New kinase and histone deacetylase hybrid inhibitors: recent advances and perspectives 
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Table S1. Hybrid RTK/HDAC inhibitors (1-19) developed in the last years. 
	Compound
	RTK
(IC50 or % inhibition)
	HDAC
(IC50 or %)
	Cells and in vitro assays
(IC50 or GI50)
	In vivo assays
	Ref

	1
	VEGFR-2: 84 nM
	HDACs: 2.8 nM 
HDAC1: 3.5 nM
HDAC8: 5.2 nM
HDAC2: 6.8 nM
HDAC6: 25.5 nM
	MCF-7: 1.2 µM
HCT-116: 1.8 µM
HepG2: 2.7 µM
A549: 5.4 µM
	-
	[1]

	2
	VEGFR-2: 74 nM
	HDACs: 2.2 nM
HDAC1: 1.8 nM
HDAC2: 3.3 nM
HDAC8: 4.6 nM
HDAC6: 16.4 nM

	MCF-7: 0.85 µM
	-
	[2]

	3
	EGFR: 2.4 nM
HER2: 15.7 nM
	HDAC: 4.4 nM
	Sk-Br-3: 0.04 μM
MDA-MB-231: 0.1 μM
HCC827: 0.6 μM
H358: 0.6 μM
H460: 0.7 μM
Capan1: 0.8 μM
HepG2: 0.13 μM
Sk-Hep-1: 0.22 μM
Hep3B2: 0.23 μM
BxPc3: 0.27 μM
MCF-7: 0.55 μM

	Human Tumor Xenograft Models
intravenous administration
CAL-27 120 mg/kg: -36.5 regression
HepG2 120 mg/kg: -21.3 regression
MDA-MB468 120 mg/kg: -13,7 regression

Protein expression
 acetylated H3 histone
 phosphorylated EGFR
 phosphorylated HER2
	[3]

	4
	EGFR: 1.2 μM
HER2: 3.4 μM
	HDAC: 34 nM
HDAC3: 15 nM
HDAC8: 0.59 μM
HDAC1: 6.5 nM
HDAC6: 7.3 nM

	Cal27: 0.16 μM
SKBR3: 0.19 μM
A549: 0.24 μM
A431: 0.26 μM
HeLa: 0.5 μM
SKOV3: 0.56 μM
	-
	[4]

	5
	EGFR: 63.6%
at 10 μg/mL
HER2: 74%
at 10 μg/mL
	HDAC6: 1.66 μM 
HDAC3: 2.38 μM
HDAC1: 5.57 μM
	-
	-
	[5]

	6
	EGFR: 0.69 nM
HER-2: 176.7 nM
	HDAC1: 0.65 nM
HDAC6: 8.4 nM
	A549: 0.51 µM
SK-BR-3: 1.27 µM
A431: 1.95 µM
BT-474: 3.63 µM
NCI-H1975: 8.76 µM

	-
	[6]

	7
	EGFR: 0.12 nM
HER-2: 174.9 nM
	HDAC1: 0.72 nM
HDAC6: 3.2 nM
	A431: 0.49 µM
A549: 0.63 µM
SK-BR-3:  0.69 µM
BT-474: 3.88 µM
NCI-H1975: 8.05 µM
	-
	[6]





(Table S1) Contd…
	Compound
	RTK
(IC50 or % inhibition)
	HDAC
(IC50 or %)
	Cells and in vitro assays
(IC50, GL50 or LD50)
	In vivo assays
	Ref

	8
	EGFR: 2.5 nM
HER2: 4.1 nM
CDK2: 0.44 μM
PDGF-Rβ: 3.3 μM
InsR: 7.34 μM
Abl1: 7.7 μM
P1K1: 12.0 μM
PKA: 120 μM
	HDAC: 0.63 μM
HDAC6: 0.23 μM
HDAC1: 0.61 μM
HDAC3: 6.30 μM
HDAC8: 11 μM
	SKBR3: 0.51 μM
Cal27: 0.82 μM
A431: 1.9 μM
SKOV3: 2.1 μM
HeLa: 3.2 μM
A549: 3.9 μM
	-
	[7]

	9
	EGFR: 0.018 μM
HER2: 0.011 μM
PDGF-Rβ: 2.5 μM
InsR: 3.6 μM
Abl1: 5.3 μM
CDK2: 0.92 μM
PKA: > 100 μM
P1K1: 6.8 μM
	HDAC: 47 nM
HDAC1: 35 nM
HDAC3: 66 nM
HDAC6: 86 nM
HDAC8: 0.63 μM
	A549: 1.2 μM
HeLa: 0.97 μM
A431: 0.72 μM
Cal27: 0.59 μM
SKOV3: 1.0 μM
SKBR3: 0.35 μM
	-
	[7]

	10
	EGFR: 0.90 μM
	HDAC: 1.21 μM
	A431: 1.88 μM
A549: 15.5 μM
HL-60: 30.9 μM
	-
	[8]

	11
	EGFR: 1.56 μM
	HDAC: 1.09 μM
	A431: 6.46 μM
HL-60: 9.83 μM
A549: 24.1 μM
	-
	[8]

	12
	EGFR (T790M):
5.0 µM
EGFR (WT):
5.7 µM
	HDACs: 0.085 µM
	MDA-MB-468: 0.23 µM
KG-1: 0.24 µM
MDA-MB-231: 0.60 µM
HT-29: 0.79 µM
HeLa: 1.85 µM
A549: 2.19 µM
PC-3: 3.39 µM
	-
	[9]

	13
	VEGFR-1: 35 nM
VEGFR-2: 46 nM
PDGFRβ: 0.111 µM
VEGFR-3: 0.113 µM
C-kit: 0.163 µM
FGFR1: 0.409 µM
C-Fms: 0.581 µM

	HDACs: 3.3 nM
HDAC6: 72 nM
HDAC2: 0.38 µM
HDAC8: 1.66 µM
	MOLT-4: 0.31 µM
K562: 0.99 µM
KG1: 1.60 µM
PC-3: 1.69 µM
HT-1080: 1.97 µM
HT-29: 2.51 µM
HEL: 2.80 µM
MDA-MB-231: 2.96 µM
AGS: 4.44 µM
HeLa: 4.36 µM
ACHN: >5 µM
	
	[10]

	14
	VEGFR-1: 22 nM
VEGFR-2: 37 nM
VEGFR-3: 46 nM
PDGFRβ: 88 nM
FGFR1: 0.192 µM
C-Fms: 0.351 µM
C-kit: 0.125 µM
	HDACs: 4.6 µM
HDAC1: 0.59 µM
HDAC2: 0.91 µM
HDAC3: 0.43 µM
	KG1: 0.67 µM
MOLT-4: 0.94 µM
HT-29: 1.07 µM
HEL: 1.52 µM
HeLa: 1.71 µM
K562: 1.82 µM
PC-3: 2.38 µM
MDA-MB-231: 3.74 µM
ACHN: >5 µM
AGS: >5 µM
HT-1080: >5 µM
	oral administration
t1/2: 2.10 h
Cmax: 3252 ng/mL
Tmax: 0.5 h
F: 72%
13 hydrochlorate, 50 mg/kg/day, 25 days, HT-29 xenograft model in mice
TGI: 40%
	[10]

	15
	c-Met: 0.71 nM
	HDAC1: 38 nM
	EBC-1: 58 nM
HCT-116: 1.3 µM
	-
	[11]

	16
	c-Met: 12.5 nM
	HDAC1: 26.97 nM
	MCF-7: 0.28 µM
HCT-116: 0.54 µM
A549: 1.08 µM
	-
	[12]

	17
	c-Met: 21.44 μM
	HDAC: 45.22 μM
	MCF-7: 0.60 μM
A549: 0.85 μM
	-
	[13]

	18
	FGFR1: 64%
at 1 µM
	HDAC6: 34 nM
HDAC8: 88% at 1µM
HDAC1: 59% at 1µM
	MCF-7: 9.0 µM
	-
	[14]

	19
	EphA2: 0.57 µM
	HDACs: 1.52 µM
	HCT116: 5.29 µM
MCF-7: 7.42 µM
K562: 9.17 µM

	-
	[15]





Table S2. Hybrid non-receptor TK/HDAC inhibitors 20 28) developed in the last years.

	Compound
	TK
(IC50 or %)
	HDAC
(IC50 or %)
	Cells
(IC50, GL50 or LD50)
	In vivo assays
	Ref

	20
	Bcr-Abl: 21.2 nM
	HDAC1: 0.126 µM 
HDAC6: 28.27 µM
HDAC3: no activity 
HDAC8: no activity 
	K562: 2.56 µM
DU145: 5.9 µM
Hepg2: 16.53 µM

	-
	[16]

	21
	Bcr-Abl: 17.8 nM
	HDAC1: 0.810 µM
HDAC3: 40.48 µM
HDAC6: no activity HDAC8: no activity 
	DU145: 0.60 µM
K562: 2.62 µM
Hepg2: 10.44 µM

	-
	[16]

	22
	JAK2: 33 nM
	HDAC6: 1.3 nM
HDAC1: 89 nM

	KMS-12-BM: 70 nM
MDA-MB-231: 1.02 µM
Jukat: 1.03 µM
HCT-116: 1.15 µM
XG-6: 1.07 µM
HEL92.1.7: 1.36 µM
PC-3: 1.51 µM
MCF7: 2.01 µM
	-
	[17]

	23
	JAK2: 3.1 nM
TYK2: 9.4 nM
JAK1: 52.1 nM
JAK3: 80.1 nM
	HDAC6: 1.2 nM
HDAC1: 56 nM

	PC-3: 0.64 µM
MCF7: 0.70 µM
MDA-MB-231: 0.99 µM
HCT-116: 1.05 µM
	-
	[17]

	24
	JAK2: 1.4 nM
JAK1: 8.7% at 0.1 μM
JAK3: 55% at 0.1 μM
TYK2: 56% at 0.1 μM
FLT3: 67% at 0.1 μM
	HDAC6: 2.1 nM 
HDAC2: 46 nM
HDAC10: 80 nM
HDAC1: 0.222 μM HDAC8: 0.7 μM
HDAC11: 0.93 μM HDAC3: 2.17 μM
	HEL92.1.7: 0.94 μM
NKYS: 1.08 μM
KHYG: 1.09 μM
MOLM-14: 1.14 μM Jukat: 1.19 μM
MDA-MB-231: 1.43 μM
MCF-7: 1.47 μM
KG-1: 1.63 μM
PC-3: 1.7 μM
OPM-2: 2.05 μM
KMS-12-BM: 2.11 μM HCT-116: 2.23 μM
Toxicity
TAMH: 9.57 μM 
Therapeutic window: 8.7
Microssomal stability
t1/2: 17.3 min
(male rat)
t1/2: 26.3 min
(female rat)
Clint,app: 16.3 L/h/kg (male rat)
Clint,app: 10.7 L/h/kg (female rat)
	-
	[18]

	25
	JAK2: 4 nM
JAK1: 4.8 nM
JAK3: 7.4 nM
TYK2: 49 nM
	HDAC6: 14 nM
HDAC2: 0.12 µM HDAC8: 2.47 µM
	MOLT4: 80 nM
Jukat: 60 nM
HEL: 90 µM
K562: 0.49 µM
Microsomal stability
phase I
t1/2: 25.8 min (human)
phase II
t1/2: 361.1 (human)
	oral administration (10 mg/kg)
t1/2: - h
Tmax:  0.30 h
Cmax:  6.8 ng/mL
F:  < 1 %
HEL xenograft model, 100 mg/kg/day intraperitoneal, 16 days
TGI: 36%
	[19]


(Table S2) Contd…



	Compound
	TK
(IC50 or %)
	HDAC
(IC50 or %)
	Cells
(IC50, GL50 or LD50)
	In vivo assays
	Ref

	26
	JAK2: 8 nM
JAK2: 8.4 nM
TYK2: 46 nM
JAK1: 359 nM
JAK3: 121 nM

	HDAC6: 46 nM
HDAC3: 234 nM
HDAC1: 1.1 µM 
HDAC8: 6.06 µM
HDAC2: 7.5 µM

	HEL: 0.34 µM 
HL-60: 1.5 µM
K562: 8.7 µM
Microsomal stability
t1/2: 19.4 min
CL: 0.0716 mL/min/mg
	Intraperitoneal administration (10 mg/kg), SD rats 
t1/2: 5.14 h
Cmax: 2603.41 ng/mL 

HEL AML xenograft model in mice
Intraperitoneal administration (10 mg/kg), once a day
extended lifetime and survival. After 32 days 20a treated mice presented 37.5% survival
	[20]

	27
	JAK1: 14 nM 
JAK2: 75 nM
TYK2: 0.188 µM
JAK3: 0.569 µM

	HDAC6: 1.4 nM HDAC3: 3.9 nM 
HDAC2: 5.8 nM
HDAC1: 6.9 nM
HDAC10: 19 nM
HDAC11: 31 nM
HDAC8: 0.469 µM
HDAC5: 10.5 µM
HDAC7: 17.2µM
	KG-1: 0.15 µM 
NKYS: 0.45 µM 
MV4-11: 0.46 µM Jukart: 0.47 µM
KHYG: 0.57 µM
MOLM-14: 0.74 µM MDA-MB-231: 0.79 µM
MCF7: 0.84 µM
HEL92.1.7: 1.33 µM XG-6: 2.01 µM 
KMS-12-BM: 2.02 µM OPM-2: 2.16 µM 
HCT-116: 2.32 µM
PC3: 2.41 µM
Hl-60: 7.36 µM
	oral administration (5 mg/kg)
t1/2:0.58 h
Tmax: 0.0083 h
Cmax: 15.9 ng/mL
F: 1.4 %
	[21]

	28
	Ki values
c-Src: 138 nM
Hck: 504 nM
c-Abl: 2350 nM
	HDAC6: 2.7 nM
HDAC3: 19 nM
HDAC10: 51 nM
HDAC1: 86 nM
HDAC11:224 nM
HDAC2: 231 nM
HDAC8: 2.311 μM
HDAC4: 3.982 μM
HDAC5: 3.891 μM
HDAC7: 13.22 μM
HDAC9: 28.02 μM
	MALME-3M: 0.07 μM
HS 578T: 0.17 μM HCT-116: 0.22 μM SW-620: 0.25 μM U251: 0.28 μM 
MCF7: 0.35 μM
DU-145: 0.39 μM
MDA-MB-231: 0.39 μM KM12: 0.47 μM
	-
	[22]



Table S3. Hybrid SK/HDAC inhibitors (29-39) developed in the last years.
	Cpd.
	SK 
(IC50 or %)
	HDAC 
(IC50 or %)
	Cells and in vitro assays (IC50, GL50 or LD50)
	In vivo assays
	Ref

	29
	BRafV500E: 73 nM
CRaf: 92 nM 
ARaf: 0.183 μM
	HDAC1: 1.17 μM
HDAC6: no activity
HDAC8: no activity 
	MDA-MB-468: 0.57 μM
MV4-11: 1.12 μM
Hepg2: 1.33 μM 
K562: 2.73 μM
	-
	[23]

	30
	BRafV500E: 86 nM
ARaf: 45 nM
CRaf: 0.102 μM 
Braf WT: 0.134 μM

	HDAC1: 1.71 μM
HDAC6: N. A.
HDAC8: N.A.
	MV4-11: 0.38 μM
SK-Mel-2: 5.4 μM
A549: 9.11 μM
K562: 9.13 μM
HCT116: 10.87 μM

	-
	[24]

	31
	CDK2: 0.56 μM
CDK1: 12.58 μM
CDK4: >1000 μM
CDK6: >1000 μM
CDK7: >1000 μM
	HDAC2: 0.24 μM HDAC1: 240 μM
HDAC3: >1000 μM
HDAC6: >1000 μM
HDAC8: >1000 μM
	HCT116: 1.45 μM
A375: 1.60 μM
H460: 2.63 μM
Hela: 3.15 μM
NIH 3T3: 4.64 μM
SMMC7721: 5.22 μM
	intraperitoneal administration (20 mg/kg) mice
t1/2: 1.63 h
F: 27.8 %
	[25]


(Table S3) Contd…

	Cpd.
	SK 
(IC50 or %)
	HDAC 
(IC50 or %)
	Cells and in vitro assays (IC50, GL50 or LD50)
	In vivo assays
	Ref

	32
	CDK2: 0.30 μM 
CDK1: 8.43 μM
CDK4: >1000 μM
CDK6: >1000 μM
CDK7: >1000 μM
	HDAC2: 0.25 μM HDAC1: 6.4 μM
HDAC3: 45 μM
HDAC6: >1000 μM
HDAC8: >1000 μM
	HCT116: 0.71 μM
A375: 1.20 μM
Hela: 1.83 μM
H460: 4.19 μM
NIH 3T3: 4.47 μM
	intraperitoneal administration (20 mg/kg) mice
t1/2: 2.61 h
F: 63.6 %
HCT116 xenograft model in mice, intraperitoneal administration (25 mg/kg dose), 21 days
TGI: 51.0 %
	[25]

	33
	CDK2: 56 nM
	HDAC1: 5.8 nM
	HepG2: 0.77 μM
CAL-148 1.14 μM 
A549: 1.49 μM
	-
	[26]

	34
	CDK2: 127 nM
	HDAC1: 7.0 nM
	HepG2: 0.22 μM
CAL-148 0.39 μM
A549: 1.26 μM

	-
	[26]

	35
	CDK4: 8.8 nM
CDK9: 9 nM
	HDAC1: 2.2 nM
	4T1: 1.11 μM
Hep3B: 1.24 μM
A549: 1.33 μM
MDA-MB-468: 1.82 μM
MDA-MB-231: 1.86 μM
H1299: 1.87 μM
T47D: 2.59 μM
HepG2: 3.37 μM
H460: 3.78 μM
	oral administration (20 mg/kg)
Cmax: 136.8 μg/L
Tmax: 1.8
F: 18.4 %
t1/2: 14.91 h
4T1 murine breast cancer in BALB/c mice, daily treatment, oral administration, 24 days
90 mg/kg: 70.3% TGI
130 mg/kg: 79.3% TGI
	[27]

	36
	CK2α: 61.6 % at 50 μM
	HDAC1: 2.2 μM
	Jurkat: 2.87 μM
MCF-7: 4.26 μM
HaCat: 13.66 μM
293T: 14.55 μM
	-
	[28]

	37
	CK2: 5.89 μM
	HDAC6: 8.98 μM HDAC1: 13.7 μM

	HL-60/vinc: 2.32 μM
HCT-116: 3.10 μM
Jurkat: 5.30 μM
HL-60/adr: 8.4 μM
HEK293: 8.41 μM 
HL-60: 4.69 μM
MCF-7: 9.02 μM
	-
	[29]

	38
	CDK4: 1.2 nM
CDK6/cyclinD3: 97 % at 1 μM
JAK1: 22 nM

	HDAC6: 5.9 nM 
HDAC1: 26 nM
HDAC3: 56 nM
HDAC10: 73 nM
HDAC2: 0.52 μM
HDAC11: 6.8 μM
HDAC4: >10 μM
HDAC5: >10 μM
HDAC7: >10 μM
HDAC8: >10 μM
HDAC9: >10 μM
	OVCAR-5 15.8 nM
4T1: 18.3 nM
MDA-MB-231: 23.9 nM
MDA-MB-468: 32.3 nM
SK-OV-3: 44 nM
H460: 32.77 nM
	oral administration (10 mg/kg) rat model
t1/2: 8.361 h
Tmax: 4 h
Cmax: 0.803 mg/L
F: 77.39%
	[30]

	39
	mTOR: 1.2 nM
	HDAC1: 0.19 nM
HDAC10: 0.58 nM HDAC2: 0.61 nM
HDAC8: 1.28 nM
HDAC3: 1.47 nM
HDAC6: 1.8 nM
HDAC4: >1000 nM
HDAC5: >1000 nM
HDAC7: > 1000 nM
HDAC9: >1000 nM
HDAC11: >1000 nM
	leukemia
MV4-11: 4.05 nM
OCI-AML2: 9.01 nM
OCI-AML3: 9.98 nM
	
intravenous administration (20 mg/kg, Q2D x 5) MM1S xenograft NOD/SCID mice model
survivors: 6/6
TGI: 72.5%
	[31]





Table S4: Hybrid LK/HDAC inhibitors (40-46) developed in the last years.
	Compound
	LK 
(IC50 or %)
	HDAC 
(IC50 or %)
	Cells and in vitro assays (IC50, GL50 or LD50)
	In vivo assays
	Ref

	40
	PI3Kα: 19 nM
PI3Kδ: 39 nM
PI3Kβ: 54 nM
PI3Kγ: 311 nM
	HDAC1: 1.7 nM
HDAC3: 1.8 nM
HDAC10: 2.8 nM
HDAC2: 5.0 nM
HDAC11: 5.4 nM
HDAC6: 27 nM
HDAC8: 191 nM
HDAC4: 409 nM
HDAC7: 426 nM
HDAC9: 554 nM
HDAC5: 674 nM


	MV-4-11: 0.4 nM
SUP-B15: 0.7 nM
DOHH2: 1 nM
HH: 1 nM
HuT78: 1 nM
MDA-MB-361: 1 nM
MOLT4: 1 nM
OPM-2: 1 nM
HL60: 2 nM
RL: 2 nM
RPMI-8226: 2 nM
U937: 2 nM
SU-DHL4: 3 nM
Pfeiffer: 4 nM
ARH77: 5 nM
MJ: 5 nM
SW620: 5 nM
BT474: 6 nM
HCC1500: 6 nM
MEG-01: 6 nM
SW116: 6 nM
Granta 519: 7 nM
HCC1806: 7 nM
HCT-116: 7 nM
MDA-MB-453: 7 nM
SW403: 7 nM
H292: 8 nM
H2122: 8 nM
MCF-7: 8 nM
SW1990: 8 nM
H358: 9 nM
Raji: 9 nM
A549: 10 nM
UACC-893: 10 nM
Daudi: 15 nM
THP-1: 16 nM
Calu6: 20 nM
CaPan2: 20 nM
MiaPaca2: 20 nM
T47D: 20 nM
T-84: 30 nM
K562: 31 nM
WiDr: 40 nM
CFPAC-1: 50 nM
H460: 50 nM
PANC-1: 50 nM
SKBr3: 50 nM
ZR-75-1: 80 nM
MDA-MB-468: 90 nM
MDA-MB-231: 0.12 µM
	Daudi NHL xenograft mouse model (100 mg/kg), oral and intravenous administration
plasma t1/2: 7.7 h 
tumor t1/2: 12.6 h 
tumor stasis was observed


SU-DHL4 diffuse large B-cell lymphoma xenograft mouse model, oral administration  (100 mg/kg) or intravenous administration (50 mg/kg)
tumor stasis or tumor regression observed

A549 bearing mutant KRAS xenograft mouse model, oral administration  (100 mg/kg) or intravenous administration (50 mg/kg)
tumor stasis observed

Protein expression
 acetylated H3 histone
 phosphorylated Akt
 phosphorylated MAPK
 phosphorylated ERK

	[32]

	41
	PI3Kα: 1.33 nM
PI3Kδ: 8.10 nM
PI3Kγ: 15 nM 
PI3Kβ: 34 nM

	HDAC1: 1.04 nM
HDAC2: 2.62 nM
HDAC10: 2.83 nM
HDAC3: 3.29 nM
HDAC6: 22 nM
HDAC8: 22 nM
HDAC5: 484 nM
HDAC7: 650 nM
HDAC4: 653 nM
HDAC9: >1 µM
HDAC11: >1 µM
	HeLa: 3.30 nM
MV4-11: 7.65 nM
A2780: 117.6 nM
HCT116: 214.2 nM

	intravenous administration (10 mg/kg, Q2D x 11) MV4-11 xenograft NOD/SCID mice model
Tumor mass change: 45.1 %
Weight loss: 6.4 % at day 13
Survivors: 4/6
	[33]
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	Compound
	LK 
(IC50 or %)
	HDAC 
(IC50 or %)
	Cells and in vitro assays (IC50, GL50 or LD50)
	In vivo assays
	Ref

	42
	PI3Kα: 3.5 nM
PI3Kδ: 37 nM
PI3K2β: 103 nM
PI3Kγ: 177 nM
PI3Kβ: 212 nM
PI3K2α: >1 µM
mTOR: 1.946 µM
DNA-PK: 10 µM
PIK3C3: 10 µM
PI4Kβ: > 10 µM
	HDAC1: 1.1 nM 
HDAC3: 1.1 nM
HDAC10: 2.5 nM
HDAC6: 4.2 nM
HDAC2: 6.0 nM
HDAC8: 320 nM
HDAC9: 1.282 µM
HDAC7: 2.305 µM
HDAC4: 4.591 µM
HDAC5: 4.8 µM
HDAC11: 9.7 µM
	MV4-11: 47 nM
MOLT4: 0.14 μM
SU-DHL-6: 0.19 μM
Raji: 0.24 μM
K562: 0.35 μM
Ramos: 0.40 μM
HuH-7: 0.48 μM
HepG2: 0.59 μM
SK-HEP1: 0.79 μM
PC-3: 1.08 μM
PLC/PRF/5: 1.24 μM
Hep3B:1.25 μM
SNU-398: 1.38 μM 
SNU-387: 2.64 μM
	oral administration (150 mg/kg), BALB/c mice model
Tmax: 0.5 h
t1/2: 4.41 h
Cmax: 10.1 μM
F: 18.1 %
Maximum tolerable dose
MTD: 200 mg/kg QD x 5 
oral administration (150 mg/kg QD x 5/wk x 4), HepG2 CB17 Sid Mice Xenograft Model
TGI: 110% at day 26

Protein expression
 acetylated H3 histone
 phosphorylated Akt/mTOR

	[34]

	43
	PI3Kα: 46.3 nM
PI3Kβ: 72.8 nM
PI3Kδ: 72.4 nM
mTOR: 464 nM
PI3Kγ: 1300 nM
	HDAC6: 15.3 nM
HDAC8: 67.6 nM
HDAC1: >3 µM
HDAC4: >3 µM
HDAC11: >3 µM
	-
	-
	[35]

	44
	PI3Kδ: 8.1 nM
PI3Kγ: 67 nM
PI3Kα: 68 nM
PI3Kβ: 101 nM
mTOR 2.861 µM
	HDAC1: 1.4 nM
HDAC2: 3.0 nM
HDAC6: 6.6 nM
HDAC8 18 nM
HDAC4: >1 µM
HDAC11: >1 µM
	HGC-27: 0.11 μM
HCT116: 0.15 μM
MDA-MB-453: 0.30 μM
HCT-8: 0.32 μM
Capan2: 0.43 μM
DU145: 0.54 μM
SW1990: 0.90 μM
NCI-H1299: 1.0 μM
HepG2: 1.1 μM
MCF-7: 2.0 μM
Huh7: 2.5 μM
NCI-H460: 3.0 μM
U87: 3.2 μM
BEL-7402: 5.2 μM
THP-1: 5.4 μM
K562: 6.8 μM
hERG: > 30 μM
	oral administration (30 mg/kg), ICR mice model
t1/2β: 2.07 h
Tmax: 0.30 h
Cmax: 143 ng/mL
F: 4.2 %
Maximum tolerable dose in mice model (oral administration)
MTD > 2000 mg/kg 

oral administration (200 mg/kg), HGC-27 BALB/c Mice Xenograft Model
TGI: 45.9%

Protein expression
 acetylated H3 histone
 phosphorylated Akt
	[36]

	45
	PI3Kδ: 29 nM
PI3Kα: 226 nM
PI3Kβ: 279 nM
PI3Kγ: 467 nM
mTOR 6.262 µM
	HDAC1: 1.3 nM
HDAC2: 3.4 nM
HDAC8 12 nM
HDAC6: 17 nM
HDAC4: 972 nM
HDAC11: > 1 µM
	MDA-MB-453: 4 nM
HCT116: 7 nM
HGC-27: 14 nM
HCT-8: 59 nM
DU145: 66 nM
HepG2: 76 nM
NCI-H1299: 0.18 μM
SW1990: 0.23 μM
Huh7: 0.24 μM
Capan2: 0.27 μM
U87: 0.34 μM 
THP-1: 0.91 μM
MCF-7: 1.1 μM
K562: 1.2 μM
BEL-7402: 1.6 μM
NCI-H460: 2.7 μM
hERG:  > 30 μM
	oral administration (30 mg/kg), ICR mice model
t1/2β: n/d
Tmax: 1.80 h
Cmax: 9.39 ng/mL
F: 1.7 %

Maximum tolerable dose in mice model
MTD > 2000 mg/kg oral administration
	[36]



(Table S4) Contd…
	Compound
	LK 
(IC50 or %)
	HDAC 
(IC50 or %)
	Cells and in vitro assays (IC50, GL50 or LD50)
	In vivo assays
	Ref

	46
	PI3Kγ: 7.0 nM
PI3Kδ: 9.0 nM
PI3Kα: 47 nM
PI3Kβ: no activity 
	HDAC6: 12 nM
HDAC11: 463 nM
HDAC8: 611 nM
HDAC7: 830 nM
HDAC4: 3.849 µM
HDAC5: 5.239 µM
HDAC9: 7.246 µM
HDAC1: 11.11 µM
HDAC3: 12.21 µM
HDAC2: no activity
HDAC10: no activity

	CCRM-CEM: 0.7 μM
SNB-75: 0.7 μM
SR: 0.7 μM
HOP-92: 0.9 μM
A498: 1.0 μM
OVCAR3: 1.2 μM
RXF 393: 1.2 μM
T-47D: 1.2 μM
CAKI-1: 1.3 μM
IGROV1: 1.5 μM
LOX IMVI: 1.6 μM
KM-12: 1.7 μM
U251: 1.7 μM
M14: 1.8 μM
MDA-MB-231/ATCC: 1.8 μM
U266: 1.9 μM
HS 578T: 2.0 μM
HCT-2998: 2.1 μM
RPMI 8226: 2.1 μM
HL-60: 2.4 μM
HOP-62: 2.4 μM
MOLM-14: 2.4 μM
MV4-11: 2.5 μM
U937: 2.6 μM
K562: 4.6 μM
Microssomal stability
HLM: 22.4 min
MLM: 51.7 min
RLM: 100.6 min
	oral administration (10 mg/kg), BALC/c mice
t1/2: 1.4 h
Tmax: 0.167 h
Cmax: 18.4 ng/mL
F: 0.7 %
intraperitoneal administration (150 mg/kg), BALC/c mice
t1/2: 1.7 h
Tmax: 2 h
Cmax: 7783 ng/mL
	[37]


References




1. 	Peng FW, Wu TT, Ren ZW, Xue JY, Shi L. Hybrids from 4-anilinoquinazoline and hydroxamic acid as dual inhibitors of vascular endothelial growth factor receptor-2 and histone deacetylase. Bioorganic Med. Chem. Lett. [Internet]. 25(22), 5137–5141 (2015). Available from: http://dx.doi.org/10.1016/j.bmcl.2015.10.006.
2. 	Peng FW, Xuan J, Wu TT, et al. Design, synthesis and biological evaluation of N-phenylquinazolin-4-amine hybrids as dual inhibitors of VEGFR-2 and HDAC. Eur. J. Med. Chem. [Internet]. 109(2016), 1–12 (2016). Available from: http://dx.doi.org/10.1016/j.ejmech.2015.12.033.
3. 	Cai X, Zhai H-X, Wang J, et al. Discovery of 7-(4-(3-Ethynylphenylamino)-7-methoxyquinazolin-6-yloxy)- N -hydroxyheptanamide (CUDC-101) as a Potent Multi-Acting HDAC, EGFR, and HER2 Inhibitor for the Treatment of Cancer. J. Med. Chem. 53(5), 2000–2009 (2010).
4. 	Beckers T, Mahboobi S, Sellmer A, et al. Chimerically designed HDAC- and tyrosine kinase inhibitors. A series of erlotinib hybrids as dual-selective inhibitors of EGFR, HER2 and histone deacetylases. Medchemcomm. 3(7), 829–835 (2012).
5. 	Zhang X, Su M, Chen Y, Li J, Lu W. The design and synthesis of a new class of RTK/HDAC dual-targeted inhibitors. Molecules. 18(6), 6491–6503 (2013).
6. 	Ding C, Chen S, Zhang C, et al. Synthesis and investigation of novel 6-(1,2,3-triazol-4-yl)-4-aminoquinazolin derivatives possessing hydroxamic acid moiety for cancer therapy. Bioorganic Med. Chem. [Internet]. 25(1), 27–37 (2017). Available from: http://dx.doi.org/10.1016/j.bmc.2016.10.006.
7. 	Mahboobi S, Sellmer A, Winkler M, et al. Novel chimeric histone deacetylase inhibitors: A series of lapatinib hybrides as potent inhibitors of epidermal growth factor receptor (EGFR), human epidermal growth factor receptor 2 (HER2), and histone deacetylase activity. J. Med. Chem. 53(24), 8546–8555 (2010).
8. 	Zuo M, Zheng YW, Lu SM, Li Y, Zhang SQ. Synthesis and biological evaluation of N-aryl salicylamides with a hydroxamic acid moiety at 5-position as novel HDAC-EGFR dual inhibitors. Bioorganic Med. Chem. [Internet]. 20(14), 4405–4412 (2012). Available from: http://dx.doi.org/10.1016/j.bmc.2012.05.034.
9. 	Dong H, Yin H, Zhao C, Cao J, Xu W, Zhang Y. Design, synthesis and biological evaluation of novel osimertinib-based HDAC and EGFR dual inhibitors. Molecules. 24(13), 1–17 (2019).
10. 	Zang J, Liang X, Huang Y, et al. Discovery of Novel Pazopanib-Based HDAC and VEGFR Dual Inhibitors Targeting Cancer Epigenetics and Angiogenesis Simultaneously. J. Med. Chem. 61(12), 5304–5322 (2018).
11. 	Lu D, Yan J, Wang L, et al. Design, Synthesis, and Biological Evaluation of the First c-Met/HDAC Inhibitors Based on Pyridazinone Derivatives. ACS Med. Chem. Lett. 8(8), 830–834 (2017).
12. 	Hu H, Chen F, Dong Y, Liu Y, Gong P. Discovery of novel dual c-Met/HDAC inhibitors as a promising strategy for cancer therapy. Bioorg. Chem. [Internet]. 101, 103970 (2020). Available from: https://doi.org/10.1016/j.bioorg.2020.103970.
13. 	Dong Y, Hu H, Sun Y, et al. Design, synthesis and biological evaluation of novel c-Met/HDAC dual inhibitors. Bioorganic Med. Chem. Lett. [Internet]. 30(23), 127610 (2020). Available from: https://doi.org/10.1016/j.bmcl.2020.127610.
14. 	Liu J, Qian C, Zhu Y, et al. Design, synthesis and evaluate of novel dual FGFR1 and HDAC inhibitors bearing an indazole scaffold. Bioorganic Med. Chem. [Internet]. 26(3), 747–757 (2018). Available from: https://doi.org/10.1016/j.bmc.2017.12.041.
15. 	Zhu Y, Ran T, Chen X, et al. Synthesis and biological evaluation of 1-(2-aminophenyl)-3-arylurea derivatives as potential EphA2 and HDAC dual inhibitors. Chem. Pharm. Bull. 64(8), 1136–1141 (2016).
16. 	Chen X, Zhao S, Wu Y, Chen Y, Lu T, Zhu Y. Design, synthesis and biological evaluation of 2-amino-N-(2-aminophenyl)thiazole-5-carboxamide derivatives as novel Bcr-Abl and histone deacetylase dual inhibitors. RSC Adv. [Internet]. 6(105), 103178–103184 (2016). Available from: http://xlink.rsc.org/?DOI=C6RA21271A.
17. 	Chu-Farseeva Y yi, Mustafa N, Poulsen A, et al. Design and synthesis of potent dual inhibitors of JAK2 and HDAC based on fusing the pharmacophores of XL019 and vorinostat. Eur. J. Med. Chem. [Internet]. 158, 593–619 (2018). Available from: https://doi.org/10.1016/j.ejmech.2018.09.024.
18. 	Yang EG, Mustafa N, Tan EC, et al. Design and Synthesis of Janus Kinase 2 (JAK2) and Histone Deacetlyase (HDAC) Bispecific Inhibitors Based on Pacritinib and Evidence of Dual Pathway Inhibition in Hematological Cell Lines. J. Med. Chem. 59(18), 8233–8262 (2016).
19. 	Liang X, Zang J, Li X, et al. Discovery of Novel Janus Kinase (JAK) and Histone Deacetylase (HDAC) Dual Inhibitors for the Treatment of Hematological Malignancies. J. Med. Chem. [Internet]. 62(8), 3898–3923 (2019). Available from: https://pubs.acs.org/doi/10.1021/acs.jmedchem.8b01597.
20. 	Huang Y, Dong G, Li H, Liu N, Zhang W, Sheng C. Discovery of Janus Kinase 2 (JAK2) and Histone Deacetylase (HDAC) Dual Inhibitors as a Novel Strategy for the Combinational Treatment of Leukemia and Invasive Fungal Infections. J. Med. Chem. 61(14), 6056–6074 (2018).
21. 	Yao L, Mustafa N, Tan EC, et al. Design and Synthesis of Ligand Efficient Dual Inhibitors of Janus Kinase (JAK) and Histone Deacetylase (HDAC) Based on Ruxolitinib and Vorinostat. J. Med. Chem. 60(20), 8336–8357 (2017).
22. 	Ko KS, Steffey ME, Brandvold KR, Soellner MB. Development of a chimeric c-Src kinase and HDAC inhibitor. ACS Med. Chem. Lett. 4(8), 779–783 (2013).
23. 	Geng A, Cui H, Zhang L, et al. Discovery of novel phenoxybenzamide analogues as Raf/HDAC dual inhibitors. Bioorganic Med. Chem. Lett. [Internet]. 29(13), 1605–1608 (2019). Available from: https://doi.org/10.1016/j.bmcl.2019.04.047.
24. 	Chen X, Gong G, Chen X, et al. Design, Synthesis and Biological Evaluation of Novel Benzoylimidazole Derivatives as Raf and Histone Deacetylases Dual Inhibitors. Chem. Pharm. Bull. [Internet]. 67(10), 1116–1122 (2019). Available from: https://www.jstage.jst.go.jp/article/cpb/67/10/67_c19-00425/_article.
25. 	Cheng C, Yun F, Ullah S, Yuan Q. Discovery of novel cyclin-dependent kinase (CDK) and histone deacetylase (HDAC) dual inhibitors with potent in vitro and in vivo anticancer activity. Eur. J. Med. Chem. [Internet]. 189, 112073 (2020). Available from: https://doi.org/10.1016/j.ejmech.2020.112073.
26. 	Yu Y, Ran D, Jiang J, et al. Discovery of novel 9H-purin derivatives as dual inhibitors of HDAC1 and CDK2. Bioorganic Med. Chem. Lett. 29(16), 2136–2140 (2019).
27. 	Li Y, Luo X, Guo Q, et al. Discovery of N 1-(4-((7-Cyclopentyl-6-(dimethylcarbamoyl)-7 H -pyrrolo[2,3- d] pyrimidin-2-yl)amino)phenyl)- N 8-hydroxyoctanediamide as a Novel Inhibitor Targeting Cyclin-dependent Kinase 4/9 (CDK4/9) and Histone Deacetlyase1 (HDAC1) against Malignant Ca. J. Med. Chem. 61(7), 3166–3192 (2018).
28. 	Purwin M, Hernández-Toribio J, Coderch C, et al. Design and synthesis of novel dual-target agents for HDAC1 and CK2 inhibition. RSC Adv. 6(71), 66595–66608 (2016).
29. 	Martínez R, Geronimo B Di, Pastor M, et al. Multitarget anticancer agents based on histone deacetylase and protein kinase CK2 inhibitors. Molecules. 25(7) (2020).
30. 	Huang Z, Zhou W, Li Y, et al. Novel hybrid molecule overcomes the limited response of solid tumours to HDAC inhibitors via suppressing JAK1-STAT3-BCL2 signalling. Theranostics [Internet]. 8(18), 4995–5011 (2018). Available from: http://www.thno.org/v08p4995.htm.
31. 	Chen Y, Yuan X, Zhang W, et al. Discovery of Novel Dual Histone Deacetylase and Mammalian Target of Rapamycin Target Inhibitors as a Promising Strategy for Cancer Therapy. J. Med. Chem. 62(3), 1577–1592 (2019).
32. 	Qian C, Lai CJ, Bao R, et al. Cancer network disruption by a single molecule inhibitor targeting both histone deacetylase activity and phosphatidylinositol 3-kinase signaling. Clin. Cancer Res. 18(15), 4104–4113 (2012).
33. 	Chen Y, Wang X, Xiang W, et al. Development of Purine-Based Hydroxamic Acid Derivatives: Potent Histone Deacetylase Inhibitors with Marked in Vitro and in Vivo Antitumor Activities. J. Med. Chem. 59(11), 5488–5504 (2016).
34. 	Chen D, Soh CK, Goh WH, Wang H. Design, Synthesis, and Preclinical Evaluation of Fused Pyrimidine-Based Hydroxamates for the Treatment of Hepatocellular Carcinoma. J. Med. Chem. 61(4), 1552–1575 (2018).
35. 	Rodrigues DA, Guerra FS, Sagrillo FS, et al. Design, Synthesis, and Pharmacological Evaluation of First-in-Class Multitarget N-Acylhydrazone Derivatives as Selective HDAC6/8 and PI3Kα Inhibitors. ChemMedChem. 15(6), 539–551 (2020).
36. 	Zhang K, Lai F, Lin S, et al. Design, synthesis, and biological evaluation of 4-Methyl quinazoline derivatives as anticancer agents simultaneously targeting phosphoinositide 3-kinases and histone deacetylases. J. Med. Chem. 62(15), 6992–7014 (2019).
37. 	Thakur A, Tawa GJ, Henderson MJ, et al. Design, Synthesis, and Biological Evaluation of Quinazolin-4-one-Based Hydroxamic Acids as Dual PI3K/HDAC Inhibitors. J. Med. Chem. 63(8), 4256–4292 (2020).


