
Supplementary table 1. Summary of FDA-approved anticancer cytotoxic drugs at May 2019. 

Classification Targets Name Indication Detox pathway Known off-targets Resistance mechanisms References 
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DNA Busulfan CML 

Substrate of 
CYP3A4, 

GSTA1, GSTA2, 
GSTM1, GSTP1, 

MGST2. 

Unclear 

Overexpression and lower 
phosphorylation of CDC2, enhanced 

stress response, inactivating mutations in 
the mismatch repair system (in vitro) 

[1–3] 

E
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DNA Altretamine Ovarian Unclear Unclear Unclear [3] 

DNA Mitomycin 

Anal, bladder, 
breast, cervical, 

gastric, lip, 
mesothelioma, 

NSCLC, oral cavity, 
pancreas, 

peritoneum, and 
pharynx 

Substrate of 
POR 

Unclear Overexpression of ABC transporters [3,4] 

DNA Thiotepa 
Breast, ovarian, 

bladder 
Substrate of 

CYP3A4 
Inhibitor of BCHE, 

CYP2B6 
Enhanced activity of GST [3,5] 

M
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y
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DNA, 
MAOA, 
MAOB 

Procarbazine 
HL, 

oligodendrogliomas, 
PCNSL 

Substrate of 
CYP1B1, XDH 

Unclear 
Inactivating mutations in the mismatch 

repair system (in vitro) 
[6,7] 
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DNA Bendamustine CLL, NHL 
Substrate of 

CYP1A2 
Unclear Overexpression of CD69 (in vitro) [8] 
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DNA Chlorambucil 

CLL, lymphomas 
(HL, NHL, giant 

folicular and 
lymphosarcoma) 

Substrate of 
GSTP1 

Unclear 
Overexpression of GST isoenzymes and 

ABCC1 
[3,9] 

DNA Cyclophosphamide 

ALL, brain, 
breast, 

leukemias, 
malignant 

lymphomas, 
multiple 

myeloma, 
ovarian, 

retinoblastoma 

Unclear NR1I2 
Increased levels of glutathione and increased 

activity of GST and ALDH1 
[3,10,11] 

DNA Ifosfamide 
Lymphomas, 
sarcomas, 
testicular 

Substrate of 
CYP2A6, 
CYP2B6, 
CYP2C8, 
CYP2C9, 

CYP2C18, 
CYP2C19, 
CYP3A4, 
CYP3A5, 
PTGS1 

NR1I2; inducer of 
CYP2C8, inhibitor 

and inducer of 
CYP3A4 

TP53 silencing, increased GST and ALDH1 
activities, increased DNA repair, 

overexpression of thioredoxin reductase (in 
vitro) 

[3,12] 

DNA Mechlorethamine 

Bronchogenic 
carcinoma, 
CML/CLL, 

lymphomas 
(lymphosarcoma

, mycosis 
fungoides, 

polycythemia 
vera, palliation 

on HL III and IV). 
Also for the 

palliative 
treatment of 
metastatic 
carcinoma 
resulting in 
effusion. 

Unclear Inhibitor of GSR Overexpression of GST isoenzymes [3,13,14] 
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DNA Melphalan 
Multiple myeloma, 

ovarian 
Unclear Inhibitor of SLC22A3 Bcl-X expression [3,15,16] 

N
it
ro

s
u
re

a
 

DNA, 
RNA 

Carmustine 

Anaplastic 
astrocytoma, 
glioblastoma 
multiforme, 

multiple myeloma 

Substrate of 
CYP1A2 

Inhibitor of GSR Overexpression of MGMT [3,17–20] 

DNA Lomustine 
Glioma, 

medulloblastoma, 
lymphoma 

Unclear 
STMN4, inhibitor of 
CYP2D6, CYP3A4 

Overexpression of MGMT [3,21] 

DNA Streptozocin 
Pancreas and 

carcinoid 
syndrome 

Unclear 

SLC2A2 ligand, 
antagonist of Beta-n-
acetylglucosaminida
se, MGEA5, inducer 
of ABCB1, CYP1A1, 
CYP1A2, CYP2E1. 

Overexpression of MGMT [22] 

T
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a

z
e
n
e
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DNA, 
POLA2 

Dacarbazine 
Melanoma, 
lymphomas 

Substrate of 
CYP1A1, 

CYP1A2, CYP 
Inhibitor of PGD 

Overexpression of MGMT, Bcl-2 expression, 
AKT activation, NF-kB activation, VEGFR-1 

expression 
[3,23] 

DNA 
Temozolomide 

(Oral dacarbazine) 

Anaplastic 
astrocytoma, 
glioblastoma 
multiforme 

Unclear Inducer of CYP3A4 
Overexpression of MGMT, Bcl-2 expression, 
AKT activation, NF-kB activation, VEGFR-1 

expression 
[23,24] 
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DNA Carboplatin 

Lung, ovarian 
and squamous 
cell head and 

neck 

Substrate of 
ABCC2, ABCG2, 
ATP7A, ATP7B, 
GSTM1, GSTT1, 
GSTP1, MT1A, 
MT2A, NQO1, 

SLC31A1, 
SLC31A2 

SOD1, inducer of 
MPO, XDH, 

Upregulation of P-type ATPases, 
overexpression of MRP2, enhanced activity of 
NER and overexpression of BRCA2, mutation 
and downregulation of RAD52 (repair gene) 

[3,25,26] 

DNA Cisplatin 

Bladder, 
cervical, 

esophageal, 
gastric, germ cell 

tumours 
(including 
testicular), 

mesothelioma, 
NSCLC, 

osteosarcoma, 
ovarian, SCLC, 
and squamous 
cell head and 

neck 

Substrate of 
ABCB1, ABCC6, 
ABCG2, ATP7A, 
ATP7B, GSTM1, 
GSTP1, GSTT1, 

MT1A, MT2A, 
NQO1, 

SLC22A2, 
SLC31A1, 

SLC31A2 and 
SOD1. 

A2M, ATOX1, MPG 
and TF. Inhibitor of 
BCHE, CYP2B6, 

CYP2C9, nat, 
PTGS2 and 

SLC22A2. Inducer of 
ABCC2, ABCC3, 

ABCC5, CYP4A11, 
MPO and XDH. 

Upregulation of P-type ATPases, 
overexpression of MRP2, enhanced activity of 

NER and overexpression of BRCA1 
[3,25,27] 

DNA Oxaliplatin 
CRC, 

esophageal and 
gastric 

Substrate of 
ATP7A, ATP7B, 
ABCC2, ABCG2, 

CYP1A1, 
CYP1B1, 
CYP2E1, 

GSTM1, GSTT1, 
GSTP1, MPO, 
MT1A, MT2A, 

NQO1, 
SLC22A2, 
SLC22A3, 

SLC31A1 and 
SOD1. 

Unclear 
Alterations in the mitochondrial apoptotic 

pathway, enhanced autophagy, increased GSH 
levels, SRBC hypermethylation (in vitro) 

[3,28–30] 
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DHFR Methotrexate 

Acute leukemias, 
bladder, brain, 

breast, 
gestational 

trophoblastic 
disease, head 

and neck, lung, 
NHL, 

osteosarcoma 

Substrate of ABCB1, 
ABCC1, ABCC2, 
ABCC3, ABCC4, 

ABCC11, ABCG2, 
AOX1, CYP3A4, 
DHFR, FPGS, 
FOLR1, GGH, 

MTHFR, SLC16A1, 
SLC19A1, SLC22A6, 
SLC22A7, SLC22A8, 

SLC22A11, 
SLC46A1, 
SLCO1A2, 
SLCO1B1, 
SLCO1B3, 
SLCO1C1, 
SLCO3A1, 

SLCO4C1, TYMS 

Inhibitor of ABCC1, 
ABCC2, ABCC3, 
ABCC4, ABCC10, 
PGD, SLC22A8, 

SLC46A1 

Overexpression of ABC transporters, 
downregulation of RFC, overexpression of 

DHFR, loss of function of FPGS, 
overexpression of TS 

[3,31,32] 

DHFR, 
GART, 
TYMS 

Pemetrexed 
Malignant 

mesothelioma 
and NSCLC 

Substrate of 
SLC22A8 

ATIC, inducer of 
DCK, SLC29A1 

Overexpression of ABC transporters, 
downregulation of RFC, overexpression of 

DHFR, loss of function of FPGS, 
overexpression of TS 

[33] 

DHFR, 
TYMS 

Pralatrexate 
T-cell 

Lymphoma 
Substrate of FPGS, 

SLC19A1 
Unclear 

decreased RFC-1 expression and increased 
MDR1 expression 

[34] 
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DNA, 
RNA, 

DNMT1 
5-Azacitidine Leukemias 

 
Substrate of cytidine 
deaminase (CDA) 

Unclear Mutations in TET2, overexpression of BCL2 [3,35] 
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DNA, RNA, 
TYMS 

5-Fluorouracil 

Anal, breast, 
CRC, gastric, 

head and neck, 
esophageal and 

pancreas 

ABCC3, ABCC4, 
ABCC5, ABCG2, 

CYP1A2, 
CYP2A6, 

CYP2C8, DPYD, 
MTHFR, PPAT, 

SLC22A7, 
SLC29A1, 

TYMP, TYMS, 
UMPS, UPP1, 

UPP2 

Inhibitor of CYP2C9 
Overexpression of ABC transporters, 

overexpression of TS, enhanced activity of 
DPD 

[3,36] 

DNA, MGMT, 
PNP, POLA1, 

POLE2, 
POLE3, 
POLE4, 

POLE, RRM1, 
RRM2, 

RRM2B. 

Cladribine 

Hairy cell 
leukemia, 
chronic 

lymphocytic 
leukemia 

Substrate of 
DCK, ABCG2, 

SLC28A3. 
Unclear 

Decreased expression of hENT1, reduced 
activity of dCK, overexpression of 5'-

nucleotidase (in vitro) 
[3,37] 

DNA, POLA1, 
RRM1 

Clofarabine 

Acute 
lymphoblastic 
leukemia and 
acute myeloid 

leukemia 

Substrate of 
DCK, ABCG2 

Unclear Reduced activity of dCK [3,38] 

DNA, POLB Cytarabine 

Acute myeloid 
leukemia, acute 
lymphoblastic 

leukemia, 
chronic myeloid 

leukemia, 
lymphomas, 
progressive 
multifocal 

leucoencephalop
athy and 

meningeal 
leukemia 

Substrate of 
CDA, CYP3A4, 
DCTD, NT5E 

Unclear 
Downregulation of dCK, downregulation of 

hENT1 transporter 
[3,39] 

DNA, DNMT1 Decitabine 

Myelodysplastic 
syndrome, sickle 

cell anaemia 
(orphan), acute 

myeloid 
leukemia and 

chronic myeloid 
leukemia. 

Substrate of 
DCK 

Unclear 
Mutations in TET2, higher activity of CDA 
combined with decreased activity of dCK 

[40,41] 
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TYMS 
Floxuridine  

(5-FU analog) 

Metastatic GI 
adenocarcinoma 

and gastric 
TYMP Inhibitor of CYP2C9 Amplification of TS and/or deletion of OPRTase [42–44] 

DNA, 
POLA1, 
RRM1 

Fludarabine 

Acute myeloid 
leukemia, 
chronic 

lymphocytic 
leukemia, NHL 

and 
Waldenstrom 

macroglobulinae
mia. 

Substrate of 
SLC28A3, 
SLC29A1 

Agonist of DCK Mutations in TP53, overexpression of MYC [3,45,46] 

DNA, 
RRM1, 
TYMS, 
CMPK1 

Gemcitabine 

Bladder, breast, 
nasopharyngeal, 

non-small cell 
lung, ovarian 

and pancreas, 
lymphomas and 

inflammatory 
bowel disease. 

Substrate of 
CDA, DCK, 

ABCB1, 
ABCC10, 
SLC28A1, 
SLC28A3, 
SLC29A1, 
SLC29A2 

Unclear 
Low expression of hENT1, higher dCDA 

expression, enhanced activity of dCK 
[3,47] 

HPRT1, 
PPAT, 

IMPDH1, 
IMPDH2 

Mercaptopurine 

Acute 
lymphoblastic 

leukemia, acute 
promyelocytic 

leukemia, 
lymphoblastic 
lymphoma and 
inflammatory 

bowel disease 

Substrate of 
AOX1, TPMT, 

XDH, SLC22A8, 
ABCC4, ABCC5, 

SLC28A2, 
SLC28A3, 
SLC29A1, 
SLC29A2 

Unclear 
Overexpression of ABC transporters, activating 

mutations in NT5C2 
[3,48] 
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DNA, 
POLA1 

Nelarabine 

Acute 
lymphoblastic 
leukemia and 

chronic 
lymphocytic 
leukemia. 

Substrate of  
adenosine 
deaminase 

(ADA), DCK,  
deoxyguanosine 
kinase (DGUOK) 

Unclear 
Decreased expression of dGK and dCK (in 

vitro) 
[49] 

ADA Pentostatin 

Hairy cell 
leukemia, 

peripheral T-cell 
lymphoma 
(orphan), 

cutaneous T cell 
lymphoma 

(orphan) and 
chronic 

lymphocytic 
leukemia 
(orphan). 

Unclear Unclear Unclear [3] 

DNA Thioguanine ALL, AML 
Substrate of 

HPRT1 
Inhibitor of ABCC4 Activating mutations in NT5C2 [48] 

P
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te
a
s
o
m

e
 

in
h
ib

it
o
r 

PSMB1, 
PSMB5 

Bortezomib 
Multiple 

myeloma, 
lymphomas 

Substrate of 
CYP1A2, 
CYP2C9, 

CYP2C19, 
CYP2D6, 
CYP3A4 

Inhibitor of CYP1A2, 
CYP2C9, CYP2C19, 

CYP3A4 

Enhanced stress response and overexpression 
of NF-κB (clinical), inhibition of apoptosis (Bax 

and Noxa), autophagy activation (in vitro) 
[3,50] 

R
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R
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s
e
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n
h
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o
r 

RRM1 
Hydroxyurea / 

Hydroxycarbamide 

AML, CML, head 
and neck, 

melanoma, 
ovarian. 

Unclear Inhibitor of CYP2D6 Unclear [3,51] 
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Microtub
ules and 
tubulin / 
TUBB3 

Ixabepilone Breast 
Substrate of 

CYP3A4 
CYP3A4 Defined β-tubulin mutations [3,52] 

M
a

c
ro

lid
e
 

a
n
a
lo

g
u
e

 

Microtub
ules and 
tubulin / 
TUBB1 

Eribulin 
Breast, 

Liposarcoma 
Unclear BCL2 Unclear [53,54] 

N
it
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g
e
n
 

m
u

s
ta

rd
 /
 

S
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id

 Microtub
ules / 

MAP1A, 
MAP2 

Estramustine Prostate 
Substrate of 

CYP3A4 
ESR1, ESR2, 

Inhibitor of ABCB1 
Overexpression of ABC transporters [3,55] 

T
a

x
a
n
e
s
 

Microtub
ules and 
tubulin / 
TUBB1, 
MAP2, 
MAP4, 
MAPT 

Docetaxel 

Brain, breast, 
head and neck, 

gastric, lung, 
prostate 

substrate of 
CYP1B1, 
CYP3A4, 
CYP3A5, 
CYP3A7, 

ABCB1, ABCC1, 
ABCC2, 
ABCC10, 
ABCG2, 

SLCO1B3, 
SLC22A7; 

BCL2; NR1I2; 
inhibitor of CYP3A4 

and CYP1B1; 
inducer of CYP1B1 

Overexpression of P-glycoprotein/ABCB1, 
differential expression of β-tubulin isotypes, 

mutations in tumour suppressor proteins and 
altered expression of pro- and anti-apoptotic 

proteins 

[3,56] 

Microtub
ules and 
tubulin / 
TUBB1, 
MAP2, 
MAP4, 
MAPT 

Paclitaxel 

Breast, lung, 
pancreas, 
ovarian, 
sarcoma 

substrate of 
ABCC2, ABCG2, 

SLCO1B3, 
SLC22A7; 

BCL2, NR1I2, 
substrate and 

inducer of CYP3A4; 
substrate and 

inhibitor of ABCB1, 
ABCB11, ABCC10; 
inhibitor of ABCC1, 

CYP19A1 and 
CYP1B1 

Associated with specific SNP in BCL2, 
overexpression of ABC transporters, β-tubulin 

and tubulin mutations, CYP-mediated 
detoxification 

[3,57] 

V
in

c
a
 A

lk
a
lo

id
s
 Microtub

ules and 
tubulin / 
TUBA1, 
TUBB, 

TUBD1, 
TUBE1, 
TUBG1 

Vinblastine 

Bladder, breast, 
HL, Kaposi's 

sarcoma, NHL, 
neuroblastoma, 

testicular 

Substrate of 
ABCB1, 

ABCB11, 
ABCC1, ABCC2, 

CYP3A4, 
CYP2D6 

JUN, inhibitor and 
inducer of ABCB1, 
ABCB11, ABCC1, 
ABCC2, ABCC6, 

CYP3A4, SLCO1B1 

Overexpression of ABC transporters, mutations 
in TOPO II, TOPO II downregulation and 

reductase-mediated enzymatic detoxification, 
overexpression of βII- and βIVb-tubulin 

[3,58] 
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Microtub
ules and 
tubulin / 
TUBB, 

TUBA4A 

Vincristine 

Acute 
lymphocytic 

leukemia (ALL), 
HL, NHL, 

neuroblastoma, 
rhabdomyosarco

ma, Wilms' 
tumor, 

Substrate of 
ABCB1, 

ABCB11, 
ABCC1, ABCC2, 

ABCC10, 
ABCG2, 
CYP3A4, 
CYP3A5, 
CYP3A7, 
RALBP1 

Inhibitor of ABCB1, 
ABCB11, ABCC1, 
ABCC2, ABCC10, 

CYP3A4; inducer of 
ABCB1, ABCC3, 

SLC22A3, 
SLCO1B1, 
SLCO1B3 

Overexpression of βIII-tubulin, downregulation 
of MAP2c, overexpression of ABC transporters, 

downregulation of γ-actin (in vitro) 
[3,59] 

Microtub
ules and 
tubulin / 
TUBB 

Vinorelbine 
breast, NSCLC, 

others 

Substrate of 
ABCB1, 

CYP3A4, 
CYP2D6. 

Unclear 
Overexpression of P-glycoprotein/ABCB1, 

defined β-tubulin mutations, overexpression of 
βIII-tubulin, overexpression of RLIP76 

[60] 

C
y
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x
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n
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b
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A
n
th

ra
c
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DNA, 
TOP2A, 
TOP2B 

Daunorubicin Acute leukemias 

substrate of 
CYP1A1, 
CYP3A4, 

ABCB1, ABCC1, 
XDH (xantine 

dehydrogenase), 
POR (NADPH 

redutase), 
ABCB11, 
ABCC6, 
ABCC10, 
ABCG2; 

inhibitor of ABCB1, 
ABCC1, ABCC2, 

CYP1B1, CYP3A4; 
inducer of ABCB1 
and CYP3A5. May 

also inhibit 
polymerase activity. 

Overexpression of ABC transporters, mutations 
in TOPO II, TOPO II downregulation and 

reductase-mediated enzymatic detoxification 
[61] 

DNA, 
TOP2A, 
NOLC1 

Doxorubicin 

ALL, bladder, 
breast, kaposi 

sarcoma, 
lymphomas, 

multiple 
myeloma, 

neuroblastoma, 
ovarian, Wilms 

tumour 

Substrate of 
ABCB11, 

ABCC1, ABCC2, 
ABCC6, ABCG2, 

AKR1A1, 
AKR1C3, CBR1, 
CBR3, CYP2D6, 
CYP3A4, NOS1, 
NOS2, NOS3, 
NQO1, POR, 

Q9NUT2, 
RALBP1, 

SLC22A16, 
XDH. 

inhibitor of ABCB1, 
ABCC1, ABCC3, 
ABCC6, ABCC10, 
CYP1B1, CYP2B6, 
CYP3A4, NDUFS2, 
NDUFS3, NDUFS7; 
inducer of ABCB1. 

Overexpression of ABC transporters, mutations 
in TOPO II, TOPO II downregulation and 

reductase-mediated enzymatic detoxification 
[62] 
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A
n
th
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c
y
c
lin

e
s
 

DNA, 
TOP2A, 
CHD1 

Epirubicin 
Breast, gastric 

and bladder 

Substrate of 
UGT2B7, 
ABCC1 

Inhibitor of 
PLA2G4A. 

Overexpression of ABC transporters, mutations 
in TOPO II, TOPO II downregulation and 

reductase-mediated enzymatic detoxification 
[3,62] 

DNA, 
TOP2A 

Idarubicin Acute leukemias 
substrate of 
CYP2C9, 
CYP2D6 

Inhibitor of ABCC1. 
Overexpression of ABC transporters, mutations 

in TOPO II, TOPO II downregulation and 
reductase-mediated enzymatic detoxification 

[3,61] 

DNA, 
TOP2A 

Valrubicin Bladder Unclear Unclear Unclear [63] 

DNA, 
TOP2A 

Mitoxantrone 
AML, NHL, 

prostate, breast 

substrate of 
ABCB1, ABCC1, 

ABCG2, 
CYP2E1 

inhibitor of ABCB1, 
ABCC1, CYP1B1, 

CYP3A4, inducer of 
ABCB1. 

Overexpression of ABC transporters [64] 

A
rs

e
n
ic

 

d
e
ri
v
a
ti
v
e
 

DNA / 
Unclear 

Arsenic trioxide Leukemia (APL) 

Not detoxifyed, 
accumulates in 
liver, kidney, 

heart, lung, hair 
and nails 

AKT1, CCND1, 
CDKN1A, HDAC1, 

IKBKB, JUN, 
MAPK1, MAPK3, 
PML, TXNRD1 

Mutations in PML gene [65–69] 

C
a
m

p
to

th
e
c
in

s
 /
 

T
o

p
o
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o
m

e
ra

s
e
 I
 

in
h
ib

it
o
rs

 

DNA, 
TOP1MT 

Irinotecan 

CRC, pancreas 
(liposomal), 

ovary, 
esophageal, 

Ewing's 
sarcoma, 

glioblastoma, 
NSCLC, SCLC, 

gastric, 
rhabdomyosarco

mas, cervical 

substrate of 
ABCB1, ABCC1, 

ABCC2, 
ABCC10, 
ABCB11, 
ABCG2, 
CYP3A4, 
CYP3A5, 
CYP3A7, 
RABP1. 

inhibitor of ABCB1, 
ABCC1, ABCC2, 
ABCC3, ABCC10, 

SLC22A3, SLCO1B1 
and SLCO1B3 

Low carboxylesterase expression (decreased 
intracelular activation), increased metabolic 

detox to aminopentanecarboxylic acid (APC), 
overexpression of ABC transporters, TOPO I 

downregulation, TOPO I mutations, 
hyperactivity of NF-κB and DNA repair 

pathways 

[3,70,71] 
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DNA, 
TOP1, 

TOP1MT 
Topotecan 

Ovarian, SCLC, 
cervical 

Substrate of 
ABCB1, ABCG2, 

SLC47A1, 
SLC47A2. 

poly(ADP-ribose) 
polymerase-1 

(Daniel et al., 2009);  
inhibitor of CYP3A4, 
SLC47A1; inducer of 

CYP3A4. 

Overexpression of ABCB1 and ABCG2, 
overexpression of aldehyde 

dehydrogenase-1A1 (ALDH1A1), TOPO I 
downregulation 

[72–74] 
C

h
ro

m
o

m
y
c
in

 

DNA, 
TOP2A, 
TOP2B 

Dactinomycin 

Sarcoma, 
Gestational 

trophoblastic 
neoplasia, 
Testicular, 

Kidney 

ABCB1, ABCC1, 
ABCC6, ABCG2, 

SLC22A5 
Inhibitor of ABCB1 Overexpression of ABC transporters [3,75] 

D
D

T
/D

D
D

 
a
n
a
lo

g
u
e
 

CYP11B1 Mitotane 
Adrenocortical 

carcinoma 
Unclear 

AR, ESR1, FDX1, 
PGR. Inducer of 

CYP3A4. 
Unclear [76,77] 

E
p
ip
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d
o
p
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y
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 /
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TOP2A, 
TOP2B 

Etoposide 

Testicular, 
ovarian, lung, 
acute myeloid 

leukemia, 
lymphomas and 

sarcomas 

Substrate of 
ABCB1, ABCC1, 
ABCC2, ABCC3, 
ABCC6, ABCC10, 
ABCG2, CYP1A2, 
CYP2E1, CYP3A4, 
CYP3A5, GSTP1, 
GSTT1, PTGS1, 
PTGS2, UGT1A1 

Inhibitor of ABCB1, 
ABCC1, ABCC2, 
ABCC3, ABCC6, 

ABCC10, CYP2C8, 
inducer of CYP3A4, 

CYP3A5 

Overexpression of ABC transporters, 
mutations in TP53, overexpression of 5'-
tyrosyl DNA phosphodiesterase 2 (TDP2) 

(in vitro) 

[3,78,79] 

G
ly

c
o
p
e
p
ti
d

e
 

DNA, 
LIG1, LIG3 

Bleomycin 

Head and neck, 
Lymphoma, 

Penile, Cervical, 
Vulvar, 

Testicular 

Bleomycin 
hydrolase (evitar 

abreviaturas 
desnecessárias) 

Unclear 

Increased detox (Activity of bleomycin 
hydrolase, bleomycin N-acetylating 

enzymes and bleomycin-binding 
proteins) 

[3,80] 

Is
o
q
u
in

o
lin

e
 

DNA Trabectedin 

Soft tissue 
sarcomas 

(Liposarcoma 
and 

leiomyosarcoma) 

CYP2C9, 
CYP2C19, 
CYP2D6, 

CYP2E1, CYP3A4, 
PTGS1 

Unclear Unclear [81] 



SUPPLEMENTARY TABLE 1. SUMMARY OF FDA-APPROVED ANTICANCER CYTOTOXIC DRUGS AT MAY 2019 (CONTINUATION) 

Data curated from Drugbank (www.drugbank.ca) and SuperCYP/Transformer databases (bioinformatics.charite.de/transformer/). 
Abbreviations: ATIC - 5-Aminoimidazole-4-Carboxamide Ribonucleotide, SOD1 - Superoxide dismutase [Cu-Zn], A2M - Alpha-2-macroglobulin, ABC - ATP-binding cassette, ABCC1 - 
Multidrug resistance-associated protein 1, ADA - Adenosine deaminase, ATOX1 - Copper transport protein ATOX1, ATP7A - Copper-transporting ATPase 1, BCHE - Cholinesterase, CDA - 
Cytidine deaminase, CES1 - liver carboxylesterase 1, CHD1 - Chromodomain-helicase-DNA-binding protein 1, CYP - Cytochrome P450, DCK - Deoxycytidine kinase, DCK - Deoxycytidine 
kinase, DCTD - deoxycytidylate deaminase, DHFR - Dihydrofolate reductase, DNMT1 - DNA methyltransferase, DPYD - Dihydropyrimidine dehydrogenase [NADP(+)], ENGase - Beta-n-
acetylglucosaminidase, FPGS - Folylpolyglutamate synthase, mitochondrial, GART - glycinamide ribonucleotide formyltransferase, GGH - Gamma-glutamyl hydrolase, GSH - Glutathione, 
GSR - Glutathione reductase, mitochondrial, GSTM1 - Glutathione S-transferase Mu 1, GSTP1 - Glutathione S-transferase P, GSTP1 - Glutathione S-transferase P, GSTT1 - Glutathione 
transferase activity, HPRT1 - Hypoxanthine-guanine phosphoribosyltransferase 1, MAOA - Amine oxidase [flavin-containing] A, MAOB - Amine oxidase [flavin-containing] B, MGMT - O6 -
methylguanine DNA methyltransferase, MPG - DNA-3-methyladenine glycosylase, MPO - Myeloperoxidase, MT1A - Metallothionein-1A, nat - Arylamine N-acetyltransferase, NER - 
nucleotide excision repair, NQO1 - NAD(P)H dehydrogenase [quinone] 1, NR1I2 - Nuclear receptor subfamily 1 group I member 2, NT5C2 - 5′-nucleotidase catalytic enzyme, PGD - 6-
phosphogluconate dehydrogenase, decarboxylating, OPRTase - Orotate phosphoribosyltransferase, PLA2G4A - Cytosolic phospholipase A2, PNP - Purine nucleoside phosphorylase, 
POLA2 - DNA polymerase alpha subunit B, POR - NADPH--cytochrome P450 reductase, PTGS1 - Prostaglandin G/H synthase 1, RFC - reduced folate carrier, SLC22A3 - Solute carrier 
family 22 member 3, ST - Serotransferrin, STMN4 - Stathmin-4, THS - Thymidylate synthase, TOP1MT - DNA topoisomerase I, mitochondrial, TOP2A - DNA topoisomerase 2-alpha, 
TOP2B - DNA topoisomerase 2-beta, TPMT - Thiopurine S-methyltransferase, TXNRD1 - Thioredoxin reductase 1, cytoplasmic, TYMP - thymidine phosphorylase, TYMS - thymidylate 
synthase, UGT - UDP-glucuronosyltransferase, UGT1A1 - UDP-glucuronosyltransferase 1-1, XDH - Xanthine dehydrogenase/oxidase, CRC - Colorectal cancer, ALL - Acute Lymphoblastic 
leukemia, CML - Chronic Lymphoblastic leukemia, SCLC - Small cell lung cancer, NSCLC - Non small cell lung cancer. 
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DHFR, TYMS Pralatrexate T-cell lymphoma FPGS 
Substrate of  

SLC19A1, Proton-coupled 
folate transporter (PCFT) 

Reduced expression or drug affinity for RFC, 
increased levels of folic acid 

[82,83]  
E

n
z
im

e
 Asparagine 

(protein 
synthesis 
inhibition) 

Erwinaze (L-
asparaginase) 

ALL Unclear 
Glutamine; inhibitor of 

SERPINA7 
Unclear [84] 

C
Y

T
O

S
K

E
L
E

T
A

L
 

D
IS

R
U

P
T

O
R

S
 

T
a

x
a
n
e
 

TUBA4A, 
TUBB1 

Cabazitaxel Prostate 

Substrate of 
ABCB1, 

CYP3A4, 
CYP3A5, 
CYP2C8 

Inhibitor of ABCB1, 
ABCG2, SLCO1B1, 

SLCO1B3 

Overexpression of ABCB1, overexpression of 
TUBB3, downregulation of BRCA1 expression, 
upregulation of vimentin and downregulation of 

E-cadherin, reduced expression of 
antiapoptotic regulators (BCL2 and MCL1), 

downregulation of IAPs 

[85,86] 

E
N

D
O

C
R
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E
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H

E
R

A
P
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A
n
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g
e
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e
c
e
p
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AR Apalutamide Prostate 
CYP2C8, 
CYP3A4 

Inducer of CYP3A4, 
CYP2C19, CYP2C9, 
ABCG2; inhibitor of 

SLC22A2, SLC22A8, 
SLC47A2; antagonist of 
GABA-A receptor (low 

micromolar affinity 
(IC50=3.0uM); inhibitor of 

ABCB1, SLCO1B1 
AR amplification, AR point mutations, altered 

intratumoral androgen biosynthesis, 
glucocorticoid receptor activation, immune-

mediated resistance, autophagy induction and 
neuroendocrine differentiation. 

[87,88] 

AR Enzalutamide Prostate 

CYP2C8, 
CYP2C9, 
CYP3A4, 
CYP3A5 

Inhibitor of ABCB1, 
CYP2C8, CYP2B6; inducer 

of CYP3A4, CYP2C9, 
CYP2C19, CYP2D6. 

[87,88] 
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ESR1 Fulvestrant Breast 
Substrate of 

CYP3A4, 
UGT1A1 

Unclear 
Overexpression of EGFR, HER2, and NRG2; 
enhanced HER3 activation; enhanced ERK, 

WNT/β-catenin and Notch pathways activation 
[89,90] 

ESR1, ESR2, 
ESRRG 

Tamoxifen Breast 

ABCG2, ABCC2, 
CYP2D6, 

CYP2B6 (high 
tamoxifen 

concentrations), 
CYP2C9, 
CYP3A4, 
CYP3A5, 
CYP3A7, 

CYP2C19, 
CYP1A1, 
CYP2A6, 
CYP2E1, 

UGT1A10, 
SULT1A1, 

FMO1, FMO3 

AR, NR1I2, SHBG; 
inhibitor of CYP2D6, 
CYP2C9, CYP2B6, 

CYP1B1, CYP2C8, CES1, 
CYP19A1, ABCB11, (EBP, 

PKC, KCNH2); inhibitor 
and inducer of CYP3A4, 

ABCB1; inducer of 
SERPINA7 

Upregulation of NF-κB; overexpression of 
XBP1, IRF1 and NPM1; enhanced RAS-MAPK 
signaling; loss of estrogen receptor (ESR1) and 

progesterone receptor (PGR) expression, 
mutations in ESR1 and spliced variant 

expression; exogenous estrogenic exposures 

[91,92] 

ESR1 Toremifene Breast 
ABCB1, 

CYP3A4, 
CYP1A1 

SHBG; inhibitor of ABCB1 [91–93] 

A
ro

m
a

ta
s
e
 

CYP17A1 Abiraterone Prostate 
ALB, ORM1, 

CYP3A4, 
SULT2A1 

Inhibitor of CYP2D6, 
CYP2C8, CYP1A2, 

CYP2C19, CYP2C9, 
ABCC1 

Upregulation of CYP17A1; CYP17A1-
independent AR activation; AR amplification, 

AR splice variants that confer ligand-
independent AR transactivation, mutations in 

AR, NR3C1 (glucocorticoid receptor) 
overexpression, autophagy induction 

[94,95] 

CYP19A1 Anastrozole Breast 

N-dealkylation, 
hydroxylation, 

and 
glucuronidation 

to inactive 
metabolites. 

Inhibitor of CYP3A4, 
CYP1A2 (in vitro), 

CYP2C9 (not clinically 
relevant) 

Loss of ESR1 expression; mutations, 
amplification or translocation of ESR1; aberrant 

expression or mutation of ER co-regulators; 
mutation of TP53, MDM2 amplification, 
increased levels of BCL-2 and survivin, 

increased levels of telomerase; loss of RB1, 
CDKN2A and CDKN2C; amplification of 

CCND1; enhanced EMT and CSC phenotype: 
Notch, Hedgehog, WNT and TWIST1 

overactivation; enhanced activation of PI3K-
AKT-mTOR and MAPK pathway; 

overexpression, mutation or amplification of 
ERBB2/HER2, IGF1R and EGFR; increased 

levels of fibronectin and collagen 

[96,97]  
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CYP19A1 Exemestane Breast CYP3A4 Unclear 

Loss of ESR1 expression; mutations, 
amplification or translocation of ESR1; aberrant 

expression or mutation of ER co-regulators; 
mutation of TP53, MDM2 amplification, 
increased levels of BCL-2 and survivin, 

increased levels of telomerase; loss of RB1, 
CDKN2A and CDKN2C; amplification of 

CCND1; enhanced EMT and CSC phenotype: 
Notch, Hedgehog, WNT and TWIST1 

overactivation; enhanced activation of PI3K-
AKT-mTOR and MAPK pathway; 

overexpression, mutation or amplification of 
ERBB2/HER2, IGF1R and EGFR; increased 

levels of fibronectin and collagen 

[96,97] 

CYP19A1 Letrozole Breast 
CYP3A4, 
CYP2A6 

Inhibitor of CYP2A6 [96,97] 

H
E
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G

E
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O
G
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A

T
H
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g
e
h
o
g
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a
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w
a
y
 

SMO Glasdegib AML 

CYP3A4, 
CYP2C8, 

UGT1A9, ALB, 
ABCB1, ABCG2; 

inhibitor of 
SLC47A1, 
SLC47A2 

Inhibitor of ABCB1, 
ABCG2, SLC47A1, 

SLC47A2 

Mutations in SMO; upregulation of GLI2 and 
other downstream effectors of Hh/GLI 

signaling, GLI3 silencing, enhanced activation 
of RAF-MEK-MAPK, PI3K-AKT and IGF 

signaling 

[98] 

SMO Sonidegib BCC CYP3A4 Unclear 

Mutation in SMO and TP53, SUFU deletion and 
MYCN amplification; upregulation of GLI2 and 

other downstream effectors of Hh/GLI 
signaling; enhanced activation of RAF-MEK-

MAPK, PI3K-AKT and IGF signaling 

[98,99] 

SMO Vismodegib 
Basal cell 
carcinoma 

ABCB1, 
CYP2C9, 
CYP3A4 

ABCG2, CYP2C9, 
CYP2C8, CYP2C19 

Mutation in SMO, upregulation of GLI2, 
activation of oncogenic signaling pathways 

(RAF-MEK-ERK cascade, PI3K-AKT signaling, 
IGF signaling), upregulation of atypical protein 
kinase C ι/λ (aPKCι/λ), histone deacetylases 

(HDAC1/HDAC2) and DYRK1B 

[98,99] 
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HDAC1 to 11 
(Protein group) 

Belinostat PTCL 
ABCB1, 
UGT1A1 

Inhibitor of CYP2C8, 
UGT1A1, CYP2C9; 
inducer of CYP1A2 

Altered DNA repair activity; abnormalities in the 
regulation of cell cycle and mitotic 

chromosomes; JAK and STAT signaling; 
enhanced RAR signaling (e.g., overexpression 

of RARα); autophagy; reduction or loss of 
HDAC1 expression. 

[100,101] 

Panobinostat 
Multiple 

myeloma 
ABCB1, 
CYP3A4 

Inhibitor of CYP2D6 

Mutations in TP53; altered DNA repair activity; 
abnormalities in the regulation of cell cycle and 

mitotic chromosomes; ROS and redox 
pathways (high levels of thioredoxin); enhanced 

BCL-2 anti-apoptotic signaling (e.g., 
overexpression of BCL-2); constitutive NF-kB 

activation; JAK and STAT signaling; autophagy; 
endoplasmic reticulum stress-related signaling 

[100,102] 

HDAC1, HDAC2, 
HDAC4, HDAC6, 

Romidepsin 
CTCL or/and 

PTCL 

ABCB1, 
SLCO1B3, 
CYP3A4, 
CYP3A5, 
CYP1A1, 
CYP2B6, 
CYP2C19 

ABCC1 

Sustained expression of CHEK1, altered DNA 
repair activity; abnormalities in the regulation of 
cell cycle and mitotic chromosomes; ROS and 

redox pathways (high levels of thioredoxin); 
enhanced BCL-2 anti-apoptotic signaling (e.g., 

overexpression of BCL-2); increased MDR1 
expression; enhanced JAK and STAT 

signaling; autophagy 

[100] 

HDAC1, HDAC2, 
HDAC3, HDAC6, 

HDAC8, 
Vorinostat T-cell lymphoma 

Glucuronidation 
and hydrolysis 
followed by β-

oxidation 

acuC1 

Sustained expression of CHEK1, altered DNA 
repair activity; abnormalities in the regulation of 
cell cycle and mitotic chromosomes; ROS and 

redox pathways (high levels of thioredoxin, 
superoxide dismutase 2, and glutathione 

reductase); enhanced BCL-2 anti-apoptotic 
signaling (e.g., overexpression of BCL-2); 

constitutive NF-kB activation; aberrant JAK and 
STAT signaling; Retinoic acid signaling; 

autophagy; endoplasmic reticulum stress-
related signaling 

[100] 
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ALK Alectinib NSCLC Unclear 
Inhibitor of ABCB1, 

ABCG2 
Unclear [103] 

ALK Brigatinib NSCLC 
CYP2C8, 
CYP3A4, 

ABCB5, ABCG2 

Inhibitor and inducer of 
CYP3A; inducer CYP2B6; 
inhibitor of ROS1, TYK1, 
FER, FPS, TRKA, TRKB, 
TRKC, FAK, FAK2, ACK 

Unclear [104] 

ALK Ceritinib NSCLC 
CYP3A4, 
ABCB1 

Inhibitor of CYP2C9, 
CYP3A4 

Mutations in ALK tyrosine kinase domain; EMT 
phenotype; mechanism of “off target” 

resistance in the bypass of signaling tracks 
[105,106] 

ALK Crizotinib NSCLC 
CYP3A4, 
CYP3A5, 
ABCB1. 

Inhibitor of ABCB1, 
CYP2B6, CYP3A4, 

CYP3A5, CYP3A, MET, 
RON 

Mutations in ALK tyrosine kinase domain and 
ALK amplification, activation of EGFR-, IGF-

1R-, or KIT-mediated signaling pathways 
[107] 

ALK Lorlatinib NSCLC 

CYP3A, 
CYP3A5, 
CYP2C8, 

CYP2C19, 
UGT1A3 

Inhibitor and inducer of 
CYP3A; inducer CYP2B6; 
ROS1, TYK1, FER, FPS, 

TRKA, TRKB, TRKC, FAK, 
FAK2, ACK 

Unclear [108] 
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BCR, ABL1 Bosutinib CML 
CYP3A4, 
ABCB1 

LYN; inhibitor of CYP3A4, 
ABCB1, CYP2C8, HCK, 
SRC, CDK2, MAP2K1, 

MAP2K2, MAP3K2, 
CAMK2G 

BCR-ABL1 fusion gene mutations in the kinase 
domain, increased BCR-ABL1 expression; 

upregulation of CYP3A4 
[109] 

ABL1, ABL2 Dasatinib CML, ALL 

CYP1A1, 
CYP1A2, 
CYP1B1, 

CYP3A5, FMO3, 
CYP3A4, 

ABCB1, ABCG2; 

Antagonist EPHA2, KIT, 
PDGFRB; inhibitor of 

STAT5B; YES1; multitarget 
BTK, FYN, ABL2; NR4A3, 

CSK, EPHA5, EPHB4, 
FGR, FRK, HSPA8, LYN, 

ZAK, MAPK14, PPAT; 
inhibitor of CYP3A4, 

ABCB1, ABCG2 

BCR-ABL1 fusion gene mutations, increased 
BCR-ABL1 expression; transporter-mediated 
TKI efflux (ABCB1, ABCG2); upregulation of 

CYP3A4 

[109] 

BCR/ABL fusion 
protein isoform 

X9 
Imatinib 

CML, ALL, GIST, 
CEL 

CYP3A4, 
CYP3A5, 
CYP3A7, 
CYP2C9, 
CYP2D6, 

ABCB1, ABCG2, 
ALB, ORM1, 
SLC22A1, 
ABCA3, 

ABCB11, 
CYP1A2, 

CYP2C19, 
PTGS1, 

CYP2C8; 

Antagonist and multitarget 
of KIT; antagonist of 

NTRK1, CSF1R, PDGFRA, 
DDR1, PDGFRB; inhibitor 

of CYP3A4, CYP3A5, 
CYP3A7, CYP2C9, 

CYP2D6, ABCB1, ABCG2, 
SLC22A2, ABL1, RET 

BCR-ABL1 fusion gene mutations, increased 
BCR-ABL1 expression; transporter-mediated 

TKI efflux (ABCB1, ABCG2, OCT-1); 
upregulation of CYP3A4; STAT3 activation, 
activation of the PI3K/AKT/mTOR pathway, 
increased RAF/MEK/ERK pathway activity, 

nucleocytoplasmic transport (XPO1 and RAN) 

[109] 

ABL1, ABL2 Nilotinib CML 
CYP3A4, 

ABCB1, ABCG2 

Antagonist of KIT; inhibitor 
of PDGFRA, PDGFRB, 

CYP3A4, ABCB1, ABCG2, 
CYP2C9, CYP2D6, 

UGT1A1, SLCO1B1; 
inhibitor and inducer of 

CYP2C8; inducer of 
CYP2B6 

BCR-ABL1 fusion gene mutations, increased 
BCR-ABL1 expression; transporter-mediated 
TKI efflux (ABCB1, ABCG2); upregulation of 

CYP3A4; BCR-ABL1 independent resistance: 
STAT3 activation, activation of the 

PI3K/AKT/mTOR pathway, increased 
RAF/MEK/ERK pathway activity and EZH2 

overexpression 

[109] 

BCR, ABL1 Ponatinib CML, ALL 

CYP3A4, 
CYP2D6, 
CYP3A5, 
CYP2C8, 

ABCB1, ABCG2 

Inhibitor of KIT, RET, TEK 
FLT-3, FGFR1, FGFR2, 
FGFR3, FGFR4, LCK, 

SRC, LYN, KDR, 
PDGFRA, VEGFR, EPH, 

CYP2C8, ABCB1, ABCG2 

BCR-ABL1 dependent resistance: BCR-ABL1 
fusion gene mutations, increased BCR-ABL1 
expression, transporter-mediated TKI efflux 

(OCT-1); upregulation of CYP3A4; BCR-ABL1 
independent resistance: STAT3 activation, 
activation of the PI3K/AKT/mTOR pathway 

[109] 
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CDK4, CDK6 Abemaciclib Breast 
ABCB1, ABCG2, 

CYP3A4, 
SLC47A1 

Inhibitor of ABCB1, 
ABCG2, OTC, SLC47A1, 
SLC47A2; binder ALB, 

alpha1-acid glycoprotein 

CDKN2A, CDK6, CCNE1/2, CDK2 
amplification; activation of the FGFR pathway, 

activation of the PI3K/AKT/mTOR pathway, 
loss of ER or PR expression, autophagy 

activation 

[110] 

CDK4, CDK6 Palbociclib Breast 

CYP3A4, 
ABCB1, ABG2, 
Sulfotransferase 

2A1 

Inhibitor of CYP3A4, 
ABCB1, ABCG2, 

SLC22A1; binder ALB; 

Loss of RB1 and CCND1; CDKN2A, CCNE1/2, 
CDK2, E2F2, CDK4 amplification; CDK7, 

MDM2 overexpression; HDAC activation and 
loss of FZR1, CDKN1A (p21) and CDKN1B 

(p27); activation of the FGFR pathway, 
activation of the PI3K/AKT/mTOR pathway, 

loss of ESR1 or PGR expression; autophagy 
activation 

[111] 

CDK4, CDK6 Ribociclib Breast CYP3A4 Inhibitor of CYP3A4 

CDKN2A amplification; sustained expression of 
PDK1; CDK2 and CDK4 amplification; 

activation of the FGFR pathway, activation of 
the PI3K/AKT/mTOR pathway, loss of ESR1 or 

PGR expression; autophagy activation 

[112] 

F
G

F
R

 

FGFR1, FGFR2, 
FGFR3, FGFR4 

Erdafitinib 
Urothelial 
carcinoma 

ABCB1, 
SCLC22A1, 

CYP2C9, 
CYP3A4, 

Substrate of RET, CSF1R, 
PDGFRA, PDGFRB, KIT, 
KDR; inhibitor of ABCB1, 

SCLC22A1 

Compensatory signaling or mutations in the 
FGFR receptors; activation of STAT3; 

overexpression of RACK1 
[113,114] 

P
I3

K
 

PIK3CA Alpelisib Breast cancer 
ABCB1, ABCG2, 

CYP3A4 

Inducer of CYP2C9, 
inhibitor of CYP2C8, 

CYP2C19 

FGFR1 overexpression and activation of ERK 
signaling 

[115] 

PIK3CA, 
PIK3CD 

Copanlisib FL 

CYP3A4, 
CYP3A5, 
CYP3A7, 

CYP3A43, ALB, 
ABCB1, ABCG2 

Inhibitor of SLC47A2 Unclear [116] 
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PIK3CG, 
PIK3CD 

Duvelisib CLL, SLL 
CYP3A4, 

ABCB1, ABCG2 
Unclear 

mTOR-dependent reactivation of AKT activity, 
enhanced PI3Kα activation and epigenetic 

reprogramming 
[117,118] 

PIK3CD Idelalisib CLL, FL, SLL 

AOX1, UDP-
glucuronosyltran

sferase 1A4, 
ABCG2, 
CYP3A4, 
CYP3A5, 
CYP3A43, 
CYP3A7, 
ABCB1 

Inhibitor of UDP-
glucuronosyltransferase 

1A1, CYP2C8, CYP2C19, 
SLCO1B1, SLCO1B3, 
CYP3A5, CYP3A43, 

CYP3A7, ABCB1; inducer 
of CYP2B6; inhibitor and 

inducer of CYP3A4 

PI3KCA gain-of-function mutations; 
compensatory activation of SFK and WNT 

pathways; PTEN loss; upregulation of PI3K-
gamma, activation of the PI3K and MAPK 

pathway 

[119] 

R
A

F
 (

B
R

A
F

) 

BRAF V600E, 
RAF1 

Dabrafenib Melanoma 
CYP3A4, 
CYP2C8, 

ABCG2, ABCB1 

Antagonist and inhibitor of 
SIK1, NEK11, LIMK1; 
inducer of CYP3A4, 
CYP2B6, CYP2C9; 

inhibitor CYP2C8, ABCG2, 
SLCO1B1, SLCO1B3, 
SLC22A6, SLC22A8 

Increased MAPK pathway reactivation (BRAF 
amplification, mutations in MEK1/2); 
hyperactivation of AKT; PTEN loss 

[120] 

BRAF (WT, 
V600E and 

CRAF) 
Encorafenib Melanoma 

CYP3A4, 
CYP2C19, 
CYP2D6 

Inhibitor of CCND1; binder 
JNK1, JNK2, JNK3, 

LIMK1, LIMK2, MEK4, 
STK36 

RAF dimerization, increased MAPK pathway 
reactivation; ERK reactivation upstream of MEK 

or enhanced survival signaling (BRAF V600 
amplification, alternative splicing of BRAF 

V600E mRNA, activating NRAS and KRAS 
mutations) 

[121,122] 

BRAF V600E Vemurafenib Melanoma 
CYP3A4, ALB, 
ORM1, ABCC1, 

ABCG2 

Inhibitor of CYP1A2, 
CYP2D6, CYP2C9, 

CYP2C8, ABCC1, ABCG2; 
inducer of CYP3A4, 

CYP2B6; 

ERK reactivation upstream of MEK or 
enhanced survival signaling (BRAF V600 
amplification, alternative splicing of BRAF 

V600E mRNA, activating NRAS and MEK1 
mutations, overexpression of NR2F1); 

enhanced PI3K pathway (mutations in PI3KCA 
or AKT1) and increased MITF levels; CCND1 

amplification; PTEN loss; induction of 
autophagy 

[121,123] 
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VEGF Bevacizumab 
CRC, Breast, 

GBM 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

FCGR3B, C1R, C1QA, 
C1QB, C1QC, FCGR3A, 

FCGR1A, FCGR2A, 
FCGR2B, FCGR2C 

Upregulation of DLL4-Notch signaling, STAT3 
and c-MET; enhanced EMT phenotype; 

increased levels of alternate VEGF ligands 
(e.g., PIGF, VEGF-D) 

[124–126] 

VEGFR2 Ramucirumab 

Gastric or 
gastro-

esophageal 
junction 

Not Available Unclear 
Lack of activity with other VEGFR e.g. VEGFR1 

and 3; increased VEGF-D levels 
[127,128] 

C
C

R
4

 

CXCR4 Mogamulizumab 

Mycosis 
fungoides (MF) 

or Sézary 
syndrome (SS) 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear Unclear [129] 

C
D

3
8
 

CD38 Daratumumab 
Multiple 

myeloma 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Reduced cell surface expression levels of the 
target antigen (CD38) and high levels of 

complement inhibitors (CD55 and CD59); 
upregulation of anti-apoptotic molecules (e.g., 

survivin) 

[130] 

E
G

F
R

/H
E

R
 

EGFR Cetuximab CRC 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

FCGR3B, C1R, C1QA, 
C1QB, C1QC, FCGR3A, 
C1S, FCGR1A, FCGR2A, 

FCGR2B, FCGR2C 

Reduced EGFR copy number, altered 
expression of EGFR ligands (e.g., amphiregulin 
and epiregulin), nuclear translocation of EGFR; 

aberrant downstream EGFR signaling: 
activating KRAS mutations, mutations in BRAF, 
deregulated PIK3CA/PTEN signaling (PIK3CA 
mutations, PTEN inactivation), ERBB2 and c-

MET amplifications; AXL overexpression 

[131–133] 

EGFR Necitumumab NSCLC 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear Unclear 
[131,132,134

] 

EGFR Panitumumab CRC 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Reduced EGFR copy number, altered 
expression of EGFR ligands (e.g., amphiregulin 

and epiregulin); aberrant downstream EGFR 
signaling: activating KRAS mutations, 

mutations in BRAF, deregulated PIK3CA/PTEN 
signaling (PIK3CA mutations, PTEN 

inactivation) 

[131,132,135
] 
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HER-2 Pertuzumab Breast 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Formation of HER3/EGFR heterodimers and 
subsequent phosphorylation of AKT and 
ERK1/2, reduced miR-150 expression 

(negative PI3K-AKT pathway regulator) 

[136] 

HER-2 Trastuzumab Breast 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Inhibitor of CYP19A1; 
EGFR, C1R, C1QA, 
C1QB, C1QC, C1S, 
FCGR1A, FCGR2A, 
FCGR2B, FCGR2C, 
FCGR3B, FCGR3A 

Hindered access to HER2 (expression of 
truncated variants, epitope masking by mucin 4 

or CD44/hyaluronan polymer complex), 
upregulation of HER2 downstream signaling 

(reduction or loss of PTEN, mutations in 
PIK3R1, PIK3CA and AKT1, overexpression of 

MET, all leading to constitutive PI3K/AKT 
pathway activation), alternate receptor pathway 
activation (increased IGF-IR signaling, EGFR 
homodimers and EGFR/HER3 heterodimers), 

low p27 levels and increased Cdk2 activity 

[137] 

Im
m

u
n
o
th

e
ra

p
y
 

CD20 
Ibritumomab 

tiuxetan 
NHL 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

FCGR3B, C1R, C1QA, 
C1QB, C1QC, FCGR3A, 
C1S, FCGR1A, FCGR2A, 

FCGR2B, FCGR2C 

"Bulky" tumor mass, CD20 downregulation or 
internalization, NF-κB hyperactivation 

[138] 

CD20 Rituximab NHL,CLL 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Reduced CD20 expression, reduction of 
complement-dependent cytotoxicity (CDC) 
through reduced complement levels and 

complement activation blockage, 
polymorphisms in Fc receptors, inactivating 
mutations in TP53, alterations in apoptotic 
pathways (NFκB pathway hyperactivation, 

BCL-2 protein overexpression, downregulation 
of Bax and Bak) 

[139–141] 

CD20 Obinutuzumab CLL 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 
Podocalyxin (PCLP1 - CD34-related 

sialomucin) expression and lower levels of 
circulating NK cells 

[142,143] 

CD20 Ofatumumab CLL 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Reduced MS4A1 expression, reduction of 
complement-dependent cytotoxicity (CDC) 
through reduced complement levels and 

complement activation blockage, inactivating 
mutations in TP53 

[139,140] 
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CTLA-4 Ipilimumab 
CRC, RCC, 
melanoma 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Mutations in the interferon gamma pathway, 
elevated circulating PD-L1 and CD95 levels, 
frequent copy number loss, active β-catenin-
mediated suppression of CCL4 secretion and 

poorer anti-tumor immunity (reduced T-cell and 
DC intratumoral infiltration), higher levels of 
immune suppressive cell infiltration (Tregs, 

MDSC, type II macrophages) 

[144,145] 

GD2 Dinutuximab Neuroblastoma 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Poorer anti-tumor immunity (reduced T-cell and 
DC intratumoral infiltration), low expression of 

NK cell-activating ligands (e.g., MHC I), 
enhanced TGFβ1 secretion, development of 

anti-dinutuximab antibodies, low GD2 
expression 

[146] 

CD274 (PD-L1) Atezolizumab 
Urothelial 
carcinoma 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Poorer anti-tumor immunity (reduced T-cell and 
DC intratumoral infiltration), reduced CD274 
expression, enrichment of genes associated 

with EMT phenotype, wound healing, and 
angiogenesis (IPRES - Innate anti-PD-1 

Resistance Signatures), 

[147] 

CD274 (PD-L1) Avelumab MCC 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Poorer anti-tumor immunity (reduced T-cell and 
DC intratumoral infiltration), reduced PD-L1 
levels, enrichment of genes associated with 

EMT phenotype, wound healing, and 
angiogenesis (IPRES - Innate anti-PD-1 

Resistance Signatures) 

[148,149] 

CD274 (PD-L1) / 
CD80 

Durvalumab 
Urothelial 
carcinoma 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Active β-catenin-mediated suppression of 
CCL4 secretion and poorer anti-tumor immunity 
(reduced T-cell and DC intratumoral infiltration), 

reduced PD-L1 levels, enrichment of genes 
associated with EMT phenotype, wound 

healing, and angiogenesis (IPRES - Innate anti-
PD-1 Resistance Signatures) 

[149] 

PDCD1 (PD-1) Cemiplimab-rwlc CSCC 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Common mechanisms to anti-PD-1 therapy: 
Mutations in the interferon gamma pathway, 
IPRES phenotype, poor or absent anti-tumor 

immunity 

[150] 
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PDCD1 (PD-1) Nivolumab 

CRC, RCC, 
melanoma, 

Hodgkin 
lymphoma, 

NSCLC, SCC, 
urothelial 

carcinoma, 
hepatocelullar 

carcinoma 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Mutations in the interferon gamma pathway 
(JAK1/2 and IFNGR1/2), enrichment of genes 
associated to EMT phenotype, wound healing, 
and angiogenesis (IPRES - Innate anti-PD-1 
Resistance Signatures); poor or absent anti-

tumor immunity (absence of antigen-specific T-
cells within tumor tissue as well as loss of T cell 

functionality, MHC downregulation and low 
neoantigen load), upregulation of immune 

suppressive cell populations (Tregs, MDSC, 
type II macrophages) 

[144,150] 

PDCD1 (PD-1) Pembrolizumab 

Head and neck, 
melanoma, 
gastric or 

gastroesophage
al junction, MIH, 
MDR, NSCLC, 

cervical, Hodgkin 
lymphoma, 

mediastinal B-
cell lymphoma, 

urothelial 
carcinoma. 

nonsquamous 
NSCLC 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

Biallelic PTEN loss, enrichment of genes 
associated with EMT phenotype, wound 

healing, and angiogenesis (IPRES - Innate anti-
PD-1 Resistance Signatures), mutations in the 

interferon gamma pathway (JAK1/2 and 
IFNGR1/2), poor or absent anti-tumor immunity 

(absence of antigen-specific T-cells within 
tumor tissue as well as loss of T cell 

functionality, MHC downregulation and low 
neoantigen load), constitutive CD274 
expression, high expression of NT5E, 

upregulation of immune suppressive cell 
populations (Tregs, MDSC, type II 

macrophages) 

[144,150] 

NK cells 
activator 

(SLAMF7) 
Elotuzumab 

Multiple 
myeloma 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 
Soluble forms of SLAMF7, development of anti-

elotuzumab neutralizing antibodies 
[151] 

M
O

N
O
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L
O
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A
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N
T
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O

D
Y

 
(M

A
B

) 
/ 
F

U
S

IO
N

 P
R

O
T

E
IN

S
 

C
y
to

to
x
in

 f
u
s
io

n
 p

ro
te

in
s
 

CD19 
Axicabtagene 

ciloleucel 
DLBCL 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 
CD19 loss (mutations, alternative splicing or 

disrupted CD19 membrane trafficking) 
[152] 

CD19 

Blinatumomab 
(bi-specific T-cell 
engagers [BITE]-

class 
CD3/CD19) 

ALL 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

CD19 loss (mutations, alternative splicing or 
disrupted CD19 membrane trafficking), 

upregulation of programmed death-ligand 1 
(PD-L1) (case report) 

[153,154] 
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L-asparagine 
Calaspargase 

pegol 
ALL 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 
Upregulation of asparagine synthetase, 

development of anti-asparaginase antibodies 
[155] 

IL-2 
Denileukin 

diftitox 
T-cell lymphoma 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear Unclear [156] 

CD33 
Gemtuzumab 
ozogamicin 

AML 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

FCGR3B, C1R, C1QA, 
C1QB, C1QC, FCGR3A, 
C1S, FCGR1A, FCGR2A, 

FCGR2B, FCGR2C 

Overexpression of ABCB1, deficient activation 
of Bax and Bak, overexpression of 

antiapoptotic BCL2 and BCL2L1, high CD33 
blood load, enhanced PI3K/AKT signaling, 

[157,158] 

CD22 
Inotuzumab 
ozogamicin 

ALL 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis), 

ABCB1 

Unclear 
TET2 and DNMT3A mutations, reduced CD22 

expression and overexpression of ABCB1 
[159,160] 

CD22 
Moxetumomab 
pasudotox-tdfk 

HCL 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

EEF2 
Reduced CD22 expression, downregulation of 

diphthamide biosynthesis protein 1 (DPH1) and 
4 (DPH4) 

[161–163] 

CD123 
Tagraxofusp-

erzs 
rare leukemia 

(BPDCN) 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

ARL2 
Reduced IL3RA expression; downregulation of 

diphthamide biosynthesis protein 1 (DPH1) 
[164] 

CD19 Tisagenlecleucel ALL 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 
Mutations in CD19, expression of CD19 

alternative splicing variants 
[153] 
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EGFR, HER-2 
Ado-

Trastuzumab 
Emtansine 

Breast 

ABCB1, 
CYP3A4, 

CYP3A5. mAB 
multiple 

clearance 
pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Inhibitor CYP3A4. 

Decrease in HER2 protein levels, HER2 
blockage (e.g., presence of neuregulin), 

overexpression of ABC transporters (ABCB1, 
ABCC1); mutations in PIK3CA, PTEN 

deletions, low expression and activity of 
lysosomal enzymes that degrade the 

conjugate; altered receptor, apoptotic or other 
signaling pathways; defects in ADC intracellular 

trafficking; silencing of cyclin B 

[158,165] 

TNFRSF8 
(CD30) 

Brentuximab 
vedotin 

Hodgkin 
Lymphoma 

CYP3A4, 
ABCB5. mAB 

multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Inhibitor of CYP3A4 
CD30 downregulation; resistance to 

microtubule-disrupting agent monomethyl 
auristatin E (MMAE); overexpression of ABCB1 

[166] 

VEGFA, VEGFB, 
PGF 

Ziv-aflibercept CRC 

mAB multiple 
clearance 

pathways (e.g. 
TMDD, ADA, 
proteolysis) 

Unclear 

STAT3 pathway activation and increased levels 
of proinflammatory mediators (e.g., IL6); 

upregulation of proangiogenic factors (e.g., 
IL8); upregulation of alternate VEGFR ligands 

(e.g., VEGFC, VEGFD, bFGF) and activation of 
alternative angiogenic pathways 

[167] 
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MTOR Everolimus 
Breast, RCC, 
PNET, TSC, 

SEGA 
CYP3A4 

Inhibitor of SLCO1B1, 
SLCO1B3, SLCO1A2 

Mutations in mTOR pathway: enhanced activity 
of mTORC2, enhanced activation of PI3K/AKT 
and RAS/RAF/MEK/MAPK pathways; genetic 
heterogeneity among cancer cells leading to 

differential mTORC1 activation 

[168] 

MTOR Temsirolimus RCC 

CYP3A4, 
CYP3A7, 
CYP3A5, 
ABCB1 

Inhibitor of CYP3A5, 
ABCB1, CYP2D6 

Overactivation of PI3K/AKT, activated STAT3 
and ERK pathways, quantitative alterations of 

integrin α5 and β3 expression, enhanced 
activity of mTORC2 

[169–171] 
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n
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e
r 

Noradrenaline 
transporter 

Iobenguane 
Neuroblastoma, 
pheochromocyto

ma 
Unclear Unclear Unclear [172] 

P
A

R
P

 i
n

h
ib

it
o
rs

 

PARP-1 and 
PARP-2 

Niraparib 

Epithelial 
ovarian, fallopian 
tube, or primary 

peritoneal 
cancer 

CES1A1a, 
GUSB 

Unclear Loss of DCLRE1C (Artemis) [173] 

PARP-1, PARP-
2, PARP-3 

Olaparib Breast, ovarian 
CYP3A4, 
CYP3A5, 
ABCB1 

Inhibitor of CYP3A4, 
ABCG2; inducer of 

CYP2B6 

Partial restoration of homologous 
recombination molecular pathway; mutation in 

BRCA; PARP1 and IDO1 overexpression; 
enhanced activation of ABCB1 

[174–176] 

PARP-1, PARP-
2, PARP-3 

Rucaparib Ovarian 

CYP2D6, 
ABCB1, ABCG2, 

CYP1A2, 
CYP3A4 

Inhibitor of CYP2D6, 
ABCB1, ABCG2, CYP3A5, 

CYP3A7, CYP3A43, 
CYP2C19, CYP2C9, 
CYP2C8, UGT1A1, 

SLC47A1, SLC47A2, 
SLC22A1, ABCC4, 

SLCO1B1, SLCO1B3, 
SLC22A6, SLC22A8; 

inhibitor and inducer of 
CYP1A2; inhibitor and 

downregulator of CYP3A4 

Secondary mutations in BRCA1/2 restoring 
RAD51C and RAD51D, NHEJ defects, 

upregulation of ABC transporters, 
reconfiguration of the cellular DNA damage, 

hypomorphic activity of mutant BRCA1 alleles 

[177,178] 

B
C

L
-2

 i
n

h
ib

it
o
rs

 

BCL-2 Venetoclax CLL, SLL 
CYP3A4, 
ABCB1 

Inhibitor of CYP3A4, 
ABCB1, ABCG2, 

SLCO1B1 

Mutation in the BH3-binding domain of BCL2; 
increased expression of MCL1 or BCL2L; 

increased autophagy; mutations in FLT3 or 
PTPN11 

[179–181] 
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PSMB1, PSMB5 Bortezomib 

Multiple 
myeloma 

CYP3A4, 
CYP2C19, 
CYP1A2, 
CYP2C9, 
CYP2D6 

Inhibitor of CYP3A4, 
CYP2C19, CYP1A2, 

CYP2C9 

PSMB5 mutations, overexpression of ABCB1, 
upregulation of proteasome subunits, 

upregulation of IL-6, IGF-1, IGF1-R, HSPs, 
WNT/B-catenin, PI3K/AKT, c-Met, Rad, 
induced autophagy, expression of MCL1 

[182] 

PSMB1, PSMB2, 
PSMB5, PSMB8, 

PSMB9, 
PSMB10 

Carfilzomib 
Multiple 

myeloma 
ABCB1 Unclear 

Upregulation of ABCB1, KLF4-SQSTM1/p62-
mediated enhance of autophagy, BCL-2 

upregulation, expression of MCL1 
[183–185] 

PSMB1, PSMB2, 
PSMB5 

Ixazomib 
Multiple 

myeloma 

CYP3A4, 
CYP1A2, 
CYP2B6, 
CYP2C8, 
CYP2D6, 

CYP2C19, 
CYP2C9 

Unclear Mutations in KRAS, overexpression of FOXM1 [186,187] 

R
e
ti
n

o
ic

 a
c
id

 r
e
c
e
p
to

r 
in

h
ib

it
o
rs

 

RARA, RARB, 
RARG, RXRA, 
RXRB, RXRG 

Alitretinoin 
AIDS-related 

Kaposi's 
sarcoma 

ABCB1 
IGFBP3, PSG5, CYP26C1; 

agonist of CRABP2, 
CRABP1 

Reduction or loss of expression of retinoic acid 
receptors (e.g., RARβ2 and RARβ1), mutations 

in RAR subunits (e.g., RARα) 
[188] 

RXRA, RXRB, 
RXRG 

Bexarotene CTCL 
CYP2C9, 
CYP3A4 

Inducer of CYP3A4; 
inhibitor of CYP2C8 

Reduced expression of RXR-α receptor subunit [189] 

RARA Isotretinoin Neuroblastoma Not Available Binder ALB SOX2 expression [190] 
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RARA, RARB, 
RARG, RXRA, 
RXRB, RXRG 

Tretinoin APL 

CYP3A7, 
CYP2B6, 
CYP2C8, 
CYP2C9, 
CYP3A4, 
CYP3A5, 
CYP2A6, 

CYP2C18, 
CYP1A1, 
CYP4A11, 
CRABP1, 

CRABP2; ALB 

NR0B1, LCN1, OBP2A, 
PDK4, CYP26A1, 

CYP26B1, CYP26C1, 
HPGDS, ALDH1A1, 

GPRC5A, ALDH1A2, 
agonist RARRES1, RBP4, 

CYP26A1, CYP26B1, 
CYP26C1 

Suppression of RARβ2 and RARβ1 expression, 
induction of cytoplasmic retinoic acid binding 

proteins (CRABP) (increased drug 
sequestration) 

[191,192] 

S
o
m

a
to

s
ta

ti
n

 a
n
a
lo

g
u
e
s
 

SSTR2, SSTR5 Lanreotide 
Neuroendocrine 

tumors and 
acromegaly 

Not Available Inhibitor of CYP3A4 
Absence or reduced density of SSTR with high 
affinity for SA or the heterogeneous expression 

of SSTR within tumors; mutations in SSTR 
leading to the absence of functional receptors; 
and desensitization of SSTR for the uncoupling 

to the signaling cascade 

[193] 

SSTR1, SSTR2, 
SSTR3, SSTR4, 

SSTR5 

Lutetium 
dotatate 

Endocrine/Neuro
endocrine 

tumors 

Does not 
undergo hepatic 

metabolism 
Unclear [193] 

T
Y

R
O

S
IN

E
 K

IN
A

S
E

 I
N

H
IB

IT
O

R
 

B
ru

to
n
 t
y
ro

s
in

e
 k

in
a
s
e
 (

B
T

K
) 

BTK Acalabrutinib MCL CYP3A 
Inhibitor of CYP3A4, 

CYP3A5 
Mutations in BTK [194] 

BTK Ibrutinib MCL, CLL, WM 

CYP3A4, 
CYP3A5, 

CYP2D6, ALB, 
alpha1-acid 
glycoprotein 

ITK, EGFR, HER-2, HER-
4, JAK3, BLK, FGR, FYN, 

HCK, LCK, LYN, SRC, and 
YES1 

BTK and/or PLCG2 mutations [195–197] 
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EGFR, HER-2, 
HER-3, HER-3 

Afatinib NSCLC ABCB1, ABCG2 
Inhibitor of ABCB1, 

ABCG2. 

Secondary EGFR mutations (T790M), 
PI3K/AKT, MAPK pathway activation, MET 

amplification, AXL, HER2, NF-κB, BRCA1, BIM, 
IGF1R activation, FGFR activation 

[198–200] 

EGFR, HER2, 
HER4 

Dacomitinib NSCLC 

ABCB1, ABCG2, 
CYP3A4, 
CYP2C9, 
CYP2D6. 

Inhibitor of ABCB1, 
ABCG2, CYP2D6, 

UGT1A1, SLC22A1; binder 
ALB 

Secondary EGFR mutations (T790M and 
C797S); loss of PI3K/AKT, MAPK, MET, AXL, 

ERBB2, NFKB1, BRCA1, IGF1R, FGFR, PTEN 
[198,201] 

EGFR Erlotinib 
NSCLC, 
Pancreas 

CYP3A4, 
CYP2C8, 
ABCB1, 

CYP3A5, 
CYP1A2, 
CYP1A1, 
CYP2D6, 

CYP1B1, ALB, 
ORM1 

Agonist of NR1/2; inhibitor 
of ABCG2, CYP3A4, 
CYP2C8, UGT1A1, 

SLCO2B1. 

Reduced EGFR copy number, mutations in 
EGFR, aberrant downstream EGFR signaling 
(KRAS mutations, loss of PTEN), amplification 
in MET; augmented TGF-β-mediated EMT and 

increased secretion of IL-6 

[131,132,202
] 

EGFR Gefitinib NSCLC 

ABCB1, ABCG2, 
CYP3A4, 
CYP2D6, 

CYP1A1, ALB, 
ORM1 

Inhibitor of CYP3A4, 
CYP2D6, CYP1A1, 

ABCB1, ABCG2, CYP2C9, 
CYP2C19. 

Reduced EGFR copy number, mutations in 
EGFR, increased EGFR ligand expression 

(e.g., amphiregulin and epiregulin), 
overexpression of ABC transporters, 

amplification in MET, aberrant downstream 
EGFR pathways (KRAS mutations, loss of 

PTEN), overexpression of ABC transporters, 

[131,132] 

EGFR, HER-2 Lapatinib Breast 

CYP2C8, 
CYP3A4, 
CYP3A5, 

CYP2C19. 

inhibitor of ABCB1, 
CYP2C8, CYP3A4, TAP1. 

Overexpression of ABC transporters, enhanced 
AXL kinase activity, enhanced PI3K-AKT 

pathway activation (PIK3CA mutations and/or 
PTEN loss), enhanced autophagy, hypoxia-
mediated hyperactivation of ERK pathway 

[203,204] 

EGFR, HER2, 
HER4 

Neratinib Breast CYP3A4, FMO3 Inhibitor of ABCB1 
Mutations in ERBB2, reactivation of HER3 and 

enhanced AKT signaling 
[204,205] 

EGFR (T790M) Osimertinib NSCLC 
ABCB1, ABCG2, 

CYP3A4 

Inhibitor of CYP3A4; 
inducer of CYP1A2, 

CYP3A4 

Mutations in EGFR; EGFR, HER2 and MET 
amplification, amplification in MET, aberrant 
downstream pathways (KRAS and NRAS 

mutations, loss of PTEN), MAPK1 and AKT3 
overexpression 

[131,132,206
] 
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 IDH2 (R140Q, 
R172S, R172K) 

Enasidenib AML 

CYP1A2, 
CYP2C8, 
CYP2C9, 

CYP2C19, 
CYP2D6, 
UGT1A1, 
ABCG2, 
CYP2B6, 
CYP3A4, 
UGT1A3, 
UGT1A4, 
UGT1A9, 
UGT2B7, 
UGT2B15 

Inhibitor of CYP1A2, 
CYP2C8, CYP2C9, 
CYP2C19, CYP2D6, 

UGT1A1, ABCG2, ABCB1, 
SLC22A6, SLCO1B1, 
SLC22A2, SLCO1B3, 

SLC22A8; inhibitor and 
inducer of CYP2B6, 

CYP3A4; 

Expression of the Q316E or I319M mutation 
together with the R140Q mutation (in trans), 
heterogeneity of mIDH2 subclones, MAPK 

pathway activation 

[207–209] 

IDH1 Ivosidenib AML 
CYP3A4, 
ABCB1 

Inducer of CYP3A4, 
CYP2B6, CYP2C9, 
CYP2C8; inhibitor of 
SLC22A8, ABCB1 

IDH dimer-interface mutations in cis, IDH1 
R132C and S280F mutation 

[207,210] 

J
A

K
1
/2

 

JAK1, JAK2 Ruxolitinib Myelofibrosis CYP3A4 Unclear 

Absence or minor reduction in spleen size 
(primary resistance), spleen regrowth and 

recurrence of symptoms (secondary 
resistance), mutations in RUX-binding region, 

absence of JAK2; mutations in MPL, TET2, and 
SRSF2, activating R683T, JAK2-V617F/L983F 

[211–214] 

M
E

K
 i
n

h
ib

it
o
rs

 

MAP3K1, 
MAP2K2 

Binimetinib Melanoma 
UGT1A1, 
CYP1A2, 
CYP2C19 

IL6, TNF, IL1B 
MYCN amplification and overexpression, 

incomplete loss of ERK phosphorylation or 
minimal effects on MEK phosphorylation 

[215,216] 

MAP2K1 Cobimetinib Melanoma 

CYP3A4, 
ABCB1, 

SLCO1B1, 
SLCO1B3 

Weak inhibitor SLCO1B1, 
ABCG2; inhibitor of 

SLCO1B3 
Upregulation of MCL-1 by BRAFV600E [217] 

MAP2K1, 
MAP2K2 

Trametinib Melanoma 

Via deacetylation 
or with mono-

oxygenation or in 
combination with 
glucuronidation 
biotransformatio
n pathways in 

vitro. 

Inhibitor of CYP2C8; 
inducer of CYP3A4 

Changes in the ATXN1L-CIC-ETS transcription 
factor axis (downstream of MEK), lack of 

DUSP6, upregulation of MAPK signaling, PTEN 
loss, enhanced HGF/MET signaling, 

amplifications in CCND1; amplified receptor 
tyrosine kinase (RTK) signaling through PI3K 

and mTOR, induced cytotoxic autophagy 

[218–222] 
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FLT3, AXL, ALK Gilteritinib AML 
CYP3A4, 
ABCB1 

Serotonin receptors 
(protein group); binder 

ALB; inhibitor of SLC47A1, 
ABCG2, SLC22A1. 

Mutations in FLT3 (substitutions at D835 in the 
tyrosine kinase domain (TKD) activation loop 
and the so-called "gatekeeper" residue F69) 

[223–225] 

PKCalpha, 
VEGFR2, KIT, 
PDGFR, FLT3 

Midostaurin 
AML, SM-AHN, 

MCL, ASM 

CYP3A, 
CYP3A4, 
CYP2C8, 
CYP2C9, 
CYP2C19 

Inhibitor and inducer of 
CYP3A, CYP3A4, 

CYP2C8, CYP2C9, 
CYP2C19, CYP1A2; 
inducer of CYP2B6, 
CYP3A5, CYP3A7, 

CYP3A43; inhibitor of 
CYP2D6, CYP2E1 

Mutations in KRAS and TP53, FLT3 point 
mutations 

[226–228] 

VEGFR1, 
VEGFR2, 
VEGFR3, 
PDGFRA, 

PDGFRB, KIT 

Pazopanib 
RCC, Soft tissue 

sarcoma 

CYP1A2, 
ABCB1, ABCG2, 

CYP3A4, 
CYP2D6, 
CYP2C8 

Inhibitor of FGFR3, ITK, 
FGF1, SH2B3, SLCO1B1, 

UGT1A1, CYP3A4, 
CYP2D6, CYP2C8 

Downregulation of DUSP6, overactivation of 
IGF1 and insulin receptors (IGF1R/InsR), 

sustained AKT activation, leading to 
constitutive ERK activation, overexpression of 

LAMP1/2 

[229–231] 

VEGFR1, 
VEGFR2, 

VEGFR3, KIT, 
RET, PDGFRA, 

PDGFRB, 
FGFR1, FGFR2, 

TIE2, DDR2, 
TrKA, EphA2, 
RAF-1, BRAF, 
BRAFV600E, 

SAPK2, PTK5, 
ABL1 

Regorafenib CRC, GIST 
CYP3A4, 
UGT1A9, 
ABCB1 

Inhibitor of CYP3A4, 
UGT1A9, ABCB1, 

CYP2C8, CYP2C9, 
CYP2B6, UGT1A1, 

ABCG2, TEK, NTRK1, 
MPK11, FRK 

Notch-1, HES1 and HEY upregulation, 
circulating miR-652–3 p and miR-3614–3, 

enhanced CXCL12/CXCR4 signaling, HER-2 
overexpression 

[232–235] 
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RAF1, BRAF, 
mutant BRAF, 

PDGFB, 
VEGFR1, 
VEGFR2, 

VEGFR3, FLT3, 
KIT 

Sorafenib RCC, HCC 

CYP3A5, 
CYP3A7, 
CYP1A2, 
RALBP1, 
CYP3A4, 
CYP2C8, 
UGT1A9, 

ABCG2, ABCB1 

Inhibitor of FGFR1, RET, 
CYP2C9, CYP2B6, 

CYP2C19, CYP2D6, 
UGT1A1, ABCC4, ABCC2, 

SLCO1B1, CYP3A4, 
CYP2C8, UGT1A9, 

ABCG2, ABCB1 

Upregulation of alternative angiogenic 
pathways (FGF, PDFG, IL-8), ineffective target 

inhibition due to reduced drug levels and/or 
enhanced receptor signaling, upregulation of 

HIF due to sustained VEGF blockade, 
upregulation of mTORC2 in response to 

sustained mTORC1 inhibition mediated by 
increased PI3K and AKT activity, mutation in 

F691. 

[227,236] 

CSF1R, 
VEGFR1, 
VEGFR2, 

VEGFR3, FLT3, 
KDR, KIT, 
PDGFRA, 

PDGFRB, RET 

Sunitinib RCC, GIST 
CYP3A5, 
CYP3A7, 
CYP3A4 

Inhibitor of ABCC4, 
ABCB1, ABCC2, ABCG2, 

CYP3A4 

Upregulation of alternative angiogenic 
pathways (FGF, PDFG, IL-8), ineffective target 

inhibition due to reduced drug levels and/or 
enhanced receptor signaling, upregulation of 

HIF due to sustained VEGF blockade, 
upregulation of mTORC2 in response to 

sustained mTORC1 inhibition mediated by 
increased PI3K and AKT activity, increased 

lysosomal sequestration leading to increased 
intracellular lysosomal storage 

[231,236,237
] 

VEGFR, EGFR, 
RET 

Vandetanib Thyroid 
FMO1, FMO3, 

CYP3A4 

Inhibitor of PTK6, TEK, 
ABCC1, ABCG2, 

SLC22A2, binder of 
ORM1, ALB 

S904F mutation in RET kinase domain and 
p.L881V mutation in the RET 
kinase domain of KIF5B-RET 

[238,239] 

T
ro

p
o

m
y
o

s
in

 r
e
c
e
p

to
r 

k
in

a
s
e
 (

T
R

K
) 

NTRK1, NTRK2, 
NTRK3 

Larotrectinib 
Solid tumors with 
an NTRK gene 

fusion 
CYP3A4 Unclear 

NTRK kinase domain mutations: solvent-front 
NTRK3 G623R or NTRK1 G595R, gatekeeper 

mutations NTRK1 F589L, xDFG position 
NTRK1 G667S or NTRK3 G696A 

[240] 



SUPPLEMENTARY TABLE 2. SUMMARY OF FDA-APPROVED ANTICANCER TARGETED THERAPIES AT MAY 2019 (CONTINUATION) 

Classification Targets Name Indications Detox pathway Known off-targets Resistance mechanisms References 

T
Y

R
O

S
IN

E
 K

IN
A

S
E

 I
N

H
IB

IT
O

R
 

V
E

G
F

/V
E

G
F

R
 i
n

h
ib

it
o
rs

 
VEGFR1, 
VEGFR2, 
VEGFR3, 

FGFR1, FGFR2, 
FGFR3, FGFR4, 
PDGFRA, KIT, 

RET 

Lenvatinib Thyroid 

CYP3A4, AOX1, 
ABCB1, ABCG2; 

inhibitor of 
CYP2C8, 
CYP2C9, 
CYP1A2, 
CYP2B6, 

CYP2C19, 
CYP2D6, 
SLC22A6, 
SLC22A8, 
SLC22A2, 
SLCO1B1, 
ABCB11 

Inhibitor of CYP2C8, 
CYP2C9, CYP1A2, 
CYP2B6, CYP2C19, 
CYP2D6, SLC22A6, 
SLC22A8, SLC22A2, 
SLCO1B1, ABCB11; 
inhibitor and inducer 

CYP3A4 

HGF pathway, activation of alternative 
pathways: c-MET, MEK, PI3K-AKT cascade 
and mTOR, higher level of SDF1α, p.L881V 

mutation in the RET 
kinase domain of KIF5B-RET 

[239,241–
243] 

VEGFR1, 
VEGFR2, 
VEGFR3 

Axitinib 
Pancreas, 

Thyroid 

CYP3A4, 
CYP3A5, 
CYP1A2, 

CYP2C19, 
UGT1A1, 
ABCB1, 

SLCO1B1 

Inhibitor of SLCO1B1 

Increased glucose metabolism mediated by 
activated Akt, mutations in BCR-ABL1, 

upregulation of alternative angiogenic pathways 
(FGF, PDFG, IL-8), ineffective target inhibition 
due to reduced drug levels and/or enhanced 
receptor signaling, upregulation of HIF due to 

sustained VEGF blockade, upregulation of 
mTORC2 in response to sustained mTORC1 

inhibition mediated by increased PI3K and AKT 
activity. 

[130,236,244
,245] 

KDR, MET, RET 
(VEGFR1, 

VEGFR2 and 
VEGFR3, KIT, 
TRKB, FLT-3, 

AXL, RET, MET 
and TIE-2 

Cabozantinib RCC, Thyroid 
CYP3A4, 
CYP2C9 

Inhibitor of CYP2C8 

Overactivation of integrin, vascular 
heterogeneity (VEGFR1-positive vessels), 

overactivation of FGFR1, secretion of PAPPA 
and IGFBP2, missense RET mutations, ROS1 

mutation 

[246] 

Data curated from Drugbank (www.drugbank.ca) and SuperCYP/Transformer databases (bioinformatics.charite.de/transformer/). 
Abbreviations: ABCB1 - ATP Binding Cassette Subfamily B Member 1, ABCC1 - ATP Binding Cassette Subfamily C Member 1, ABCC2 - ATP Binding Cassette Subfamily C Member 2, ABCG2 - 
ATP-binding cassette super-family G member 2, ACK - Activated CDC42 kinase , ADN - Deoxyribonucleic acid, AKT - Protein kinase B, ALB - Serum albumin, ALK - Anaplastic lymphoma kinase, 
ALL - Acute lymphoblastic leukemia, AML - Acute myeloid leukemia, AOX1 - Aldehyde Oxidase 1, AR - Androgen receptor, BCC - Basal Cell Carcinoma, BCL2 - B-cell lymphoma protein 2, BCR - 
Breakpoint cluster region protein, BCR/ABL - BCR/ABL fusion protein isoform X9, BRCA1 - Breast cancer 1, BTK - Bruton's tyrosine kinase, CAMK2G - Calcium/Calmodulin Dependent Protein 
Kinase II Gamma, CCND1 - Cyclin D1, CCNE1/2 - Cyclin-E1/E2, CDK2 - Cyclin-dependent kinase 2, CDK6 - Cyclin-dependent kinase 6, CDKN1A - Cyclin Dependent Kinase Inhibitor 1A, CDKN1B 
- Cyclin Dependent Kinase Inhibitor 1B, CDKN2A - Cyclin-dependent kinase Inhibitor 2A, CDKN2C - Cyclin Dependent Kinase Inhibitor 2C, CEL - Chronic Eosinophilic Leukemia, CES1 - 
Carboxylesterase 1, CHEK1 - Checkpoint kinase 1, CLL - Chronic lymphocytic leukemia, CML - Chronic myeloid leukemia, CSC - Cancer Stem Cells, CSK - C-terminal Src kinase, CTCL - 
Cutaneous T cell lymphoma , CYP - Cytochrome P450, DHFR - Dihydrofolate reductase, EBP - Emopamil binding protein, EGFR - Epidermal growth factor receptor, EMT - Epithelial to 
mesenchymal transition, EPHA - Ephrin type-A receptor , ER - Estrogen Receptor, ERBB2/HER2 - Human Epidermal growth factor Receptor 2, ERK - Extracellular signal–regulated kinase, ESR1 - 
Estrogen Receptor 1, ESR2 - Estrogen Receptor 2, ESRRG - Estrogen Related Receptor Gamma, EZH2 - Enhancer of zeste homolog 2, FAK - Focal adhesion kinase, FER - Tyrosine-protein 
kinase Fer, FGFR - Fibroblast growth factor receptor, FGR - Tyrosine-protein kinase Fgr, FL - Relapsed follicular lymphoma, FMO1 - Flavin Containing Dimethylaniline Monoxygenase 1, FMO3 - 
Flavin Containing Dimethylaniline Monoxygenase 3, FPGS - Folylpolyglutamate synthase, FPS - Farnesyl diphosphate synthase, FRK - Tyrosine-protein kinase FRK (continues on next page) 



SUPPLEMENTARY TABLE 2. SUMMARY OF FDA-APPROVED ANTICANCER TARGETED THERAPIES AT MAY 2019 (CONTINUATION) 

Abbreviations: FYN - Tyrosine-protein kinase Fyn, FZR1 - Fizzy And Cell Division Cycle 20 Related 1, GABA-A - Type-A γ-aminobutyric, GIST - Gastrointestinal stromal tumors, GLI - Zinc finger 
protein, HCK - Hematopoietic cell kinase, HDAC - Histone deacetylases, HER3 - Human epidermal growth factor receptor 3, HSPA8 - Heat shock cognate 71 kDa protein, IAPs - Inhibitor of 
apoptosis proteins, IGF - Insulin-like growth factors, IRF1 - Interferon regulatory factor 1, JAK - Janus kinase, KCNH2 - Potassium Voltage-Gated Channel Subfamily H Member 2, KDR - Vascular 
endothelial growth factor receptor 2, KIT - Mast/stem cell growth factor receptor Kit, LYN - Tyrosine-protein kinase Lyn, MAPK - Mitogen Activated Protein Kinases, MCL1 - Myeloid cell leukemia 1, 
MDM2 - Murine Doble Minute 2, MDR1 - Multidrug resistance protein 1, MET - Hepatocyte growth factor receptor, mTOR - Mammalian target of rapamycin, NPM1 - Nucleolar phosphoprotein B23 
or numatrin, NR1I2 - Nuclear Receptor Subfamily 1 Group I Member 2, NR3C1 - Nuclear Receptor Subfamily 3 Group C Member 1, NR4A3 - Nuclear Receptor Subfamily 4 Group A Member 3, 
NRG2 - Neuregulin 2, NSCLC - Non-small-cell lung carcinoma, ORM1 - Orosomucoid 1, PCFT - Proton-coupled folate transporter, PDGFRB - Platelet Derived Growth Factor Receptor Beta, PGR - 
Progesterone receptor, PI3K - Phosphoinositide 3-kinase, PKC - Protein kinase C, PPAT - Amidophosphoribosyltransferase, PTCL - Peripheral T cell Lymphoma, PTEN - Phosphatase and tensin 
homologue, RACK1 - Receptor for activated C kinase 1, RAN - RAs-related Nuclear protein, RAR - Retinoic acid receptor, RB1 - Retinoblastoma 1, RET - RET proto-oncogene, RFC - Reduced 
Folate Carrier, RON - Recepteur d'Origine Nantais, ROS - Reactive oxygen species, SERPINA7 - Serpin Family A Member 7, SHGB - Sex hormone-binding globulin, SLC22A2 - Solute Carrier 
Family 22 Member 2, SLC22A8 - Solute Carrier Family 22 Member 8, SLC47A1 - Solute Carrier Family 47 Member 1, SLC47A2 - Solute Carrier Family 47 Member 2, SLCO1B1 - Solute Carrier 
Organic Anion Transporter Family Member 1B1, SLCO1B3 - Solute Carrier Organic Anion Transporter Family Member 1B3, SLL - Small Lymphocytic Lymphoma, SMO - Smoothened, SRC - 
Proto-oncogene tyrosine-protein kinase Src, STAT - Signal transducer and activator of transcription, SUFU - Suppressor of fused homolog, SULT1A1 - Sulfotransferase Family 1A Member 1, 
SULT2A1 - Sulfotransferase Family 2A Member 1, TRK - Tropomyosin receptor kinase, TUBA4A - Tubulin Alpha 4a, TUBB1 - Tubulin Beta 1 Class VI, TUBB3 - Tubulin Beta 3 Class III, TWIST1 - 
Twist Family BHLH Transcription Factor 1, TYK1 - Leukocyte Tyrosine Kinase Receptor, TYMS - Thymidylate synthetase, UGT1A1 - UDP glucuronosyltransferase 1 family, polypeptide A1, 
UGT1A10 - UDP Glucuronosyltransferase Family 1 Member A10, UGT1A9 - UDP glucuronosyltransferase 1 family, polypeptide A9, XBP1 - X-box binding protein 1, XPO1 - Exportin 1, YES1 - 
Tyrosine-protein kinase Yes, ZAK - Mitogen-activated protein kinase kinase kinase MLT. 

 

 

 

 

 

 

 

 

 

 

 

 

 



SUPPLEMENTARY TABLE 3. APPROVED DRUG COMBINATION OPTIONS ARE LIMITED, EVEN WHEN RECOMMENDED IN FIRST-LINE THERAPY FOR THE MOST PREVALENT 
AND FATAL CANCER TYPES 

CANCER TYPE 

Top 10 
2016 

Cancers by 
Death 

Counts* 

Prevalence 
(2016) ** 

5-year Relative 
Survival (%) by 
Cancer Type, 

All Races, Both 
Sexes * 

Number of 
FDA 

Approved 
Drugs *** 

Number of FDA 
Approved 

Combinations *** 

NCCN Guidelines to use 
drug combinations in 

first-line 
FDA Approved combinations *** 

SMALL CELL LUNG 
CANCER 

148,869 303,842 19.1 
9 0 

Yes, but CDDP/VP-16+RT 
in stage 0-2 is the only 
"likely to cure" option. 

None 

NON-SMALL CELL LUNG 
CANCER 

29 2 
Yes, if unresectable or 

metastatic 
CARBOPLATIN-TAXOL, 

GEMCITABINE-CISPLATIN 

BREAST 41,487 1,000,721 89 36 6 Yes, neoadjuvant AC, AC-T, CAF, CMF, FEC, TAC 

PROSTATE 30,370 897,634 97.6 14 0 No None 

COLONRECTAL 52,286 466,817 63.8 15 8 
Yes, if neoadjuvant or 
unresectable disease 

CAPOX, FOLFIRI, FOLFIRI-
BEVACIZUMAB, FOLFIRI-

CETUXIMAB, FOLFOX, FU-LV, 
XELIRI, XELOX 

PANCREAS 42,757 50,242 9.2 8 1 
Yes, useful for control but 

unlikely to cure 
Gemcitabine-Cisplatin 

OVARIAN CANCER 14,223 65,881 46.6 14 8 Yes 

BEP, CARBOPLATIN-TAXOL, 
GEMCITABINE-CISPLATIN, 

GEMCITABINE-CISPLATIN, JEB, 
PEB, VAC, VeIP 

LEUKEMIAS (ALL) 

23,287 144,092 55.6 

20 1 Yes Hyper-CVAD 

LEUKEMIAS (AML) 17 1 Yes ADE 

LEUKEMIAS (CLL) 15 2 Yes 
CHLORAMBUCIL-PREDNISONE, 

CVP 

LEUKEMIAS (CML) 11 0 
No, but possible if 

diagnosed at advanced 
phase 

None 

LEUKEMIAS (HCL) 3 0 
Yes, but still unlikely to 

cure 
None 

LIVER 26,569 48,185 17.7 7 0 No None 

NON-HODGKIN 
LYMPHOMA 

20,268 235,041 68.5 38 11 Yes, in some cases. 
BR, CHOP, COPP, CVP, EPOCH, 
Hyper-CVAD, ICE, R-CHOP, R-

CVP, R-EPOCH, R-ICE 

CORPUS AND UTERUS, 
NOS 

10,733 209,057 80.7 0 0 

Yes, if unresectable or 
disseminated or 

metastatic, but unlikely to 
cure or long-term control. 

None 

MELANOMA ----- 303,842 89.6 12 0 No None 

BLADDER ----- 231,839 75.3 10 2 Yes, for stage II or higher. GEMCITABINE-CISPLATIN 



SUPPLEMENTARY TABLE 3. APPROVED DRUG COMBINATION OPTIONS ARE LIMITED, EVEN WHEN RECOMMENDED IN FIRST-LINE THERAPY FOR THE MOST PREVALENT 
AND FATAL CANCER TYPES (CONTINUATION) 

CANCER TYPE 

Top 10 
2016 

Cancers by 
Death 

Counts* 

Prevalence 
(2016) ** 

5-year Relative 
Survival (%) by 
Cancer Type, 

All Races, Both 
Sexes * 

Number of 
FDA 

Approved 
Drugs *** 

Number of FDA 
Approved 

Combinations *** 

Guideline to use 
combination CT in 

first-line (NCCN) **** 
FDA Approved combinations *** 

THYROID ----- 223,424 96.9 7 0 No None 

KIDNEY ----- 216,951 71.8 14 0 No None 

MULTIPLE MYELOMA ----- 73,207 46.7 17 1 Yes PAD 

STOMACH ----- 50,825 30.1 8 3 
Yes, if unresectable or 

metastatic, but unlikely to 
cure. 

FU-LV, TPF, XELIRI 

BRAIN ----- 48,849 32.8 6 1 Yes PCV 

CERVICAL ----- 46,846 67.6 4 1 Yes GEMCITABINE-CISPLATIN 

HODGKIN LYMPHOMA ----- 37,108 83.6 15 13 Yes 

ABVD, ABVE, ABVE-PC, 
BEACOPP, COPDAC, COPP, 

COPP-ABV, ICE, MOPP, OEPA, 
OPPA, STANFORD V, VAMP 

ESOPHAGUS ----- 27,811 18.9 5 2 Yes FU-LV, XELIRI 

Abbreviations: ALL – acute lymphocytic leukemia, AML - acute myeloid leukemia, CLL – chronic lymphocytic leukemia, CML – chronic myeloid leukemia, HCL – hairy cell leukemia, RT – 
radiotherapy, CT – chemotherapy, CDDP – cisplatin, VP16 – etoposide, AC – doxorubicin and cyclophosphamide, AC-T – doxorubicin, cyclophosphamide and paclitaxel. 
* U.S. CANCER STATISTICS WORKING GROUP. U.S. CANCER STATISTICS DATA VISUALIZATIONS TOOL, BASED ON NOVEMBER 2018 SUBMISSION DATA (1999-2016): U.S. 
DEPARTMENT OF HEALTH AND HUMAN SERVICES, CENTERS FOR DISEASE CONTROL AND PREVENTION AND NATIONAL CANCER INSTITUTE; 
WWW.CDC.GOV/CANCER/DATAVIZ, JUNE 2019. 
** Estimated prevalence counts, by cancer type, race, and sex, 5-year limited duration, united states, invasive cancers only, on January 1, 2016. 
*** Data available at https://www.cancer.gov/about-cancer/treatment/drugs 
**** Data available at https://www.nccn.org/professionals/physician_gls/default.aspx 
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