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ABSTRACT

In parallel to monomeric epigenetic regulators,usege-specific epigenetic regulators represent
versatile synthetic dual-target ligands that aohiesgulatory control over multi-gene networks.
Development of DNA-binding domain (DBD)-HDAC inhibrs and DBD-HAT activators, which
result in increased histone acetylation, has beammegoromising research field. However, there is
no report regarding the gene regulatory patterrséiyuence-specific epigenetic repressor. We
report here for the first time, the synthesis of (BBAT inhibitors and demonstrate that these
conjugates could retain their dual-target activitying predicted working model of thermal
stability assay anth vitro HAT activity assay. Evaluation of antiproliferagivactivity in cancer
cells showed that2 (with a medium linker length of 13-atom) exhibitetie highest
antiproliferative activity in p53 wild-type canceell lines (IGo of 1.8-2.6uM in A549 and
MV4-11 cells) and not in p53 mutant cancer celle$in A mechanistic investigation using
microarray analysis and an apoptotic assay shohegdttie antiproliferative effect & occurred

via the up-regulation of p53 target genes, and theespent initiation of p53-dependent apoptosis.
Our research on sequence-specific dual-target egiigerepressor offers us an alternative way to
modulate HAT-governed therapeutically importantegeand contributes to offer a fresh insight
into antitumor therapeutics.
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1. Introduction

Among epigenetic families, histone acetylation hasn identified as a key histone marker that
switches on gene expression, ant its dysregulaienassociated with substantial diseases [1].
Several epigenetic agents, such as histone deasetyHDAC) inhibitors (SAHA and TSA),
histone acetyltransferase (HAT) activators (CTB &@iPB), and HAT inhibitors (C646 and
anacardic acid), have been approved or are inipieadl development as they showed promising
therapeutic efficacy [2-5]. Along with the exterediv studied monomeric epigenetic regulators,
sequence-specific epigenetic activators have rgcgatned prominence as an emerging class of
versatile synthetic dual-target ligands capableha¥ing regulatory control over multi-gene
networks Figure 1) [6, 7].
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Figure 1. Chemical structures of the HDAC inhibitors SAHA é®HA-I, HAT activators CTB an€TB-I, and
HAT inhibitor C646.

Our lab has focused on sequence-specific epigemetivators that involve conjugation of
epigenetic modulators with DNA-binding domains (DEDi.e., pyrrole-imidazole polyamides
(PIPs)_[8]. PIPs are programmable DNA minor grobireders with the ability to recognize and
bind specific DNA sequences strongly (with the RyfBair recognizing A/T or T/A, Py/im
recognizing C/G, and Im/Py recognizing G{8]. By incorporating a variable 8-ring PIP moiety
compound library of both HDAC inhibitor conjugaf&AHA-PIP) [10], we showed gene-specific
histone acetylation and downstream gene activatidiving cells. Promisingly, after conjugation
with SAHA, thePIP-1 sequenc€DNA-binding sequence, BWWCCWW-3, W = A/T) exhibited

the highest potential to upregul&®X2, OCT4 andNANOG, which are responsible for iPS cell
formation and maintenanc€i@ure 1) [11]. More interestingly, when SAHA was replacsih
CTB, CTB-I showed a gene activation pattern that was sinddathat of SAHA-I, although it
targeted a different epigenetic regulator [12].

In contrast with sequence-specific epigenetic atirs, such as SAHA-PIP and CTB-PIP which
functionally resulted in gene activation, no seaquespecific epigenetic repressor has been reported.
In this work, we constructed dual-function and sswe-specific HAT inhibitorvia C646
conjugation withPIP-I, for the development of novel cancer therapies Thlough independent
lines of evidence, we characterize the activity enoflsequence-specific HAT inhibitor conjugates
and demonstrate the anti-proliferative activitisscancer cell lines including A549 and MV4-11
cells. Microarray analysis and an apoptotic asesgaled the initiation of apoptosis caused by the
upregulation of p53 target genes as the mechanidrimdb the antiproliferative effect of in cancer



cells. Because HAT enzymes are known to regulaegénes associated with tumorigenesis, our
study suggests the novel chemical approach to ratelihe gene-regulatory pathway in a
sequence-specific manner.

2. Reaults and discussion

2.1 Design and synthesis

C646, which was reported by Philip A. Cole throuwilica screening, is the most potent HAT
inhibitor available currently. C646 inhibits p30@thva K; value of 400 nMn vitro and significantly
downregulates histone acetylation in human lungceamells and melanoma cells [5]. C646
contains a carboxyl group, and its amide analogsr@pargylamine conjugates exhibit the same
level of HAT inhibitory activity, which implies tha&IP conjugation at the carboxyl site is a good
choice, while maintaining HAT inhibitory activity B].
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Scheme 1. Structural design of PIP conjugates of the HAT liitor C646 (C646-PIP).

Inspired by the 8-ringPIP-1, we performedPIP-l conjugation with the HAT inhibitor C646
(C646-1) [12]. The linker region between the functionabgp and PIP might affect its binding
affinity and functional effect. Our group reporteid kinds of linkers of SAHA-PIP, and revealed
that a linker length of 12-atom yielded maximum regsion ofOCT3/4 [14]. In this work, after
taking linker length and chain flexibility into csideration, we designed646-1 conjugates with
three types of linkers, i.e., a shorter linker {8ra, 1), a moderate linker (13-ator@), and a longer
linker (18-atom3) (Scheme 1). Concomitantly, an alternative PIP sequencedigjatith C646 4)
was also designed, to investigate the PIP sequsotindtly relationship.

C646-PIP synthesis started from pyrrole-oxime rediB]. Using an 11-step Fmoc-protected
solid-phase synthesis, four PIPs were synthesized ceaved byN,N-dimethylamine. After
purification using a reverse-phase flash column; auget compounds were synthesized by
combining the terminal amino group of the PIP chaitth commercially available C646, which
contains a carboxyl group, with the help of the piimg agent PyBOP (Supplementary D&3).
These conjugates were then purified in high yield.

2.2 Determination of the DNA-binding affinity
A predictive working system in molecular level twaliate dual-target conjugates would
accelerate the research progress and obviate ndedebioactivity in the early research phase.



Since C646-PIP conjugates contain DNA binding nyoetd HAT inhibitor, we presume that
thermal stability assay and HAT activity assay migh suitable for preliminary evaluation. We
first performedT,, assay to test thermal stabilization of dual-fumtttonjugates-DNA complexes

[16].

Table 1. Results of thermal stability assay

M atch sequence Mismatch sequence
ODN1: 5'-ACTTATTCCATATAGA-3' ODN3: 5'-ACTTATCCACTATAGA-3'
Conjugates ODN2: 3'-TGAATAAGGTATATCT-5' ODN4: 3'-TGAATAGGTGATATCT-5'
Tm=325°C (+0.1) Tm=34.3°C (+0.1)
T./C AT,/ C? AATC T/ C AT/ C AATCP
1 49.4 (£0.1) 16.9 - 45.3 (£0.1) 11.0 5.9
2 50.6 (+0.1) 18.1 - 45.8 (£ 0.1) 115 6.6
3 50.9 (+0.1) 18.4 — 46.5 (+0.1) 12.2 6.2
4 46.1 (+0.1) 13.6 - 55.2 (+ 0.1) 20.9 7.3

®AT = AT(dSDNA + PIP) AT, (dsDNA); PAATm = ATm(match) -AT(mismatch)

As shown inTable 1, conjugated-3 stabilized match ODN1/2 withT,, of 16.9, 18.1, and 18.4°
respectively. Upon the incubation with mismatchNBMX, conjugated-3 showed a far weaker
binding affinity (AT, of 11.0-12.2 °C), which demonstrated that conjugat&s3 could
discriminate between match and mismatch sequentte binding sequence specificithAT,)
ranged from 5.9- 6.6C. Regarding conjugaté, it also showed notable binding affinity to its
match ODN3/4 withAT,, of 20.9 ‘Cand sequence specificity afT,, of 7.3 ‘C. These results
confirmed that upon the conjugation with C646, R#eained its high binding affinity and
sequence specificity to targeted DNA sequences.

2.3 Invitro HAT activity assay

After conjugation with PIP, functional moieties,chuas SAHA, CTB, and alkylating agents, still
harbored their functional activity toward the priypdargets (HDAC inhibition, HAT activation
and DNA alkylation), with only a slight loss of aaty [17]. Therefore, it is mandatory that the
conjugation ofPIP-1 with C646 does not diminish the histone acetyfatithibitory activity. We
then evaluated the HAT activity of all synthesizZé@46-PIP conjugates using a commercially
available HAT activity kit. We used p300 as the H&zyme, as C646 showed high selectivity to
p300 compared with a panel of similar functionatyenes, such as PCAF, GCN5, AANAT, Sas,
Moz, and Rtt109 [5]. The HAT inhibitory activity waassessed using fluorescence absorption on a
microreader using the H3 peptide and Ac-CoA astraies. Besides, we also designed and
evaluated anacardic acid, a widely used HAT inbibind its conjugates with PIP in a predictive
working system_[18]. However, after PIP conjugatitimey did not show any HAT inhibitory
activity (Supplementar$3 and$4). The conjugation of PIP blocked the binding cheardic acid

to the active pocket of p300, which might be reslale for the undesired outcome.
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Figure 2. HAT inhibitory activity assay. The enzymatic activof HAT was tested in the presence of CG4&, 3,
4, andPIP-1. Each effector was individually administered ab tsoncentrations (1 and 5 uM) to the p300 enzyme
using a Hela cell nuclear extract as a positivdroband the 0.5% DMSO group as a control grdg0.05.

Our results showed an 4gof 2.4uM for C646, which is comparable with that reporpedviously
[19]. As expected, th@IP-I sequence without C646 did not possess HAT inhipitctivity.
Concomitantly, all C646-PIP derivatives, regardlesinker region and PIP sequence, maintained
HAT inhibitory activity, with 1G values around 3.9-4{2M. These data verify that C646-PIP
preserved p300 inhibitory activity and the change®IP sequence had no obvious deleterious
effects on IG. In addition, the inhibitory activity of C646-Pikas slightly decreased compared
with the C646 monomer, which might be attributedhi® constraints exhibited by PIP moiety over
C646 binding to HAT.

2.4 Antiproliferative activity assay

Previously, antiproliferative activity of HAT inhifors was shown in cancer cell lines [3, 20].
After a 10-day treatment, C646 exhibited anylGf 10.0, 6.0, and 6.8M in A549, H157, and
H460 cells, respectively, as assessed by a clomogarnvival assay based on a published article
[21]. Under ionizing radiation therapy, C646 ra@iositized lung cancer cells by enhancing the
mitotic catastrophe. However, only a limited dostorenhancement of 1.2—1.4 fold was observed
in this study to suggest the need to incorporatalt@nnative molecular design.

A549 viability assay
140 10 yM
85 M
120 {» 01 pM
100 an I % % 80.1 pM
z B H
=80
=
=
Z 60
)
o
40
20
0
DMSO C646 1 2 3 4 PIP-I

Figure 3. Cell viability assay in the A549 cell line using tM¢ST-8 method.A549 cells were grown in 10%

FBS/DMEM medium for 24 h. Subsequently, the mediuas veplenished with varying concentrations of C645-P
conjugates (0.1, 1, 5, and M) for 96 h. The cell viability of A549 cells wasaasured using the WST-8 method.
Each bar represents the mean + SD from three viR[3.05.



Here, we studied the antiproliferative activity@$46-PIP using a cell viability assay in A549 cells
[22]. In consistent with our notion, A549 cell vility was not affected bl P-I and C646, even at
the concentration of 1QM, after 96 h of treatment=igure 3). Treatment with C646-PIP
conjugates led to cell inhibition, but the exteftotivity varied considerably among conjugates
with different linker lengths and PIP sequences.

Regarding the shardel P-1 sequence? (moderate linker with a 13-atom distance) exhibitesl
highest antiproliferative activity, with an 4gof 1.8uM, in a dose-dependent manner. This implies
that the length of the linker plays a pivotal rodgarding its cellular effect, which was different
from the simplified HAT inhibitory activityin vitro. If the linker length was too short)( C646
may not be sufficiently free to bind to the actjvecket of p300 while PIP bound to DNA. In
contrast, a linker that was too lorg) fnay push C646 out of the localized region of Bilitling
thereby hampering the sequence-specifi@itgnd4 had the same linker length (13-atom distance),
but different PIP sequences. Howevershowed only a slight antiproliferative activity &b49
cells to imply that th@I P-I sequence is necessary for antiproliferative agtivi

2.5 Microarray analysis

Microarray analysis has been used widely to idgniiiderlying regulatory gene patterns [23].
In this work, whole-genome transcriptional profijiof the A549 cell line was performed using
microarray analysis, according to the manufactargrbtocol_[24]2 (2 uM) and4 (2 uM) were
added respectively, for 48 H. did not exhibit a specific gene regulatory pattentich was
consistent with its low antiproliferative activitjfter treatment with2, among the more than
50,000 transcripts identified, 310 target geneswsldo1.5-fold changes in expression levels
(P<0.05), with upregulation observed for 170 tramssriand downregulation detected for 140
transcripts. Genes detail information of microarmaya up- and downregulated by treatment &ith
with levels >1.8-fold and <1.8-fold changesp&0.05) byAffymetrix gene expression console
software(Table 2).

Table 2. Genes detail information of microarray data upd atownregulated by treatment with Genes
with >1.8-fold and <-1.8-fold changeB<0.05). Uncharacterized transcripts were excludenh fthis table. Gene
symbols in red color and green color are upregdlatel downregulated p53 downstream targets, rasplct

Gene Symbol  Fold Change | Gene Symbol  Fold Change
SPATA18 2.98 TP53INP1 1.85
EDA2R 2.53 CD70 1.83
ABCA12 2.42 FAS 1.83
BTG2 2.35 GDF15 1.81
MIR3189 2.32 GAS6-ASL 181
CDKN1A 2.28 ANKRD1 1.81
SULF2 2.13 DDB2 1.80
WDR63 2.03 NEFL 1.80
FDXR 2.00 SNORAS -1.81
MDM2 1.97 ALDH1L2 -1.86
UIMC1 1.94 CARS -1.90
MIR4713 1.94 ASNS -2.01
SESN1 1.91 TAS2R30 -2.01
SCARNA7 1.89 STC2 -2.34
MIR3685 1.89 ULBP1 -2.34
CYFIP2 1.88 GUSBP3 -2.63
POLH 1.88 CHAC1 -3.64

We performed an Ingenuity Pathway Analysis (IPA)re differentially expressed genes, to gain a
more precise global understanding of the underlyimgjogical processesFigure 4a) [25].



Interestingly, while4 did not show potent and specific gene patternlatigns, treatment witl2

led to a strong enrichment of p53 target genedh sisSPATALS (2.98 fold),BTG2 (2.35 fold),
FDXR (2.00 fold), andMDM2 (1.97 fold), among the top regulated transcripis.then performed

a Gene Set Enrichment Analysis (GSEA) of the sigaiitly differentially regulated genes using
the published gene expression profiles of p53 targéh gene sets of the Kyoto Encyclopedia of
Genes and Genomes (KEGG) (Supplementary [38ja[26]. Consistent with the IPA analysis,
GSEA demonstrated that the p53 signaling pathway pradominantly enriched among all 185
gene sets identified, with an enrichment score ®7 @nd & value <0.00Iigure 4b).
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Figure 4. a) Significantly enriched target genes annotation58 py IPA. Targeting genes depicting the effec2 of
(compared with DMSO) the expression pattern of p&thway target genes in the technical duplicatestafle
transcriptome analysisP€0.05) regulated at least 1.8-fold) A Gene Set Enrichment Analysis (GSEA) was
performed to assess whether genes that were diffellg repressed bg were significantly associated with p53
direct effectors expression profiles of KEGG geneetss and gene symbols (GSEA database
c2.cp.kegq.v5.2.symbols.gymthe enrichment score clearly showed that thege the top of the ranked list
were overrepresented in the reference gen®s6t001 andj<0.001.

A549 cells contain wild-type p53. Previous repadmonstrated that wild-type p53 plays a
significant role in tumor inhibition. Stabilizing5@ and selectively activating p53 targets in p53
wild-type cells resulted in a pronounced antipestitive effect by inducing cell-cycle arrest and
apoptosis [27]SAHA-1 andCTB-I activatedSOX2, OCT4, andNANOG in somatic human cells,
while showing no antiproliferative activity, ande#itment with2 showed slight decreases of
pluripotent genes after detail inspection of micrag data. Previous report demonstrated that
downregulation of p53 pathway is required for édiit iPS cell reprogramming and maintenance
[28]. Our data suggest that the inhibition of phatent genes might result in p53 pathway
activation based on the microarray data. Furtheen®showed weak antiproliferative activity in
p53-mutant SW620 cells. Therefore, these resultabawed with the cell viability assay and
microarray experiment discussed above led us tolgde that the antiproliferative activity caused
by 2 in A549 cells was mainly attributable to the aation of p53 targeting genes.

2.6 Apoptotic assay
Among the many roles of tumor suppressor p53, thie of p53-dependent apoptosis in
pathological conditions was identified and well-doented, especially in cancer [27]. The



microarray results led us to presume that p53-deatgr@ apoptosis might be the antiproliferative
mechanism underlying the effects observedfor
To confirm this hypothesis, cellular apoptosis wagstigated via Annexin V-FITC assay, together
with living cells and dead cells [29]. A549 cellews treated witl2 and4 for 48 h. Subsequently,
apoptotic, necrotic, and healthy cells were staingth three different fluorophores (Annexin
V-FITC, ethidium homodimer Ill, and Hoechst 3334R)gure 5).

EthD Merge

DMSO

2 uM

2 uM

Figure 5. Effect of 2 and 4 on cellular apoptosis and necrotic activity. Repn¢éative images of apoptosis
detection using fluorescence imaging. A549 cellsswieeated with DMSQ2, and4 at 2 uM for 48 sA confocal
image showed Hoechst 33342 staining, Annexin V-FTdining, ethidium homodimer Il staining, and areday

of the images. (Scale bars represent |[110{).

In accordance with the kgof 2, 2 um 2 and4 were applied to observe the process of cell daath.
the control experiment (0.1% DMSO), apoptotic/deatls were difficult to detect. Conversely,
cultures treated witB showed more abundant apoptotic cells and an obwohset of dead cells,
which was consistent with the results of the ciglbility assay described above. EFpmost of the
cells were in a healthy condition, and only a feagnotic cells and apoptotic cells were detected. As
wild-type p53 plays a major role in A549 cell apags$, it is reasonable to assume thattivated
p53 downstream targets and induced cell apoptesiding to programmed cell death.

To validate the role of p53 in antiproliferativedaapoptotic activities o2, we further teste@ in
wild-type p53 cell line (MV4-11 cells) and mutarg3cell lines (SW620 and MDA-MB-231 cells)
for 96 h (Supplementary Dat86). Consistent with antiproliferative activity in AS cells,2
showed IGy of 2.6 UM in MV4-11 cells. On the other hand, results shdvileat2 had weak
inhibitory activity in mutant p53 cell lines SW628lls (78.4% cell viability ) and MDA-MB-231
cells (69.3% cell viability) at the concentratioh 10 pM. Above all, the antiproliferative and
apoptotic activity o2 might mainly mediated by wild-type p53 rather tmantant-p53.



3. Conclusions

In addition to DNA mutation, heritable phenotypssch as the inactivation of tumor suppressor
genes, can also be acquired by epigenetic modditatincluding DNA methylation and histone
modifications_[30]. Inactivation of tumor suppressand their downstream pathways, such as the
p53 pathway, or activation of proto-oncogenes aed torrespondent pathways, such as the RAS
pathway, have been extensively studied to playatai role in tumor initiation and development.
In particular, wild-type p53 is popularly known #se guardian of the genome owing to its
significant role in tumor inhibition. Stabilizing5@ and selectively activating the p53 pathway in
p53 wild-type cells resulted in a pronounced aotiferative effectsiia the induction of cell-cycle
arrest and apoptosis [31]. In contrast, mutationthé p53 tumor suppressor gene are associated
clinically with cancer stem cell progression andastasis [32, 33].

In this study, we report for the first time aboué tsynthesis and characterization of a new type of
dual-functional conjugates comprised of a selectlgA-recognizing small molecule and a
synthetic inhibitor of HAT activity. Our predictedorking model about dual functionality, i.e.,
sequence-specific DNA binding and HAT inhibitorytiaity got substantiated using thermal
stability assay and HAT activity assay, respecyivelo evaluate the bioactivity of our
dual-functional conjugates, we investigated thepamliferative activities in p53 wild-type cell
lines (A549 and MV4-11 cells) and p53 mutant cale$ (SW620 and MDA-MB-231 cells).
Among C646-PIP derivatives synthesiz@d(with a medium linker length of 13-atom) showed
potent antiproliferative activity with an g of 1.8-2.6 uMm in A549 and MV4-11 cells.
Additionally, the data acquired from microarray lggs and apoptosis assay, we demonstrated
that the antiproliferative mechanismabccurredvia the activation of p53 target genes, which in
turn triggered subsequent p53-dependent apoptéBigent antiproliferative activities and
multi-gene network regulation observed in this aesk on sequence-specific dual-target
epigenetic repressor offer us an alternative wasfudy and develop novel antitumor therapeutics.

4. Experimental section

4.1 General methods

Reagents and solvents were purchased from stanslgdliers and used without further
purification. HAT inhibitor C646 was purchased fr@igma-Aldrich (SML0002-25 mg). HPLC
analysis were performed with a JASCO PU-2080 plid.El pump, a JASCO 807-IT HPLC
UV/Vis detector, and a Chemcobond 5-ODS-H revepwabe column (4.6x150 mm) in Q4
TFA in water using acetonitrile as the eluent #ow rate of 1.0 mimin™ under detection at 254
nm. Electrospray ionization Time-of-flight mass sfpemetry (ESI-TOF MS) was performed on a
Bio-TOF Il (Bruker Daltonics) mass spectrometer lmwging positive ionization mode.
Machine-assisted PIP syntheses were performed oRS8M-8 (Shimadzu) system with
computer-assisted operation on au®ol scale using Fmoc chemistry.

4.2 HAT inhibitor-PIP synthesis

Machine-assisted automatic solid-phase synthegisigbin-type PIP was carried out with the
use of a continuous-flow peptide synthesizer (PS58himadzu, Kyoto, Japan) at 0.1 mmol
scale (100 mg of Fmoc oxime resin, 0.50 meq/qg, iBephstitute, Osaka, Japan) [15]. In a
stepwise reaction, Fmoc-Py-COOH, Fmoc-Im-COOH, Fmoc-Py—Im-COOH,
Fmoc$-alanine-COOH, 4-(Fmoc-amino) butyric acid and Fmp&-dioxanonanoic acid were



coupled sequentially Automatic solid-phase synthesis was started byhing with
dimethylformamide (DMF); coupling with a monomerr f60 min in an environment of
1-[bis(dimethylamino)methylene]- 5-chlorobenzotdliam 3-oxide hexafluorophosphate
(HCTU) and diisopropylethylamine (4 eq. each); regmg the Fmoc group using 20%
piperidine/DMF. We then isolated PIP after cleavatep (1 mIN,N-Dimethylpropylamine)
for compoundd4-4.

Through 11-step solid phase synthesis and revémasepflash column, four PIPs were
successfully synthesized. Then, our target comppwvate synthesized and purified in high
yield by conjugating commercially available C64@mi-NH,, 2-NH,, 3-NH,, and4-NH,
respectively with the help of coupling agent PyBaB. purify the PIP conjugates, high
performance liquid chromatography (HPLC) was penied with use of a PU-980 HPLC
pump, UV-975 HPLC UV/VIS detector (Jasco, Easto))Mand Chemcobound 5-ODS-H
column (Chemco Scientific, Osaka, Japan). ESI-M& dae listed inSupplementary Data
Sr7-S11.

PIP-I was obtained as a white powder. MS (ESI-TO®)xcalcd for GH71N20567 [M+2H]2+:
604.7841; found: 604.7302; HPL€=16.09 min (0.26 TFA/MeCN, linear gradient 0-106, 0—
40 min).

1-NH, was obtained as a white powder. MS (ESI-T@®xcalcd for GiH7N3012" [M+2H]":
654.8159; found: 654.6877; HPL€=10.06 min (0.2 TFA/MeCN, linear gradient 0-106, 0—
20 min).

2-NH, was obtained as a white powder. MS (ESI-TO®calcd for GsHgsN4015>" [M+2H]*:
691.8343; found: 691.6911; HPLG=10.11 min (0.26 TFA/MeCN, linear gradient 0-100, 0—
20 min).

3-NH, was obtained as a white powder. MS (ESI-TO®calcd for GiHeiN»0:s>" [M+2H]*:
728.8527; found: 728.7889; HPL€=10.18 min (0.26 TFA/MeCN, linear gradient 0-106, 0—
20 min).

4-NH, was obtained as a white powder. MS (ESI-TO®calcd for GgHgaN24015>" [M+2H]*:
692.3320; found: 692.3352; HPL€=9.692 min (0.26 TFA/MeCN, linear gradient 0-106, 0—
20 min).

1 was obtained as a red powder. MS (ESI-T@#z.calcd for GsHogN2eO16™F [M+2H]2+:
868.3744; found: 868.2229; HPL€=14.05 min (0.26 TFA/MeCN, linear gradient 0-106, 0—
20 min).

2 was obtained as a red powder. MS (ESI-T@#.calcd for GeH1oMN260167 [M+2H]2+:
905.3927; found: 905.3164; HPL€=14.10 min (0.26 TFA/MeCN, linear gradient 0-108, 0—
20 min).

3 was obtained as a red powder. MS (ESI-T@#.calcd for GiH10N260207" [M+2H]2+:
942.4111; found: 942.4408; HPLG=14.19 min (0.6 TFA/MeCN, linear gradient 0-106, 0—
20 min).

4 was obtained as a red powder. MS (ESI-T@#.calcd for GH101N27O0167 " [M+2H]2+:
905.8904; found: 906.0553; HPL€=13.83 min (0.26 TFA/MeCN, linear gradient 0-106, 0—
20 min).

Polyamide concentrations were calculated with addasp ND-1000 spectrophotometer
(Thermo Fisher Scientific Inc.) using an extinctiooefficient of 9900 M1 cth per one
pyrrole or imidazole moiety ak,.x near 310 nm_[16]. C646-PIP concentrations were



calibrated by comparing UV absorbance at 410 n@646 [13].

4.3 Thermal stability assay

Thermal stabilization of polyamide—DNA complex che analyzed by thermal melting
temperatureT,) analysis, and this method has been used for g#asunement of the relative
binding affinity and the ability to discriminate smatch sequences. Melting temperature
analyses were performed on a spectrophotometer OVGASCO) equipped with a
thermos-controlled PAC-743R cell changer (JASCOjefagerated, and heating circulator
F25-ED (Julabo). The sequences of dsDNA were ODBACTTATTCCATATAGA-3,
ODN2: 3-TGAATAAGGTATATCT-5', ODN3: 5'-ACTTATCCACTAAGA-3', and ODN4:
3'-TGAATAGGTGATATCT-5". The underlined bases wehe thinding sites of polyamides.
The analysis buffer was the aqueous solution ahMNaCl and 10 mM sodium cacodylate
at pH 7.0 containing 0.25 % v/v DMF. The concemrabf polyamides and dsDNA was 2.5
UM, respectively. Before analyses, samples were #uhéiam 95 ‘Cto 20 ‘C at a rate of
1.0 ‘C/min. Denaturation profiles were recordedvat260 nm from 20 to 95C at a rate of
1.0 ‘C/min.

4.4 HAT activity assay in vitro

HAT activity assays were determined using a comiakravailable kit (Biovision
Biotechnology) according to the manufacturer’'s rinsfion [12]. Biovision's HAT Activity
Assay Kit utilizes Acetyl CoA and H3 histone peptids substrates, and recombinant p300
core domain as the enzyme. In this assay, HAT eazyanlyzes the transfer of acetyl groups
from Acetyl-CoA to the histone peptide, thereby grating two products - acetylated peptide
and CoA-SH. The CoA-SH reacts with the developegdnerate a product that is detected
fluorometrically at EX/Em = 535/587 nm.

4.5 Cdll culture

To make the complete growth medium for A549 cekliATCC-formulated DMEM medium,
fetal bovine serum (Sigma FBS) to a final concditnaof 10% and L-glutamine to a final
percentage of 2 mM. To make the complete growtdiame for MV4-11 cell line: RPMI
1640 medium, FBS to a final concentration of 10%gllitamine to a final percentage of 2
Mm and penicillin/streptomycin to a final concefima of 1%. To make the complete
growth medium for SW620 cell line, we added théofeing components to the base medium:
ATCC-formulated DMEM medium, FBS to a final conaation of 10% and
penicillin/streptomycin to a final concentration 1. To make the complete growth medium
for SW620 cell line, we added the following compotse to the base medium:
ATCC-formulated DMEM medium, FBS to a final conaation of 10% and
penicillin/streptomycin to a final concentration . To make the complete growth medium
for MDA-MB-231 cell line, we added the following mmonents to the base medium:
ATCC-formulated DMEM medium, FBS to a final conaation of 10% and
penicillin/streptomycin to a final concentrationfo.

4.6 Céll proliferation assay
Cancer cell lines were seeded on 96-well microplé®e1G cells/well) in above mentioned



media for 24 h at 3T in 5% CQ. Then media was replenished with varying concéntia

of conjugates C646-PIP for 96 h. Count ReagentN&edlai Tesque) was added to each well
to evaluate the cell proliferation. The absorbaoteach well was measured at 450 nm by
SpectraMax M2 (Molecular devices) microplate reader

4.7 Microarray analysis and data processing

A549 cells were plated in 6-well plates at 2 ¥ t6lls/well and were treated for 48 h with
DMSO (0.01% control) and RM concentration of C646-PIP, with technical duptiéesain
each condition respectively. Total RNA was prepaaed the integrity of the RNA was
checked using the Agilent 2100 Bioanalyzer (Agil€athnologies). One hundred nanograms
of total RNA quantified by Nanodrop ND1000 v. 3.%Thermo Scientific) was labeled using
a GeneChip WT PLUS Reagent kit (Affymetrix) and vigbridized to Human Gene 2.1 ST
Array Strip (Affymetrix) for 20 + 1 h at 48°C. THeybridized arrays were washed, stained,
and imaged on a GeneAtlas Personal Microarray Byétdfymetrix). The hybridized probe
set values were normalized using Affymetrix genpregsion console software. Significant
differentially expressed genes between the diftecemditions were analyzed usingest
statistics p<0.05). Microarray data reported here were depwsitethe Gene Expression
Omnibus database under the accession number (tymeavailable).

Gene set enrichment analysis (GSEA) was condudedetect statistically significar
targeted genes associated with a gene set p53atedujenes. Data were further analyzed by
IPA (Ingenuity Systems; http://www.ingenuity.con®6]. The IPA functional analysis was
conducted to identify the significant biologicahfitions associated with the microarray data
set. Genes from the data sets that were regulagedliB-fold cutoff atp<0.05 were
considered for the analysis. Thevalue was calculated using right-tailed Fishekaat test
that defines the degree of association of the skettéo the assigned biological function.

4.8 Apoptosis Detection assay

The apoptosis detection assay was performed usidgaptotic, Necrotic, and Healthy Cells
Detection Kit (Promokine) according to manufactigrénstructions_[29]. A549 cells were
cultured in 8-well chamber slides at a density 1@ cells/well and treated with @M PIP
for 48 hr. Cells were washed with a binding bufferd stained with FITC-Annexin V,
Ethidium Homodimer Ill, and Hoechst 33342; thenytheere subjected to fluorescence
microscopy analysis (SpectraMax M2, Molecular Desjc

4.8 Satistical analysis

Results for continuous variables were presenteth@samean + standard error. Two-group
differences in continuous variables were assessedhé unpaired T-testP-values are
two-tailed with confidence intervals of 95%. Sttial analysis was performed by comparing
treated samples with untreated controls.

Acknowledgments

This work was supported by JSPS KAKENHI Grant N®16H06356, “Basic Science and
Platform Technology Program for Innovative BiolagidMedicine by Japan Agency for Medical
Research and Development (AMED)”, “the Platformj@cbfor Supporting Drug Discovery and



Life Science Research funded by AMED” and “JSPS-NS8ternational Collaborations in

Chemistry (ICC)”" to G.N.P., Grant NO. 16K12896. \lso thank China Scholarship Council
(CSC) support Z. Y., Japanese Government (MONBUKAGAHO: MEXT) Scholarship support

Y. W., and JSPS scholarship support J. T.

Appendix A. Supplementary data
Supplementary data related to this article carobed at http://dx.doi.org/.

References

[1] A.P. Feinberg, M.A. Koldobskiy, A. Gondor, Egigetic modulators, modifiers and mediators in
cancer aetiology and progression, Nat. Rev. Gai7et2016) 284-299.

[2] M. Mottamal, S.L. Zheng, T.L. Huang, G.D. Wangistone Deacetylase Inhibitors in Clinical
Studies as Templates for New Anticancer Agents,eiides 20 (2015) 3898-3941.

[3] S. Castellano, C. Milite, A. Feoli, M. Viviandd. Mai, E. Novellino, A. Tosco, G. Sbardella,
Identification of Structural Features of 2-Alkylide-1,3-Dicarbonyl Derivatives that Induce Inhibitio
and/or Activation of Histone Acetyltransferases K#lIp300 and KAT2B/PCAF, ChemMedChem 10
(2015) 144-157.

[4] K.C. Ravindra, B.R. Selvi, M. Arif, B.A. Redd¥;z.R. Thanuja, S. Agrawal, S.K. Pradhan, N.
Nagashayana, D. Dasgupta, T.K. Kundu, Inhibitiofysine acetyltransferase KAT3B/p300 activity by
a naturally occurring hydroxynaphthoquinone, plugibaJ. Biol. Chem. 284 (2009) 24453-24464.

[5] E.M. Bowers, G. Yan, C. Mukherjee, A. Orry, Wang, M.A. Holbert, N.T. Crump, C.A. Hazzalin,
G. Liszczak, H. Yuan, C. Larocca, S.A. SaldanhaABagyan, Y. Sun, D.J. Meyers, R. Marmorstein,
L.C. Mahadevan, R.M. Alani, P.A. Cole, Virtual Ligh Screening of the p300/CBP Histone
Acetyltransferase: Identification of a Selective @imMolecule Inhibitor, Chem. Biol. 17 (2010)
471-482.

[6] G.N. Pandian, J. Taniguchi, S. Junetha, S.,Satblan, A. Saha, C. AnandhaKumar, T. Bando, H.
Nagase, T. Vaijayanthi, R.D. Taylor, H. Sugiyamastidct DNA-based epigenetic switches trigger
transcriptional activation of silent genes in hundanmal fibroblasts, Sci. Rep. 4 (2014) e3843.

[7] L. Han, G.N. Pandian, S. Junetha, S. Sato, @mihakumar, J. Taniguchi, A. Saha, T. Bando, H.
Nagase, H. Sugiyama, A synthetic small moleculetdogeted transcriptional activation of germ cell
genes in a human somatic cell, Angew. Chem. Int52q2013) 13410-13413.

[8] G.N. Pandian, K. Shinohara, A. Ohtsuki, Y. Na&a M. Masafumi, T. Bando, H. Nagase, Y.
Yamada, A. Watanabe, N. Terada, S. Sato, H. Moainkly Sugiyama, Synthetic small molecules for
epigenetic activation of pluripotency genes in neasbryonic fibroblasts, Chembiochem 12 (2011)
2822-2828.

[9] S. White, J.W. Szewczyk, J.M. Turner, E.E. BaiP.B. Dervan, Recognition of the four
Watson-Crick base pairs in the DNA minor groovespgthetic ligands, Nature 391 (1998) 468-471.
[10] G.N. Pandian, Y. Nakano, S. Sato, H. MorinagaBando, H. Nagase, H. Sugiyama, A synthetic
small molecule for rapid induction of multiple pluotency genes in mouse embryonic fibroblasts, Sci.
Rep. 2 (2012) e544.

[11] G.N. Pandian, S. Sato, C. Anandhakumar, Jigtghi, K. Takashima, J. Syed, L. Han, A. Saha, T.
Bando, H. Nagase, H. Sugiyama, ldentification cfnaall molecule that turns ON the pluripotency
gene circuitry in human fibroblasts, ACS Chem. B&(2014) 2729-2736.

[12] L. Han, G.N. Pandian, A. Chandran, S. SatoTJahiguchi, G. Kashiwazaki, Y. Sawatani, K.



Hashiya, T. Bando, Y. Xu, X. Qian, H. Sugiyama, ynfhetic DNA-Binding Domain Guides Distinct
Chromatin-Modifying Small Molecules to Activate &fentical Gene Network, Angew. Chem. Int. Ed.
Engl. 54 (2015) 8700-8703.

[13] J.H. Shrimp, A.W. Sorum, J.M. Garlick, L. Gahas M.C. Nicklaus, J.L. Meier, Characterizing the
Covalent Targets of a Small Molecule Inhibitor lné tLysine Acetyltransferase P300, ACS Med. Chem.
Lett. 7 (2016) 151-155.

[14] G.N. Pandian, A. Ohtsuki, T. Bando, S. Sata, Hashiya, H. Sugiyama, Development of
programmable small DNA-binding molecules with epigc activity for induction of core
pluripotency genes, Bioorg. Med. Chem. 20 (2015628660.

[15] H. Morinaga, T. Bando, T. Takagaki, M. YamamoK. Hashiya, H. Sugiyama, Cysteine cyclic
pyrrole-imidazole polyamide for sequence-specificagnition in the DNA minor groove, J. Am. Chem.
Soc. 133 (2011) 18924-18930.

[16] C. Guo, Y. Kawamoto, S. Asamitsu, Y. SawatdhiHashiya, T. Bando, H. Sugiyama, Rational
design of specific binding hairpin Py-Im polyamidasgeting human telomere sequences, Bioorg. Med.
Chem. 23 (2015) 855-860.

[17] C. Guo, S. Asamitsu, G. Kashiwazaki, S. Safo,Bando, H. Sugiyama, DNA Interstrand
Crosslinks by H-pin Polyamide (S)-seco-CBI ConjegatChemBioChem 18 (2017) 166-170.

[18] K. Balasubramanyam, V. Swaminathan, A. Rangaarg T.K. Kundu, Small molecule modulators
of histone acetyltransferase p300, J. Biol. CherB. (2003) 19134-19140.

[19] G.-B. Li, L.-Y. Huang, H. Li, S. Ji, L.-L. LiS.-Y. Yang, ldentification of new p300 histone
acetyltransferase inhibitors from natural produmtsa customized virtual screening method, RSC Adv
6 (2016) 61137-61140.

[20] X.-n. Gao, J. Lin, Q.-y. Ning, L. Gao, Y.-sa¥, J.-h. Zhou, Y.-h. Li, L.-l. Wang, L. Yu, A Haate
Acetyltransferase p300 Inhibitor C646 Induces Celicle Arrest and Apoptosis Selectively in
AML1-ETO-Positive AML Cells, PLoS ONE 8 (2013) e¥84

[21] T. Oike, M. Komachi, H. Ogiwara, N. Amornwidhé&. Saitoh, K. Torikai, N. Kubo, T. Nakano, T.
Kohno, C646, a selective small molecule inhibitdérhistone acetyltransferase p300, radiosensitizes
lung cancer cells by enhancing mitotic catastroftagliother. Oncol. 111 (2014) 222-227.

[22] G. Kashiwazaki, T. Bando, T. Yoshidome, S. Ma§. Takagaki, K. Hashiya, G.N. Pandian, J.
Yasuoka, K. Akiyoshi, H. Sugiyama, Synthesis andold@jical Properties of Highly
Sequence-Specific-AlkylatingN-Methylpyrrole—N-Methgidazole Polyamide Conjugates, J. Med.
Chem. 55 (2012) 2057-2066.

[23] F. Yang, N.G. Nickols, B.C. Li, G.K. MarinoJ.W. Said, P.B. Dervan, Antitumor activity of a
pyrrole-imidazole polyamide, Proc. Natl. Acad. $4iS.A. 110 (2013) 1863-1868.

[24] H. Piotrowska-Kempisty, M. Rucinski, S. Boryd, Kucinska, M. Kaczmarek, P. Zawierucha, M.
Wierzchowski, D. Lazewski, M. Murias, J. Jodynishert, 3 '-hydroxy-3,4,5,4 '-tetramethoxystilbene,
the metabolite of resveratrol analogue DMU-212jkith ovarian cancer cell growth in vitro and in a
mice xenograft model, Sci. Rep. 6 (2016).

[25] A. Kramer, J. Green, J. Pollard, S. Tugendreftausal analysis approaches in ingenuity pathway
analysis (ipa), Bioinformatics 30 (2013) 523-530.

[26] V.K. Mootha, C.M. Lindgren, K.F. Eriksson, Subramanian, S. Sihag, J. Lehar, P. Puigserver, E.
Carlsson, M. Ridderstrale, E. Laurila, N. Houshis). Daly, N. Patterson, J.P. Mesirov, T.R. Golib,
Tamayo, B. Spiegelman, E.S. Lander, J.N. Hirschhom. Altshuler, L.C. Groop,
PGC-1alpha-responsive genes involved in oxidath@sphorylation are coordinately downregulated in



human diabetes, Nat. Genet. 34 (2003) 267-273.

[27] M. Wade, Y.-C. Li, G.M. Wahl, MDM2, MDMX and48 in oncogenesis and cancer therapy, Nat.
Rev. Cancer. 13 (2013) 83-96.

[28] H. Hong, K. Takahashi, T. Ichisaka, T. Aoi, Kanagawa, M. Nakagawa, K. Okita, S. Yamanaka,
Suppression of Indued Pluripotent Stem Cell Gerardty the p53-p21 Pathway, Nature 460 (2009)
1132-1135.

[29] J. Syed, A. Chandran, G.N. Pandian, J. Taig®. Sato, K. Hashiya, G. Kashiwazaki, T. Bando,
H. Sugiyama, A Synthetic Transcriptional Activatmir Genes Associated with the Retina in Human
Dermal Fibroblasts, Chembiochem 16 (2015) 1497-1501

[30] D. Hanahan, R.A. Weinberg, Hallmarks of cantlee next generation, Cell 144 (2011) 646-674.
[31] K.T. Bieging, S.S. Mello, L.D. Attardi, Unrallimg mechanisms of p53-mediated tumour
suppression, Nat. Rev. Cancer. 14 (2014) 359-370.

[32] R. Aloni-Grinstein, Y. Shetzer, T. Kaufman, Rotter, p53: The barrier to cancer stem cell
formation, FEBS Lett. 588 (2014) 2580-2589.

[33] F.T. Merkle, S. Ghosh, N. Kamitaki, J. Mitchel. Avior, C. Mello, S. Kashin, S. Mekhoubad, D.
llic, M. Charlton, G. Saphier, R.E. Handsaker, @nGvese, S. Bar, N. Benvenisty, S.A. McCarroll, K.
Eggan, Human pluripotent stem cells recurrentlyugegand expand dominant negative P53 mutations,
Nature 545 (2017) 229-233.



Graphical abstract

Sequence-specific HAT inhibitor
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Highlights

* Sequence-specific HAT inhibitors C646-PIP were reported here for the first time and predicted
working assay, including thermal stability assay and in vitro HAT activity assay, showed these
conjugates retained dual-targeting activities;

* In p53 wild-type cancer cell lines, 2 which contains medium linker length of 13-atom and
PIP-1 sequence was identified with highest antiproliferative activity with an 1Cs, of 1.8-2.6
uM in A549 and MV4-11 cells;

* Highly regulated p53 downstream targets and cancer cell apoptosis contribute to
antiproliferative activity of 2.



