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Highlights
* Novel anticancer molecules were designed and ssizid as HDAC inhibitors
* Compounddaandl12 showed very low inhibitory activity over HDAC
* Compounddaandl12 exhibited excellent anti-proliferative activityaigst HNSCCs
* Compounddaandl2enhanced PTEN expression
» Compounddaandl12 were shown to block mTOR signaling
Keywords
HDAC; PTEN; HNSCC; PI3K/Akt/mTOR; Drug design; acancer



Abstract

Histone deacetylase inhibitors (HDACIS) play an artpnt role as valuable drugs targeted to cancer
therapy: several HDACIs are currently being testeclinical trials. Two new potential HDACika
and 1d, characterized by the presence of a biphenyl-fbisaimide group as a connection unit
between theN-{4-[( E)-(2-formylhydrazinylidene)methyl]-3-hydroxyphenygnd the 2-hydroxy-
(trifluoroacetyl)benzamide moiety, respectively, ®# zinc-binding group (ZBG), have been
designed, synthesized and tested for their bicdddctivity. Surprisingly, compoundka and 12,

this last exclusively obtained in place bd, exhibited a very low HDAC inhibitory activity. A
serendipitous assay of these two compounds, coedlwet three chemoresistant cell lines of head
and neck squamous cell carcinoma (HNSCC), showed #mtiproliferative activity at low
nanomolar concentrations, better than cisplativitho, biological assays indicated that compounds
laandl12 are able to increase acetylation of histone H3tandterfere with the PI3K/Akt/mTOR

pathway by inducing the accumulation of PTEN pratei

1. Introduction

The epigenetic control of gene expression is opdrathrough several post-translational
modifications of chromatin such as methylation, tged¢ion, ubiquitination, phosphorylation,
sumoylation. In particular, acetylation/deacetylatofc-amino groups of lysine residues of histone
tails plays a relevant role in cancer developm&n®]. Histone acyl transferases (HATS) transfer an
acetyl group from acetyl CoA to the amino grouplad lysine residue to forreN-acetyl lysine.
This modification neutralizes the positive chardehe lysine residues of histones, loosening their
interactions with the negatively charged DNA anddieg to an “open” chromatin structure that
increases the binding of transcription factors,stlactivating gene transcription [3]. Therefore,
increased levels of histone acetylation are astamtiavith enhanced transcriptional activity;
conversely, decreased levels of acetylation aedaelto the repression of gene expression [4, 5].

HDACIis selectively alters gene transcription by arhatin remodeling and the structure



modification of transcription complexes, triggeriggowth arrest, differentiation, activation of the
extrinsic and/or intrinsic apoptotic pathways, addath and senescence [6]. Histone deacetylase
(HDAC) inhibitor activation of p21WAF1 involves chges in promoter-associated proteins,
including HDAC1 [7]. Recent studies suggested #uatylation of non-histone proteins may also
play an important role in biological effects ofghilass of compounds [8]. To date, more than 50
non-histone proteins with regulatory roles in gelbliferation, cell migration, and cell death have
been identified as substrates of HDACIis. For tleiason, HDACis have recently emerged as an
important target for therapeutic intervention imecar and potentially other human diseases [9].
Epigenetic changes also play a key role in reguiatgene expression through histone
modifications. Inhibition of HDAC constitutes a re\strategy to disrupt the population of cancer
stem cells in head and neck tumors and to cresi@raogeneous population of cancer cells with
biologically defined signatures and predictableadwdr [10].

Figure 1 reports the structure of some HDACIis: SAEAlinza®), Romidepsin (Istodax®), and
Belinostat (PXD101) approved by FDA for the treattef cutaneous T-cell lymphoma (CTCL),
Panobinostat (LBH589, Faridak) licensed for the attreent of multiple myeloma

[https://www.fda.gov],Chidamide [11] approved by the Chinese FDA for tilmatment of CTCL

and TSA.

To date, more than 20 inhibitors are under preddinand clinical investigation as single agents and
in combination therapies against different cancéing most promising compounds in clinical trials
include MGCD-0103 (Methylgene, phase IlI) [12] and S#75 (Syndax, phase II)

[https://clinicaltrials.gov] (Fig. 1).

Co-crystal structures of hydroxamate HDAC inhibitdrichostatin A (TSA) with histone
deacetylase homologue from the hyperthermophilatdsaim Aquifex aeolicusevealed an active
site consisting of a tubular pocket, a zinc-bindsitg, and two Asp-His charge-relay systems, all of
which are believed to be involved in the mechanaHDAC inhibition [13]. All the classical

HDACIs (classes |, II, IV) require Zf as a cofactor for their deacetylase activity [I4DACis



contain three key structural elements to their pfaemophore: a zinc-binding group (ZBG), which
coordinates the zinc ion at the bottom of the laagow active site cavity; a capping group, which
interacts both with the amino acids on the rimhaf binding cavity and the protein surface; a linker
domain, whose role is to ensure the correct pasiigp of the two former groups and interact with
the lipophilic binding tunnel [15].
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Fig. 1. Structures of some HDAC:s in clinical developmentlinical use.

Following our recent interest in the research ofermtent HDACIs, we have designed and studied
in silico four potential HDAC inhibitors. Based on moleculdocking results, we decided to
synthesize two of these molecules, thN-{4-[(E)-(2-formylhydrazinylidene)methyl]-3-
hydroxyphenyl}biphenyl-4-sulfonamideld) and the 4-[(biphenyl-4-ylsulfonyl)amino]-2-hydnpx
N-(trifluoroacetyl)benzamidel(); unfortunately, in place of this last we exclivobtained the 4-
[(biphenyl-4-ylsulfonyl)amino]-2-hydroxybenzamidé2j. Compoundsla and 12, contrary toin
silico predictions, have shown a not appreciable HDAGvi&gt However, the synthesized
compounds, serendipitously evaluated for theirpaoliferative activity on three human head and

neck squamous cell carcinoma (HNSCCs) cell lindsgHHAN12, and HN13), exhibited anggn



the low nanomolar range. To investigate the possichanism of action we performed a series of
biological screenings. Considering that in a sigaiit number of HNSCCs tumor progression
results from mutations in genes, suciPadENandPIK3CA that causes alterations in cell signaling
cascade PI3K/Akt/mTOR, resulting in aberrant cetivgh, migration, and survival [16, 17], we
performed western blot assays that highlighted #@@npoundsla and 12 cause a robust
accumulation of the tumor suppressor PTEN, thats ag¢ a negative regulator of the
phosphatidylinositol 3-kinase (PI13K) pathway [18:21

Despite the not encouraging obtained results on @D0Ahibition, because of compouridh,
however, present a low activity, we conducted amumohistochemistry assay in order to verify
the effective acetylation of histones in the cedis,both compounds, for comparison. Surprisingly,
the results indicated that the two molecules prenaotiose dependent acetylation of histone H3 in

HNSCCs. These results point out that the acetylatauld occuvia another mechanism.

2. Results and Discussion

2.1. Molecular drug design

Nowadays, the design of new HDACIs is principalbgdsed on changing the capping group and
the linker domain given that the hydroxamic aciddtionality is the best ZBG. We, on the search
of new non-hydroxamates HDACIs, designed four n&GZ on the basis of the three-dimensional
structure of the active site of the HDAC8 enzynmefalct, with the exception of HDACS, functional
HDACis were found as high-molecular-weight multi@io complexes, and most purified
recombinant HDACIis are enzymatically inactive [2@Jerefore, HDACS is the best model among
mammalian HDAC:Is, if we look at it from a structubaology perspective. So, looking at the pose
of TSA in the co-crystallized structure with thenman HDACS8 (PDB ID: 1T64) and considering
that hydroxamic acid group chelates the zinc ioa inidentate fashion and forms hydrogen bonds
with Tyr306 and Aspl78 (Fig. 2A) we designed, as @BGs, a (2-formylhydrazinylidene)methyl

(@), a [2-(trifluoroacetyl)hydrazinylidene]methyb)( a (2-formylhydrazinyl)carbonyl (c), and a



(trifluoroacetyl)carbamoyl (d) moieties which cowdordinate the zinc ion bi- or tridentately and
could also form hydrogen bonds with Tyr306, Asplai®], probably, with other amino acids at the
bottom of the channel (Fig. 2B). Contemporarily, eiose as linker para disubstituted benzene
carrying inortho to ZBG a hydroxyl functionality that, in principleould be further involved in the
zinc chelation. Finally, for the CAP we focusedtbe bifenilsulfonamide basing on an extensive
QSAR modeling study of sulfonamide HDACIs [23]. Thew four moleculeda-d have been

represented in Figure 2C.
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Fig. 2. A) Chemical structure of the new designed potérdiBACis 1la—d. B) Interactions of TSA in the co-

crystallized structure with the human HDACS8 (PDR I764) and proposed tridentate chelation of ZB@ith Zn*".

The molecular docking simulations of all new compasi showed that compound incorporating the
A and D ZBG could be good candidates as HDACIis witkGpi,g of —11.63 and —9.84 kcal/mol,
respectively. These energy values are,lf@rbetter than that predicted for TSAGping = —11.13
kcal/mol) and SAHA AGping = —10.03 kcal/mol), the two most famous HDACisposbn as
reference compounds (Table 1). The calcul#edalues for TSA and SAHA have been about 10-

fold underestimated.

Table 1

PredictedK; for the four designed compounds, TSA, and SAHA] erperimentaK; for the last

two.
Compound AGying (kcal/mol) CalculatedK; (nM) ExperimentaK; (nM)
la -11.63 2.9 2



1b -8.78 363.8 Sl
1c -8.39 703.0 -2
1d -9.84 60.7 <
SAHA -10.03 44.1 480
TSA -11.13 6.9 45

#1Cso reported in section 2.3.1.
P Not synthetized.

° Not obtained.

4 From reference [24].

The 3D and 2D sketch of the docked pose for thé smesed compounda (Fig. 3) highlight that
this compound chelate the Zrbidentately by the-OH and the double bonded hydrazinic nitrogen
atom, whereas an extended network of hydrogen bestiblish between carbonyl oxygen and

His142 and GIn263, between NH and Aspl78, and etweOH and Tyr306, confirming the

designed previsions.

MET
A274

HIS
HIS ASPY  A143
An42 ANT8
ik . HIS
A:180

Hydrophaobicity

3,00
2,00
1,00
0,00
-1,00
2,00 =~/ GIn263
-3,00

Fig. 3.3D and 2D view of the interactions fba inside the binding pocket of HDACS8 (PDB ID: 1T64).

2.2. Chemistry

Basing on the molecular modeling results, and damsig the about 10-foll; underestimation, we
choose to synthesize only compouddsandl1d. The synthetic route towards these two compounds
is shown in Schemes 1 and 2. The first step of Syi@hesis involved the conversion pf

aminosalicylic acid into the methyl este3 that reacted with diphenyl sulphonyl chloride naler



to obtain the correspondent sulfonamidg¢Scheme 1). Compourtiwas subsequently protected at
nitrogen and oxygen atoms by treatment with bebrgimide providing compoun8. The esteb
was reduced by lithium aluminum hydride in THF aditops to benzyl alcohdb, successively
oxidized with activated Mn@ to give the aldehydeé’. The reaction of compound with
formylhydrazine gives rise to compouBdhat was deprotected with catalytic hydrogenatmthe

target compounda.
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Scheme 1Synthetic route tda. Reagents and conditions: a)S@,, CH;OH, reflux, 4 h; b) diphenylsulfonyl chloride,
Py, THF, r.t., 12 h; c) KCOs, BnBr, acetone, reflux, 12 h; d) LIAHTHF, HO, —78 °C, 5 h; €) Mng& CH,Cl,, reflux,

12 h; f) formylhydrazine, EtOH, reflux, 12 h; gyHPd/C, MeOH, r.t., 12 h.

For the synthesis ofld, the ester5 was hydrolyzed to aci® that was converted into the
corresponding chlorid&0 (Scheme 2), which in turn was treated with triftrmethylacetamide.
Unfortunately, this last step conducted to the ahibthat was deprotected to afford compoi2d
All attempts to synthesize compoufd failed. All the reaction carried out on compout@with
trifluoroacetamide at different conditions led ke tamide derivativ&1l. This is probably due to a

high reactivity to the hydrolysis process.
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reflux 10 h; ¢) Trifluoroacetamide, GBN, overnight; d) 5, Pd/C, MeOH, r.t., 12 h.

Compoundl2, docked into HDACS8, gave a predictédof 716.8 nM AGying = —8.38 kcal/mol). In
fact, the —CONHK moiety, combined with the hydroxylic one presemtortho to the benzene

scaffold, can be considered as a ZBG group, asested) by the best obtained docked pose.

2.3. Biology

2.3.1. HDAC:Is inhibition assay and acetylation mtbne H3 in HNSCCs

The sulfonamides derivativds and12 were tested for inhibition of HeLa nuclear HDAQIsing
TSA as a reference. Surprisingly, compodadvaluation revealed a scarce inhibition potendj wi
an 1Gso of 292uM, so as the unwanted compout@ilead to 20% of inhibition at 500M.

Since the molecular modeling studies showed aioeatéinity of 1a with HDAC, we evaluated the
capacity of compounda and12 to influence the acetylation status of histone H3this purpose,
the HN13 cells were treated with two different cemications (1 and 10 nM) dfa and12 for 24 h.
The transcribed proteins, analyzed by a Westerh ddsay as described in material and method,
showed a dose dependent increasing acetylatiomssththistone H3 (Fig. 4), with the maximum
activity at the IGy values. Consistently, Western blot analysis reac#ihat TSA alone, enhanced
acetylation of histone H3 (lys9) in HN13 cells @atot shown). Notably, the compounds showed
acetylation activity at concentration 10-fold lowtban the IG, values. Thus, our data suggest that

la and12 might alter acetylation of H3 and cause cell deatRINSCCs through changes in gene



transcription.
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Fig. 4. A) Immunofluorescence images of Ac.H3 (lys9), DAFRining and merge in untreated or treated HN13 ce
with 1a, 12, and TSA as a positive control. B) Western blat&c. H3 (lys9) in HN13 cells in the presence osetice

of laand12 at different concentrations. C) Quantificatiorasktyl H3 levels; **p < 0.01, ****p < 0.001.

2.3.2. Cell viability assay

Aiming at a preliminary screen for cellular actyitve tested the effect of compouridsand12 on

the viability of three human head and neck squanualiscarcinoma (HNSCC) cell lines: HNG,
HN12, and HN13.

Initially, the half-maximal inhibitory concentratia(ICsg) was determined using the CellTiter 96TM
Aqueous non-radioactive cell proliferation kit (Rrega) according to manufacturer instructions.
Interestingly, both compounds showed strong ariifprative activities over all tested cell lines

with 1Cs in the range between 4.73 and 9.85 nM (Table@®, Fji

Table 2

In vitro efficacy assay of compounds and12 on selected HNSCC cell lines and on non-cancds espressed as
ICsq” (nM) at 24 h

Compound HNG6 HN12 HN13 184B5
la 4.94 +0.12 5.03 +0.08 9.85+0.42 1840 £125
12 4.73 +0.34 4.99 +0.19 9.66 +0.34 1955 +98

10



Cisplatin 16660 30000 41650 25540

& Mean of three independent triplicate experimengsandard error.
® From reference [16].

“Value at 48 h. From reference [25].

4 Glg, value at 48 h. From reference [26].

Moreover, the tested compounds showed better graviibition than cisplatin (>3300-fold), an
established and effective treatment for HNSCC [2&%]which these cell lines are particularly
resistant. Finally, to determine if the newly sygized compounds have differential cytotoxic
effects on cancer and non-cancer cells, their oytoty was also evaluated using 184B5 non-
cancer immortalized breast epithelial cell linese Wound that the antiproliferative activity of
compoundsla and12 was not pronounced against the noncancer ce# [ihable 2) with a >186-

fold and >200-fold selectivity, respectively, resp® the more resistant HN13 cancer cell lines.
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Fig. 5. Percentage of cell viability after 24 h of treabhaith 1a (A) and 12 (C). The concentration is expressed in

nanomolar. B) Representation of HNSCC receivingolehla or 12 after 24 h.

2.3.3. Evaluation of PTEN

PTEN (phosphatase and tensin homolog deleted amasome ten) is one of the most frequently

11



mutated tumor suppressors in human cancer. PTEBLidms through the regulation of the cell
cycle, induction of tumor apoptosis, and inhibitiohtumor cell growth, invasion and metastasis.
Genetic analysis of PTEN in HNSCC has demonstraltedations in PTEN, suggesting that PTEN
may play a role in HNSCC tumorigenesis [28]. Th8K?Akt/mTOR pathway has been shown to
play an important role in cancer [29]. Thereforelegules that increase PTEN expression are
promising antitumoral drugs. On these bases, waduidecided to evaluate if compouridsand

12 would have any effect over the reactivation of dureuppressor genes. Towards this goal, we
decided to explore the activation status of phogseaand tensin homolog (PTEN) at the protein
level. Using two different concentrations of compdsla and12 (1.0 and 10.0 nM) we treated
HNSCC cell lines for 24 h and compared them to slehireated controls. Interestingly, we
observed that compounda and12 induced the expression of PTEN in a dose dependanner
(Fig. 6), similar to that observed with histone Hioreover, administration of compountla and

12 resulted in a dose dependent reduction in theldevt pS6, a protein used to access the
activations status of the PI3K/Akt/mTOR pathway.rQesults are exciting once that they
demonstrate the molecular mechanism by which comgi&ila and12 reduced cellular viability of

HNSCC cancer cells.
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Fig. 6. A) Western blot of HNSCC cell line treated withngooundsla and12 (1.0 and 10.0nM) for 24 h. Note the
accumulation of PTEN upon and reduced activatiothefPI3K/Akt/mTOR pathway evident by reduced acalation
of pS6, a marker for an active mTOR pathway. GAPd&¥ed as a loading control. B) Quantification @EN levels;

**p < 0.01, ***p < 0.001.

3. Conclusions
Two new moleculesN-{4-[( E)-(2-formylhydrazinylidene)methyl]-3-hydroxyphenylijphenyl-4-

12



sulfonamide 1a) and 4-[(biphenyl-4-ylsulfonyl)amino]-2-hydroxy-(trifluoroacetyl)benzamide
(1d) have been designed and synthesized; unfortunateblace ofld we exclusively obtained the
4-[(biphenyl-4-ylsulfonyl)amino]-2-hydroxybenzamid&2). Compoundsla and12 were assayed,
with negative results, as HDACIs. Fortunately, theempounds were evaluated as antitumoral
agents, exhibiting potent antiproliferative aciest against HNSCCs cell lines with ansd@ the
low nanomolar range (4.73-9.85 nM). Both compouaits also able to increase the acetylation
status of histone H3, a classical marker of HDAKIbition. Finally, these two compounds interfere
with PI3K/Akt/mTOR pathway by increasing PTEN exgsi®n and downregulate mTOR, as shown
by western blot results.

With these results, we can speculate that theuamdital activity exhibited byta and12 is due to a
combined effect over histone H3 acetylation andkPARt/mTOR pathway.

Considering the significance of PTEN as a tumoipsegsor gene and that germline mutations in
PTEN are associated with several autosomal domihantartoma syndromes [20] including
Cowden’s disease, Bannayan-Riley-Ruvalcaba syndrand Lhermitte-Duclos syndrome, the
importance of the results obtained with these tarmpounds deserve to be further deepened.
Moreover, also considering that HNSCC is the masjdent malignant tumor of the head and neck
region and it is the sixth leading cancer by innmEeworldwide, that the five-year survival rate of
patients with HNSCC is about 40-50% [30], and tliaspite advances in treatment, the mortality
rate of patients treated with platinum-based chaerapy has not changed markedly over the last
few decades, due to chemoresistance [31], we hagaged further studies to better identify the

antitumoral activity of these new compounds.

4. Experimental Section
4.1. In silico studies
4.1.1. Preparation of protein and ligands

The fully optimized crystal structure of the HDAT&A complex (PDB ID: 1T64) was retrieved

13



from the PDB_REDO databank. The PDB_REDO procedcoenbines re-refinement and
rebuilding within a unique decision-making frametvdo improve structures, using a variety of
existing and custom-built software modules. Thigrapch allows to choose an optimal refinement
protocol (e.g. anisotropic, isotropic or overalf&tor refinement, TLS model) and to optimize the
geometry versus data-refinement weights. Next,ric@eds to rebuild side chains and peptide
planes before a final optimization round [32].

From the refined structure were retained only thehAin, one TSA molecule, and Zrmatom. Only

for docking purpose, the 3D structure of the TSAsvextracted from the PDB files whereas all
other ligands were built using Gabedit (2.4.8) wafe [33] and all geometries were fully
optimized, in the same software, with the semi-eiogi PM6 [34] Hamiltonian implemented in

MOPAC2016 (17.130W) [35].

4.1.2 Docking protocol

Macromolecule and ligands were prepared with VegaZ1.1) [36] assigning Gasteiger charges
to the protein and AM1BCC ones to the ligand. Fiwoeking was performed by applying the
Lamarckian genetic algorithm (LGA) implemented intdDock 4.2.6 [37] in combination with a
specialized potential describing the interactiohginc-coordinating ligands, named AutoDogk4
[38]. The ligand-centered maps were generated &éypthgram AutoGrid (4.2.6) with a spacing of
0.375 A and dimensions that encompass all atonendixtg 5 A from the surface of the ligand. All
of the parameters were inserted at their defatiihgs. In the docking tab, the macromolecule and
ligand are selected, and GA parameters are set aargg = 100, ga_pop_size = 150, ga_num_evals
= 20000000, ga num_generations = 27000, ga_ elitsml, ga mutation_rate = 0.02,
ga_crossover_rate = 0.8, ga_crossover_mode = tubspga_cauchy_alpha = 0.0, ga_cauchy_beta
= 1.0, number of generations for picking worst undiual = 10.

Because no water molecule is directly involvedaomglex stabilization they were not considered in

the docking process. All protein amino acidic ressl were kept rigid whereas all single bonds of

14



ligands were treated as full flexible.

4.2. Chemistry. General

Solvents and reagents were used as received frommeccial sources. Melting points were
determined with a Kofler apparatus and are repoudedorrected. Elemental analyses were
performed with a Perkin—-Elmer elemental analyzélR\Nspectra{H NMR recorded at 500 MHz,
3C NMR recorded at 125 MHz) were obtained on Vafi@struments and are referenced in ppm
relative to TMS or the solvent signal. Thin-laydramatographic separations were performed on
Merck silica gel 60-F254 pre coated aluminum plakéash chromatography was accomplished on
Merck silica gel (200—400 mesh).

Analyses indicated by the symbols of the elementarctions were within 0.4% of the theoretical
values.

All reagents were purchased from Aldrich Co. Allvemts were dried according to literature
methods.

4.2.1. Synthesis of methyl 4-([1,1'-biphenyl]-4uifisnamido)-2-hydroxybenzoai4)

To a solution of biphenyl-4-sulfonyl chloride (18.§, 41.86 mmol) in dry THF (100 mL) at O °C,
compound3 (7.00 g, 41.86 mmol) in dry THF (50 mL) and dryridine (16.94 mL, 5 eq.) was
added dropwise. The reaction mixture was allowedddom to room temperature, stirred overnight
and the solvent was evaporated under reduced pees$he residue was purified by flash
chromatography (ethyl acetate/cyclohexane 30:7@fftard the desired produdt (88% vyield) as
yellow sticky solid."H NMR spectrum (CBCOCD;, 500 MHz):8 = 3.87 (s, 3H, Ck), 6.80-6.87
(m, 2H, CH), 7.38-7.99 (m, 10H, CH), 10.81 (s, H). *C NMR (CDC}k, 125 MHz): 52.67,
106.63, 108.71, 110.73, 128.07, 128.51, 128.61,4P2929.93, 132.11, 145.73, 146.59. HRMS

(ESI) calcd. for GoH1:NOsS [M+H]*, 383.0827; found, 383.0825.

4.2.2. Synthesis of methyl 4-(N-benzyl-[1,1'-bigtiefylsulfonamido)-2-(benzyloxy)benzo&t
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Compound4 (2.87 g, 7.48 mmol) was dissolved in acetone (hQ) and mixed with KCO; (5.17

g, 37.42 mmol, 5 eq.). The mixture was stirredoatmm temperature for 15 minutes. Then benzyl
bromide (4.45 mL, 5 eq) was added and the reactiaa heated under reflux for 12 h and
neutralized with 1 M solution of HCI. After conceation under reduced pressure, the residue was
purified through flash column chromatography (etlggtate/cyclohexane 20:80) to give the desired
product5 (93% yield) as light grey solid foartH NMR spectrum (CDG| 500 MHz):8 = 3.85 (s,
3H, CHs), 4.73 (s, 2H, Cbh), 4.98 (s, 2H, Ch), 6.60-7.70 (m, 22H, CH)}*C NMR (CDCk, 125
MHz): 52.02, 54.31, 70.62, 114.87, 119.56, 119.¥26.74, 127.27, 127.37, 127.50, 127.81,
128.16, 128.41, 128.46, 128.51, 128.62, 129.09,98B31135.25, 136.21, 136.66, 139.01, 143.46,
145.84, 158.22, 165.99. HRMS (ESI) calcd. fesHBsNOsS [M+H]*, 563.1766; found, 563.1762.
4.2.2. Synthesis of N-benzyl-N-(3-(benzyloxy)-dirgwymethyl)phenyl)-[1,1'-biphenyl]-4-
sulfonamidg6)

A solution of esteb (1.75 g, 3.10 mmol) in THF (60 mL) a78 °C was treated with LiAll (0.35

g, 9.31 mmol, 3 eq.). The reaction mixture wagedirat—78 °C until completion (generally 6 h) as
determined by TLC. The cooling bath was then rerdpamd the reaction mixture was quenched
with a 1 M solution of HCI followed by extractiorf the aqueous layer with ethyl acetate. The
combined organic layers were washed with waterkaime, dried over N& Oy, and concentrated in
vacuum. The combined organic layers were washed watter and brine, dried with h&0O,, and
concentrated in vacuum. Chromatography on silidavijb ethyl acetate/cyclohexane 30:70 as the
eluent afforded the targeted alcolofyield 71%) as light yellow sticky solidH NMR spectrum
(CDCls, 500 MHz):8 = 4.62 (s, 2H, Ch), 4.72 (s, 2H, Ch), 4.89 (s, 2H, Ch), 6.52-7.74 (m, 22H,
CH). **C NMR (CDCk, 125 MHz): 54.88, 61.43, 70.17, 113.65, 120.3.28, 127.40, 127.67,
128.14, 128.27, 128.37, 128.41, 128.55, 128.65,082929.29, 135.75, 136.21, 137.07, 139.15,
139.36, 145.60, 156.33. HRMS (ESI) calcd. fagHGsN.0O4S [M+H]", 536.1896; found, 536.1900.

4.2.3. Synthesis of N-benzyl-N-(3-(benzyloxy)-tphenyl)-[1,1'-biphenyl]-4-sulfonamidé)

16



The alcohol6 (0.87 g, 1.63 mmol) was stirred with anhydrous,CH (50 mL) and heated slowly
until reflux. Activated MnQ@ (1.42 g, 16.0 mmol, 10 eq.) was added in smalliguag over 15 min.
Reflux was maintained for 10h after which the r@actwas monitored by TLC. The reaction
mixture was cooled to room temperature and filtehedugh celite using Ci€I, for washings. The
yellow filtrate was concentrated under vacuum dfiedr by flash column chromatography (ethyl
acetate/cyclohexane 10:90) to raise the aldefy@@3% yield) as yellow solid foantH NMR
spectrum (CDG} 500 MHz):5 = 4.77 (s, 2H, Ch), 5.03 (s, 2H, Ch), 6.62-7.70 (m, 22H, CH),
10.40 (s, 1H, CHO)™C NMR (CDCk, 125 MHz): 54.14, 70.69, 114.48, 119.32, 124.04.30,
127.35, 127.60, 127.89, 128.12, 128.38, 128.55,782829.13, 135.18, 135.58, 136.60, 138.98,
145.69, 146.03, 160.93, 188.77. Anal. HRMS (ESIpdafor GyaHpaNo0sS [M+H]", 534.1739;
found, 534.1735.

4.2.4. Synthesis of (N-benzyl-N-(3-(benzyloxyR4qtmylhydrazono)methyl)phenyl)-[1,1'-
biphenyl]-4-sulfonamid¢s)

Aldehyde7 (0.20 g, 0.37 mmol) was heated in boiling EtOH (20) until complete dissolutiorN-
formyl hydrazine (0.07 g, 1.12 mmol, 3 eq.) wasetigortionwise and the reaction maintained
under reflux for 12 h. The mixture was then exedowith ethyl acetate, washed with brine, dried
over NaSQq, and concentrated in vacuum. Chromatography aagiel, using a gradient of ethyl
acetate/cyclohexane and 0.1% of triethylamine asne] gave produ@ (79% yield) as light yellow
sticky solid.'H NMR (CDCk, 500 MHz):8 = 4.75 (s, 2H, CH), 4.93 (s, 2H, CH), 6.58-8.15 (m
23H, CH), 8.72 (d, 1H, CHO), 9.28 (bs, 1H, NHjC NMR (CDC}, 125 MHz): 61.44, 70.17,
113.66, 120.37, 127.29, 127.41, 127.67, 127.49,1628 28.28, 128.38, 128.42, 128.55, 128.66,
129.01, 129.30, 135.76, 136.22, 137.08, 139.16,363945.61, 156.34. HRMS (ESI) calcd. for
CasH2gN20,S [M+H]*, 576.1957; found, 576.1951.

4.2.5. Synthesis of N-{4-[(E)-(2-formylhydrazingin)methyl]-3-hydroxyphenyl}biphenyl-4-

sulfonamidg1a)
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Pd/C (10%, 0.2 equiv) was added to a solutio8 @.5 g, 0.87 mmol) in ethyl acetate (10 mL). The
mixture was refluxed under hydrogen at atmosphaméssure. After consumption of the required
volume of hydrogen, the mixture was filtered onitéeland the filtrate was concentrated under
reduced pressure. The solid was purified by coluhromatography (ethyl acetate/cyclohexane
40:60) (81% yeld) as pale yellow solid; m.p. 243%-2€.*"H NMR (CDs;COCD;, 500 MHz):§ =
6.84-8.18 (m, 13 H), 8.36 (s, 1BynCHO), 8.74 (s, 1Hanti-CHO), 9.42 (bs, 1H, NH), 10.34 (bs,
NH), 10.67 (bs, 1H, CHO), 11.42 (bs, 1H, OLC NMR (CD;COCD, 125 MHz): 107.65, 111.23,
111.63, 114.89, 115.26, 128.06, 128.39, 128.41,6028.29.38, 129.40, 129.94, 132.38, 132.92,
139.57, 139.85, 141.72, 142.03, 146.33, 147.85,6850157.15, 159.17, 164.40. HRMS (ESI)
calcd. for GgH1gN304S [M+H]", 396.1018; found, 396.1021.

4.2.6. Synthesis of 4-[benzyl(biphenyl-4-ylsulfyaryino]-2-(benzyloxy)benzoic adif)

To a solution of esteb (2.46 g, 4.36 mmol) in a THFA® mixture (1:1, 50 mL) LiOH (0.52 g,
21.82 mmol, 5 eq.) was added. The reaction proceer reflux for 24 h. The reaction mixture
was netraulized with a 6M solution of HCI and eteal with EtOAc. The combined organic layer
was collected, dried over anhydrous,8@, and concentrated under reduced pressure to give a
white residue, which was purified by silica gel @matography (EtOAc: Hexane, 30:70) to gire
as off white solid foam in 76% vyieldH NMR (CDCk, 500 MHz):8 = 4.82 (d, 2H, Ch), 4.99 (d,
2H, CH), 6.79-7.94 (m, 22H, CH), 12.68 (s, 1H, OFC NMR (CDCE, 125 MHz): 54.03, 72.17,
114.83, 117.29, 119.91, 127.25, 127.62, 127.81,9P27128.04, 128.34, 128.56, 128.67, 129.00,
129.01, 133.69, 134.19, 134.97, 136.35, 139.35,7P44146.09, 157.39, 165.12. HRMS (ESI)
calcd. for GaHogNOsS [M+H]*, 550.1688; found, 550.1691.

4.2.7. Synthesis of 4-[benzyl(biphenyl-4-ylsulfyayino]-2-(benzyloxy)benzoyl chlorid#0)

To the acid® (0.85 g, 1.55 mmol) SO&(8 mL) was added. The reaction was refluxed forafter
which the excess thionyl chloride was removed un@@uum and the product was used without
further purification.

4.2.8. Synthesis of 4-[benzyl(biphenyl-4-ylsulfyamypino]-2-(benzyloxy)benzamidel)
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To chloride10 (0.60 g, 1,06 mmol), in C¥N (30 mL), trifluoracetamide (0.18 g, 1.59 mmahb 1
eg.) was added. The reaction was conducted for. Enlally, the product was purified by flash
chromatography (EtOAc/Hexane, 40:60) to gk (64% yield) as white sticky solidH NMR
(CDCls, 500 MHz):8 = 4.77 (s, 2H, Cb), 5.03 (s, 2H, Ch), 5.63 (bs, 2H, Nb) 6.61-8.05 (m, 22

H, CH). *C NMR (CDCk, 125 MHz): 52.02, 72.39, 114.86, 117.08, 119.9%.33, 127.28,
127.65, 127.95, 128.06, 128.24, 128.37, 128.60,722829.12, 133.88, 133.97, 135.00, 136.35,
138.88, 144.88, 146.13, 157.27, 164.73. HRMS (ESKd. for G3H»eN,04S [M+H]", 548.1770;
found, 548.1775.

4.2.9. Synthesis of 4-[(biphenyl-4-ylsulfonyl)anp@enydroxybenzamidgl2)

Pd/C (0.04 g, 0.338 mmol) was added to a solutiohl0(0.2 g, 0.36 mmol) in ethyl acetate (10
mL). The mixture was refluxed under hydrogen atadpineric pressure. After consumption of the
required volume of hydrogen, the mixture was fdteon Celite, and the filtrate was concentrated
under reduced pressure. The solid was purified kylunen chromatography (ethyl
acetate/cyclohexane 40:60) to gi¥@ (80% vyield) as white solid; m.p. 285-286 °tHl NMR
(CD;COCDs, 500 MHz):8 = 6.78-7.89 (m, 12 H), 7.22 (bs, 2H, BH.45 (bs, 1H, NH), 13.11 (s,
1H, OH). **C NMR (CD;COCD;, 125 MHz): 107.67, 109.99, 110.62, 110.89, 12818%3.47,
128.59, 129.41, 129.60, 129.63, 129.94, 139.54,863944.30, 146.43, 164.32, 173.38. HRMS

(ESI) calcd. for GaH17N,04S [M+H] *, 369.0909; found, 369.0904.

4.3. Biological Evaluation

4.3.1. Measurement of HDAC Activity against HeL# Raclear Extract

HDAC inhibition was measured by a HDAC fluorometcug screening kit procured from

Biovision (catalog number K340-100). The kit wasedisaccording to the manufacturer's
guidelines. The candidate compounds, assay budfed, HDAC fluorometric substrate, which

comprises an acetylated lysine side chain, wereddol HeLa nuclear extracts in a 96-well plate

and incubated at 37 °C for 60 min. The reaction stapped by adding lysine developer, and the
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mixture was incubated for another 30 min at 37 An. additional positive control included
incubation with double-distilled water, and the ibitor control consisted of incubation with
Trichostatin A (TSA) at 2QM. HDAC activities were quantified by a fluorescenglate reader
with excitation at 370 nm and emission at 450 nrhe T™ata analysis was performed using

GraphPad Prism 6.0.

4.3.2. Cell Lines and Cell Culture

For cell culture experiments, human head and neclkaraous cell carcinoma (HNSCCs) were
obtained from University of Michigan (Ann Arbor, bhigan) All cancer cell lines were grown at
37 °C under humidified air supplemented with 5%,@ODMEM containing 10% fetal calf serum,

120 pg/mL streptomycin. The cells were grown to 70—-808afluence before using them for the

appropriate assays.

4.3.3. MTT Cell Viability Assay

The rate of cell survival under the action of tegbstances was evaluated by an improved MTT
assay as previously described.[39] The assay isdbas the ability of viable cells to metabolize
yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltazolium bromide (MTT, Applichem,) to violet
formazan that be detected spectrophotometricailyarief, HN6, HN12, and HN13 cell lines were
seeded in 96-well plates (Corning, USA). After 24&élls were exposed to increased concentrations
of the test compounds. Incubation was ended afi@itianal 24 h, and cell survival was determined
by addition of MTT solution (5 mg/mL in phosphataffered saline). The formazan precipitate was
dissolved in DMSO (VWR, USA). Absorbance was meeduat 590 nm in an FLUOstar

microplate reader (BMG LabTech).

4.3.4. Western Blot

HN13 cells were treated with compounbsand12 and lysed with lysis buffer containing 0.2 M
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Tris pH 7.5, SDS 20%, 14.3 M 2-betamercaptoetamol jprotease inhibitors at 4 °C, and the
supernatant was obtained after centrifuged at 16p60 4 °C for 10 min. A BCA protein assay
reagent kit (Beyotime Institute of Biotechnologyasvused to quantify the protein concentration.
Identical amounts of protein from each sample () were applied for SDS-PAGE and then
transferred to the polyvinylidene difluoride memia(Millipore, USA). The membranes were
blocked for 1h at room temperature with 5% milk andubated with PTEN (Cell Signaling

Technology, 9559), Antiacetyl-Histon H3 (Cell Siging, USA) and GAPDH (EMD Millipore,

CB1001) primary antibodies. Membranes were therubated with the IgG-HRP conjugated

secondary antibody, and immunoblots were develogetdy a chemiluminescent-HRP substrate.

4.3.5. Immunofluorescence

HN13 were seeded onto glass coverslips, incubdt8d 2C overnight and treated with compounds
laand12for 24 h. The cells were then fixed with 4% parafaldehyde, permeabilized with 0.5%
Triton X-100, washed with PBS and blocked with 3étibe serum albumin (BSA)/PBS. Samples
were incubated in anti-AcH3 primary antibody (C8lignaling, USA) for 2 h, followed by
incubation with TRITC-conjugated anti-rabbit (Safeuz, USA) for 1 h. The samples were then
stained with Hoechst 33342 (Invitrogen, H357C) il to 15000 in BO. Coverslips were
mounted in Fluoroshield (Sigma, UpMounting medium. Images were taken using a QImaging
ExiAqua monochrome digital camera attached to aNikclipse 80i Microscope (Nikon, Melville,

NY) and visualized with QCapturePro software.

Appendix A. Supplementary data

Supplementary data related to this article carobed at http://dx.doi.org/
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The changes have been marked in yellow
Please, arrangethe paragraph 2.1 asfollow:

2.1. Molecular drug design

Nowadays, the design of new HDACIs is principalbgdsed on changing the capping group and
the linker domain given that the hydroxamic aciddtionality is the best ZBG. We, on the search
of new non-hydroxamates HDACIs, designed four n&@GZ on the basis of the three-dimensional
structure of the active site of the HDAC8 enzynmefalct, with the exception of HDACS, functional
HDACis were found as high-molecular-weight multigio complexes, and most purified
recombinant HDACIis are enzymatically inactive [2@lerefore, HDACS8 is the best model among
mammalian HDACIs, if we look at it from a structlbaology perspective. So, looking at the pose
of TSA in the co-crystallized structure with thenan HDACS8 (PDB ID: 1T64) and considering
that hydroxamic acid group chelates the zinc ioa inidentate fashion and forms hydrogen bonds
with Tyr306 and Aspl178 (Fig. 2B) we designed, as @BGs, a (2-formylhydrazinylidene)methyl
(@), a [2-(trifluoroacetyl)hydrazinylidene]lmethyb)( a (2-formylhydrazinyl)carbonyl (c), and a
(trifluoroacetyl)carbamoyl (d) moieties (Fig. 2A)high could coordinate the zinc ion bi- or
tridentately and could also form hydrogen bondhwiyr306, Aspl178, and, probably, with other
amino acids at the bottom of the channel (Fig. ZB)ntemporarily, we choose as linkepara
disubstituted benzene carryingartho to ZBG a hydroxyl functionality that, in principleould be
further involved in the zinc chelation. Finally,rfthe CAP we focused on the bifenilsulfonamide
basing on an extensive

QSAR modeling study of sulfonamide HDACIis [23]. Thew four moleculeda—d have been

represented in Figure 2A.
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Fig. 2. A) Chemical structure of the new designed potéhrti2ACis 1la—d. B) Interactions of TSA in the co-crystallized

structure with the human HDACS8 (PDB ID: 1T64) andgosed tridentate chelation of the ZBGlafwith Zr?*.



In paragraph 2.3.1. lines 7 and 9 please substitute:
“The transcribed proteins, analyzed by a Westeoh &say as described in material and method
with
“The transcribed proteins, analyzed by an immuraréiacence assay as described in material and
method ...”
and
“Consistently, Western blot analysis revealed T34 alone, ...”
with

“Consistently, the immunofluorescence analysis agethat TSA alone, ...”



