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ABSTRACT

Clinically, leukemia patients often suffer from limited efficacy of chemotherapy and
high risks to be infected by invasive fungal pathogens. Herein a novel therapeutic
strategy was developed that a small molecule can simultaneously treat leukemia and
invasive fungal infections (IFIs). Novel Janus kinase 2 (JAK2) and histone
deacetylase (HDAC) dual inhibitors were identified to possess potent antiproliferative
activity toward hematological cell lines and excellent synergistic effects with
flcuonazole to treat resistant Candida albicans infections. In particular, compound
20a, a highly active and selective JAK2/HDACG6 dual inhibitor, showed excellent in

vivo antitumor efficacy in several acute myeloid leukemia (AML) models, and

synergized with fluconazole for the treatment of resistant Candida albicans infections.

This study highlights the therapeutic potential of JAK2/HDAC dual inhibitors in
treating AML and IFIs and provides an efficient strategy for multi-targeting drug

discovery.
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INTRODUCTION

Invasive fungal infections (IFIs) are life-threatening and often occur in
immunocompromised hosts. Leukemia patients undergoing chemotherapy,
hematopoietic stem cell transplantation (HSCT) or immunosuppressive therapy are
highly vulnerable to IFIs.! According to NCCN guidelines (national comprehensive
cancer network clinical practice guidelines in oncology), primary antifungal
prophylaxis (azoles, amphotericin B or echinocandins) should be used in high-risk
patients, especially those with acute myeloid leukemia (AML) and graft versus host
disease (GVHD). However, severe drug resistance has been observed for antifungal
agents. In recipients of HSCT, the mortality associated with IFIs still remains high.
Tyrosine kinase inhibitors have been widely used in the targeted therapy of leukemia.’
Despite the success, clinically available therapeutics generally suffered from limited
efficacy and drug resistance. Thus, the development new generation of kinase
inhibitors for targeted therapy remains an active research area. Especially, a kinase
inhibitor that can synergize with antifungal agents and improve their potency to treat
resistant IFIs is highly desirable. However, the discovery of such a di-functional
molecule is challenging.

The Janus kinases (JAKI1, JAK2, JAK3, and TYK2) belong to the family of
intracellular protein tyrosine kinases, which play essential roles in the signaling of a
variety of cytokines.3 Activation of JAKs by different cytokines results in
phosphorylation and dimerization of the STAT (signal transducers and activators of

transcription) proteins, which further translocate to the nucleus and activate gene
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transcription.* The JAK/STAT signaling axis is associated with diverse biological
functions including inflammation, immune function and hematopoiesis.™ ¢ JAK
inhibitors have been extensively investigated as new therapeutics for the treatment of
immune-inflammatory diseases (e.g. rheumatoid arthritis, RA) and cancer (e.g.
leukemia, lymphoma and solid tumor).®® Currently, a number of pan-JAK and
selective JAK inhibitors have been discovered.® Pan-JAK inhibitor tofacitinib’ was
approved for the treatment of RA, and JAK1/2 inhibitor ruxolitinib (Figure 1)'? was
marketed to treat myelofibrosis and polycythemia vera. Among the four JAK subtypes,
JAK2 was proven to be critical for the growth and progression tumor. JAK?2 inhibitors
have been evaluated in clinical trials for the treatment of a wide spectrum of
hematological malignancies as well as solid tumors." However, resistance of JAK2
inhibitors has been observed.'* " To improve the therapeutic effects and reduce the

14-16

risk of resistance, combinational drug therapy or development of JAK2-based

multi-targeting antitumor agents'”* '*

offered new opportunities.

As a family of epigenetic enzymes, histone deacetylases (HDACs) remove acetyl
groups from lysine on histones and other proteins, which play an essential role on
various cellular functions including gene regulation, transcription, and cell
proliferation, differentiation and death. Overexpression of HDACs are observed in
different human cancers, and thus they are regarded as promising antitumor drug
targets.'”” Up to date, four HDAC inhibitors, namely vorinostat (SAHA, 2),

romidepsin, belinostat and panobinostat, have been approved for the treatment of

hematologic cancer.”® Similar to JAK2, HDAC-based multi-targeting antitumor
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agents have achieved great success in achieving higher efficacy, broader antitumor
spectrum and better safety proﬁles.24

Clinically, specific drug combinations have been widely used in cancer therapy.
However, drug cocktails often suffer from complicated dose (or schedule) design as
well as poor patient compliance.”” In contrast, a single multi-targeting molecule has
obvious advantages in terms of synergistic antitumor effects, more predictable and
favorable pharmacokinetic (PK) profiles, reduced compliance difficulties and
drug-drug interactions.”® Recent evidence suggested that the design of dual
JAK2/HDAC inhibitors could be a promising strategy for the treatment of leukemia,
solid tumor and other related indications.”” Both JAK2 and HDAC inhibitors
demonstrated similar clinical efficacy, which have synergistic effects and can be used
in combination therapy.27 Dymock’s group further confirmed that dual JAK-HDAC
pathway inhibition achieved with a single molecule.”* Despite these advancements,
the therapeutic value of dual JAK-HADC inhibitors remains to be further explored.
Particularly, in vivo potency has not been achieved by the reported dual JAK2-HDAC
inhibitors due to unfavorable PK properties.”® %’

Herein in vivo therapeutic values of JAK2-HADC dual inhibitors were confirmed
for the first time. Novel JAK2-HADC dual inhibitors were identified, which showed

excellent potency in combinational treatment of AML and resistant Candida albicans

infections, providing a new strategy for clinical therapy of leukemia along with IFIs.
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Figure 1. (A) Chemical structures and pharmacophore of JAK2 inhibitors; (B)
Chemical structure and pharmacophore of HDAC inhibitors; (C) Design of
JAK2-HDAC dual inhibitors.

RESULTS AND DISCUSSION

Structure-based Design of JAK2/HDAC Dual Inhibitors. Inspired by our previous
efforts in multi-targeting drug design,’*>? a series of novel JAK2-HADC inhibitors
were designed according to synergistic effect between the two targets®’. Generally, the
pharmacophore of JAK2 inhibitors consists of a hinge region binder (typically an
aminopyrimidine), two hydrophobic groups (phenyl group) and a solvent exposed part
(Figure 1A),> which serves as a template in designing dual inhibitors. Since the
aminopyrimidine of JAK?2 inhibitor CYT-387 (1) has been proven to be responsible
for the JAK2 inhibitory activity, the motif was maintained in designing the dual

inhibitors. HDAC inhibitors (Figure 1B) generally consist of a hydrophobic cap
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group, a linker (alkyl, alkenyl or aryl) and a zinc-binding group (ZBG, hydroxamic
acid or benzamide).** Given that the cap group is flexible and can be replaced by
other moieties to generate HDAC inhibitors, the first series of dual inhibitors (8, 10
and 12a-b) were designed by merging the core group of 1 with the ZBG motif
(hydroxamic acid or benzamide) through various linkers (Figure 1C). Moreover, on
the basis of the fact that N-phenylmethanesulfonamide derivatives of compound 1
exhibited similar JAK2 inhibitory,35 the second series of JAK2-HDAC inhibitors
(compounds 16, 18 and 20a-h) were designed with the
N-cyanomethylbenzamide/N-phenylmethanesulfonamide replacement. Finally,
considering that a minor substitution in the hydrophobic domain of JAK2 inhibitor 1
would be tolerated, hydroxamic acid or benzamide was introduced at this position to
achieve dual inhibition toward both targets (compounds 24 and 26).

Chemistry. Chemical synthesis of JAK2-HDAC dual inhibitors are depicted in
Schemes 1-3. Starting from 2,4-dichloropyrimidine (3), intermediate 7 was prepared
via regioselective Suzuki reaction and aniline displacement reaction according to the
reported methods™ (Scheme 1). Treatment of compound 7 with freshly prepared
hydroxylamine methanol solution gave target compound 8 or with LiOH yielded acid
9. Condensation of 9 with o-phenylenediamine afforded target compound 10, or with
different amino-esters yielded esters 11a-b, which were subsequently reacted with
hydroxylamine methanol solution to give target compounds 12a-b. Using a similar
protocol, N-phenylmethanesulfonamide analogues (16, 18 and 20a-h) were obtained

according to the procedures outlined in Scheme 2. As shown in Scheme 3, target
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compounds 24 and 26 were prepared using the conditions similar to those for

compound 8 and 10, respectively.

Scheme 1
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Reagents and conditions: (a) Pd(PPh;)s, toluene/n-PrOH, 2 M aq Na,COs, 100 °C,

55%; (b) 6, TsOH-H,0, 120 °C, 3 days, 82%; (c) NH,OK, anhydrous CH;0H, 4 h,
56%; (d) LiOH, THF/H,0, reflux, 4 h, 85%; (e) o-phenylenediamine, HATU, DIPEA,

DMEF, rt, 4 h, 63%; (f) various amino-esters, HATU, DIPEA, DMF, rt, 4 h, 58%.
8
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53
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55
56 DMF, 1t, 4 h, 56%; (f) various amino-esters, HATU, DIPEA, DMF, rt, 4 h, 57%.
57 9
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Scheme 3
OO~ O i
v
o~ NN °
TN ey O
| N__~
B(OH), N~ N
o}
21 22 23
o)
" N,OH
N_ _N H
ISR®
[}
O\) 24
(0] (0]
OH N
N_ N o N,

H H

L -
N

[N N~ N 7~

26

Reagents and conditions: (a) Pd(PPhs)s4, toluene/n-PrOH, 2 M aq Na,CO;, 100 °C,
48%; (b) 4-morpholinoaniline, TsOH-H,O, 120 °C, 3 days, 73%; (c¢) NH,OK,
anhydrous CH3;OH, 4 h, 62%; (d) LiOH, THF/H,O, reflux, 4 h, 86%; (e)
o-phenylenediamine, HATU, DIPEA, DMF, 1t, 4 h, 51%.

Enzyme Inhibitory Activities and in vitro Antitumor Potency of JAK2-HDAC
Dual Inhibitors. Initially, the JAK-HDAC dual inhibitors were assayed against JAK2
and HDACI, using compounds 1 and 2 as reference drugs. As shown in Table 1, the
first series of dual inhibitors (compounds 8, 10 and 12a-b) exhibited excellent
inhibitory activity against JAK2 (ICso range: 4-16 nM), which were better than
compound 1 (ICso= 41 nM). However, their activity against HDAC1 was moderate
(ICsp range: 1.7-23.6 pM). Then, their inhibitory activities against three human

10
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leukemia cell-lines HL60, K562 and HEL were evaluated using the CCK-8 assay.
However, only compound 10 demonstrated moderate inhibitory activity against HEL

cell line (ICsp= 6.6 uM).

Table 1. Enzyme inhibition and in vitro antitumor activity of target compounds 8, 10

and 12a-b

Compd.

I1Csp (nM)

JAK2 HDACI1 HL60 K562 HEL

10

12a

12b

1+2
(1:1)

0.004 £+ 0.0006 2.7+0.25 >50 > 50 >50

0.008 +0.0007 1.7+ 0.14 >50 >50 6.6 £0.65

0.015+0.008 5.1+£0.37 >50 > 50 >50

0.016 = 0.009 24 +2.1 >50 > 50 >50

0.041 £+ 0.005 NT* 8.3+0.79 6.5+0.58 23+0.14

NT? 0.04 + 0.009 1.5+0.13 7.7+ 0.64 0.86 + 0.069

NT* NT* 1.24£0.17 1.81+0.22 1.51+0.26

*NT = not tested.

11
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Next, the nitrile carboxamide group of the first series of compounds was replaced
by N-phenylmethanesulfonamide. As a result, compounds 16, 18 and 20a-c generally
displayed improved HDACI inhibitory activity (ICso range: 0.25-2.9 puM), while
excellent JAK2 inhibitory activity was retained. More importantly, their antitumor
activities were also increased. For the ZBG, hydroxamic acid derivative 20a showed
better antitumor activity than benzamide derivative 18. Thus, more derivatives
containing various alkyl linkers were investigated (compounds 20d-h). Enzyme
assays showed that their JAK2 and HDACI inhibitory activities were further
improved (JAK2 ICs, range: 1-3 nM; HDAC1 ICs, range: 0.018-9 uM). SAR studies
indicated that the HDACI inhibitory activity increased along with the elongation of
the linker (20h > 20g > 20f > 20e > 20d). Among the second series of dual inhibitors,
compound 20a exhibited the best inhibitory activity against HEL cells (ICsp = 0.34
uM), which was more potent than JAK2 inhibitor 1 (ICsy = 2.3 pM) and HDAC
inhibitor 2 (ICsy = 0.86 uM), although its JAK2 and HDAC inhibition activities were
less potent than the two inhibitors. The combination of 1 and 2 were also evaluated to
investigate the synergic effect between JAK and HDAC inhibitors. Compounds 1 and
2 (1:1) showed improved antitumor potency than 1 and 2 dosed alone against HL60
and K562 cells. Thus, JAK and HDAC inhibitors showed synergic effect in cancer
cells. Moreover, compound 20a showed better HEL inhibitory activities than the
combination of 1 and 2 (ICsp = 1.51 uM). These results indicated that the cytotoxicity

might be the consequence of the synergism of the JAK2 and HDAC inhibition.

12
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Table 2. Enzyme inhibition and in vitro antitumor activity of target compounds 16, 18

and 20a-h
(6]
g\/
HN""~0
(o]
Oy
oy
N" N
H
Compd ICs9 (uM)
R
JAK2 HDACI HL60 K562 HEL
16 Sou 0.001+0.0003  2.9+0.15 > 50 18418 > 50
&
18 0.002+0.0004  2.1+0.12 16+23  95+086  32+0.25
HoN
0
s AL oH
20a O/\)LN 0.008+0.0007 025+0.025 15+0.12 87+0.71  034+0.025
%
(6]
20b O)L”’OH 0.002+£0.0003  0.38+0.06 11+12  86+072  20+0.16
&
(o]
20¢ ﬁﬁ/OH 001800007  1.1+0.16 > 50 1022 63+0.58
o
0
20d \;/\)J\N,OH 0.001+0.0004  92+0.78 > 50 12+2.1 12+2.6
H
(6]
206 s~ 0H 0.001 £0.0002  22+0.18 > 50 11418 8.1+0.76
H
(0]
20f }H\/\/\)J\N,OH 0.003+£0.0006 035+0.026  37+3.5 10+1.3 17+1.6
H
(o]
20g s~~~ OH 0.002+0.0004 025+0021  12+13  89+078  3.9+025
H
(@]
200y~~~ OH 000200003  0.018+0.006 > 50 50+048  1.8+0.12
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- 0.041 +0.005 NT* 8.3+0.79 6.5+0.58 23+0.14
- NT* 0.04 + 0.009 1.5+0.13 7.7+£0.64 0.86+0.069
NT* NT* 124+0.17 1.81+0.22 1.51+0.26

®NT = not tested.

Finally, ZBGs (hydroxamic acid or benzamide) were used to replace the
N-cyanomethylbenzamide group in JAK2 inhibitor 1 (compounds 24 and 26). As
listed in Table 3, the ZBGs were important for the inhibition of enzyme and leukemia
cell lines. Compound 24 containing hydroxamic acid as the ZBG displayed good
inhibitory activity toward HDAC1 (IC5 = 0.16 uM) and JAK2 (ICsy = 0.085 uM),
and the antitumor activities were comparable to lead compounds 1 and 2. In contrast,
benzamide derivative 26 only exhibited moderate JAK2 inhibitory activity (ICsp =

0.11 pM), and was totally inactive in inhibiting HDAC1 and cell proliferation.

14
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Table 3. Enzyme inhibition and in vitro antitumor activity of the target compounds 24

and 26
0 R
o
o
N
H
ICso (M)
Compd. R
JAK2 HDAC1 HL60 K562 HEL
24 '§‘0H 0.085 £ 0.006 0.16 £ 0.03 6.1 +0.36 4.0+0.32 3.5+0.26
P
26 0.11£0.02 > 50 > 50 > 50 > 50
H,N
1 - 0.041 £ 0.005 NT? 8.3+0.79 6.5+0.58 23+0.14
2 - NT? 0.04 +0.009 1.5+0.13 7.7+0.64 0.86 +0.069
1+2
(1_1) NT? NT? 1.24+0.17 1.81 £0.22 1.51+£0.26

®NT = not tested.

JAK2/HDAC1 Dual Inhibitors Showed Excellent Synergistic Effect with FLC

against Resistant C. albicans Isolates. HDACs are important regulators of heat

shock protein 90 (Hsp90), which is essential for fungal survival and is associated with

antifungal drug resistance.”® HDAC inhibitors were reported to enhance the potency

of antifungal agents (e.g. azoles and echinocandins) against various fungal pathogens

including resistant isolates.”’” Thus, the antifungal activity and synergistic effects of

JAK2/HDAC dual inhibitors were evaluated against FLC-resistant C. albicans

isolates 0304103, 100 and 071922. The antifungal activity was expressed as the

15
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minimum inhibitory concentration that achieves 50% of inhibition (MICs) using the
checkerboard microdilution assay according to the methods of the CLSI (formerly
NCCLS)(M27-A).* The synergistic effects were evaluated by the fractional inhibitory
concentration (FIC) index and the synergism was defined by FIC index of < 0.5.*' As
shown in Table 4, most of the target compounds were inactive to three FLC-resistant
C. albicans isolates when used alone (MICsy > 64 pg/mL). Only compounds 20d-f
showed moderate antifungal activity against FLC-resistant C. albicans 0304103
(MICsp = 32 pg/mL). When used in combination with FLC, a majority of compounds
(8, 12a, 16, 20a, 20c-h and 24) exhibited excellent synergistic effects against
FLC-resistant C. albicans strain 0304103 with the FIC index ranging from 0.078 to
0.50. SAR studies indicated that compounds containing the benzamide ZBG (e.g.
compounds 10, 18 and 26) were devoid of the synergistic antifungal effects. HDAC
inhibitor 2 and the combination of 1 and 2 also showed synergistic effects against C.
albicans 0304103 strain, whereas the synergism was lost for strains 100 and 0710922.
In contrast, obvious synergistic effect (FIC range: 0.039 to 0.5) was retained for dual
inhibitors 8, 16, 20a, 20c-e, 20g-h and 24 against these resistant strains. Compounds
12a, 20a, 20g-h and 24 exhibited good synergism (FIC index range: 0.14 to 0.5).
Considering the potent antitumor activity and promising antifungal profile of

compounds 20a, 20h and 24, they were subjected for further evaluations.

16
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Table 4. Antifungal activity and synergistic effects of target compounds with FLC against resistant C. albicans isolates by the microdilution

assay

0304103
Strains
(MICsp, pg/mL)

100
(MICsgp, pg/mL)

0710922
(MICsgp, pg/mL)

used in
used alone FIC
combination

a

Index

FLC Cmpd. FLC Cmpd.

used in
used alone
combination

FLC Cmpd.

FLC Cmpd.

FIC

Index

used in

used alone FIC

combination

FLC Cmpd.

Index

FLC Cmpd.

8 > 64 > 64 0.25 8 0.13

10 > 64 > 64 > 64 > 64 >2

12a > 64 > 64 1 4 0.078

12b > 64 > 64 0.5 64 1.01

16 > 64 > 64 0.5 4 0.07

18 > 64 > 64 > 64 > 64 )

> 64 0.5 4 0.07

20a > 64

20b > 64 > 64 > 64 > 64 >2

20¢ > 64 > 64 2 8 0.15

20d > 64 32 4 8 0.31

> 64 > 64 0.5 2

> 64 > 64 > 64 > 64

> 64 > 64 1 64
> 64 > 64 2 64
> 64 > 64 1 8
> 64 > 64 64 64
> 64 > 64 0.5 4
> 64 > 64 16 64
> 64 > 64 1 4

> 64 > 64 1 8

0.039

>2

1.02

1.03

0.14

0.07

1.25

0.078

0.14

> 64

> 64

> 64

> 64

> 64

> 64

> 64

> 64

> 64

> 64

> 64 1 64 1.02
> 64 64 64 2

> 64 2 16 0.31
> 64 > 64 > 64 >2
> 64 0.25 32 0.51
> 64 > 64 > 64 >2
> 64 1 8 0.14
> 64 > 64 > 64 >2
> 64 0.5 64 1.01

> 64 0.5 32 0.51

17
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20e > 64 32 0.5 16 0.50 > 64 > 64 0.5 16 0.26 > 64 > 64 0.5 32 0.51
20f > 64 32 0.5 16 0.50 > 64 32 0.25 16 0.50 > 64 > 64 64 64 2
20g > 64 > 64 0.5 8 0.13 > 64 > 64 0.25 8 0.13 > 64 > 64 0.25 32 0.50
20h > 64 > 64 0.25 8 0.13 > 64 > 64 0.5 8 0.13 > 64 > 64 0.25 16 0.26
24 > 64 > 64 0.5 4 0.07 > 64 > 64 0.5 8 0.13 > 64 > 64 1 16 0.27
26 > 64 > 64 > 64 > 64 >2 > 64 > 64 0.5 64 1.01 > 64 > 64 > 64 > 64 >2
1 > 64 > 64 > 64 > 64 >2 > 64 > 64 > 64 > 64 >2 > 64 > 64 64 64 2
2 > 64 > 64 0.25 16 0.25 > 64 > 64 0.5 32 0.51 > 64 > 64 1 64 1.02
1+2
(1:1) > 64 > 64 0.5 16 0.26 > 64 > 64 1 64 1.01 > 64 > 64 4 64 1.06

* FIC index is defined as the sum of MIC of each drug used in combination divided by the MIC of the drug used alone. Synergy and antagonism were defined by FIC

index of < 0.5 and > 4, respectively. An FIC index between 0.5 and 4 was considered indifferent.

18
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Binding Mode of the JAK2-HDAC Dual Inhibitors. To investigate the binding
mode of compounds 20a, 20h and 24 with JAK2 and HDACI, molecular docking
studies were performed. Compound 20a bound with HDAC1 (PDB ID: 4BKX*)
mainly through the linker and ZBG (Figure 2A). The hydroxamic acid of 20a
coordinated to the catalytic Zn*" of HDACI1 and formed two hydrogen bonds with
Gly146 and His178, respectively. The hydrophobic cinnamamide group formed n-nt
stacking interactions with Hisl78, Phel50 and Phe205. Moreover, the
N-phenylmethanesulfonamide moiety formed three additional hydrogen bonds with
Glul46, Lys143 and Serl148. Similarly, the ZBG of compound 20h was engaged with
a hydrogen boding network with Gly138, Asp176 and Tyr303 (Figure 2B). The
N-phenylmethanesulfonamide group interacted with Glu146 through a hydrogen bond.
For compound 24, the hydroxamic acid moiety formed coordination interaction and a
hydrogen bond with Zn*" and Gly149, respectively (Figure 2C). In addition, its
aromatic linker and phenyl group in the cap formed m-m stacking interactions with
Phe205. In contrast, the terminal N-(2-aminophenyl)benzamide of compound 26
forced the whole molecule located at the outside of the active site, which might be the
reason why 26 was totally inactive toward HDAC1 (Figure S1 in Supporting
Information).

In JAK2 (PDB ID: 4AQC*), the aminopyrimidine scaffold of compound 20a
formed hydrogen bonds to the backbone of Leu932 in the hinge region (Figure 2D).
Its N-phenylmethanesulfonamide group formed an additional hydrogen bond with
Asp994. Moreover, the linker and ZBG extended out of the binding site and formed
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hydrogen bonds with Asp939 and Arg980, respectively. As shown in Figure 3E-F, the
binding modes of compounds 20h and 24 with JAK2 were similar to that of 20a
where hydrogen bonds between animopyrimidine and the backbone of Leu932 were
observed. The N-phenylmethanesulfonamide and hydroxamic acid moiety of
compound 20h formed hydrogen bonds with Asp994 and Lys857, respectively.
Moreover, an additional hydrogen bond was found between the hydroxamic acid

group of compound 24 and Asn981.

Figure 2. Proposed binding mode of compounds 20a, 20h and 24 in the active site of
HDACI1 (PDB ID: 4BKX, A-C) and in the ATP-binding site of JAK2 (PDB ID:
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4AQC, D-F). The carbons of 20a, 20h and 24 are colored in yellow, pink and orange,
respectively. Oxygen atoms are colored in red and nitrogen atoms in blue. Hydrogen
bonds are indicated with dashed lines. The figure was generated using PyMol

(http://www.pymol.org/).

In vitro JAK and HDAC Isoform Selectivity of Compounds 20a, 20h and 24. To
obtain evidence for the JAK and HDAC isoform selectivity, compounds 20a, 20h and
24 were evaluated against four JAK isoforms (JAK1, JAK2, JAK3, TYK2) and five
HDAC isoforms (HDACI1, HDAC2, HDAC3, HDAC6 and HDACS). As depicted in
Table 5, three compounds exhibited remarkable selectivity for JAK2 over other
isoforms. For HDACs, surprisingly, three compounds displayed different selective
profiles (Table 6, Table S1 and Table S2 in Supporting Information). Compound
20a showed good selectivity for HDAC6 (ICsy = 46 nM), whereas compound 24 was
observed to be a HDAC3 selective inhibitor (ICso = 45 nM). In contrast, compound
20h showed similar inhibitory activity for HDAC1 and HDAC3 with an ICs, value of

18 nM and 17 nM, respectively.

Table 5. JAK isoform profiling of compounds 20a, 20h and 24

ICs0 (nM)
20a 20h 24
JAK1 359+£22 76 +3.5 69 +4.1
JAK2 8.4+0.7 22+0.3 85+6.0
JAK3 121 £13 144 + 14 517 +£27
TYK2 46 +1.7 74 £ 6.4 419+ 71

Table 6. HDAC isoform profiling of compounds 20a, 20h and 24

ICso (nM)
21
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20a 20h 24

HDAC1 1100 + 140 18+6.0 160 £ 32
HDAC2 7472 + 856 132 +28 1704 £ 115
HDAC3 234 £ 31 17+1.2 45+33
HDAC6 46+ 1.7 74 +6.4 419+ 71
HDACS 6065 + 529 572 +49 609 + 85

Due to HDAC selective profile of compounds 20a and 24, selective HDAC6
inhibitors Tubastatin A (27)** and ACY1215 (28)* and selective HDAC3 inhibitor
RGFP966 (29)* were further assayed (chemical structures see Figure S4 in
Supporting Information). As listed in Table S3, HDAC6 inhibitors 27 and 28
exhibited moderate inhibitory activities against HL60, K562 and HEL cell lines (ICsg
range: 3.75-23.88 uM), which were less active than compound 20a. For HDAC3
inhibitor 29, it only showed marginal activity (ICso range: 21.71-33.58 puM). The
combinations of JAK2 inhibitor 1 with three selected HDAC inhibitors were also
investigated for antiproliferative activities. When compound 1 was used in
combination with HDACG6 inhibitor 27 or 28, the inhibitory activities were not
significantly changed (ICsp range: 2.54-8.55 pM), indicating that there was no
synergistic effect between them. In contrast, when compound 1 was used in
combination with HDAC3 inhibitor 29, improved antitumor activity was observed
(ICsp range: 1.64-4.19 puM). For the antifungal activity, compounds 27-29 were
inactive to three FLC-resistant C. albicans isolates (MICsy > 64 pug/mL). When used
in combination, only compound 28 showed synergistic effects with FLC against C.

albicans 0304103 strain (Table S4 in Supporting Information).
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Compounds 20a, 20h and 24 Induced Apoptosis and Cell Cycle Arrest. To
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investigate the effect of the selected dual inhibitors on the induction of apoptosis,
11 compounds 20a, 20h and 24 were evaluated by annexin VFTIC/propidium iodide (PI)
assay. HEL cells were incubated with vehicle alone or tested compounds at 5 uM and
16 10 uM for 48 h. As shown in Figure 3, compounds 20a, 20h and 24 caused a
18 dose-dependent induction of apoptosis in HEL cells. The percentages of apoptotic
21 cells for compounds 20a, 20h and 24 at the concentration of 10 pM were 70.62%,
23 89.2% and 86.2%, respectively, which were significantly higher than JAK2 inhibitor 1

(25.9% apoptotic cells at 10 pM, P < 0.001).
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Figure 3. Cell apoptosis induced by compounds 20a, 20h and 24. HEL cells were
incubated with the indicated concentrations of 1, 20a, 20h and 24 for 48 h. Cells
treated with DMSO were used for comparison. Data were represented as mean +
standard deviation from three independent experiments. * P < 0.05, ** P < (.01, ***

P <0.001, determined with Student’s ¢ test.

To probe the effect of compounds 20a, 20h and 24 on various phases of cell cycle
progression, flow cytometry method was performed. HEL cells were treated with
vehicle alone or compound 20a, 20h and 24 at different concentrations (Figure 4).
After treating with compound 20a at 1 pM and 5 pM for 48 h, the ratios in Go/M
phase of cell cycle were 11.75% and 28.14%, respectively. While the ratios of cells
untreated in Go/M phase of the cell cycle were 9.32% and 9.31%, respectively.
Interestingly, the ratios of cells incubated with compound 20h at 1 pM and 5 puM in
Gy/M phase of cell cycle were not dramatically changed (8.23% and 8.12%,
respectively), but the ratios in S phase of cell cycle were 25.56% and 34.37%,
respectively. Similarly, the ratios of cells treated with compound 24 at 5 uM and 10
puM in the S phase of the cell cycle were 18.90% and 48.68%, respectively. Taken
together, compounds 20a arrested HEL cells mainly at the G,/M phase (P < 0.001),
and compounds 20h and 24 could significantly arrest HEL cells at the S phase (P <
0.001).

Compound 2 arrested HEL cells mainly in G phase,47 while JAK2 inhibitors
induced cell cycle arrest at the Gy/M phase in HEL cells.”* HDAC6 selective

inhibitors (27 and 28) and HDAC3 selective inhibitor 29 were further evaluated on
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the various phases of cell cycle progression (Figure S5 in Supporting Information).
Surprisingly, all the three compounds arrested HEL cells at G; phase (P < 0.05),
which was different with compounds 20a, 20h and 24. These data suggest that
compound 20a arrested HEL cells at Go/M phase possibly because of the inhibition of
JAK2. The underlying mechanisms why compounds 20h and 24 arrested HEL cells at

S phase remained to be further investigated.

Control 20a
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. l . ﬂ g 8 A
g g g &
B g 8 %_
g g g4 g
” - : NZ(ihm - n - _ m24 R
1pM = S5pM & S5pM = 10 pM &:
R LE . &
g4 o & 3
g8 3 £
5 §A 84
g4 g 8 e+
°,\;§o-”””
< - 20a (1 pM)
§ 60 B 20a (5 M)
£ ; B 20h (1 pM)
= Bl 20h (5 M)
ERPTY 24 (5 pM)
? Bl 24 10 M)
1)
5 204 i
J

G1G2S GIG2 S G1G2 S G1G2 S G1G2 S GIG2 §

Figure 4. Cell cycle analysis after 48 h of treatment. HEL cells treated with 20a, 20h
and 24 at different concentrations for 48 h were assayed by flow cytometry after
staining with PI. Data were represented as mean =+ standard deviation from three
independent experiments. * P < (.05, ** P < 0.01, *** P < (0.001, determined with

Student’s ¢ test.
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Compounds 20a, 20h and 24 Inhibited JAK and HDAC in HEL Cells. To
determine whether the three selected compounds inhibited both the JAK-STAT and
HDAC pathway in cells, western blot assay was performed to evaluate the effect of
compounds 20a, 20h and 24 on the acetylation level of histone 3, histone 4 and
phosphorylation of STATS. HEL cells were exposed to them at 0.2 uM, 1 uM and 5
uM for 24 h. As shown in Figure 5, all the three compounds caused a dramatic
increase in acetyl-histone 3 and acetyl-histone 4 in a dose dependent manner. On the
other hand, exposure of HEL cells to compounds 20a, 20h and 24 resulted in
dose-dependent decreases in STATS phosphorylation. Taken together, the results
clearly confirmed that the designed JAK2/HDAC inhibitors inhibited both targets in

HEL cells.

24 20a 20h

0.2 1 5 0.2 1 5 0.2 1 S Control (nM)
Acetyl-H3

Acetyl-H4

The relative levels of protein
N

-
1

04

Acetyl-H3 Acetyl-H4 p-STATS

Figure 5. Effects of compounds 20a, 20h and 24 on the levels of acetyl-H3, acetyl-H4
and STATS5 phosphorylation in HEL cells. * P < 0.05, ** P < 0.01, *** P < (0.001
versus the control group.
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Synergistic Dose-response Relationships against FLC-resistant C. albicans cells.
The synergistic dose-response relationship of compounds 20a, 20h and 24 against
FLC-resistant C. albicans strain 0304103 was further investigated. The cells were
treated with different concentrations of FLC (1 ug/mL to 32 pg/mL) and compounds
20a, 20h and 24 (2 pg/mL to 32 pg/mL) using the growth curves assay (Figure 6).
High dosage of target compounds (32 pg/mL) or 1 pg/mL of FLC alone exhibited no
antifungal effect, but the antifungal effect was significantly improved when they were
used together (Figure 6A-C). Interestingly, the results also indicated that the
synergistic effect mainly depended on the concentration of the dual inhibitors instead

of FLC (Figure 6D-F).
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Figure 6. Synergistic dose-response relationships of the drug combination. Growth

curves of C. albicans 0304103 cells incubated with 1 pug/mL of FLC and different
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concentration of compounds 20a (A), 20h (B) and 24 (C) for 24 h. Growth curves of
C. albicans 0304103 cells treated with 32 pg/mL of compounds 20a (D), 20h (E) and
24 (F) and different concentration of FLC for 24 h.

Compounds 20a and 24 Inhibited the Biofilm Formation of FLC-resistant C.
albicans Cells. C. albicans biofilms are complex communities that form on tissues
and implanted medical devices, causing drug resistance and repeated infections in
clinics.*”*” The effect of compounds 20a, 20h and 24 on FLC-resistant C. albicans
(strain number: 0304103) biofilm formation was evaluated by the XTT reduction
assay.”">* 1 x 10° cells of FLC-resistant C. albicans strain and 64 pg/mL of FLC were
incubated in 96-well plate for 90 min, and then treated with different concentrations
of compounds 20a, 20h and 24 for 24 h. An equivalent volume of DMSO was added
as the control. Interestingly, they inhibited the biofilm formation in a dose-dependent
manner (Figure 8). More specifically, 16 pg/mL of compound 20a or 24 inhibited
biofilm formation by about 30% (P < 0.05), and the anti-biofilm effect increased with

the increasing of the concentration. However, compound 20h was less active.
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Figure 7. Inhibition of FLC-resistant C. albicans biofilm formation by DMSO (A)
compounds 20a (B), 20h (C) and 24 (D) using the XTT reduction assay. The results
were presented as a percentage compared to the control biofilms formed without

compound treatment. * P <0.05, ** P < (.01, *** P <0.001 versus the control group.

Compounds 20a, 20h and 24 Showed Potent in vivo Antitumor Activity in AML
Xenograft Models. To investigate the in vivo antitumor effect, xenograft models of
AML were prepared. First, compounds 20a, 20h and 24 were tested in the HEL
xenograft model. HEL cells (5 x 10°) were subcutaneously implanted in the right
flanks of the female nude mice. When implanted tumor reached a volume of 100-300
mm’, compounds 20a, 20h and 24 were administered intraperitoneally (i.p) at 10
mg/kg twice a day for 21 consecutive days. Compounds 1 and 2 were used as the

positive controls. As shown in Figure 8A and 8B, treatment with three compounds
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caused significantly reduction in tumor growth. Moreover, all of them were observed
to be well tolerated during the test and no significant loss of body weight was
observed (Figure S2 in Supporting Information), indicating that their toxicity is low.
Particularly, compound 24 revealed the best in vivo antitumor activity, which showed
higher TGI value (59.9%) and lower T/C value (41.1%) than positive drugs 1 (TGI =
40.2%; T/C = 68.3%) and 2 (TGI = 13.8%; T/C = 87.9%). In contrast, selective
HDACS6 inhibitors (27 and 28) and selective HDAC3 inhibitor 29 only exhibited weak
antitumor activity in the xenograft HEL model with a TGI value of 18.8%, 14.1% and
16.4, respectively (Figure S6 in Supporting Information).

Furthermore, the three compounds were evaluated on HEL AML xenograft model.
HEL cells (5 x 10°) were injected via tail vein to sublethally irradiated female 5-week
SCID mice. At the dose of 10 mg/kg (once daily), compounds 20a, 20h and 24
resulted in a significant increase in the survival rate (Figure 8C). More specifically,
after about 10 days, mice in vehicle group, positive drug 1- or 2-treated group died off
sharply. In contrast, the lifetime of mice lasted as long as 27 days when treated with
compounds 20h and 24. On the day 32, the survival percentage in 20a-treated group
was 37.5%. Kaplan-Meier analysis indicated that the three tested compounds
significantly extended the lifetime and survival of leukemic mice. Three mice were
picked from each group and sacrificed for histological analysis. Meanwhile, spleens
in leukemic mice were dissected and weighted (Figure 8D and Figure S3 in
Supporting Information). Enlarged spleens were found notably in vehicle-treated
mice, which could be alleviated when treated with compounds 20a, 20h and 24. This
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can be regarded as positive effect in AML therapies, because enlarged spleens are

usually considered as a symbol of pathological tissue infiltration.”> >*. In contrast,

oNOYTULT D WN =

positive drugs 1 and 2 showed no effect in the reduction of spleen enlargement.
11 Similarly, selective HDAC6 (27 and 28) and HDAC3 (29) inhibitors also could not
extend the lifetime of leukemic mice (P > 0.05) and reduce the enlargement of spleen

16 (P> 0.05).
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45 Figure 8. Compounds 20a, 20h and 24 suppress tumor growth and improve survival
47 of leukemic mice in vivo. (A) The efficacy of compounds 20a, 20h and 24 in the HEL
xenogarft model. Data were represented as mean + standard deviation. * P < (.05, **
P <0.01, *** P <0.001 versus the control group, determined with Student’s ¢ test. (B)
52 Tumor weight of dissected HEL tumor tissues. (C) The Kaplan-Meier curves of
54 leukemic mice in control (vehicle), 1, 2, 20a, 20h and 24 treatment groups. * P < 0.05,

56 ¥ P<0.01, *** P<0.001 by log-rank test for significance. (D) The spleen weight of
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the killed leukemic mice. * P < 0.05, ** P <0.01, determined with Student’s ¢ test.

Compounds 20a, 20h and 24 Effectively Synergized with FLC to Treat
Resistant C. albicans Infections in Disseminated Candidiasis Models. Given the
potent synergistic effects between FLC and compounds 20a, 20h and 24, their
therapeutic efficacy in resistant C. albicans models were investigated.
Immunocompromised ICR mice were injected via tail vein with 15 x 10* cells of
FLC-resistant C. albicans (strain number: 0304103) and were treated daily with
vehicle, compounds 20a, 20h and 24 (5 mgkg), FLC (1 mg/kg), or the drug
combinations (Figure 9). The median survival time (MST) of the vehicle mice was
4.5 days and FLC-treated group only resulted in minor increase of survival time (MST
= 7.5 days). In combination therapy groups, the MST of FLC/1 combination and
FLC/2 combination treated group is 5.5 days and 10 days, respectively. In contrast,
the MST of mice treated with combination of FLC and compounds 20a, 20h and 24
were significantly increased (MST = 11.5 days, 13 days and 11 days, respectively).

When used alone, selective HDAC6 (27 and 28) and HDAC3 (29) inhibitors had no

effect on the extension of mice survival time (Figure S7 in Supporting Information).

In combination therapy groups, the MST of FLC/27 combination, FLC/28
combination and FLC/29 combination treated group is 4.5 days, 5 days and 5 days,
respectively. These results indicated three selective HDAC inhibitors had no
therapeutic effect on IFI mice (Figure S6 in Supporting Information). The results
highlighted the advantages of JAK2/HDAC dual inhibitors in combinational treatment

of resistant C. albicans infections.
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Figure 9. The therapeutic efficacy of compounds and FLC in FLC-resistant C.

albicans disseminated infection model. Mice were infected with C. albicans isolate

0304103 and treated with vehicle, compounds 1, 2 (A), 20a (B), 20h (C), 24 (D), FLC

or the combination. *** P < 0.001, versus the FLC group by log-rank test for

significance.

Preliminary PK Profiles. /n vitro metabolic stability of compounds 20a, 20h and 24

was evaluated using the liver microsome assay. As shown in Table 7, compounds 20a,

20h and 24 exhibited similar metabolic properties with the half life of 19.4, 15.7 and

16.5 minutes, respectively. Furthermore, PK profiles of compound 20a were evaluated

in Sprague-Dawley (SD) rats. When it was administered i.p at 10 mg/kg, the half-life

was approximately 5.14 h. The peak concentration Cpax and plasma clearance (CL)

was 1603.41 ng/mL and 2246.64 mL/h/mg, respectively (Figure 10).
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Table 7. The mice microsomal stability of compounds 20a, 20h and 24

T)%(min)  CL® (mL/min/mg)

20a 19.4 0.0716
20h 15.7 0.0881
24 16.5 0.0838

% Half-life. ® Clearance.

(A;?moo &

) ——IP (10 mg/ke) Parameter Value

ED 1000 ‘ Ti2(h) 5.14 + 1.02

g 107 Tnax (h) 0.50

g 10 } Cmax (ng/mL) 1603.41 + 70.15

§ Lr AUC(0.») (h*ng/mL) 4470.13 = 412.57
0.1 o 2 “‘ ; zI; 1'0 1'2 1'4 1'6 1'8 2'0 2'2 2'4 CL (mL/h/mg) 2246.64 + 207.35

Time(h)
Figure 10. Pharmacokinetics of compound 20a in rats. (A) Mean (+ sd) plasma
concentration-time profiles of compound 20a in SD rats. (B) PK parameters of

compound 20a.

CONCLUSIONS

In summary, this study provided a novel strategy of for the combinational treatment of
leukemia and IFIs by designing novel JAK2-HDAC dual inhibitors. In particular,
compound 20a was a highly active and selective JAK2/HDACG6 dual inhibitor that
showed potent antiproliferative activity toward hematological cell lines and excellent
synergistic effects with FLC to treat resistant C. albicans. Importantly, the therapeutic
potential of compound 20a was validated in several in vivo models. It showed good in
vivo antitumor efficacy in the HEL xenograft model, significantly prolonged the

survival of leukemic mice in the AML model, reduced leukemic infiltration to spleen,
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and extended the survival of mice infected with resistant C. albicans in combination
with FLC. To the best of our knowledge, this is the first example that a small
molecule can simultaneously treat AML and synergize with FLC to treat resistant

fungal infections. Further mechanism and lead optimization studies are in progress.

EXPERIMENTAL SECTION

Chemistry. General methods. 'H NMR and "*C NMR spectra were recorded on
Bruker AVANCE300 or AVANCE600 spectrometers (Bruker Company, Germany),
using TMS as an internal standard and CDCl; or DMSO-d6 as solvents. Chemical
shifts are given in ppm (6). Elemental analyses were performed with a MOD-1106
instrument and were consistent with theoretical values within 0.4%. The mass spectra
were recorded on an Esquire 3000 LC-MS mass spectrometer. Silica gel thin-layer
chromatography was performed on precoated plates GF-254 (Qingdao Haiyang
Chemical, China). All solvents and reagents were analytically pure, and no further
purification was needed. All starting materials were commercially available. The
purities of the compounds were determined by HPLC (Agilent 1260), and all final
compounds exhibited purities greater than 95%.
1-(4-((4-(4-((cyanomethyl)carbamoyl)phenyl)pyrimidin-2-yl)amino)phenyl)-N-hy
droxypiperidine-4-carboxamide (8). To a stirred solution of hydroxylamine
hydrochloride (4.67 g, 67 mmol) in MeOH (24 mL) was added dropwise a solution of
potassium hydroxide (5.61 g, 100 mmol) in MeOH (12 mL) at 0 °C. After addition,
the mixture was stirred for 30 min at room temperature. The precipitate was filtered
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and the filtrate formed a solution of free hydroxylamine in MeOH. Then, compound 7
(0.1 g, 0.20 mmol) was dissolved in above freshly prepared solution of
hydroxylamine in MeOH (15 mL). The mixture was stirred at room temperature for
45 min, and then adjusted to pH 7 with acetic acid. The mixture was concentrated and
the residue was washed with water to afford compound 8 (0.05 g, 53%) as a yellow
solid. Mp: 213-215 °C. "H-NMR (DMSO-ds, 600 MHz) &: 10.43 (s, 1H), 9.42 (s, 1H),
9.04 (s, 1H), 8.81 (t, J=5.67 Hz, 1H), 8.68 (s, 1H), 8.50 (d, /= 5.21 Hz, 1H), 8.22 (d,
J=28.51 Hz, 2H), 8.00 (d, J = 8.51 Hz, 2H), 7.62 (d, J = 9.16 Hz, 2H), 7.36-7.38 (m,
1H), 6.91 (d, J = 8.76 Hz, 2H), 5.37 (s, 1H), 3.88 (d, J = 6.07 Hz, 1H), 3.62 (d, J =
12.57 Hz, 2H), 2.56-2.61 (m, 2H), 2.09-2.13 (m, 1H), 1.67-1.72 (m, 4H). *C-NMR
(150 MHz, DMSO-ds, TMS) J: 171.51, 166.27, 162.58, 160.34, 159.21, 150.47,
146.44, 139.36, 135.36, 132.35, 127.83, 127.77, 126.73, 126.68, 120.44, 116.45,
107.49, 49.16, 42.39, 28.03. MS (ESI negative): m/z [M-H]": 470.52.
N-(2-aminophenyl)-1-(4-((4-(4-((cyanomethyl)carbamoyl)phenyl)pyrimidin-2-yl)
amino)phenyl)piperidine-4-carboxamide (10). To a solution of compound 9 (0.11 g,
0.24 mmol), HATU (0.11 g, 0.29 mmol) and DIPEA (50 pL, 0.48 mmol) in DMF (5
mL) was added o-phenylenediamine (0.03 mg, 0.29 mmol), and the mixture was
stirred at room temperature for 4 h. The reaction solution was diluted with water (40
mL) and filtered. The precipitate was dried and purified by column chromatography
(CH,ClI,: MeOH = 100: 3) to give target compound 10 (0.07 g, 51%) as a yellow solid.
Mp: 154-156 °C."H-NMR (DMSO-d;, 600 MHz) 6: 10.00 (s, 4H), 9.47 (s, 1H), 9.41 (t,
J=15.41 Hz, 1H), 9.19 (s, 1H), 8.54 (d, J = 5.41 Hz, 1H), 8.27 (d, J = 8.50 Hz, 2H),
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8.04 (d, J=8.50 Hz, 2H), 7.66 (d, J = 8.50 Hz, 2H), 7.40 (d, J = 5.41 Hz, 1H), 7.19 (d,
J=6.96 Hz, 1H), 6.97 (s, 2H), 6.89 (t, J = 6.96 Hz, 1H), 6.72 (d, J = 6.96 Hz, 1H),
6.54 (t, J = 6.96 Hz, 1H), 4.88 (s, 1H), 4.35 (d, J = 5.22 Hz, 2H), 3.68 (d, J = 11.48
Hz, 2H), 2.69 (s, 2H), 2.56 (s, 1H), 1.92 (d, /= 12.01, 2H), 1.80 (d, /= 12.01 Hz, 2H).
PC-NMR (DMSO-ds, 150 MHz) §: 166.17, 162.42, 160.30, 159.28, 139.92, 134.50,
127.90, 126.94, 125.75, 125.35, 123.03, 120.34, 117.54, 116.83, 116.40, 116.03,
111.10, 107.67, 62.72, 49.45, 28.20, 27.73. MS (ESI positive): m/z [M+H]": 547.55.
(E)-1-(4-((4-(4-((cyanomethyl)carbamoyl)phenyl)pyrimidin-2-yl)amino)phenyl)-
N-(4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)phenyl)piperidine-4-carboxamide
(12a). To a stirred solution of compound 9 (0.12 g, 0.26 mmol), HATU (0.12 g, 0.32
mmol) and DIPEA (84 pL, 0.52 mmol) in DMF (5 mL) was added (E)-methyl
3-(4-aminophenyl)acrylate (0.04 mg, 0.32 mmol), and the mixture was stirred at room
temperature for 4 h. The reaction solution was diluted with water (40 mL) and filtered.
The precipitate was dried and purified by column chromatography (CH,Cl,: MeOH =
100: 4) to give intermediate 11a (0.097 g, 61%) as a yellow solid. 'H-NMR
(DMSO-ds, 600 MHz) 6: 10.16 (s, 1H), 9.49 (s, 1H), 9.35 (t, J = 5.22 Hz, 1H), 8.56 (d,
J=15.32 Hz, 1H), 8.29 (d, J = 8.40 Hz, 2H), 8.05 (d, J = 8.40 Hz, 2H), 7.70 (d, J =
6.67 Hz, 3H), 7.67 (d, J = 5.32 Hz, 1H), 7.62 (d, J = 16.08 Hz, 1H), 7.42 (d, J = 5.14
Hz, 1H), 6.98 (d, J = 8.46 Hz, 2H), 6.54 (d, J = 16.08 Hz, 1H), 4.38 (d, J = 5.32 Hz,
2H), 3.73 (s, 3H), 3.71 (d, J = 13.18 Hz, 2H), 2.69 (t, J = 10.01 Hz, 2H), 1.92 (d, J =
11.26 Hz, 2H), 1.79-1.83 (m, 2H). MS (ESI positive): m/z [M+H]": 616.23.
Compound 11a (0.08 g, 0.13 mmol) was dissolved in above freshly prepared solution
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of hydroxylamine in MeOH (15 mL). The mixture was stirred at room temperature for
45 min, and then adjusted to pH 7 with acetic acid. The mixture was concentrated and
the residue was washed with water to afford target compound 12a (0.05 g, 62%) as a
yellow solid. Mp: 244-246 °C. "H-NMR (DMSO-d;, 600 MHz) §: 10.10 (s, 1H), 9.45
(s, 1H), 8.52 (d, J=4.84 Hz, 1H), 8.24 (d, J=7.87 Hz, 2H), 8.03 (t, J = 7.87 Hz, 2H),
7.68 (t, J = 8.48 Hz, 4H), 7.50 (d, J = 8.48 Hz, 1H), 7.39 (d, J = 5.45 Hz, 2H), 6.96 (d,
J =8.48 Hz, 2H), 6.38 (t, J = 15.74 Hz, 1H), 5.39 (s, 1H), 3.90 (d, J = 6.01 Hz, 1H),
3.68-3.71 (m, 2H), 2.67 (t, J = 10.58 Hz, 2H), 1.90 (d, J = 11.90 Hz, 2H), 1.78-1.82
(m, 2H). PC-NMR (DMSO-d;, 150 MHz) 6: 173.69, 166.20, 166.01, 162.54, 160.33,
159.19, 150.44, 146.45, 139.35, 135.77, 132.45, 129.06, 128.13, 127.85, 127.77,
126.73, 126.67, 120.40, 119.16, 119.05, 117.19, 116.51, 107.50, 49.18, 42.74, 28.91,
28.14. MS (ESI positive): m/z [M+MeOH]": 650.61.

Compound 12b was synthesized according to a similar protocol described for 12a.
N-(4-(hydroxycarbamoyl)phenyl)-1-(4-((4-(4-(methylsulfonamido)phenyl)pyrimi
din-2-yl)amino)phenyl)piperidine-4-carboxamide (12b). Yield 58%, yellow solid.
Mp: 276-278 °C. "H-NMR (DMSO-ds5, 600 MHz) §: 11.11 (s, 1H), 10.30 (s, 1H), 9.43
(d, J=8.61 Hz, 1H), 8.52 (t,J = 6.40 Hz, 1H), 8.26 (d, J = 8.54 Hz, 1H), 8.23 (d, J =
8.54 Hz, 1H), 8.01-8.03 (m, 2H), 7.91 (d, J = 8.54 Hz, 1H), 7.76 (d, J = 8.54 Hz, 1H),
7.69 (d, J = 8.54 Hz, 1H), 7.64 (d, J = 8.54 Hz, 2H), 7.37-7.42 (m, 1H), 6.96 (d, J =
8.54 Hz, 2H), 5.39 (s, 1H), 4.34 (d, J = 4.00 Hz, 1H), 3.82 (s, 3H), 3.69 (d, J = 12.00
Hz, 2H), 2.67 (t, J = 12.00 Hz, 2H), 1.91 (d, J = 12.00 Hz, 2H), 1.75-1.81 (m, 2H).
PC-NMR (DMSO-ds, 150 MHz) §: 174.02, 170.87, 166.12, 165.80, 162.59, 162.40,
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160.35, 159.25, 159.17, 150.40, 146.44, 143.75, 139.96, 139.35, 135.81, 134.51,
132.53, 130.30, 130.20, 127.88, 127.78, 127.61, 126.93, 126.71, 126.66, 123.70,
120.37, 118.45, 118.34, 117.56, 116.52, 107.55, 107.49, 51.81, 49.17, 42.79, 28.93,
28.12, 27.75. MS (ESI positive): m/z [M+H]": 590.52.
Compounds 16, 18, 20a-h were synthesized according to a similar protocol described
for compounds 8, 10 and 12a, respectively.
N-hydroxy-1-(4-((4-(4-(methylsulfonamido)phenyl)pyrimidin-2-yl)amino)phenyl)
piperidine-4-carboxamide (16). Yield 72%, light yellow solid. Mp: 213-215 °C.
'H-NMR (DMSO-ds, 600 MHz) 6: 11.35 (s, 1H), 10.28 (s, 1H), 8.62 (s, 1H), 7.98 (t, J
=5.47 Hz, 1H), 7.92 (d, J=7.75 Hz, 1H), 7.56 (t, J=7.75 Hz, 1H), 7.49 (d, J = 7.75
Hz, 1H), 7.37 (d, J = 7.75 Hz, 1H), 7.24 (d, J = 7.75 Hz, 1H), 7.17 (t, J = 7.29 Hz,
1H), 7.13 (t,J=7.29 Hz, 1H), 7.03 (t,J = 7.29 Hz, 1H), 6.18 (s, 1H), 5.34 (d, J=5.93
Hz, 1H), 3.37 (d, J = 15.50 Hz, 1H), 3.17 (s, 1H), 3.09-3.12 (m, 1H), 2.87-2.91 (m,
2H), 2.51 (s, 3H), 1.84 (t, J = 7.33 Hz, 2H), 1.28-1.34 (m, 2H), 1.18-1.24 (m, 2H),
1.00-1.04 (m, 4H). "C-NMR (DMSO-d;, 150 MHz) J: 171.50, 162.78, 160.24,
128.77, 146.28, 140.79, 132.59, 131.68, 128.02, 120.26, 118.75, 116.51, 106.59,
49.23, 45.72, 28.05, 8.53. MS (ESI positive): m/z [M+H]": 483.51.
N-(2-aminophenyl)-1-(4-((4-(4-(methylsulfonamido)phenyl)pyrimidin-2-yl)amino
)phenyl)piperidine-4-carboxamide (18). Yield 63%, yellow solid. Mp: 220-222 °C.
'H-NMR (DMSO-ds, 600 MHz) &: 10.12 (s, 1H), 9.34 (s, 1H), 9.11 (s, 1H), 8.42 (d, J
=5.24 Hz, 1H), 8.11 (d, J = 8.64 Hz, 2H), 7.64 (d, J = 8.64 Hz, 2H), 7.31 (d, J = 8.64
Hz, 2H), 7.24 (d, J = 5.55 Hz, 1H), 7.16 (d, J = 8.02 Hz, 1H), 6.94 (d, J = 9.26 Hz,
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2H), 6.88 (t, J = 7.40 Hz, 1H), 6.70 (d, J = 8.02 Hz, 1H), 4.80 (s, 2H), 3.67 (d, J =
12.34 Hz, 2H), 3.05 (s, 3H), 2.64 (t, J = 13.57 Hz, 2H), 1.89 (d, J = 12.34 Hz, 2H),
1.73-1.80 (m, 2H). “"C-NMR (DMSO-ds, 150 MHz) J: 173.38, 162.82, 160.26,
158.74, 146.37, 141.88, 141.15, 132.64, 131.48, 128.01, 125.71, 125.32, 123.44,
120.20, 118.68, 116.51, 116.17, 115.88, 106.53, 49.29, 42.11, 28.43. MS (ESI
positive): m/z [M+H]": 558.48.
(E)-N-(4-(3-(hydroxyamino)-3-oxoprop-1-en-1-yl)phenyl)-1-(4-((4-(4-(methylsulf
onamido)phenyl)pyrimidin-2-yl)amino)phenyl)piperidine-4-carboxamide (20a).
Yield 58%, yellow solid. Mp: 239-241 °C. 'H-NMR (DMSO-ds, 600 MHz) d: 10.70 (s,
1H), 10.13 (s, 1H), 9.33 (s, 1H), 8.43 (d, J = 5.29 Hz, 1H), 8.11 (d, J =9.07 Hz, 3H),
7.63-7.39 (m, 5H), 7.48 (d, J = 8.66 Hz, 2H), 7.37 (d, J = 15.24 Hz, 1H), 7.33 (d, J =
9.70 Hz, 2H), 7.25 (d, J=4.94 Hz, 1H), 6.94 (d, J = 8.95 Hz, 2H), 6.35 (d, J = 15.68
Hz, 1H), 3.67 (d, J = 13.10 Hz, 3H), 3.07 (s, 3H), 2.64 (t, /= 12.08 Hz, 2H), 1.88 (d,
J = 11.72 Hz, 2H), 1.73-1.79 (m, 2H). "C-NMR (DMSO-ds, 150 MHz) J: 173.71,
163.15, 162.81, 160.28, 158.76, 146.25, 140.79, 140.52, 132.69, 131.75, 128.13,
128.01, 120.25, 119.17, 118.75, 117.16, 116.54, 106.59, 49.20, 42.71, 28.91, 28.15.
HRMS (ESI, negative) m/z caled for Cs;H3;N;0sS (M - H): 626.2191; found
626.2202. HPLC purity: 97.0%.
N-(4-(hydroxycarbamoyl)phenyl)-1-(4-((4-(4-(methylsulfonamido)phenyl)pyrimi
din-2-yl)amino)phenyl)piperidine-4-carboxamide (20b). Yield 62%, yellow solid.
Mp: 229-231 °C. "H-NMR (DMSO-ds, 600 MHz) 6: 10.17 (s, 1H), 9.37 (s, 1H), 8.46
(d, J=4.92 Hz, 1H), 8.14 (d, J = 8.85 Hz, 2H), 7.67-7.74 (m, 5H), 7.33 (d, J = 8.36
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Hz, 2H), 7.28 (d, J = 5.01 Hz, 1H), 6.98 (d, J = 8.36 Hz, 2H), 3.71 (d, J = 11.70 Hz,
2H), 3.08 (s, 3H), 2.68 (t,J=11.87 Hz, 2H), 1.92 (d, J = 11.82 Hz, 2H), 1.78-1.84 (m,
2H). "C-NMR (DMSO-ds, 150 MHz) o: 173.79, 163.83, 162.85, 160.25, 158.69,
146.30, 141.86, 141.55, 132.72, 131.21, 127.99, 127.59, 126.99, 120.18, 118.69,
118.36, 116.55, 106.50, 49.23, 42.76, 28.19. MS (ESI positive): m/z [M+H]": 602.46.
N-(4-(hydroxycarbamoyl)benzyl)-1-(4-((4-(4-(methylsulfonamido)phenyl)pyrimi
din-2-yl)amino)phenyl)piperidine-4-carboxamide (20c). Yield 57%, light yellow
solid. Mp: 207-209 °C. "H-NMR (DMSO-ds, 600 MHz) d: 11.17 (s, 1H), 9.35 (s, 1H),
9.03 (s, 1H), 8.46 (d, J=5.72 Hz, 1H), 8.42 (t, /= 5.72 Hz, 1H), 8.14 (d, J= 8.57 Hz,
2H), 7.72 (d, J =8.57 Hz, 2H), 7.67 (d, J = 8.57 Hz, 2H), 7.32-7.40 (m, 4H), 7.28 (d, J
= 5.72 Hz, 1H), 6.96 (d, J = 8.57 Hz, 2H), 4.39 (d, J = 5.72 Hz, 2H), 3.67 (d, J =
11.68 Hz, 2H), 3.10 (s, 3H), 2.65 (t, /= 10.99 Hz, 2H), 2.34-2.36H (m, 1H), 1.85 (d, J
= 13.19 Hz, 2H), 1.73-1.80 (m, 2H). C-NMR (DMSO-ds, 150 MHz) §: 174.13,
169.12, 162.78, 160.25, 158.75, 146.39, 140.87, 132.56, 131.63, 128.01, 126.83,
120.19, 118.68, 116.46, 106.54, 49.29, 41.82, 38.28, 32.20, 29.03, 28.48, 28.37, 26.20,
25.01. MS (ESI positive): m/z [M+H]": 616.52.
N-(4-(hydroxyamino)-4-oxobutyl)-1-(4-((4-(4-(methylsulfonamido)phenyl)pyrimi
din-2-yl)amino)phenyl)piperidine-4-carboxamide (20d). Yield 68%, yellow solid.
Mp: 221-223 °C. 'TH-NMR (DMSO-ds, 600 MHz) 6: 10.33 (s, 1H), 10.11 (s, 1H), 9.31
(s, 1H), 8.65 (s, 1H), 8.43 (d, J=4.41 Hz, 1H), 8.11 (d, J = 8.81 Hz, 2H), 7.79 (t, J =
5.32 Hz, 1H), 7.63 (d, J = 8.65 Hz, 2H), 7.32 (d, J = 8.65 Hz, 2H), 7.24 (d, J = 4.66
Hz, 1H), 6.91 (d, J = 8.65 Hz, 2H), 3.61 (d, J = 12.64 Hz, 2H), 3.07 (s, 3H), 3.00-3.03
4
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(m, 2H), 2.58 (t, J = 10.64 Hz, 2H), 2.17-2.21 (m, 1H), 1.93 (t, J=7.98 Hz, 2H), 1.74
(d, J = 10.64 Hz, 2H), 1.68 (t, J = 9.31 Hz, 2H), 1.58-1.64 (m, 2H). "C-NMR
(DMSO-ds, 150 MHz) o: 174.27, 168.85, 162.78, 160.25, 158.76, 146.38, 140.83,
132.58, 131.66, 128.02, 120.19, 118.67, 116.48, 106.55, 49.29, 41.82, 38.03, 29.84,
28.32, 25.32. MS (ESI positive): m/z [M+H]": 568.50.
N-(5-(hydroxyamino)-5-oxopentyl)-1-(4-((4-(4-(methylsulfonamido)phenyl)pyrim
idin-2-yl)amino)phenyl)piperidine-4-carboxamide (20e). Yield 56%, light yellow
solid. Mp: 204-206 °C. "TH-NMR (DMSO-ds, 600 MHz) 6: 10.32 (s, 1H), 10.16 (s, 1H),
9.32 (s, 1H), 8.65 (s, 1H), 8.43 (d, J=4.55 Hz, 1H), 8.11 (d, J = 7.96 Hz, 2H), 7.78 (s,
1H), 7.64 (d, J = 8.53 Hz, 2H), 7.31 (d, J = 7.96 Hz, 2H), 7.25 (d, J = 4.55 Hz, 1H),
6.92 (d, J=8.53 Hz, 2H), 3.62 (d, J = 10.23 Hz, 2H), 3.06 (s, 3H), 3.02-3.04 (m, 2H),
2.59 (t, J = 10.23 Hz, 2H), 2.21 (t, J = 11.37 Hz, 2H), 1.94 (t, J = 6.82 Hz, 2H),
1.67-1.73 (m, 4H), 1.47 (t, J = 6.82 Hz, 2H), 1.36 (t, J = 6.82 Hz, 2H). >C-NMR
(DMSO-dg, 150 MHz) o: 174.12, 169.12, 162.78, 160.25, 158.75, 146.35, 140.84,
132.61, 131.66, 128.01, 120.19, 118.68, 116.49, 106.55, 49.32, 41.79, 38.28, 32.20,
29.03, 28.48, 28.35, 26.20, 25.01.MS (ESI positive): m/z [M+H]": 582.51.
N-(6-(hydroxyamino)-6-oxohexyl)-1-(4-((4-(4-(methylsulfonamido)phenyl)pyrimi
din-2-yl)amino)phenyl)piperidine-4-carboxamide (20f). Yield 65%, yellow solid.
Mp: 170-172 °C. 'H-NMR (DMSO-d;, 600 MHz) J: 10.32 (s, 1H), 9.27 (s, 1H), 8.39
(d, J=4.75 Hz, 1H), 8.05 (d, J = 7.92 Hz, 2H), 7.65 (s, 1H), 7.45 (d, J = 7.92 Hz, 2H),
7.33(d, J=7.92 Hz, 2H), 7.20 (d, J = 4.75 Hz, 1H), 6.92 (d, J = 7.92 Hz, 2H), 3.62 (d,
J=10.57 Hz, 2H), 3.00-3.03 (m, 4H), 2.96 (t, /= 10.23 Hz, 2H), 2.69 (s, 1H), 2.59 (t,
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J=10.57 Hz, 2H), 2.21 (s, 1H), 1.93 (t, J = 5.28 Hz, 2H), 1.68-1.73 (m, 4H), 1.49 (t,
J=17.92 2H), 1.35-1.39 (m, 2H). "C-NMR (DMSO-ds, 150 MHz) d: 174.07, 168.97,
163.09, 160.22, 158.42, 146.31, 133.05, 132.74, 132.37, 131.47, 131.41, 128.75,
128.67, 127.85, 127.08, 120.09, 118.81, 116.48, 106.22, 49.35, 41.82, 38.22, 32.18,
28.85, 28.28, 25.96, 24.83. MS (ESI positive): m/z [M+H]": 596.94.
N-(7-(hydroxyamino)-7-oxoheptyl)-1-(4-((4-(4-(methylsulfonamido)phenyl)pyrim
idin-2-yl)amino)phenyl)piperidine-4-carboxamide (20g). Yield 63%, yellow solid.
Mp: 183-185°C. "H-NMR (DMSO-d;s, 600 MHz) d: 10.33 (s, 1H), 10.14 (s, 1H), 9.35
(s, 1H), 8.65 (s, 1H), 8.47 (d, J=5.19 Hz, 1H), 8.15 (d, J = 8.30 Hz, 2H), 7.73 (t, J =
5.19 Hz, 1H), 7.66 (d, J = 8.30 Hz, 2H), 7.36 (d, J = 8.30 Hz, 2H), 7.28 (d, J = 5.19
Hz, 1H), 6.95 (d, J = 8.30 Hz, 2H), 3.64 (d, J = 11.41 Hz, 2H), 3.11 (s, 3H), 3.03-3.07
(m, 2H), 2.62 (t, J = 9.34 Hz, 2H), 2.23 (s, 1H), 1.95 (t, J = 8.35 Hz, 2H), 1.76 (t, J =
10.31 Hz, 2H), 1.71 (d, J = 10.31 Hz, 2H), 1.50 (t, J = 8.25 Hz, 2H), 1.39-1.51 (m,
2H). "C-NMR (DMSO-ds, 150 MHz) d: 174.11, 169.10, 160.26, 146.39, 140.84,
132.57, 131.66, 128.02, 120.19, 118.67, 116.47, 106.55, 49.31, 41.82, 38.27, 32.19,
28.97, 28.36, 28.26, 26.04, 25.04. MS (ESI positive): m/z [M+H]": 610.83.
N-(8-(hydroxyamino)-8-oxooctyl)-1-(4-((4-(4-(methylsulfonamido)phenyl)pyrimi
din-2-yl)amino)phenyl)piperidine-4-carboxamide (20h). Yield 65%, yellow solid.
Mp: 199-201 °C. 'H-NMR (DMSO-ds, 600 MHz) 6: 10.33 (s, 1H), 9.35 (s, 1H), 8.65
(s, 1H), 8.46 (d, J=5.48 Hz, 1H), 8.14 (d, J=8.22 Hz, 2H), 7.77 (t, J = 5.48 Hz, 1H),
7.66 (d, J = 8.22 Hz, 2H), 7.35 (d, J = 8.22 Hz, 2H), 7.27 (d, J = 5.48 Hz, 1H), 6.95 (d,
J=28.22 Hz, 2H), 3.64 (d, J=12.33 Hz, 2H), 3.09 (s, 3H), 3.03-3.07 (m, 3H), 2.61 (t,
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J=9.59 Hz, 2H), 2.21 (s, 1H), 1.95 (t, J = 7.85 Hz, 2H), 1.69-1.77 (m, 4H), 1.50 (t, J
= 7.85 Hz, 2H), 1.36-1.40 (m, 2H). "C-NMR (DMSO-ds, 150 MHz) §: 174.08,
169.09, 162.77, 160.25, 158.74, 146.37, 140.84, 132.58, 131.65, 128.01, 120.17,
118.66, 116.46, 106.54, 49.30, 41.81, 38.28, 32.21, 29.05, 28.49, 28.37, 26.21, 25.02.
HRMS (ESI, negative) m/z calcd for Cs;HsN;0sS (M - H): 622.2817; found
622.2821. HPLC purity: 99.4%.
Compounds 24 and 26 were synthesized according to a similar protocol described for
compounds 8 and 10, respectively.
N-hydroxy-4-(2-((4-morpholinophenyl)amino)pyrimidin-4-yl)benzamide (24).
Yield 72%, light yellow solid. Mp: 176-178 °C. '"H-NMR (DMSO-ds, 600 MHz) 6
11.32 (s, 1H), 8.50 (d, /= 5.17 Hz, 1H), 8.19 (d, J = 8.05 Hz, 2H), 7.88 (d, J = 8.05
Hz, 2H), 7.64 (d, J = 8.62 Hz, 2H), 7.35 (d, J = 5.17 Hz, 1H), 6.91 (d, J = 9.05 Hz,
2H), 3.72 (t, J = 4.67 Hz, 4H), 3.03 (t, J = 4.67 Hz, 4H). "C-NMR (DMSO-dj, 150
MHz) J: 162.59, 160.33, 159.17, 146.20, 139.19, 134.59, 132.83, 132.00, 131.47,
131.41, 129.61, 128.75, 128.68, 127.34, 126.79, 120.32, 115.60, 107.49, 66.15, 49.25.
HRMS (ESI, negative) m/z calcd for C21H29NsO3 (M - H): 390.1572; found 390.1567.
HPLC purity: 99.5%.
N-(2-aminophenyl)-4-(2-((4-morpholinophenyl)amino)pyrimidin-4-yl)benzamide
(26). Yield 60%, yellow solid. Mp: 206-208 °C. 'H-NMR (DMSO-ds, 600 MHz) &:
9.76 (s, 1H), 9.49 (s, 1H), 8.52 (d, J = 4.81 Hz, 1H), 8.26 (d, /= 8.17 Hz, 2H), 8.12 (d,
J=8.17 Hz, 2H), 7.66 (d, J = 9.13 Hz, 2H), 7.41 (d, J = 4.81 Hz, 1H), 7.18 (d, J =
7.21 Hz, 1H), 6.97 (t, J = 7.21 Hz, 1H), 6.92 (d, J = 9.13 Hz, 2H), 6.78 (d, J = 8.17
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Hz, 1H), 6.59 (t,J = 7.21 Hz, 1H), 4.93 (s, 2H), 3.73 (t, J = 4.74 Hz, 4H), 3.04 (t, J =
4.74 Hz, 4H). "C-NMR (DMSO-ds, 150 MHz) d: 164.77, 162.59, 160.35, 159.21,
146.21, 143.18, 139.38, 136.44, 132.85, 128.27, 126.67, 123.10, 120.33, 116.20,
116.07, 115.60, 107.56, 66.15, 49.25. MS (ESI positive): m/z [M+H]": 483.33.

In vitro JAK Inhibition Assay. The kinase assay was performed in the buffer (50
mM HEPES, pH 7.5, 0.015% Brij-35, 10 mM MgCl,, 10 mM MnCl,, 2 mM DTT). A
5 mL volume of tested compounds (3-fold dilution, 10 concentrations) were
prediluted for dose response in 384-well plates in duplicates. A 10 mL volume of
diluted enzyme solution was sequentially added and the assay plates were incubated at
room temperature for 10 min. Then, a 10 mL volume of a mixture of peptide solution
containing FAM-labeled peptide (GL Biochem, Cat. No. 112393, Lot. No.
P130408-ZB112393, China) and ATP (Sigma, Cat. No. A7699-1G, CAS No. 987-65-5,
America) was incubated at 28 °C for 25 min. Reaction was stopped with the addition
of 50 mM EDTA containing 25 mL of 100 mM HEPES, pH 7.5, 0.015% Brij-35, and
0.2% Coating Reagent #3, and the data were collected on Caliper. Half maximal
inhibition (ICsg) values were calculated using a nonlinear curve fit with XLfit
software.

In vitro HDAC Inhibition Assay. The HDAC1 (#AB101661) and HDAC6
(#AB42632) enzymes were purchased from Abcam. HDAC3 (#BML-SE515-0050)
was purchased from ENZO Inc. HDAC4 (#H86-31G) and HDACS8 (#H90-30H) was
purchased from SignalChem. The reaction mixture contained 25 mM Tris (pH 8.0), 1
mM MgCl,, 0.1 mg/mL BSA, 137mM NaCl, 2.7 mM KCIl, HDAC (HDACI1, 7.2
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ng/well; HDAC2, 7.5 ng/well; HDAC3, 3.4 ng/well; HDACA4, 0.3 ng/well; HDACS6,
15 ng/well; HDACS, 22 ng/well) in a total volume of 40 pL. The test compounds
(3-fold dilution, 10 concentrations) were diluted in 10% DMSO and 5 pL of the
dilution was added and preincubated with purified recombinant HDAC at room
temperature for 5 min before substrate addition. Finally, the enzyme substrate
(Ac-Leu-Gly-Lys(Ac)-AMC, 10 uM for HDACI, 2, 3, 6; Ac-Leu-Gly-Lys(Tfa)-AMC,
2 uM for HDAC4 and HDACS) was added and the plate was incubated at 37 °C for
30 min in a final volume of 50 pL. The reaction was quenched with 50 pL. HDAC
assay developer (1 mg/mL trypsin and 2 pM TSA in assay buffer) for 30 min at room
temperature. The assay was performed by quantitating the fluorescent product amount
of in solution following an enzyme reaction. Fluorescence was then analyzed with an
excitation of 350-360 nm and an emission wavelength of 450-460 nm at Spectra Max
M35 microtiter plate reader. The ICsy values were calculated using nonlinear regression
with normalized dose-response fit using Prism GraphPad software. All experiments
were independently performed at least three times.

In vitro Antiproliferative Assay. Three human leukemic cell lines, HL60, K562 and
HEL, which were in the logarithmic phase, were harvested and plated in cells were
plated in 96-well transparent plates at a density of 7 x 10°/well and incubated in a
humidified atmosphere with 5% CO, at 37 °C for 24 h. Test compounds were added
onto triplicate wells with different concentrations and 0.1% DMSO for control. After
they had been incubated for 48 h, 10 pL of cell counting kit-8 (CCKS8) solution was
added to each well and the plate was incubated for additional 1-4 h. The absorbance

46

ACS Paragon Plus Environment

Page 46 of 62



Page 47 of 62

oNOYTULT D WN =

Journal of Medicinal Chemistry

(OD) was read on a Biotek Synergy H2 (Lab systems) at 450 nm. The concentration
causing 50% inhibition of cell growth (ICsp) was determined by the Logit method. All
experiments were performed three times.

Checkerboard Microdilution Assay. Assays were performed according to the
methods of the CLSI (formerly NCCLS) (M27-A). Briefly, RPMI 1640 medium was
adjusted to pH 7 at 25 °C using 3-[N-morpholino]-propanesulphonic acid (MOPS).
The initial concentration of the fungal suspension in RPMI 1640 medium was 10°
CFU/mL, and the final concentrations ranged from 0.125 pg/mL to 64 pg/mL for FLC
and 1 pg/mL to 32 ug/mL for target compounds in the 96-well microtiter plates. A
drug-free medium with fungi and a fungus-free medium were used as the positive and
negative controls, respectively. Plates were incubated at 35 °C for 48 h. OD was
measured at 630 nm, and background OD was subtracted from that of each well.
MICsy was determined as the lowest concentration of the drugs (alone or in
combination) that inhibited cell growth by 50%, compared with the cell growth of the
drug-free wells. The fractional inhibitory concentration (FIC) index is defined as the
sum of the MIC of each drug used in combination divided by the MIC of the drug
used alone. Synergy and antagonism were defined by FIC index of <0.5 and >4,
respectively. An FIC index >0.5 but < 4 was considered indifferent.

Apoptosis Detection Assay. HEL cells (3 x 10° cells/mL) were seeded in six-well
plates and treated with compounds 20a, 20h and 24 at concentration of 5 uM and 10
uM for 48 h. The cells were then harvested by trypsinization and washed twice with
cold PBS. After centrifugation and removal of the supernatants, cells were
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resuspended in 400 uL of 1 x binding buffer which was then added to 5 puL of annexin
V-FITC and incubated at room temperature for 15 min. After adding 10 pL of PI the
cells were incubated at room temperature for another 15 min in dark. The stained cells
were analyzed by a Flow Cytometer (BD Accuri C6).

Cell Cycle Analysis by Flow Cytometry. HEL cells (3 x 10’ cells/well) were treated
with compounds 20a, 20h and 24 at different concentration for 48 h. The treated cells
were collected, resuspended, and then, incubated for 30 min at 37 °C with 25 pg/mL
PI and 10 pg/mL RNase buffer. For each sample, at least 1 x 10* cells were analyzed
using flow cytometry (BD Accuri C6).

Western Blotting. HEL cells were seeded (5 x 10° cells/well) on 6-well transparent
plates (Corning). HEL cells were exposed to compounds 20a, 20h and 24 at 0.2, 1 and
5 uM for 24 h and then harvested and washed with PBS three times. Then the cells
were lysed with RIPA Cell Lysis Buffer on ice for 30 min. The cell lysates were
centrifuged at 12000 x g for 15 min at 4 °C. Supernatant was collected and BCA
Protein Assay was used for determined protein concentration. Equal amounts of
protein (30 ug) were separated by SDS-PAGE. Then the proteins were transferred to
polyvinylidene fluoride membranes and were blocked with 5% BSA for 2 h. The
membranes were incubated with the primary antibody overnight at 4 °C and were

washed with TBST for three times. Then the mixture was incubated with the

secondary antibody for 1.5 h. The membranes were washed with TBST for three times.

The immunoblots were visualized by Odyssey Infrared Imaging. The antibodies
including anti-Histone H3 (#ab1791, Abcam), anti-Histone H4 (#ab9051, Abcam),
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anti- STATS (phosphor Y694, #ab32364, Abcam) were purchased from Abcam.
Growth Curve Assay. Growth curve assay was performed according to the reported
protocol,” with a few modifications. Briefly, exponentially growing C. albicans cells
were harvested and resuspended in fresh YPD medium to a concentration of 5 x 10*
cells/mL. Various concentrations of FLC and compounds 20a, 20h and 24 were added.
The cells were cultured at 30 °C with constant shaking (20 r.p.m.) and counted at
designated time points after culture (0, 4, 8, 12 and 24 h). No FLC or selected
compounds were added in the control group. Three independent experiments were
performed.

In vitro Biofilm Formation Assay. Biofilm formation assay was performed in a
96-well tissue culture plate (Corning, cat. no. 3599) by seeding with 100 pL cell
suspensions (1 x 10° cells/mL) in RPMI 1640 medium, and incubating them with 64
pg/mL of FLC statically at 37 °C. After 90 min adhesion, the medium was aspirated,
non-adherent cells were removed, and different concentration of compounds 20a, 20h
and 24 was added. The plate was further incubated at 37 °C for 24 h. A
semiquantitative measure of the formed biofilms was calculated using an XTT
reduction assay.

HEL Xenograft Tumor Mouse Model. The experimental procedures and the animal
use and care protocols were approved by the Committee on Ethical Use of Animals of
Second military medical university. BALB/C nude female mice (Certificate
SCXK-2007-0005, weighing 18 g to 20 g) were obtained from Shanghai Experimental
Animal Center, Chinese Academy of Sciences. HEL cell suspensions were implanted
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subcutaneously into the right axilla region of mice. Treatment was begun when
implanted tumors had reached a volume of about 100-300 mm’. The animals were
randomized into appropriate groups (five animals) for the test of compounds 20a, 20h
and 24, and control mice received vehicle (0.5% carboxymethyl cellulose).
Compounds were suspended in the 0.5% carboxymethyl cellulose and administered ip
at the dose of 10 mg/kg/day for 21 consecutive days. Tumor volumes were monitored
by caliper measurement of the length and width and calculated using the formula of
TV = 1/2 x a x b’, where a is the tumor length and b is the width. Tumor volumes and
body weights were monitored every 2 days over the course of treatment. Mice were
sacrificed on day 30 to 33 after implantation of cells and tumors were removed and
recorded for analysis.

AML Mouse Model. 5 x 10° HEL cells were injected via tail vein to sublethally
irradiated female 5-week SCID mice. The leukemic mice were randomized into
appropriate groups (ten animals). Compounds were injected intraperitoneally at dose
of 10 mg/kg every day. The leukemic mice become moribund and then were killed
and the enlarged spleens were picked for histological assessments.

In vivo Antifungal Potency. Female ICR mice 4 to 6 weeks old and weighing 20 to
25 g were housed and fed. After acclimatization for 1 week, mice were infected
through the tail vein with 0.2 mL of yeast suspension, which corresponded to 15 x 10*
CFU per mouse. FLC (at dose of 1 mg/kg) and compounds 20a, 20h and 24 (at dose
of 5 mg/kg) were injected intraperitoneally alone or combination every day after the
infection. The control group consisted of mice treated with placebo consisting of 0.5%
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carboxymethyl cellulose. Survival was monitored daily and moribund mice were

sacrificed and considered deceased at the time of sacrifice.

Supporting Information

Additional synthesis of intermediates, HPLC spectra for representative compounds,
figures of proposed binding mode of compound 26, the change of body weight of the
nude mice in HEL xenograft model, the dissected spleen of leukemic mice, biological
evaluations for selective HDAC3 and HDAC6 inhibitors, methods for
pharmacokinetic studies and molecular docking and Molecular Formula Strings of the
target compounds.

The Supporting Information is available free of charge on the ACS Publications
website at DOI: XXXXXX/acs.jmedchem. XX XXXXX.
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