentioned enzyme from Danio rerio due to the high
222identity with the human enzyme, especially in the binding site
223(sequence identity >44%; sequence similarity >65%) (PDB ID
2246WBQ).19 The output of this calculation is presented in
225Figures S10 and S11. In general, we observed that our
226molecules are poor binders of zfHDAC10 enzyme, indicating
227that HDAC10 is not a preferred target for this series of
228derivatives, confirming HDAC6 as the main target (see
229Supporting Information section 4.4).
230In a range of malignancies, HDAC6 has been found to be
231overexpressed and shown to correlate with increased tumor
232aggressiveness including oral squamous cell carcinoma20 and
233esophageal squamous cell carcinoma.21 Therefore, the new
234molecules were tested against leukemic, multiple myeloma,
235oral, and esophageal cancer cells to evaluate their antiprolifer-
236ative activity and mechanism of action. Cell cycle distribution
237and propidium iodide (PI) analysis studies were performed on
238U937 and NB4 cell lines, with selected compounds 6b, 6h, and
2396j. Specifically, in U937 cells, 6b exhibited cell death and a
240significant S phase reduction at a concentration of 10 μM

Figure 4. Docked poses of 6j into HDAC1 (A) and HDAC6 (B). Compound 6j is represented by orange sticks, the residues in the active sites are
represented by lines and the protein is represented as cartoon. Zn2+ is represented by a gray sphere. H-bonds are shown as black dotted lines, and
the red solid lines represent the metal coordination bonds.

Table 2. Inhibitory Activity of 6a, 6i, and 6j, as IC50 (μM),
against hHDAC8a

compd 6a 6i 6j TubA12

IC50 (μM) 1.91 ± 0.33 2.48 ± 0.67 3.19 ± 1.51 0.695
aEach value is the mean of at least three determinations; compounds
were assayed at eight concentrations; results are expressed with SD.
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241 (Figure S15A). 6j (10 μM) only after 48 h of treatment
242 induces an increase of the pre-G1 phase, without significant
243 cell cycle variation (Figure S15B). Interestingly, in the NB4
244 cell line, both 6b and 6h displayed a similar phenotypic effect
245 in terms of cell death at the two time intervals 24 and 48 h
246 (Figure S16A, B), whereas 6j show this only at 48 h of
247 treatment (Figure S16C). Western blot analyses on NB4 total
248 cell extracts using compounds 6b, 6h, and 6j were also
249 performed. Induction of acetylated tubulin was observed
250 without a significant variation in histone acetylation state
251 (Figure S16D−F), which was detected only after treatment
252 with 6h and 6j at higher concentration, thus confirming
253 selective HDAC6 inhibition. Moreover, cleavage of PARP at
254 24 h by all molecules indicated apoptosis at a molecular level at
255 both 24 and 48 h at 10 μM concentration (Figure S16D−F).
256 6a, 6i, and 6j were preliminarily screened against the multiple
257 myeloma (U266) cell line. All three compounds reduced the
258 viability of U266 cells with 6j exhibiting the greatest potency
259 (IC50 = 20.25 μM, Figure S17 and Table 5 SI). Flow
260 cytometric analysis of these compounds in annexin V/PI
261 stained U266 cells showed an induction of apoptotic cell death,
262 with compound 6j exhibiting the highest potency (Figure
263 S18).
264 STAT3 represents an important signal transducer and
265 transcription factor displaying a key role in the tumorigenic
266 process. This has been confirmed by the fact that 70% of
267 cancers express activated STAT3.22,23 Recent reports high-
268 lighting the important crosstalk between HDAC6 and STAT3
269 demonstrated that HDAC6 inhibition leads to a decrease of
270 pSTAT3 and reduce the expression of STAT3-targeted
271 genes.24 The enhanced survival of leukemic cells in chronic
272 lymphocytic leukemia and in multiple myeloma has been
273 associated with the constitutive activation of the JAK/STAT3
274 signaling pathway.22,23 Therefore, we proceeded to test STAT3
275 inhibition using the HDAC6 inhibitors 6a and 6j at 5 and 10
276 μM concentrations in the human chronic lymphocytic
277 leukemia cell line (MEC1)23 and at 25 μM against multiple
278 myeloma cells (U266).22 Both compounds showed a marked
279 decrease in the levels of pSTAT3 in both cell lines. Specifically,
280 6j demonstrated the most potent activity with a dose-

f5 281 dependent effect (Figure 5).
282 Our compounds were also screened against KYSE520
283 (esophageal squamous cell carcinoma), OE33 (esophageal
284 adenocarcinoma), Ca9-22 (gingival squamous cell carcinoma),
285 and TR-146 (buccal mucosa squamous cell carcinoma) cell
286 lines. 6b demonstrated the highest activity against KYSE520
287 (IC50 = 12.76 μM), OE33 (IC50 = 5.56 μM), Ca9-22 (IC50 =
288 19.00 μM), and TR-146 (IC50 = 18.00 μM, Supporting
289 Information, section 6) cell lines. Flow cytometric analysis
290 established that 6b was able to trigger apoptosis after 48 h of
291 treatment in the KYSE520 cell line.
292 Furthermore, cytotoxicity assays were performed on
293 compounds 6a and 6b to establish the effect on mouse
294 fibroblasts NIH3T3. Compound 6b showed a TC50 of 40 μM
295 being slightly less toxic than 6a and 6j (TC50 of 24−27 μM,
296 Tables 6 and 7 in the Supporting Information). Potential
297 mutagenicity caused by the use of hydroxamic-based
298 compounds remains a major concern affecting their druglike
299 profile.25 To asses this property, the Ames test was carried out.
300 Compounds 6a and 6b showed no mutagenic effect on the
301 TA98 strain (with or without S9 activation), while low
302 mutagenicity on the TA100 strain (above 8 μM for compound
303 6b or above 24− 40 μM for compounds 6a and 6j as shown in

304the Supporting Information, section 9.1) was detected. This
305effect has been reported also for FDA approved HDACi (1-4),
306and it is mostly ascribable to the Lossen rearrangement of the
307hydroxamate group, generating reactive isocyanates, which can
308trigger mutagenicity by damaging the DNA.26

309In summary we have developed a new series of HDAC6
310selective inhibitors rationally designed based on the crystallo-
311graphic study of compound 6a in complex with ZfHDAC6.
312Compound 6j resulted the best inhibitor of this series (IC50 =
31348.5 nM, selectivity index of 140 over HDAC1 and 66 over
314HDAC8). Notably, the selectivity of these compounds toward
315HDAC6 over HDAC8 is in general higher respect to the
316previously published spiroindoline-based HDAC6 inhibitors.
317Cell-based studies on compounds 6a, 6b, 6h, and 6j uncovered
318their antiproliferative activity against several cancer cell lines.
319We believe that the low of activity in cell-based assays for
320compound 6j could be ascribable to the weak stability of the
321carbamate moiety during the study, which determines the
322decomposition of the molecule. Oral and esophageal cancers
323are usually refractory to most of the current therapeutic
324treatments; notably, our HDAC6 selective inhibitors displayed
325promising effect in various oral and esophageal cancer cell lines
326 t3(KYSE520, OE33, Ca9-22, TR-146, and U266B, Table 3). For
327compounds 6h, 6b, and 6j, PARP cleavage was quantified in
328NB4 cell extracts, thus indicating its proapoptotic potential at
329the molecular level. The increased levels of tubulin acetylation
330without a significant variation in histone acetylation status
331confirmed the selectivity of 6h, 6b, and 6j for the HDAC6
332isoform. Moreover, 6j was able to inhibit the phosphorylation
333of STAT3 in MEC1 and U266 cell lines. The studies herein
334discussed may pave the way for the structure-based design of

Figure 5. (A) Immunoblot analysis of pSTAT3 in MEC-1 cells
treated with 6a or 6j (5 or 10 μM) for 30 h. Actin was used as a
loading control. The histogram shows the quantification by
densiometric analysis of the levels of pSTAT3 relative to actin (n =
2). Data are presented as mean value ± SD. One way ANOVA; *p <
0.05. (B) Immunoblot analysis of pSTAT3 in U266 cells treated with
6j (25 μM) for 4, 8, 16, 24, and 48 h. Actin was used as a loading
control. The blot is representative of three independent experiments
with similar results.
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335 novel HDAC6i as anticancer agents endowed with promising
336 potentialities in the treatment of esophageal and oral cancers.
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Table 3. Antiproliferative Activities of Compounds 6a−b
and 6h−j against KYSE520, OE33, Ca9-22, TR-146, and
U266B Cell Lines after 48−72 h of Drug Treatment

IC50 (μM)a

compd KYSE520 OE33 Ca9-22 TR-146 U266B

6a 197 17.73 >1000 >1000
6b 12.76 5.56 19 18
6c >1000 >1000
6h 33.81 13.82 >1000 54
6i 55 >1000 59.38
6j 37.83 >1000 133 20.25

aEach value is the mean of at least three determinations.
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