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Compound 17 downregulated PD-L1 expression in INF-y treated H1975 lung cancer cells.
Compound 17 in combination with afatinib enhanced antitumor efficacy.
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Abstract: This study reports the synthesis of a series afoldisoindoline hydroxamic acids
employing N-benzyl, long alkyl chain and acrylamigdsgts as diverse linkergn-vitro studies led

to the identification of N-benzyl linker-bearingmpound {0) and long chain linker-containing
compound 17) as dual selective HDACG6/HSP90 inhibitors. Compoui displays potent
inhibition of HDACG6 isoform (IGo = 4.3 nM) and HSP90a inhibition (4= 46.8 nM) along with
substantial cell growth inhibitory effects with o 0.76 UM (lung A549) and g= 0.52 uM
(lung EGFR resistant H1975). Compouttildisplays potent antiproliferative activity agaihstg
A549 (Gko= 0.37 uM) and lung H1975 cell lines @+ 0.13 pM) mediated through selective
HDACS6 inhibition (IGo = 33.3 nM) and HSP90 inhibition (¢ = 66 nM). In addition,
compoundl? also modulated the expression of signatory biosrarkssociated with HDAC6 and
HSP90 inhibition. In then vivo efficacy evaluation in human H1975 xenograftg, induced
slightly remarkable suppression of tumor growthhbiot monotherapy as well as the combination
therapy with afatinib (20 mg/kgMoreover, compound? could effectively reduce programmed
death-ligand 1 (PD-L1) expression in IkNreated lung H1975 cells in a dose dependent nmanne
suggesting that dual inhibition of HDAC6 and HSR@@ modulate immunosuppressive ability of

tumor area.

Keywords: Isoindoline, programmed death-ligand 1 (PD-LIlistone deacetylase, Heat shock

protein, lung cancer



1. Introduction

Non-Small Cell Lung Cancer (NSCLC) accounts for entiran 85-90 % of all lung cancers, a
disease which is the leading cause of cancer-tetatertality’ Arising from a complex series of
genetic and epigenetic changes, NSCLC leads tontradled cell growth and metastases and has
a poor prognosis> Several chemotherapy regimens have demonstrdiedosf but the existing
therapies have not been able to obtain satisfagtesuylts in improving survival of NSCLC
patients. Often subclassified as molecularly defined onoegaddicted tumors, NSCLC suffers
from the development of therapeutic resistancargeted agenfs’ These factors clearly confirm
the need for exploration afiverse mechanisms to accomplish therapeutic dsneflung cancer
along with a comprehensive understanding of theemgér heterogeneity in NSCLC that is
necessary to design new anticancer agents.

The last decade has evidenced an exponential ser@athe number of investigations on
NSCLC by targeting of histone deacetylase (HDAQ)yemes and heat shock protein 90 (HSP90)
chaperone proteins. HDAC inhibitors induce relidf toanscriptional repression in various
leukemias and are considered to be a key to eptigerancer therapy® Several FDA approved
HDAC inhibitors such as SAHA1}*, PXD101 @)*, LBH589 @) and Valproic acid4)***
have been extensively investigated in NSCLC attimcal and the preclinical level. In addition
to induction of apoptosis in NSCLECor demonstration of synergistic antitumor efficaioy
combination studies with established therapetfti¢&'® HDAC inhibitors have also exhibited
potential for sensitizing NSCLC to ionizing radats° These facts place this therapeutic class in
the forefront of the investigations presently beaamgpducted for NSCLC. Concomitantly HSP90
inhibition has also emerged as a logical stratagyrug design for NSCLC. HSP90 is a chaperone

protein that protects other cellular proteins frdegradation by the ubiquitin-proteasome system



in conditions of stred§ Preclinical HSP90 inhibitors are endowed withnificant potential in
NSCLC, either alone or in combinatiéhin particular, second generation HSP90 inhibiarsh

as IPI-504 §)?3, BIIB021 (6)**, AUY922 (7)?°, Ganetespib8)?® and AT13387 9)*’ have shown
promise in distinct molecular subtypes, such as AKRAS, EGFR, and HER?2 in early clinical
trials. Despite the documented promise in predingtudies and early phase clinical trials, HSP-
90 inhibitors have not been able to replicate théfctiveness at higher stage clinical stfges.

% Thus, fabrication of rationally designed stratsdiz extract the potential of HSP9O0 inhibition is
required to ascertain conclusive benefits in NSCLC.

It has been well reported that HDAC inhibitors indwacetylation and inhibit the ATP binding
and chaperone functions of HSP90 leading to theadiadjon of pro-survival client proteins in
human leukemia celf&;* Synergistic reports of pan HDAC and selective HIBAhibitors with
HSP90 inhibitors further rationalizes this biocheairelatiori*. Moreover, a recent investigation
by Deskinet al. reported that targeting the HDAC6/HSP90 Axis totaletize the notchl receptor
in NSCLC may offer therapeutic benefits in NSCLChath HDAC6 and HSP90 regulate Notchl
receptor levels through the ubiquitin proteasonstesy®” In light of these optimistic revelations,
development of dual HDAC-HSP90 inhibitors is amated to yield favorable outcomes in
NSCLC therapy.

Our previous investigations on small molecule HDA®ibitors revealed key structural
insights critical for modulating the enzymatic aitr and influencing the cellular activity. These
identified structural features include a flexikyjlin the chemical nature of the CAP constructs that
tolerates variability from bicyclic planar to notepar/partially hydrogenated (6,6/6,5-fused)
heteroaryl rings as well as the linkers and thicatipoint of attachment of the zinc binding motif

to the heteroaryl rings® *’ Capitalizing on this structural information, theepent study broadens



the investigation parameters of our ongoing drsgalrery program towards the design of HDAC
inhibitors capable of modulating the HSP90 chaperohhe design strategy involved the
utilization of amide tethered resorcinol-isoindelifunctionality as an extended CAP component
of the HDAC inhibitory scaffold. The resorcinol fnrment has been recognized as a crucial

structural unit present in several second generai®P90 inhibitoré® % 26273

nd serves as a key
binder associated with the ATP binding site of HSP®8oteins by means of an appropriate fit in
the hydrophilic and hydrophobic regions of the piof. Specifically, the selection of isoindoline
- resorcinol adduct as the surface recognition wag influenced due to the following reasons : a)
recent optimistic reports of N-heterocyclic ringked resorcinol adducts as HSP90 inhibitSis)
existence of the structural unit composed of isoliné core condensed with resorcinol ring in the
chemical architecture of AT-13387, a second germm@raiSP90 inhibitor undergoing clinical
studies in NSCL&' c) recent study by our research group demonsiyétia potential of indoline
based hydroxamic acids as dual HDAC/HSP90 inhibitirMoreover, several alterations were
attempted in the chemical architecture of desigmgatids in the context of the linker type (long
chain alkyl, benzyl and acrylamide functionalitifpwever the positioning of zinc binding motif
on the non-planar isoindoline ring using diversdeéirs was kept constant. With this background,
we report herein the synthesis and biological estadn of a series of 1l-aroylisoindoline-
hydroxamic acids as dual inhibitors of HDAC and K98PIn addition to enzymatic and cellular
activity (in-vitro and in-vivo), the potential of the synthetic compounds to
upregulate/downregulate the expressions of sigpabaymarkers associated with HDAC and
HSP 90 inhibition was investigated. A docking studgs also performed to examine the key

interactions of the designed synthetic compounus,selected compounds, with the amino acid

residues and support the basis of inhibition of HIBAisoform along with the HSP90 chaperone.



The effect of one of the potent hydroxamic acid \a® studied on the IFN-4induced PDL-1
expression in H1975 lung cancer cells to evaluagepotential of dual HDAC/HSP9O0 inhibition

towards the modulation of immunosuppressive ahilfttumor area.

2. Results
2.1 Chemistry

Synthetic routes for the designed compounds aret@epin Schemes 1, 2 and 3. Scheme 1
illustrates the synthesis of the N-benzyl linkeséxd target compound and the methodology starts
with the nitration of isoindoline19) which yields nitroisoindoline 20, yield 50 %) with a
moderate yield. This nitrated isoindoline was sotgid to EDC/HOBT assisted amidation with
2,4-bis(benzyloxy)-5-isopropylbenzoic acid to gexerthe amide 20, yield 70 %) which
underwent Fe/NKC| mediated nitro reduction to produce the primamine @2, yield 80 %)
which on reductive amination yielded the secondanmne 23, yield 75 %). Lithium hydroxide
assisted ester hydrolysis @B produced the carboxylic aci®4, yield 96 %) which upon
amidation with NHOBn followed by BCi-catalyzed debenzylation furnished the target
hydroxamic acid 10, yield 97 %).

To establish the influence of various linkers om thioactivity, long chain linker based
hydroxamic acids 11-17) were synthesized using the strategy shown in 18eh@. The
implementation of the similar methodology i.e EDOBIT mediated amide bond formation with
alkoxyalkanoic acids26-31, yields 73-86 %), ester hydrolysi82¢38, yields 91-97 %) and
amidation with NHOBnN afforded the intermediate39-45 (yields 71-82 %)which were
debenzylated using 10% Pd/C in MeOH in a hydrogenatessel with KHat 40 - 42 psi to afford

the desired hydroxamic acid$1¢17, yields 70-78 %)Attempts to further ascertain the linker-



activity correlation led us synthesize a shortdinkan acrylamide bearing a hydroxamic gai).

The synthetic route to the target compourd®) (begins with the NaBH reduction of 5-
bromoisoindoline-1,3-dioned6) to 5-bromoisoindoline4, yield 59 %) Amidation of47 with

2,4-bis(benzyloxy)-5-isopropylbenzoic acid8( yield 75 %) followed by Pd(OAg)xatalyzed
Heck olefination with methyl acrylate yielded thetarmediate49 (yield 53 %). The Heck
coupled product49) underwent lithium hydroxide assisted ester hydisl amidation with
NH,OBn and B{ catalyzed debenzylation to produce the targetd»amic acid {8, yield 66

%).

2.2 Biological evaluation
2.2.11n vitro cytotoxicity studies

The synthesized compounds were assayed for grahthition of non-small cell lung cancer
A549 and H197%ells The Gk values, defined as concentrations of the compotiratsnduced
50% cell growth inhibition were determined and swmmarized results are shown in Table 1.
SAHA (1), an FDA approved HDAC inhibitor and BIIBO2B)( an orally available small-
molecule HSP90 inhibitor were employed as standardke study. The synthetic compounds
were designed to ascertain the impact of diverseets, i.e the N-benzyl, long alkyl chain and
acrylamide linker on the cellular activity. Amongettested compounds, compoucbearing the
N-benzyl linker exhibited the most substantial tykic effects against A549 cell lines and
H1975 cell line with GJy values of 0.37 uM and 0.13 pM, respectively. ltsviateresting to
observe that the cell growth inhibitory effectsl6fagainst A549 and H1975 cell lines were more
pronounced than those &f which was the standard employed. Specificallg, #¢ffects of10

against non-small cell lung cancer cell lines H18&B lines were higher than those of both the



standards employed. @nd6). Use of the alkyl chain in place of the N-benkigker failed to
yield favorable results in the context of potenmtigtthe antiproliferative effects in a relative
comparisonAmong the alkyl chain linker bearing compounds, poomd11 (n = 2) exhibited
significant cell growth inhibitory effects againsbth NSCLC cell lines with higher sensitivity
towards H1975 cell lines (kg value = 0.39 uM). In general, a variable cytotgxiofile of alkyl
chain linker based compoundel{17) was observed towardise cell lines tested. It was observed
that extending the linker length to n = 3 led tardatic loss of activity as evidenced by compound
12. Potency was found to be regenerated by extendsgidthylene chain length as in compound
13 (n = 4) but an exact dependence of linker lengith @ compound’s ability to exhibit cellular
activity was found to be variable for compourd@®s17, (n = 4-8). Compound? (n = 8) displayed

a balanced cytotoxic profile against both the NS@ed lines with Gp = 0.76 uM in A549 cells
and Gko= 0.52 pM in H1975 cells. Further introduction of acrylamide linker at position 5 of
the isoindoline ring18) led to selective antiproliferative effects ab®tbld better against H1975
cell line (Gkp = 0.32 uM) than against the A549 cell line {§+ 2.74 pM), however it turned out
to be less effective than its counterpart (compalB)dearing the N-benzyl linker. In general, all
the compounds except compouriBsand 15 displayed a similar trend of higher effectiveness
towards H1975 cell lines. Overall, compourd@s11 and17 have significant inhibitory potential

against both the NSCLC cell lines employed.

2.2.2 HelLanuclear HDAC enzyme inhibition and Heat Shock protein 90 inhibition
Evaluation of HDAC inhibitory activity using HeLaunlear extract as the HDAC source was
conducted (Table 2). The correlation of the HDAGilmtory activity of the synthetic compounds

with the linker length led to interesting resultslademonstrated that the length of the linker for



compoundll - 17 was instrumental in modulating the HDAC inhibitidh was observed that
compoundsll - 13 (n = 2-4) were devoid of HDAC inhibition and exsgmn of linker length
beyond n = 4 induced the inhibitory potential tossathe HeLa HDAC. The long chain link&s,
bearing a hydroxamic acid (n = 6) and possessi@géme combination of the linker and the zinc
binding motif as that of compourt displayed the most potent inhibitory activity wit@so =
168.3 nM. Among the three most cytotoxic compoub@sll, 17, only 17 (n = 8, 1G, = 388.8
nM) exhibited HeLa nuclear HDAC inhibitory potentidhe hydroxamic acid40 (with benzyl
linker) and11 (n = 2) displayed diminished activity against tHeLa HDAC. Contrary to the
results of HeLa HDAC inhibition, an HSP90 inhibjoassay, employing compourtl as a
standard indicated that all the compounds are p#&#90 inhibitors with Ig values ranging
from 42.2 - 135.6 nM (Table 2). In particular, fvnounced effects of compount417 (n = 5-

8, IC50= 42.2 — 46.8 nM) against the chaperone proteirhayeer than those of the standaéyl (
Compoundd5 [(ICso = 43.9 nM (HSP90), 168.3 nM (HDAC)] aié [(ICso = 42.2 nM (HSP90),
198.9 nM (HDAC)] were found to be the most potemaldnhibitors of HeLa HDAC and HSP9O0.
Overall, the ability of the compounds to inhibit P protein was influenced only marginally by
the linker length and could be attributed to thespnce of isopropyl resorcinol fragment in the
chemical architecture of the synthesized compouAllishe three potent antiproliferativdg, 11
and17 modulated the activity of HSP90 witl s, values of 66, 123.1 and 46.8 nM, respectively.
Compoundl8 failed to alter the activity of the HeLa HDAC emag and only modulated the

HSP9O0 activity.

2.2.3HDAC isoform inhibition



Isoform selective inhibitory effects were examinfed the synthesized adducts towards the
HDAC 1, 3, 6 and 8 isoform employing trichostatina& the reference compound. The results
summarized in Table 3 indicate that HDACG6 isofor@amsvthe most sensitive to the exposure of all
the compounds. The impact of the linker variationHDACS6 inhibition was clearly observed
with the N-benzyl group and a long chain linker=(8-8) demonstrating favorable trends towards
the inhibition of HDACG6 isoform. Compount0 bearing the N-benzyl linker was effective in
inhibiting the HDACG isoform (Igp = 33.3 nM) with a selectivity of 300 and 296 fadder
HDAC1 and 3. In addition, adductl0 also moderately inhibited the HDACS8 isoform.
Concomitant evaluation of the HDAC isoform inhibitability of the long chain linker bearing
hydroxamic acids 1(1-17) revealed an interesting linker-HDACG6 inhibitioelationship. The
correlation of results presented in Table 1, 2 Z&usthowed that compourid (n = 2) induces cell
growth inhibitory effects against the NSCLC soléhyough HSP90 inhibition and is devoid of
inhibitory effects against the HDAC isoforms. A dratic amplification in the HDACG6 inhibitory
activity was observed on extension of the methylgmen from11 (n = 2, 1Cs0 >10,000 nM), to
12 (n = 3, IGo = 68.6 nM), but a further increase in the chamgta (n = 4, 1Gy, = 330 nM) did
not replicate the similar positive trends toward3A€ 6 inhibition. A continuing variable pattern
was seen in the influence of chain length on enzigneectivity and lengthening the methylene
chain from n = 4 to n = 5-8 led to marked increiasthe activity profile of hydroxamic acid&4-

17) against the HDACG6 isoform. The hydroxamic acité17) were endowed with 1§ values in
single digit nanomolar range (HDACG6 inhibitioQverall, a linker length of n = 6 - 7 was the
most suitable for inducing HDAC 6 inhibition andnepoundsl5 (n = 6, 1Go = 2.21 nM and 16

(n =7, 1Go = 2.12 nM) were identified as the most potent HBAGhibitors exhibiting higher

HDACSG inhibitory effects than even the standardhostatin A {, ICso = 2.60 nM). Compound



15 displayed 250, 175 and 683 fold higher selectifaty HDAC 6 than the HDAC1, 3 and 8
isoforms. Similarly, inhibitod6 also exerted preferential effects against the HBAgdform with

a selectivity ratio of 507 for HDAC1/HDACG6, 233 fdHDAC3/HDAC6 and >4716 for
HDACS8/HDAC6. Among the three most potent cytotog@mmpoundslO, 11 and17, the HDAC6
isoform was most significantly inhibited Hy with an IG value of 4.32 nM. Compount¥ was
also highly selective against HDAC6 in comparisotHDAC1, HDAC3 and HDACS by factors
of 434, 303 and 861 respectively. The insertion tbé -C=C- linkage between N-
hydroxyaminocarbonyl and isoindoline ring] led to significant loss of the enzymatic potency
(HDACS6) and the acrylamide linker containing hydaaxc acid 18) displayed only moderate
inhibition of the HDACG. In summary, this study ¢oms the influence of diverse linkers on the

selective HDAC 6 inhibition.

2.2.4 Western Blot Analysis

In view of the balanced modulation of HeLa HDAC, NO6 isoform and HSP90 along with
the potent antiproliferative effects against NSCL@e ability of compoundl17 to
downregulate/upregulate the protein levels of irtgoar biomarkers associated with intracellular
HDAC inhibition was determined. For the westerntlaloalysis, H1975 cells were treated with
or SAHA at the indicated concentrations for 24 hg@Fe 2). The results demonstrate that
compoundl? induced upregulation of acetylategttubulin in a dose-dependent manner and this
feature is consistent with the signatory featurdHBACG6 inhibitors. Western blot analysis was
also conducted to evaluate the degradation of pleltHSP90 client proteins triggered by
compound17 in concentration and time-dependent manners. Ei@A presents the results

obtained when H1975 cells were treated with DMSO0®3-3 uM of test compoundsiy,



BIIBO21, and Tubastatin A) for 24 h and Figure 3igents the results for the treatment of
H1975 cells were treated with| BV of 17 for indicated times. Acetylated-tubulin was induced
much greater by7 compared to Tubastatin A at the same concentsa(ieigure 3A). A notable
induction of chaperone protein HSP70 and downregulaof the well-known HSP90 client
protein Akt were observed in cells (Figure 3A). $&eresults represents the characteristic
molecular signature of HSP9O0 inhibition. In additi@ctivated Akt (p-Akt Ser473) was reduced
at early 6 h treatment time point followed by doagulation of activated Stat3 (p-Stat3 Tyr705)
at 12 h time point. We further comparg&dwith another reference compound AT-13387 which is
also consisting of resorcinol tethered isoindoliimeg to inhibit HSP90 activity. As shown in
Figure 3C, both ofl7 and AT-13387 exhibit potent inhibitory activity osurvival signals
(activated Akt and Stat3). Although it has beenoreggl AT-13387 downregulates HDAC6
expression to stabilize the acetylatetlbulin®, our result show47 is a more potent inducer of
acetylated tubulin than AT-13387 at the same cadmagons, suggesting7 may have more
impacts of microtubule-associated proteins to ragukell migration compared to AT-13387.
Taken together, the results confirm that the ci#ling effects of 17 stems from modulation of
HSP90 protein in addition to HDAC inhibition.

Moreover, compoundl?7 activates cell accumulation at the subG1l phaseshasvn by
propidium iodide staining and flow cytometry anaygFig. 4A), suggesting compounty
displays potent cytotoxicity against H1975 canadlsc We further observed that compouliti
induces concentration-dependent activation of esE8/9, PARP, angH2AX (Fig. 4B),

indicating that compound7 is a potent inducer of apoptosis in H1975 lung eawcells.

2.2.5 Molecular modeling study



A molecular docking study was performed for compmtat0 and17 to identify the important
interactions with the amino acid residues of HSBAG HDACG6. The docking protocol used in
this study was first validated by redocking thececgstallized ligands of HSP90, HDAC1 and
HDAC6 (Fig. 5). The co-crystalized ligand of the AD3 structure was not included for
validation because it is an acetate molecule thas wsed for the refinement process of
crystallizatior’. The redocked ligands produced poses similar ¢sethof the co-crystallized
ligands for HSP90, HDAC1 and HDACS, indicating thatational docking protocol was used.

It was observed that when compoutid binds to HSP9O, it adopts a U-shape (Fig. 6). The
compound structure can be divided into four gro@sup 1 is composed of 2,4-dihydroxy-5-
isopropylbenzoyl functionality. This group formsdmggen bonds with residues N51, D93 and
T184 in HSP90 and is also involved in hydrophobiteiactions with residues F138 and T184.
Group 2 consists of an N-(2,3-dihydro-1H-isoindefdformamide moiety and forms hydrogen
bonds with residues K58 and G108. Both Group 2 @noup 3, which consists of an eight
carbon-chain occupy a hydrophobic pocket and intevath residues A55 and M98. These
interactions sandwich Group 2 and Group 3 alongptltier rim of the HSP90 binding site (Fig. 6).
Group 4 consists of a hydroxamic acid moiety anmh¥slved in hydrogen bonding interactions
with residues E47, N51 and G137 of the proteinsThoiety binds to the entrance of the binding
site and forms additional hydrogen bonds (Figsa64 6B).

Compoundl10 displays a similar docking pose and can also Ipara¢ed into four groups.
Group 1 consists of a 2,4-dihydroxy-5-isopropyla®riznoiety and creates hydrogen bonds with
residues N51, D93 and T184. Group 2 and Group Bagom 2,3-dihydro-1H-isoindol-5-amine
and a benzyl moiety, respectively (Fig. 6D). No togen bonds were observed with these groups.

This may account for the weaker activity of compbu® towards HSP90 as compared to



compoundl?7. Hydrophobic interactions with residues A55, M3@& ar109 sandwich Group 2
and Group 3 along the outer rim of the binding gf&y. 6C). Finally, Group 4 bearing a
hydroxamic acid moiety forms hydrogen bonds witilNG135 and F138. These hydrogen bonds
differ from those observed with compouhd Compoundl?7 contains an eight-carbon chain at
Group 3 which increases its overall length. Assailte compoundO is unable to create hydrogen
bonds with the same residues as compoard Together, these interactions suggest that
compoundl7 and compoundO anchor to the binding site and thus inhibit HSRg@tion.

Compoundsl7 and 10 were docked to HDAC6 and the interactions betwthencompounds
and the catalytic site were analyzed. HDAC inhitsittypically contain three conserved structures:
a cap that obstructs the binding site entrancekan that connects the two structures and a zinc
binding group (ZBG}? Both compound.7 and compoundO contain these structural hallmarks
where Group 1 and Group 2 act as the cap cons@uotip 3 forms the linker and Group 4 acts as
a zinc binding group (Fig. 7A-B). The cap of compdd? creates hydrogen bonds with residues
S564, F566 and 1569. The linker of compoudiidspans the hydrophobic channel of HDAC 6 and
hydrophobic interactions are observed with residé20. The ZBG of compount¥ extends into
the HDACG catalytic site. Compourdd contains a hydroxamate acid as the ZBG and codsdina
to the zinc ion in a bidentate mode (Fig. 7C). Aiddial hydrogen bonds are formed with nearby
residues. For example, residue H610 forms a hydrdgend to the hydroxamate N-O group
(distance 3.1A) and residue G619 forms a hydrogew o the hydroxamate NH group (distance
3.0A). These interactions suggest that compolinctreates sufficient interactions within the
HDACSG catalytic site.

An analysis of compoundO was performed and compared to compoaiid Compoundl0

contains the same cap structure (Fig. 7B). Thigities similar hydrogen-bonding interactions



with residues S564, F566 and 1569 at the periploérhe HDACG6 binding site. The linker of
compoundlO spans the hydrophobic channel of the binding(Fiig. 7B). CompoundO contains

an aromatic ring-based linker, making it more rithdn compound?7. Hydrophobic interactions
occur between the linker and residues H651, F680LAA9. The ZBG of CompountD contains

a hydroxamic moiety attached to a sterically buditpmatic ring. It has been reported in the
literature that compounds with sterically bulky stitbents, such as ACY-1083, coordinates to
the HDAC 6 ZA" in a monodentate fashidh** A water molecule was added to the binding site
during the docking analysis. The docking resultvetw compoundO coordinates to the Zhin

the monodentate mode, with one hydroxamate oxyg@m interacting with the Zf atom and
another oxygen atom hydrogen-bonding with a wateteoule (distance 2.7A) (Fig. 7D). An
additional hydrogen bond is formed between the ¢wamate NH group and residue G619
(distance 2.7A). Together, our analysis shows teatpoundl7 and compoundO can bind to
the HDAC 6 catalytic site and coordinate to thé*Znn, which suggests that it makes favorable
interactions for HDACG6 inhibition.

For HDACG6 inhibition, we found that compourid has lower activity when compared to
compoundl?. A relative comparison of the docking results ompound10 and 17 revealed
different interactions along the periphery of th@tophobic tunnel (Fig. 7E-F). Residue L749 is
found along the hydrophobic channel periphery. Caumpl 17 contains an eight-carbon chain
linker that forms a hydrophobic interaction wittsicdiie L749 (Fig. 7E). In contrast, the linker of
compoundl10 contains an aromatic ring and is a relatively maged structure. Our docking
result showed that the compout@linker does not form interactions with residue L{#8y. 7F).
Together, the different interactions between th&dr and the hydrophobic tunnel may account

for reduced activity of compourid.



To further identify the reasons HDACSelectivity towards, we docked compoufd into
HDAC1 and HDAC3. Superimposing the HDAC1, 3 andriiling site revealed a specific pocket
observed in HDACG6 (Fig. 8A). The compouhd cap forms hydrogen bonds with residues S564,
F566 and 1569 (Fig. 8B). In addition, the hydropicothannel consists of residues that create a
larger cavity at the outer rim for the compoutticap. HDAC1 and HDAC3, in contrast, do not
have a corresponding pocket on the surface andhicoat loop which interferes with the cap
interactions (Fig. 8B). As a result, compourfdshow greater specificity towards HDACS6.

To summarize, the docking study indicates that cmmpg17 and compoundO target both the
HSP90 chaperone and the HDACG6 isoform. The twovactompounds share structures and
interactions that can be separated into four groupsoup 1 enters the HSP90 binding pocket.
The co-crystallized HSP9O0 ligand, 2D9, containgalar sub-structure to Group 1 of compound
17 and compoundO that is buried deep into the HSP90 binding %itelowever, in HDACS,
Group 1 is located in the periphery and forms pathe cap seen in traditional HDAC inhibitors.
In contrast, Group 4 bearing the vital zinc bindgrgup for HDACG6 inhibition is located near the
outer margin of the HSP90 binding site. Group 2 @rdup 3 link the terminal ends of both
compounds in HSP90. Hydrophobic interactions wdrgeoved sandwiching these structures in
compoundl17 and 10. In addition, the Group 2 of compoudd forms hydrogen bonds with
residues K58 and G108. Group 2 of both active camgs form part of the cap in HDAC6 and
group 3 forms the linker, which spans the HDACG6ropdhobic tunnel.

The variation in the activity profile of compoud0 and17 can be attributed to the nature of
the linker. Residue L749 along the outer rim of HIRAC6 hydrophobic channel (Fig. 8). This
residue has the potential to obstruct the entrafdbe zinc binding site. Compourid is more

flexible and does not clash with residue L749. ldegr, compoundO contains an aromatic ring



that occupies a space close to residue L749. Thenaic ring also forms hydrophobic
interactions with the periphery residues. Thus, whgation in the linker may account for the
reduced activity seen with compourid. The results of the docking study revealed key
interactions that could be responsible for duaibition of HSP90 and HDACS.

Our assays found compoufid and compoundO to have greater selectivity towards HDACG.
A molecular docking analysis was performed to fertstudy HDAC selectivity. While the ZBG
plays a crucial role in inhibiting HDACSs, it is thght that the HDAC inhibitor cap determines the
selectivity** *® We found that the cap region of compoulititargets residues S564, F566 and
1569 (Fig. 8). This area constitutes a binding maabsent from HDAC1 or HDAC3. The binding
pockets for the cap in HDAC1 and HDAC3 do not pnésgptimal binding of the two compounds

created for this study.

2.2.6 Growth Inhibition of human EGFR-resistance NSCL C H1975 xenogr aft model in vivo.

For thein vivo studies, Fig. 9 shows tha vivo activity of compoundl?7 in human NSCLC
H1975 xenograft model employing Afatinib as a refexe compound. The results have indicated
that administration of7 (50 mg/kg, ip, qd) reduced the tumor volume (TG14=8%, < 0.05).
However, the inhibitory effect of7 at 50 mg/kg were less significant than afatinib (2g/kg,

*** n<0.001). Then-vivo potential of compound7 was also investigated at the concentration of
100 mg/kg which led to slightly higher suppressadriumor growth (TGI = 69.7%) than afatinib
(TGI = 63.8%, 20 mg/Kg). The combination treatmehAfatinib with compoundl7 (50 mg/kg,

ip, qd, Afatinib — 20 mg/kg, **p<0.001) was also evaluated which led to marginhlther
tumor growth inhibition than produced by Afatinitbae. The most substantiail-vivo efficacy

(combination studies) was exhibited by the comlamadf compound7 and Afatinib (compound



17 - 50 mg/kg, ip, qd, Afatinib - 20 mg/kg, *$<0.001) and showed enhancement of tumor
suppression by a 72.3% tumor growth inhibition (Y@ addition, no significant differences in

weight loss were observed during all the treatments

2.2.7 Downregulation of |FN-y induced PD-L 1 expression in H1975 lung cancer cells

T cells, especially cytotoxic T cells, can infiligainto the tumor area to eliminate tumor cells
by releasing cytotoxins (perforins and granzymes)) imflammatory cytokines (IFN-and TNF-
a). However, IFNy also triggers the expression of programmed degémdl 1 (PD-L1) on the
surface of many tumor cells, leading T-cell supgpi@s and immune evasion of tumor cells from
cellular cytotoxicity*”*® To investigate whether compoutid affects the INF~induced PD-L1
expression, H1975 human non-small cell lung cancelis were cotreated with variant
concentrations of compourid and 20 ng/ml of IFN~. The Western blot analysis (Figure 10 A)
shows that compounti7 effectively reduced PD-L1 expression in INreated H1975 cells in a
dose-dependent manner. To further elucidate thibitet level of surface PD-L1 expression,
treated H1975 cells were analyzed with flow cytaméFig. 10 B and C). The PD-L1 expression
on cell surface induced by IFN-was significantly decreased after the treatmerth whe
compoundl17 at concentration above 0.3 uM. These results atei¢hat the compound7
reversed the IFN-mediated upregulation of PD-L1, suggesting a pbssfunction of the
compoundl? in destroying the immunosuppressive environmeritiofor area. Since the hostile
tumor microenvironment of solid tumors remains allemge to T cell therapy, a combination of
compoundl7 and T cell immunotherapy might be worth invesimggtto develop an approach

generating synergistic antitumor effects of cheraathy and immunotherapy.



3. Conclusion

In this study, a series of 1-aroylisoindoline-hydamic acids has been synthesized. The impact
of diverse linkers connecting the 1-aroylisoindelimoiety to the zinc binding motif on the
bioactivity was studiedIn-vitro cytotoxicity studies revealed that the N-benzylkér-based
inhibitor (10) was the most effective in suppressing cell growthboth the NSCLC cell lines
employed. Incorporation of the alkyl chain and &myjide linker in the chemical architecture of
the designed synthetics failed to enhance the ayitopotential as seen in the relative comparison
with compoundl0. Compoundd1 and17 displayed the most substantial cell growth inlaiyit
effects among the hydroxamic acids bearing an atkglin linker. It was interesting to observe
that compoundll exercised its cytotoxicity solely through HSP9®imtion as evidenced by
enzymatic assays, whereas the inhibitérwas found to have a balanced antiproliferative and
enzyme inhibitory profile towards both the targétsgeneral, all the compounds exhibit selective
inhibitory activity against HDAC 6 isoform with fewxceptions. an important finding of this
study is that the most pronounced dual HDAC6/HSRBDition induced by a compound bearing
a long chain linker was b¥5s (n = 6) which possesses the same combination kédiand zinc
binding group as that of SAHA, however the cell wgito inhibitory effects ofl5 were not
significant. The main finding of this study is tieentification of compoundO and17 as dual
selective inhibitors of the HDACG6 isoform as wedl the HSP90 protein, inducing significant
antiproliferative effects against the NSCLC ceties employed with higher efficacy against
H1975 cell lines. Compounidi7 also induced upregulation of important biomarkessoaiated
with intracellular HDAC inhibition along with theoacomitant induction of chaperone protein
HSP70 and degradation of HSP90 client proteins hvidce considered to be a molecular

signature of HSP90 inhibitors. Molecular modelirtgdées were employed to rationalize and



support the experimental results and the key intenas of compoundO and 17 with HSP90
chaperone along with the HDACG6 isoform were ratimeal. The docking study suggested
several notions for the differences in the actiyitgfile of compound40 and17 along with the
selectivity of these compounds towards the HDA@B#oisn. Thein vivo efficacy of compound
17 was also evaluated in human EGFR-resistance NSB1@75 xenograft model and it was
found that this inhibitor, both alone and in condtion with Afatinib induced significant tumor
growth inhibition. Moreover, compouriy could effectively reduce (PD-L1) expression in HN
treated lung H1975 cells in a dose dependent mauggesting that dual inhibition of HDAC6
and HSP90 can modulate immunosuppressive abilityuofor area. This also indicates that
compoundl? in combination with T cell immunotherapy might werth investigating to develop
an approach generating synergistic antitumor effeaft chemotherapy and immunotherapy.
Overall, the cumulative results indicates that bydmic acids such a%7 could emerge as
potential leads for further investigation to deyekelective HDAC6/HSP90 inhibitors as potent
anticancer agents for lung cancer and immunosugipresnhibitory activity. Thus this study
concludes and ascertains that the selective HDAEGBA inhibition appears to be a potentially

effective strategy to target NSCLC.

4. Experimental
4.1 Chemistry

Nuclear magnetic resonance spectra were obtaindd aviBruker DRX-500 spectrometer
operating at 300 MHz, with chemical shifts reporitegarts per million (ppm, d) downfield from
TMS as an internal standard. High-resolution masstsa (HRMS) were measured with a JEOL

(JMS-700) electron impact (EI) mass spectrometdre Ppurity of the final compounds was



determined to be 95%, using an Agilent 1100 series HPLC systemau€irl8 column (Agilent
ZORBAX Eclipse XDB-C18 Jum, 4.6 mm x 150 mm). Flash column chromatography eane
using silica gel (Merck Kieselgel 60, No. 9385, 2B mesh ASTM). All reactions were carried

out under an atmosphere of dry nitrogen

5-Nitroisoindoline (20)

Conc. HSO, (8 mL) was added dropwise at 0° C to a solutionisofndoline (9) (2 g) in
DCM (10 mL), and the reaction mixture was stirrédtdor 10 min. DCM was evaporated under
vacuum from the reaction mixture and conc. HN@ mL) wasadded dropwise at 0 °C. The
reaction mixture was stirred for 2 h at rt. Ice avavas added to the reaction mixture then the
reaction mixture was basified with sodium bicarliend&xtraction was done with EtOAc (100
mL x 3) and the combined organic layer was driedraanhydrous MgSfand concentrated
under reduced pressure to gB@&in 50% vyield:'H NMR (300 MHz, CDC}): § 8.07 - 8.12 (m, 2
H), 7.34 (dJ = 8.5 Hz, 1H), 4.32 (s, 4H).

(2,4-Bis(benzyloxy)-5-isopropylphenyl) (5-nitroisoindolin-2-yl) methanone (21)

A mixture of 3,5-bis(benzyloxy)-2-isopropylbenzacid (2.29 g, 6.09 mmol), EDC.HCI (1.88q,
12.18 mmol), HOBt (1.39 g, 9.13 mmol) and DIPEAS@ELg, 15.22 mmol) in DCM (10 mL) was
stirred at rt for 30 min before adding 5-nitroisdatine 0) (1 g, 6.09 mmol). After being stirred
for a further 5 h, the reaction mixture was quedcwéh H,O and extracted with EtOAc (50 mL
x 3). The combined organic layer was dried overydnbus MgSQ and concentrated under
reduced pressure. The residue was purified byasjed chromatography (EtOAc:n-hexane = 1:4)

to give 21 in 70% yield.*H NMR (300 MHz, CDCY): & 8.19-8.20 (m, 2H), 7.98 (s, 1H), 7.10 -



7.45 (m, 11 H), 6.59 (s, 1H), 5.05 (s, 4H), 4.872(8), 4.42 (s, 2H), 3.34 (m, 1H), 1.22 (= 6.9
Hz, 6H).

(2,4-Bis(benzyloxy)-5-isopr opylphenyl) (5-aminoisoindolin-2-yl) methanone (22)

A mixture of compoun®1 (1.5 g, 2.8 mmol), Fe powder (801 mg, 14.3 mmalt) &H,CI (304
mg, 5.7 mmol) in EtOH (40 mL) and,B (10 mL) was refluxed for 2 h. The progress of the
reaction was monitored by TLC. After completion tbe reaction, the reaction mixture was
filtered over celite. To the filtrate, J@ (50 mL) was added and extraction was done wi@Wet
(50 mL x 3). The combined organic layer was driegroanhydrous MgS£and concentrated
under reduced pressure. The residue was purifieglliog gel chromatography (EtOAc:n-hexane
= 2:3) to give22 in 80% yield.*H NMR (300 MHz, CROD): 5 7.10 -7.45 (m, 14 H), 6.56 (s, 1H),
5.16 (s, 2H), 5.12 (s, 2H), 4.75 (s, 2H), 4.32(), 3.32 (1H, m), 1.23 (d, = 6.9 Hz, 6H).
4-{[2-(2,4-Bis-benzyloxy-5-isopr opyl-benzoyl)-2,3-dihydr o-1H-isoindol-5-ylamino]-methyl}-
benzoic acid methyl ester (23)

Methyl 4-formylbenzoate (366 mg, 2.23 mmol) ancew drops of glacial AcOH were added to
the solution of compoun22 (1 g, 2.03 mmol) in EtOH. The reaction mixture veéisred at rt for
30 min then NaBECN (191 mg, 3.04 mmol) was added to the reactiorture and stirring was
continued for 4 h at rt. The reaction mixture wagmched with KO and extracted with EtOAc
(100 mL x 3). The combined organic layer was doedr anhydrous MgSQand concentrated
under reduced pressure. The residue was purifieglliog gel chromatography (EtOAc:n-hexane
= 3:2) to give23 in 75% vyield.'H NMR (300 MHz, CROD): § 7.99 (d,J =8.1 Hz, 2H), 7.13 -
7.47 (m, 16 H), 6.80 (s, 1H), 5.05 (s, 2H), 5.0324d), 4.87 (s, 2H), 4.42 (s, 2H), 4.40 (s, 2H),

3.91 (s, 3H), 3.35 (1H, m), 1.20 @z 6.9 Hz, 6H).



4-{[2-(2,4-Bis-benzyloxy-5-isopr opyl-benzoyl)-2,3-dihydr o-1H-isoindol-5-ylamino]-methyl}-
benzoic acid (24)

A mixture of compoun@3 (800 mg, 1.2 mmol), 1 M LiOH (aq) (6 mL) and diomea(10 mL) was
stirred at 40 °C for 2 h. The reaction was conegatt under reduced pressure ang Hvas
added. The mixture was acidified with 3 N HCI andracted with EtOAc (50 mL x 3). The
combined organic layer was dried over anhydrous @®lg&nd concentrated under reduced
pressure to yield the aci@4) in 96% yield:"H NMR (300 MHz, CROD): 6 8.02 (d,J =8.1 Hz,
2H), 7.17 -7.49 (m, 16 H), 6.82 (s, 1H), 5.16 (d),5.12 (s, 2H), 4.75 (s, 2H), 4.40 (s, 2H), 4.39
(s, 2H), 3.39 (m, 1H), 1.22 (d,= 6.9 Hz, 6H).

4-(((2-(2,4-Dihydr oxy-5-isopropylbenzoyl) isoindolin-5-yl) amino) methyl)-N-hydroxy-
benzamide (10)

A mixture of compoun@4 (750 mg, 1.19 mmol), EDC.HCI (494 mg, 2.39 mmblpBt (242 mg,
1.79 mmol) and DIPEA (385 mg, 2.99 mmol) in DMFn(fk) was stirred at rt for 30 min before
adding NHOBN.HCI After being stirred for a further 5 h, treaction mixture was quenched with
H,O and extracted with EtOAc (100 mL x 3). The conapinorganic layer was dried over
anhydrous MgS@and concentrated under reduced pressure. Theaueesids purified by silica
gel chromatography (EtOAc) to give a semisolid picid The resulting product was dissolved in
DCM (100 mL). BC} (1 M in heptane, 6 eq) was added to this soludib@ °C and the reaction
mixture was stirred for 45 min at the same tempeeatThe progress of the reaction was
monitored by TLC. The reaction mixture was filtetedcollect the precipitated solidQ, 97%
yield). HPLC purity: 97.19%. mp: 100-101 °&4 NMR (300 MHz, CROD): § 7.81 (d,J = 8.1
Hz, 2H), 7.57 (dJ = 8.1 Hz, 2H), 7.46-7.47 (m, 2H), 7.36 (t= 8.1 Hz, 1 H), 7.18 (s, 1H), 6.43

(s, 1H), 5.04 (s, 4H), 4.70 (s, 2H), 3.22 (m, 1HR3 (d,J = 6.9 Hz, 6H);*C NMR (75 Hz,



CDs;OD): 6 168.40, 163.21, 155.390, 151.36, 131.77, 131.8P,47, 127.96, 125.64, 125.53,
124.77,124.27, 122.95, 121.69, 119.95, 115.11,74099.72, 52.28, 23.69, 19.09; HRMS (ESI)
for CoeH26N30s (M-H)™: caled, 460.1872; found, 460.1867.

M ethyl 4-((2-(2,4-bis(benzyloxy)-5-isopr opylbenzoyl) isoindolin-5-yl) amino)-4-oxobutanoate (25)

A mixture of22 (0.3 g, 0.609 mmol), EDC.HCI (0.232 g, 1.21 mmeéipBt (0.123 g, 737 mg,
0.914 mmol), 4-methoxy-4-oxobutanoic acid (0.9®F,27 mmol) and DIPEA (0.265 mL, 1.52
mmol) in DMF (5 mL) was stirred at rt for 5 h. Aftbeing stirred for a further 5 h, the reaction
mixture was quenched with,B and extracted with EtOAc (50 mL x 3). The combirm@ganic
layer was dried over anhydrous Mg§@oncentrated under reduced pressure and pubifyed
silica gel chromatography (hexane : EtOAc = 4 talgive 25 in 80% vyield;*H NMR (300 MHz,
CDCl): 5 7.13 -7.54 (m, 14H), 6.48 (s, 1H), 5.14 (s, 4HY44(bs, 4H), 3.64 (s, 3H), 3.14 (m,
1H), 2.21 (tJ = 6.9 Hz, 2H), 2.15 () = 7.5 Hz, 2H), 1.12 (d] = 6.9 Hz, 6H).

Methyl 5-((2-(2,4-bis(benzyloxy)-5-isopropylbenzoyl) isoindolin-5-yl) amino)-5-oxopent-
anoate (26)

The title compound26 was obtained in 82% yield from compou@@ using 5-methoxy-5-
oxopentanoic acid in a manner similar to that dbsdrfor the synthesis of compoug8; *H
NMR (300 MHz, CDC}): § 7.11 -7.51 (m, 14H), 6.42 (s, 1H), 5.11 (s, 4HJ84(bs, 4H), 3.59 (s,
3H), 3.12 (m, 1H), 2.29 (§ = 6.9 Hz, 2H), 2.07 (bs, 2H), 1.98 (m, 2H), 1.85)= 6.9 Hz, 6H).
Methyl 6-((2-(2,4-bis(benzyloxy)-5-isopropylbenzoyl) isoindolin-5-yl) amino)-6-oxo hexan-
ate (27)

The title compound27 was obtained in 86% yield from compou@@ using 6-methoxy-6-
oxohexanoic acid in a manner similar to that desctifor the synthesis of compougf; *H

NMR (300 MHz, CDCY): & 7.09 -7.54 (m, 14H), 6.47 (s, 1H), 5.11 (s, 4H354(bs, 4H), 3.62 (s,



3H), 3.09 (m, 1H), 2.21 (1 = 6.9 Hz, 2H), 2.11 (bs, 2H), 1.69-1.75 (m, 4H)8L(d,J = 6.9 Hz,
6H).

Methyl 7-((2-(2,4-bis(benzyloxy)-5-isopr opylbenzoyl) isoindolin-5-yl) amino)-7-oxoheptanoate
(28)

The title compound28 was obtained in 79% yield from compoun@ @sing 7-methoxy-7-
oxoheptanoic acid in a manner similar to that dbedr for the synthesis of compou@8; 'H
NMR (300 MHz, CDC}): § 7.12 -7.48 (m, 14H), 6.42 (s, 1H), 5.11 (s, 4H314(bs, 4H), 3.61 (s,
3H), 3.11 (m, 1H), 2.13 (1 = 6.9 Hz, 2H), 2.08 (bs, 2H), 1.64-1.78 (m, 4H}5L(bs, 2H), 1.21
(d,J=6.9 Hz, 6H).

Methyl 8-((2-(2,4-bis(benzyloxy)-5-isopropylbenzoyl) isoindolin-5-yl) amino)-8-oxooctanoate (29)
The title compound29 was obtained in 76% yield from compou@@ using 8-methoxy-8-
oxooctanoic acid in a manner similar to that désctifor the synthesis of compoug; 'H
NMR (300 MHz, CDC4): & 7.11 -7.55 (m, 14H), 6.49 (s, 1H), 5. 08 (s, 4H38 (bs, 4H), 3.65 (s,
3H), 3.15 (m, 1H), 2.20 (bs, 2H), 2.11 Jt= 6.3 Hz, 2H), 1.58-1.61 (m, 4H), 1.28 (bs, 4H)8L
(d,J = 6.6 Hz, 6H).

Methyl 9-((2-(2,4-bis(benzyloxy)-5-isopropylbenzoyl) isoindolin-5-yl) amino)-9-oxonon-
anoate (30)

The title compound30 was obtained in 86% yield from compou@@ using 9-methoxy-9-
oxononanoic acid in a manner similar to that désctifor the synthesis of compoug8; 'H
NMR (300 MHz, CDC}): § 7.13 -7.51 (m, 14H), 6.43 (s, 1H), 5.12 (s, 4H324(bs, 4H), 3.63 (s,
3H), 3.11 (m, 1H), 2.22 (bs, 2H), 2.14 Jt= 6.3 Hz, 2H), 1.58-1.72 (m, 4H), 1.42 (bs, 6HR11

(d,J = 6.9 Hz, 6H).



Methyl 10-((2-(2,4-bis(benzyloxy)-5-isopr opylbenzoyl) isoindolin-5-yl) amino)-10-
oxodecanoate (31)

The title compoundl1 was obtained in 73% yield from compouBd using 10-methoxy-10-
oxodecanoic acid in a manner similar to that desdrifor the synthesis of compougs; 'H
NMR (300 MHz, CDCY): § 7.12 -7.47 (m, 14H), 6.48 (s, 1H), 5.11 (s, 4H394(bs, 4H), 3.61 (s,
3H), 3.14 (m, 1H), 2.24 (bs, 2H), 2.11 Jt= 6.3 Hz, 2H), 1.57-1.68 (m, 4H), 1.48 (bs, 8H)LA
(d,J=6.9 Hz, 6H).

4-((2-(2,4-Bis(benzyloxy)-5-isopr opylbenzoyl) isoindolin-5-yl) amino)-4-oxobutanoic acid (32)

A mixture of25 (0.3 g, 0.49 mmol), ag. LIOH (1M) (3 mL) and dimea(5 mL) was stirred at 40
°C for 2 h. The reaction was concentrated undeuaed pressure and.8 was added. The
mixture was acidified with 3 N HCI and extractedttwEtOAc (50 mL x 3). The combined
organic layer was dried over anhydrous Mg%@d concentrated under reduced pressure to yield
the acid32 in 96% vield:'H NMR (300 MHz, CROD): § 7.12 - 7.61 (m, 14H), 6.45 (s, 1H), 5.16
(s, 4H), 4.87 (bs, 4H), 3.11 (m, 1H), 2.11 -2.31 4i), 1.15 (d,) = 6.9 Hz, 6H).
5-((2-(2,4-Bis(benzyloxy)-5-isopropylbenzoyl) isoindolin-5-yl) amino)-5-oxopentanoic acid
(33)

The title compoun®3 was obtained in 92% vyield from compou2@lin a manner similar to that
described for the synthesis of compo@2d*H NMR (300 MHz, CROD): § 7.18 -7.59 (m, 14H),
6.48 (s, 1H), 5.13 (s, 4H), 4.89 (bs, 4H), 3.22 i), 2.12 — 2.24 (m, 4H), 1.99 (m, 2H), 1.12 (d,
J=6.9 Hz, 6H).

6-((2-(2,4-Bis(benzyloxy)-5-isopr opylbenzoyl) isoindolin-5-yl) amino)-6-oxohexanoic acid (34)
The title compoun@®4 was obtained in 95% yield from compou®din a manner similar to that

described for the synthesis of compo@®2d'H NMR (300 MHz, CROD): 7.19 -7.64 (m, 14H),



6.56 (s, 1H), 5.12 (s, 4H), 4.81 (bs, 4H), 3.09 {i), 2.21 (tJ = 6.9 Hz, 2H), 2.18 (1) = 6.9 Hz,
2H), 1.78-1.85 (m, 4H), 1.21 (d,= 6.9 Hz, 6H).

7-((2-(2,4-Bis(benzyloxy)-5-isopropylbenzoyl) isoindolin-5-yl) amino)-7-oxoheptanoic acid
(35

The title compoun@®5 was obtained in 93% vyield from compou2flin a manner similar to that
described for the synthesis of compo@®2d'H NMR (300 MHz, CROD): 7.22 -7.67 (m, 14H),
6.49 (s, 1H), 5.12 (s, 4H), 4.76 (bs, 4H), 3.18 {iH), 2.08 — 2.13 (m, 4H), 1.68-1.85 (m, 4H),
1.55 (bs, 2H), 1.15 (d,= 6.9 Hz, 6H).

8-((2-(2,4-Bis(benzyloxy)-5-isopr opylbenzoyl) isoindolin-5-yl) amino)-8-oxooctanoic acid (36)
The title compoun@®6 was obtained in 97% yield from compou2@in a manner similar to that
described for the synthesis of compo@2d'H NMR (300 MHz, CROD): 7.12 -7.52 (m, 14H),
6.54 (s, 1H), 5.14 (s, 4H), 4.82 (bs, 4H), 3.11 {i), 2.20 (bs, 2H), 2.11 (bs, 2H), 1.52-1.67 (m,
4H), 1.43 (bs, 4H), 1.11 (d,= 6.6 Hz, 6H).

9-((2-(2,4-Bis(benzyloxy)-5-isopropylbenzoyl) isoindolin-5-yl) amino)-9-oxononanoic acid
(37)

The title compoun@®7 was obtained in 97% vyield from compous@in a manner similar to that
described for the synthesis of compo@®2d*H NMR (300 MHz, CROD): 7.13 -7.58 (m, 14H),
6.47 (s, 1H), 5.09 (s, 4H), 4.89 (bs, 4H), 3.18 {ir), 2.22 (bs, 2H), 2.14 (bs, 2H), 1.59-1.73 (m,
4H), 1.48 (bs, 6H), 1.17 (d,= 6.9 Hz, 6H).

10-((2-(2,4-Bis(benzyloxy)-5-isopropylbenzoyl) isoindolin-5-yl) amino)-10-oxodecanoic acid
(39)

The title compoun@®8 was obtained in 91% vyield from compouitlin a manner similar to that

described for the synthesis of compo@2i*H NMR (300 MHz, CROD): *H NMR (300 MHz,



CD;OD): 7.21 -7.52 (m, 14H), 6.49 (s, 1H), 5.05 (s) 4482 (bs, 4H), 3.13 (m, 1H), 2.13 - 2.21
(m, 4H), 1.61-1.71 (m, 4H), 1.42 (bs, 8H), 1.19¢, 6.9 Hz, 6H).
N*-(Benzyloxy)-N*-(2-(2,4-bis(benzyloxy)-5-isopr opylbenzoyl) isoindolin-5-yl) succinamide

(39)

The title compoun®9 was obtained in 82% vyield from compou82 using NHOBN.HCI in a
manner similar to that described for the synthesisompound®5. *H NMR (300 MHz, CROD):
7.14 - 7.56 (m, 19H), 6.41 (s, 1H), 5.21 (s, 2HL85(S, 4H), 4.81 (s, 4H), 3.12 (m, 1H), 2.41-2.44
(m, 4H), 1.21 (dJ = 6.9 Hz, 6H).

N*-(Benzyloxy)-N>-(2-(2,4-bis(benzyl oxy)-5-isopr opylbenzoyl) isoindolin-5-yl) glutaramide

(40)

The title compoundlO was obtained in 73% vyield from compou88 using NHOBN.HCI in a
manner similar to that described for the synthesisompound®5. *H NMR (300 MHz, CROD):
7.12 - 7.54 (m, 19H), 6.49 (s, 1H), 5.19 (s, 2HL45(S, 4H), 4.89 (s, 4H), 3.16 (M, 1H), 2.21-2.24
(m, 4H), 1.91 (m, 2H), 1.16 (d,= 6.9 Hz, 6H).

N*-(Benzyloxy)-N°-(2-(2,4-bis(benzyloxy)-5-isopr opylbenzoy!) isoindolin-5-yl)adipamide (41)
The title compoundil was obtained in 77% vyield from compou8d using NHOBN.HCI in a
manner similar to that described for the synthesisompound®5. *H NMR (300 MHz, CROD):
7.15-7.48 (m, 19H), 6.45 (s, 1H), 5.12 (s, 2HP3(s, 4H), 4.81 (s, 4H), 3.09 (m, 1H), 2.22-2.29
(m, 4H), 1.78-1.85 (m, 4H), 1.15 (@= 6.9 Hz, 6H).
N*-(Benzyloxy)-N’-(2-(2,4-bis(benzyloxy)-5-isopr opylbenzoyl) isoindolin-5-yl)
heptanediamide (42)

The title compound!2 was obtained in 71% vyield from compou88 using NHOBN.HCI in a

manner similar to that described for the synthesisompound®5. *H NMR (300 MHz, CROD):



7.17 - 7.49 (m, 19H), 6.49 (s, 1H), 5.17 (s, 2HP9(s, 4H), 4.85 (s, 4H), 3.11 (M, 1H), 2.21-2.32
(m, 4H), 1.68-1.85 (m, 4H), 1.55 (bs, 2H), 1.15J¢, 6.9 Hz, 6H).
N*-(Benzyloxy)-N&-(2-(2,4-bis(benzyloxy)-5-isopr opylbenzoyl) isoindolin-5-yl) octanediamide
43

The title compoundt3 was obtained in 76% vyield from compou8@l using NHOBN.HCI in a
manner similar to that described for the synthessompound5. *H NMR (300 MHz, CROD):
7.12 - 7.41 (m, 19H), 6.41 (s, 1H), 5.11 (s, 2HP25(s, 4H), 4.81 (s, 4H), 3.09 (m, 1H), 2.11 -
2.22 (m, 4H), 1.61-1.82 (m, 4H), 1.54 (bs, 4H)51(d,J = 6.9 Hz, 6H).
N*-(Benzyloxy)-N°-(2-(2,4-bis(benzyl oxy)-5-isopr opylbenzoy!) isoindolin-5-yl) nonane-

diamide (44)

The title compound4 was obtained in 73% vyield from compou8d using NHOBN.HCI in a
manner similar to that described for the synthesisompound®5. *H NMR (300 MHz, CROD):
7.14 - 7.45 (m, 19H), 6.48 (s, 1H), 5.17 (s, 2HL25(s, 4H), 4.88 (s, 4H), 3.11 (m, 1H), 2.13 -
2.25 (m, 4H), 1.61-1.82 (m, 4H), 1.47 (bs, 6H)51(d,J = 6.9 Hz, 6H).
N*-(Benzyloxy)-N°-(2-(2,4-bis(benzyl oxy)-5-isopr opylbenzoyl) iscindolin-5-yl) decane-

diamide (45)

The title compound!5 was obtained in 82% vyield from compou88 using NHOBN.HCI in a
manner similar to that described for the synthessompound5. *H NMR (300 MHz, CROD):
7.18 - 7.52 (m, 19H), 6.42 (s, 1H), 5.12 (s, 2HP25(s, 4H), 4.85 (s, 4H), 3.05 (m, 1H), 2.23 -
2.25 (m, 4H), 1.68-1.79 (m, 4H), 1.49 (bs, 6H),11(&,J = 6.9 Hz, 6H).

N*-(2-(2,4-Dihydr oxy-5-isopr opylbenzoyl) isoindolin-5-yl)-N*-hydr oxysuccinamide (11)

A catalytic amount of 10% palladium on carbon wddea to the solution of compoufé (0. 2 g,

0.286 mmol) in MeOH (10 mL), and the reaction migtwas stirred for 2 h under,HThe



reaction mixture was filtered over celite and titieaite was dried in vacuum and purified by silica
gel chromatography (EtOAc) to givid in 70% yield. HPLC purity: 97.62 %; mp: 111-112;°C
'H NMR (300 MHz, DMSO-g): 10.43 (s, 1H), 10.08 (s, 1H), 10.01 (s, 1H) 29§, 1H),8.72 (s,
1H), 7.61 (m, 1H), 7.42 (bs, 1H), 7.21 (s 6.6 Hz, 1H), 7.06 (s, 1H), 6.41 (s, 1H), 4.74X¢
11.1 Hz, 4H), 3.11 (m, 1H), 2.30 (t= 6.9 Hz, 2H), 2.00 (t] = 7.5 Hz, 2H), 1.15 (d] = 6.9 Hz,
6H); °C NMR (75 MHz, DMSO-¢) : 168.56, 166.61, 166.55, 154.62, 151.70, 136123,47,
123.26, 120.75, 116.31, 111.67, 111.164, 100.332329.44, 23.75, 20.47, 18.98. HRMS (ESI)
for Cy2H24N306 (M-H)™: caled, 426.1665; found, 426.1663.

N*-(2-(2,4-Dihydr oxy-5-isopr opylbenzoyl) isoindolin-5-yl)-N°-hydr oxyglutar amide (12)

The title compound?2 was obtained in 72% yield from compoudfdlin a manner similar to that
described for the synthesis of compoudd HPLC purity: 98.95 %; mp: 115-116 °@4 NMR
(300 MHz, DMSO-¢): 10.40 (s, 1H), 10.08 (s, 1H), 9.95 (s, 1H), A621H),8.70 (s, 1H), 7.65
(m, 1H), 7.42 (bs, 1H), 7.24 (bs, 1H), 7.06 (s, 161 (s, 1H), 4.75 (d = 12.6 Hz, 4H), 3.11
(m, 1H), 2.32 (tJ = 6.9 Hz, 2H), 2.04 (bs, 2H), 1.81 (m, 2H), 1.85)= 6.9 Hz, 6H)°C NMR
(75 MHz, DMSO-d) : 171.20, 169.26, 169.20, 157.26, 154.36, 139124,13, 125.90, 123.39,
118.96, 114.31, 113.80, 102.97, 36.08, 32.09, 2@3(13, 21.63; HRMS (ESI) for,gH2sN306
(M + H): calcd, 442.1978; found, 442.1982.

N*-(2-(2, 4-Dihydr oxy-5-isopropylbenzoyl) isoindolin-5-yl) -N°-hydr oxyadipamide (13)

The title compound3 was obtained in 75% yield from compouditlin a manner similar to that
described for the synthesis of compourid HPLC purity: 97.53%; mp: 124-125 °GH NMR
(300 MHz, CROD): 7.61 (bs, 1H), 7.43 (d,= 8.4 Hz, 1H), 7.27 (bs, 1H), 7.20 (s, 1H), 6.40 (
1H), 4.89 (s, 4H), 3.22 (m, 1H), 2.41 (bs, 2H),2(lts, 4H), 1.65-1.72 (m, 4H), 1.24 @z 6.9

Hz, 6H); 13C NMR (75 MHz, CEDD) : 173.23, 157.67, 154.401, 138.234, 126.60,.825



122.59, 119.49, 114.09, 113.02, 102.26, 36.46,28%.32, 25.19, 21.73; HRMS (ESI) for
C24H28N306 (M - H)™: calcd, 454.1978; found, 454.1972

N*-(2-(2,4-Dihydr oxy-5-isopr opylbenzoyl) isoindolin-5-yl) -N’-hydr oxyheptanediamide (14)

The title compound4 was obtained in 75% yield from compou4elin a manner similar to that
described for the synthesis of compouid HPLC purity: 97.25%:; mp: 201 - 202 °¢&4 NMR
(300 MHz, DMSO-@): 10.36 (s, 1H), 10.13 (s, 1H), 9.91 (s, 1H), A6S, 1H), 8.69 (s, 1H), 7.68
(bs, 1H), 7.43 (dJ = 7.5 Hz, 1H), 7.27 (bs, 1H), 7.08 (s, 1H), 6.421(H), 4.74 (dJ = 12.3 Hz,
4H), 3.14 (m, 1H), 2.30 (] = 7.2 Hz, 2H), 1.95 () = 7.5 Hz, 2H), 1.47-1.59 (m, 4H), 1.27 (bs,
2H), 1.15 (dJ = 6.6 Hz, 6H);*C NMR (125 MHz, DMSO-g) : 171.13, 169.05, 168.74, 156.77,
153.96, 138.66, 129.57, 125.59, 125.38, 122.88,441 113.68, 113.28, 102.49, 39.92, 32.20,
29.22, 25.89, 24.96, 22.02; HRMS (ESI) fopss0N30s (M - H): calcd, 468.2135; found,
468.2135.

N*-(2-(2,4-Dihydr oxy-5-isopr opylbenzoyl) isoindolin-5-yl) -N®-hydr oxyoctanediamide (15)

The title compound5 was obtained in 78% yield from compoud@lin a manner similar to that
described for the synthesis of compourid HPLC purity: 98.12%; mp: 177-178 °&4 NMR
(300 MHz, DMSO-g): 10.35 (s, 1H), 10.09 (s, 1H), 9.91 (s, 1H), %631H),8.67 (s, 1H), 7.70
(m, 1H), 7.42 (bs, 1H), 7.24 (bs, 1H), 7.06 (s, 1641 (s, 1H), 4.77 (s, 4H), 3.11 (m, 1H), 2.30
(bs, 2H), 1.95 (t) = 6.3 Hz, 2H), 1.58-1.61 (m, 4H), 1.28 (bs, 4H}51(d,J = 6.6 Hz, 6H)*C
NMR (75 MHz, DMSO-@) : 174.17, 171.54, 170.74, 160.16, 158.61, 1391P8.55, 125.58,
122.73, 118.86, 113.49, 109.08, 103.004, 36.8410326.53, 25.39, 24.76, 22.20; HRMS (ESI)
for CoeH3N30g (M - H)': calcd, 482.2291; found, 482.2294.

N*-(2-(2,4-Dihydr oxy-5-isopr opylbenzoyl) isoindolin-5-yl)-N°-hydr oxynonanediamide (16)



The title compound6 was obtained in 71% yield from compoufdiin a manner similar to that
described for the synthesis of compouid HPLC purity: 98.88 %; mp: 126-127 °¢4 NMR
(300 MHz, CROD) : 7.61 (s, 1H), 7.43 (d, = 8.1 Hz, 1H), 7.26 (bs, 1H), 7.20 (s, 1H), 6.80 (
1H), 4.89 (s, 4H), 3.22 (m, 1H), 2.38 (M= 7.5 Hz, 2H), 2.30 () = 7.5 Hz, 2H), 1.60-1.74 (m,
4H), 1.40 (bs, 6H), 1.23 (d,= 6.9 Hz, 6H);"*C NMR (125 MHz, DMSO-g): 174.38, 171.15,
168.74, 156.77, 138.66, 125.60, 125.38, 122.82,4B18113.28, 102.49, 36.31, 33.59, 28.52,
25.89, 25.02, 24.41, 22.59; HRMS (ESI) fos/M54N30s (M - H) : calcd, 496.2448; found,
496.2447.

N*-(2-(2,4-Dihydr oxy-5-isopr opylbenzoyl)isoindolin-5-yl)-N**-hydr oxydecanediamide (17)

The title compound.7 was obtained in 75% yield from compoufsiin a manner similar to that
described for the synthesis of compoudd HPLC purity: 97.54 %; mp: 125-126 °@4 NMR
(300 MHz, DMSO-g): 10.36 (s, 1H), 10.13 (s, 1H), 9.91 (s, 1H), A6, 1H), 8.69 (s, 1H), 7.68
(bs, 1H), 7.43 (dJ = 7.5 Hz, 1H), 7.27 (bs, 1H), 7.08 (s, 1H), 6.421H), 4.74 (dJ = 12.3 Hz,
4H), 3.14 (m, 1H), 2.30 (] = 7.2 Hz, 2H), 1.95 () = 7.5 Hz, 2H), 1.47-1.59 (m, 4H), 1.27 (bs,
4H), 1.15 (d,J = 6.6 Hz, 6H);*C NMR (75 Hz, DMSO-¢): 169.09, 167.01, 166.66, 154.66,
151.79, 136.53, 123.46, 123.27, 120.72, 116.30,5711111.14, 100.34, 34.21, 30.07, 26.55,
26.47, 26.38, 22.92, 20.45; HRMS (ESI) fopglssN3Os (M - H): calcd, 510.2604; found,
510.2605.

5-Bromo-isoindoline (47)

Sodium borohydride (3.48 g, 92.0 mmol) was addetthéosolution of 5-bromopthalamide (2.0 g,
8.8 mmol) in THF, and the resultant suspension seaded to -10 °C. Then, BEELO (12.7 mL,
102.6 mmol) was added slowly and the reaction mixtuas refluxed. After 24 h, the reaction

mixture was allowed to cool to 0 °C and colddH(18 mL) was added. EtOAc (100 ml) was



added and the reaction mixture was made alkalimgu®0 M aqueous NaOH. The organic layer
was separated and concentrated using a rotary etaporhe residue was diluted with,@t(50
mL) and acidified to pH 2. The aqueous layer wgmssed, made alkaline to pH 10 using 6.0 M
aqueous NaOH and extracted with EtOAc (70 mL). ditganic layer was separated, washed with
brine (3 x 70 mL), dried (N&QO,) and concentrated using rotary evaporator to theds-bromo-
isoindoline @7). The residue was used in further reactions witlpowification.
(2,4-Bis-benzyloxy-5-isopr opyl-phenyl)-(5-bromo-1,3-dihydr o-isoindol-2-yl)-methanone (48)

The title compound8 was obtained in 75% yield from compoufidin a manner similar to that
described for the synthesis of compo@ig *H NMR (300 MHz, CDC}J) : 7.38 — 7.50 (m, 7H),
7.23-7.33 (s, 7H), 6.60 (s, 1H), 5.10 (s, 2H), 5ORH), 4.97 (dJ = 13. 2 Hz, 2H), 4.62 (d} =
10.2 Hz, 2H), 3.35 (m, 1H), 1.24 @@= 6.9 Hz, 6H).

3-[2-(2,4-Bis-benzyloxy-5-isopr opyl-benzoyl)-2,3-dihydr o-1H-isoindol-5-yl]-acrylic acid
methyl ester (49)

A mixture of48 (1 g, 2.65 mmol), palladium(ll) acetate (0.11®d3 mmol), triphenylphosphine
(0.278 g, 1.06 mmol), TEA ( 1.10 mL, 7.95 mmol) andthyl acrylate (0.288 mL, 3.18 mmol) in
DMF (5 mL) was stirred at 100 °C for 12 h. The teatwas quenched withJ, and extracted
with EtOAc (50 mL x 3). The combined organic layeas dried over anhydrous Mgg@nd
concentrated under reduced pressure. The resulisidue was purified by silica gel
chromatography (EtOAc) to give compoudd in 53% vyield; 1H NMR (300 MHz, CEDD) :
7.41 — 7.73 (m, 8H), 7.08 — 7.37 (m, 7H), 6.851(4), 6.52 ( d,J = 15.6 Hz, 1 H), 5.17 (s, 2H),
5.14 (s, 2H), 4.97 (bs, 2H), 4.62 (bs, 2H), 38®H), 3.35 (m, 1H), 1.23 (d,= 6.9 Hz, 6H).
3-[2-(2,4-Dihydr oxy-5-isopr opyl-benzoyl)-2,3-dihydr o-1H-isoindol-5-yl]-N-hydr oxy-

acrylamide (18)



The compoundl9 was subjected to hydrolysis using lithium hydrexidllowed by EDC/HOBt
mediated amidation with N\dDBn. The residue (0.5 g, 0.76 mmol) obtained afteification was
dissolved in DCM and BG@I1 M in heptane, 6 eq) was added to the solutidh°€. The reaction
mixture was stirred for 45 min at the same tempeeatThe reaction mixture was filtered to
collect the solid precipitated solidg, 66% yield). HPLC purity: 95.18%; mp: 131-133 &t
NMR (300 MHz, DMSO-g) : 10.77 (s, 1H), 10.06 (s, 1H), 9.63 (s, 1H),69(6, 1H), 7.40 — 7.57
(m, 4H), 7.06 (s, 1H), 6.42-6.49 (m, 2H), 4.804H), 3.11 (m, 1H), 1.15 (d = 6.9 Hz, 6H)C
NMR (75 MHz, DMSO-d6): 171.05, 164.80, 158.09, B®.140.10, 134.56, 128.21, 127.58,
127.29, 126.83, 125.63, 122.92, 121.59, 116.88,1212102.30, 26.36, 22.12, 21.718; HRMS

(ESI) for G1H23N20s (M + H)+ : caled, 383.1607; found, 383.1608.

4.2 Biology
4.2.1 Cedll culture

All human cancer cells were maintained in RPMI 16d4&dium containing 10% fetal bovine
serum, 100 units/mL penicillin, 200 mg/mL streptanimyand 2.5 mg/mL amphotericin B. Cells
were cultured in tissue culture flasks in a hunmdifincubator at 37 °C, in an atmosphere of 5%
CO, and 95% air.
4.2.2 Sulforhodamine B (SRB) assays

Counted cells were seeded in 96-well plates in oradiith 5% FBS. After 24 h, cells were
fixed with 10% trichloroacetic acid (TCA) to repezd the cell population at the time of
compound addition (TO). After additional incubatiohDMSO or test compound for 48 h, cells
were fixed with 10% TCA and then stained with SRB.4% (w/ v) in 1% AcOH. Unbound SRB

was washed out with 1% AcOH and SRB-containingscetre solubilized with 10 mMTrizma



base. The absorbance was read at a wavelengthSohdl Using the subsequent absorbance
measurements, such as time zero (T0), control gr¢@j}, and cell growth in the presence of the
compound (Tx), the percentage of growth was caledlat each of the compound concentration
levels. Growth inhibition of 50% (&) was calculated from the equation [(TieTz)/(CeTz}100
% 50, which provides the compound concentrationltieg in a 50% reduction in the net protein
increase (as measured by SRB staining) in conéltd during the incubation with the compound.
4.2.3 HelL a nuclear extract HDAC activity assay

HDAC Fluorescent Activity Assay Kit (BioVision, CAjvas used to detect HelLa nuclear
extract HDAC activity according to the manufactigeinstructions. Briefly, the HDAC
fluorometric substrate and assay buffer were addddeLa nuclear extracts in a 96-well format
and incubated at 37 °C for 30 min. The reaction stapped by adding lysine developer, and the
mixture was incubated for a further 30 min at 37 Agdditional negative controls included
incubation without the nuclear extract, without thebstrate, or without both. A fluorescence
plate reader with excitation at 355 nm and emissibAa60 nm was used to quantify the HDAC
activity.
4.2.4 HDAC enzymesinhibition assays

Enzyme inhibition assays were performed by the R@adiology Corporation, Malvern, PA.
(http://www.reactionbiology.com). The substrate #DAC1, -3, -6 and -8 was a fluorogenic
peptide derived from p53 residues 379-382 [RHKK{A€pmpounds were dissolved in DMSO
and tested in 10-dosedgmode with 3-fold serial dilution starting at ftM. Trichostatin A (TSA)
was the reference.

4.2.5 Western blot analysis



Cell lysates were prepared, and proteins were atgghby 7.5-15% SDS-PAGE, transferred
onto a PVDF membrane, and then immunoblotted vadti$ic antibodies. Proteins were
visualized with an ECL detection system. Compowstietd in a 10-dose dewith 3-fold serial
dilution starting at 1@M.

4.2.6 FACScan Flow Cytometric analysis

Cells were seeded in 6-well plates (2.5 X/d@ll) and incubated overnight. Next day cells
were treated with DMSO or indicated compounds &ibua concentrations for 48 h. Cells were
washed with phosphate-buffered saline, fixed inrdckl 70% EtOH at -20 °C overnight, and
stained with propidium iodide (80 ug/ml) containifigton X-100 (0.1%, v/v) and RNase A (100
ug/ml) in phosphate-buffered saline. DNA contenswaunted and analyzed with the FACScan
and CellQuest software (Becton Dickinson, Mountéiew, CA, USA).

4.2.7 Docking study

Docking analysis was performed using the molecdtarking software, Leadff. The crystal
structures of HSP90 (PDB ID: 2CCU), HDACG6 (PDB BREDU), HDAC1 (PDB ID: 5ICN) and
HDAC3 (PDB ID: 4A69) were downloaded from the PintBata Banf’. The LeadIT software
was used to prepare the protein structures. Watdzaules as well as the co-crystal ligand were
removed. The binding site of each structure wasgrdehed at a radius of 15 A from the co-
crystallized ligand. For compountD analysis a water molecule was added to the HDACG6
catalytic site due to its monodentate binding td*ZBecause the human HDAC6 co-crystal
structure does not contain water molecules in Hialytic site. Therefore water molecules were
taken from theDanio rerio HDACG6 co-crystal structure (PDB ID: 5EF7). The dmgkstrategy
used an enthalpy and entropy approach. Scoringredeas used default settings. The maximum

solutions for each iteration and each fragmentatiaa set to 500.



4.2.8 In vivo study

All animal studies were conducted in accordancé wie guidelines of the Animal Care and
Use Committee at Taipei Medical University (IACU®NLAC-2016-0374). H1975 cells (1 x
10" cells/mice) were inoculated subcutaneously in featbalenu/nu mice (5-6 weeks). Once the
tumor size was approximately 100 mnmice were allocated at random to treatment groups
Control group (vehicle; 5% DMSO/5% Cremophor in DBWO or 100 mg/kg of compouriy
once a day (qd) by intraperitoneal injection; 20kggof afatinib was given orally to mice every
day as positive control. Caliper measurements weggl to calculate tumor volum¥, (mnt)
using the formula/=Iw?/2, with| being the length and the being the width of the tumor. During
the experiment, the tumor size and body weight weeasured twice each week. Tumor growth
inhibition (TGI) was calculated by dividing the tamvolumes from treatment groups by those of
the control groups as 100%.

4.2.9 Western blot analysis (PD-L 1 expression in | FN-y treated H1975 cells)

Cells were lysed with RIPA lysis buffer containipgptease inhibitor cocktail. The cell lysates
were separated in a 10% reducing gel by sodium adddsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred ontatracellulose membrane. The blots were
incubated with mouse anti-PDL-1 antibody (Cat#AWSEBGENT, San Diego, California,
U.S.A.) or mouse anfi-actin antibody (Cat# A5416; Sigma-Aldrich, St. iuMO, U.S.A.) for
1h. HRP-conjugated goat anti-mouse IgG antibodiesud/ml; Cat# 115-035-003; Jackson
ImmunoResearch Laboratories, West Grove, PA, U)&d enhanced chemiluminescence (ECL)
substrate (Thermo Fisher Scientific, Waltham, MASIA.) were used to detect protein signals.

4.2.10 Analysis of PD-L 1 expression on cell surface by flow cytometry



Cells suspended at a cell number of 3 R @€lIs/tube were wash in PBS buffer containing
0.05% (w/v) BSA (PBS/BSA) and then incubated witlu&ml of mouse anti-PDL-1 antibody
(Cat# 14-5983-82; Thermo Fisher Scientific) for Ifhen cells were incubated with FITC-
conjugated goat anti-mouse IgG antibody (Cat# 196@71; Jackson ImmunoResearch
Laboratories) for 1h. After the removal of unbouadtibodies by extensive washing with
PBS/BSA, FITC fluorescence of the cells were meadursy FACScan flow cytometer (BD
Biosciences, San Jose, CA, USA). The data and rflaarescence intensity (MFI) of FITC

signal were analyzed by CellQuest software (BD 8msces, San Jose, CA, USA).
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Figure Captions

Figure 1. (A) Structures of HDAC and HSP9O0 inhibitors; (B) Designed dual HDAC/HSP90
inhibitors.

Figure 2. Western blot analysis of histone H3 and a-tubulin acetylation after treatment with 17
and SAHA.

Figure 3. Compound 17 triggered degradation of multiple HSP90 client proteins in a
concentration- and time-dependent manner.

Figure 4. Compound 17 induces accumulation of a sub-G1 phase population and significant cell
apoptosisin H1975 cells.

Figure5. Confirmation of docking protocol.

Figure 6. Interaction analysis of active compoundsin HSP9O.

Figure7. Interaction analysis of active compoundsin HDACSG.

Figure 8. HDAC structural differencesleadsto HDACG selectivity.

Figure 9. Antitumor efficacy of compound 17 alone and in combination with Afatinib in
NSCL C H1975 xenograft model.

Figure 10. Compound 17 downregulated PD-L 1 expression in | NF-y treated H1975 lung cancer
cells.



Table 1. Antiproliferative activity of compound®0 - 18 against human lung cancer cell lines

A549 H1975
Compounds
Glso (UM + SD}

10 0.37+£0.30 0.13+0.05
11 0.83+0.25 0.39 £0.08
12 >10 >10
13 0.87+0.11 1.64 +0.49
14 2.22+0.33 0.68 +£0.22
15 2.92+0.18 4.34 +0.84
16 2.35+0.14 1.07 £0.29
17 0.76 £0.13 0.52+0.20
18 2.74+£0.38 0.32+0.11
1 1.02+0.15 0.98+0.31
6 0.33+0.02 0.20 £ 0.03

%SD: standard deviation, all experiments were inddpatly performed at least three times



Table 2. Inhibition of HelLa nuclear extract HDAC Activitpnd HSP90 chaperone protein by
compoundd0-18

HSP90a HeLaHDAC
Compound
ICs0 (NM + SDY'

10 66.0 £ 5.7 > 1000
11 123.1 +33.9 > 1000
12 135.6 +13.2 > 1000
13 108.7 +17.0 > 1000
14 439+1.6 521.4+67.1
15 439 +3.5 168.3+31.5
16 42.2 +3.2 198.9 + 50.8
17 46.8 +6.4 388.8 + 20.9
18 103.5+10.3 > 1000
1 > 1000 99.4+17.7
6 65.7+1.6 > 1000

%SD: standard deviation, all experiments were inddpatly performed at least three times



Table 3: HDAC isoform inhibitory activity of compounds - 18

Compds ICs0 (NM)?
(selectivity ratio} HDAC1 HDAC3 HDAC6 HDAC8
0 > 10000 9851 33.3 420
(> 300) (296) () (12.6)
11 >10000 7319
> 7431 4411 68.6
(108) (64.3) )
13 6885 2811 330 7415
(20.8) (8.5) ) (22.5)
" 3814 2209 9.44 2011
(404) (234) ) (213)
5 554 388 2.21 1510
(250) (175) ) (683)
6 1075 494 2.12 > 10000
(507) (233) ) (> 4716)
. 1878 1312 4.32 3720
(434) (303) ) (861)
3150 3991 303 675
18 (10.4) (13.2) ) (2.2)
6.96 10.4 2.60 820

Trichostatin A 2.7) 4) ) (315)

®All compounds were dissolved in DMSO and testedtileast 10-dose kg mode with 3-fold serial
dilution starting at 1@M. ICsp values displayed the result of a single experimBEmese assays were
conducted by the Reaction Biology Corporation, Mafy PA."Selectivity ratio = selectivity ratio of
HDAC subtypes over HDACG6. *Empty cells indicateinbibition or compound activity that could
not be fitted to an I§gcurve.
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Figure 1. (A) Structures of HDAC and HSP90 inhibitors; (Blesigned dual HDAC/HSP90
inhibitors



02N O H2N O
a ON b \®E>N OBn \©E>N OBn
OO = w2 En
yield 50% yield 70% yield 80%
19 20 21 OBn 22 OBn

fe) (0]
N o N o}
d \CCN OBn e \®E>N OBn f
yield 75% yield 96% yield 97%

23 OBn 24 OBn

10 OH

Scheme 1. Reagents and conditions: (a) HN®,SO,, DCM, 0 °C to rt; (b)
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DCM, 0 °C.
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Figure 2. Western blot analysis of histone H3 amdubulin acetylation after treatment wil? and
SAHA. H1975 cells were treated witty or SAHA at the indicated concentrations for 24The
protein levels of acetyl-histone H3, acetytubulin and GAPDH were determined by Western blot
analysis.



Hsp90

Hsp70

p-Akt (S473)
Akt

p-Stat3 (Y705)
Stat3

Ac-Tubulin
Ac-Histone H3

GAPDH

Hsp90
Hsp70

p-Akt (S473)
Akt

p-Stat 3 (Y705)
Stat 3
Ac-Tubulin

Ac-Histone H3

GAPDH

Compound 17 BIIB Tuba

000301031 3 1 1 3

ooV - -

SPee - 9«

. e @

I’..- -—.-‘I

-—————— o |

Compound 17 AT-13387

0 00301 03 1 3 1 3

[ —————— - |
[~ = = —evere e |
[everere |
---- - - -

L e . o— —
--

(uM)

Hsp90

Hsp70

p-Akt (S473)

Akt

p-Stat3 (Y705)

Stat 3

Ac-Tubulin

Ac-Histone H3

GAPDH

(uM)

Compound 17 (3 pM)

12h 24 h

SPTe-e -

- =
Ry,

- AP W ———

Figure 3. CompoundL7 triggered degradation of multiple HSP9O0 client pnag in a concentration-
and time-dependent manner. A) H1975 cells weretddeavith DMSO or 0.03-3uM of test
compounds17, BlIB021, and Tubastatin A) for 24 h. Cells weaa\ested and subjected to Western
blot analysis for the detection of various HSP96ntlproteins. B) H1975 cells were treated with 3
MM of 17 for indicated times. C) H1975 cells were treat@édSD or indicated concentrations of test
compounds X7 and AT-13387) for 24 h. Whole cell lysates werelemikd, and each protein
expression was detected by immunoblotting. GAPDHs waed as the internal control. BIIB
(BIIBO21); Tuba (Tubastatin A).
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Figure 4. Compoundl?7 induces accumulation of a sub-G1 phase populatidrsagnificant cell
apoptosis in H1975 cells. A) Compoutdinduces sub-G1 phase cells accumulation after 48 h
treatment (left panel), and the bar graph showatescal analysis of the results of cell cycle
distribution by the studentistest (right panel). Results are from a single @spntative experiment
that was carried out n = 3 times. B) Compodiddnduces cell apoptotic death in H1975 cells. Cells

were cultured with indicated concentrations of Compd 17 for 48 h and cell lysates were detected
by indicated antibodies.



HDAC6 @ HDAC1

y |

Figure 5. Confirmation of docking protocol. The docking protocol was confirmed by redocking
the co-crystallized ligand. The docked ligands )reuloduced a pose similar those of the
co-crystallized ligand (yellow). Protein targetse dabeled as shown - HSP90 (PDB ID: 2CCU),
HDACEG6 (PDB ID: 5EDU), HDACL1 (PDB ID: 5ICN)



Figure6. Interaction analysis of active compoundsin HSP90 (PDB ID: 2CCU) (A) The docking
pose of compoundi7 (yellow) in the HSP90 binding site (purple). (B)& surface model shows that
compoundl? enters the binding site unencumbered. (C) Theidggkose of compouniD (orange)
in HSP90 binding site (purple). (D) The dockingfane model does not show any obstruction to
compoundlO in the binding site. The compound groups are Edbak shown. Hydrogen bonds are
represented as green lines.



pound 10

Figure 7. Interaction analysis of active compounds in HDAC6. The docking poses of (A)
compoundl? (yellow) and (B) compoundO (orange) in HDACG6 (blue). The compound groups are
labeled as shown. (C-D) the ZBG of active compourmisrdinate to the Zf and forms hydrogen
bonds with nearby residues. The HDAC6 surface mskelvs (E) compoundi7 and (F) compound

10 interactions along the catalytic site. The dasbleirepresents different interactions between the
active compound linkers and HDAC6. Hydrogen boads shown represented as dashed green
lines and the distance in red.



Figure 8. HDAC structural differences leads to HDAC6 sdlectivity. (A) The docked pose of
compoundl? (yellow) in HDAG (blue) are superimposed with HDAQreen) and HDAC3 (purple).
(B) The surface model of compoutd docked in HDAC6, HDAC1 and HDAC3. A specific pocket

for the cap group is observed in HDACSG.



~@— Control

-~ Afatinib (20 mg/kg, po, qd) (*** P < 0.001)

~4— Compound 17 (50 mg/kg, ip, qd) (* P < 0.05)
~{ Compound 17 (100 mg/kg, ip, qd) (*** P < 0.001)

-4 Control

== Afatinib (20 mg/kg, po, qd)

~4— Compound 17 (50 mg/kg, ip, qd)
—{— Compound 17 (100 mg/kg, ip, qd)

2500 = 30 1
25
,.;E~ 2000 = o
TGl S
£ ) 2 204
g 1500 = _-E,
E g 154
o 44.8%
> 1000 = S
S 63.8 o 10 4
s 69.7% m
- 500 = 5
0 v L L) L} v L} 0 L] L] L] L J L} L}
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Days Days
~@~— Control ~@— Control
-~ Afatinib (20 mg/kg, po, qd) (*** P <0.001) =0 Afatinib (20 mg/kg, po, qd)
-4 Compound 17 (50 mg/kg, ip, qd) (* P < 0.05) ~4— Compound 17 (50 mg/kg, ip, qd)
~{= Compound 17 (50 mg/kg, ip, qd) + Afatinib (*** P < 0.001) ~/\— Compound 17 (50 mg/kg, ip, qd) + Afatinib
2500 = 30 =
,;g 2000 4 25 4
£ %TGI = -
o 1500 = =
E =)
B 44.8% g 159
Z 1000 4 o
g 63.8% B 10 -
S 72.3% @
= 500 <
5
0 L} L} L} L] L} L) 0
2 4 8 10 12 . ’ : . y by
o . 0 2 4 6 8 10 12
Days
Y Days

Figure 9. Antitumor efficacy of compound7 alone and in combination with Afatinib in NSCLC
H1975 xenograft model. A) Tumor volume (left) asatly weight changes (right) of different of
treatment groups. B) Enhanced antitumor efficacgomhipoundl7 in combination with afatinib
(left). Toxicityassessment in different treatment groups was megsyrbody weight (right).
Tumor growth was calculated by the mean tumor velymn?) + SE and calculated as % tumor
growth inhibition (% TGI). Tumor volume was determthusing caliper measurements and was
calculated as the product of 1/2 x length x width described in Materials and Methods.
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Figure 10. Compound 17 downregulated PD-L 1 expression in | NF-y treated H1975 lung cancer

cells. (A) Cells were treated with the IFN-alone (20 ng/ml) or in combination with compouitiat

the indicated concentrations for B8and total cell lysates were analyzed by Weditatiing with

PD-L1 antibody(B and C) Cell where treated with IFNalone (20 ng/ml) or in combination with
Compoundl? at the indicated concentrations fori&nd analyzed by flow cytometr{B) The

MFI of treated cells is presented relative as tHe bf non-treated cells. The data are presented as
meart S.D. obtained from three independent experimerit? < 0.001, P <0.05 compared with

the INFy alone group.
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Research highlights

1.

1-Aroylisoindoline-hydroxamic acids as dual HDAC6/HSP90 inhibitors have been
synthesized.

Compound 17 displays potent inhibition of HDAC6 isoform and HSP90a inhibition.
Compound 17 induced suppression of tumor growth both in monotherapy as well as the
combination therapy with afatinib in human H1975 xenografts.

Compound 17 downregulated PD-L1 expression in INF-y treated H1975 lung cancer cells.
Compound 17 in combination with T cell immunotherapy might be worth investigating for

treatment of cancer.
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