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ARTICLE INFO ABSTRACT

Keywords: Curcumin (aglycone curcumin) has antitumor properties in a variety of malignancies via the alteration of

p-Glucuronidase multiple cancer-related biological pathways; however, its clinical application has been hampered due to its poor

;r;’d]rsug bioavailability. To overcome this limitation, we have developed a synthesized curcumin f-D-glucuronide sodium
-K

salt (TBP1901), a prodrug form of aglycone curcumin. In this study, we aimed to clarify the pharmacologic
characteristics of TBP1901. In p-glucuronidase (GUSB)-proficient mice, both curcumin f-D-glucuronide and its
active metabolite, aglycone curcumin, were detected in the blood after TBP1901 injection, whereas only cur-
cumin p-D-glucuronide was detected in GUSB-impaired mice, suggesting that GUSB plays a pivotal role in the
conversion of TBP1901 into aglycone curcumin in vivo. TBP1901 itself had minimal antitumor effects in vitro,
whereas it demonstrated significant antitumor effects in vivo. Genome-wide clustered regularly interspaced short
palindromic repeats (CRISPR)-Cas9 screen disclosed the genes associated with NF-kB signaling pathway and
mitochondria were among the highest hit. In vitro, aglycone curcumin inhibited NF-kappa B signaling pathways
whereas it caused production of reactive oxygen species (ROS). ROS scavenger, N-acetyl-L-cysteine, partially
reversed antitumor effects of aglycone curcumin. In summary, TBP1901 can exert antitumor effects as a prodrug
of aglycone curcumin through GUSB-dependent activation.

Reactive oxgen species
Multi-target

1. Introduction Larasati et al., 2018; Milacic et al., 2008; Mizumoto et al., 2019). Several

clinical studies have reported the anecdotal efficacy of oral aglycone

Curcumin (aglycone curcumin) is a natural polyphenol molecule
derived from turmeric (Curcumin longa) that has shown antitumor effects
in a number of preclinical models by modulating multiple biological
targets including NF-kB, proteasome, or reactive oxygen species (ROS)
(Banerjee et al., 2019; Bharti et al., 2003; Kunnumakkara et al., 2007;

curcumin in patients with cancer (Dhillon et al., 2008; Kanai et al., 2011;
Ramakrishna et al., 2020; Zaidi et al., 2017); however, its clinical
application has been hampered due to its poor bioavailability and low
stability. To overcome these problems, novel formulations with
improved bioavailability have been developed and some have already
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been tested in clinical trials (Antony et al., 2008; Asher et al., 2017; Greil
et al., 2018; Jager et al., 2014; Kanai et al., 2012, 2013; Marczylo et al.,
2007; Stohs et al., 2020). Greil et al. developed an injectable form of
aglycone curcumin using a liposomal delivery system and its safety was
evaluated in heavily pretreated patients with cancer (Greil et al., 2018).
However, due to hemolysis toxicity linked to liposomes, the mean
maximum drug concentration (Cpayx) of aglycone curcumin was limited
to 3.9 pM at maximum tolerated dose (MTD) of 300 mg/mz. This Crax
was higher than the Cp,x values reported in any orally administered
formulations (Antony et al., 2008; Asher et al., 2017; Jager et al., 2014;
Kanai et al., 2012, 2013; Marczylo et al., 2007); however, it appeared to
be insufficient for deriving the maximum antitumor effects of aglycone
curcumin. Recently, we have developed a synthetic curcumin p-D-glu-
curonide (CMG), which is a water-soluble molecule and can be admin-
istered intravenously. In vivo, CMG is partly converted into aglycone
curcumin and can achieve more than 1000 times higher plasma agly-
cone curcumin levels compared with oral aglycone curcumin (Ozawa
et al., 2017). Furthermore, CMG demonstrated superior antitumor ef-
fects on colon cancer xenograft model with less toxicity (Ozawa-Umeta
et al., 2020). However, the exact mechanisms of CMG conversion into
aglycone curcumin are still unknown. Furthermore, since aglycone
curcumin can influence multiple cancer-related biological pathways
(Prasad et al., 2014), it has been difficult to prioritize the therapeutic
targets for its antitumor effects. Recent advances of clustered regularly
interspaced short palindromic repeats (CRISPR) technology have made
it possible to screen essential therapeutic targets of anti-cancer drugs in
a genome-wide manner (Behan et al., 2019; Huang et al., 2020; Tzelepis
et al., 2016).

The current study aimed to clarify the underlying mechanisms for the
conversion of curcumin p-D-glucuronide into aglycone curcumin in vivo
as well as its antitumor effects. We also aimed to identify the essential
therapeutic targets for antitumor effects of aglycone curcumin using
genome-wide CRISPR-Cas9 screen. Since we have developed a synthetic
curcumin B-D-glucuronide sodium salt (TBP1901), which is a higher
water solubility and chemical stability than CMG, we decided to use
TBP1901 for the current study and subsequent investigation.

2. Materials and Methods
2.1. Chemicals

Curcumin was purchased from FUJIFILM Wako Pure Chemical
(Osaka, Japan), and bortezomib was obtained from AdooQ BioScience
(CA, USA). Curcumin p-D-glucuronide sodium salt (TBP1901) was syn-
thesized using the slightly modified method of a previous study (Ozawa
et al., 2017). Chemical features of TBP1901 are summarized below.

THNMR (400 MHz, DMSO-dg) 6 7.57 (d, J = 15.8 Hz, 1H), 7.55 (d, J
=15.8 Hz, 1H), 7.37 (d, J = 1.7 Hz, 1H), 7.32 (d, J = 1.7 Hz, 1H), 7.23
(dd, J = 8.6, 1.7 Hz, 1H), 7.14 (dd, J = 8.0, 1.7 Hz, 1H), 7.12 (d, J = 8.6
Hz, 1H), 6.84 (d, J = 15.8 Hz, 1H), 6.83 (d, J = 8.0 Hz, 1H), 6.76 (d, J =
15.8 Hz, 1H), 6.09 (s, 1H), 5.22 (brs, 1H), 5.03, (brs, 1H), 4.96 (d, J =
7.4 Hz, 1H), 3.85 (s, 3H), 3.83 (s, 3H), 3.43 (d, J = 9.5 Hz, 1H),
3.30-3.22 (m, 2H), 3.15 (dd, J = 9.5, 9.5 Hz, 1H). 13¢ NMR (101 MHz,
DMSO-dg) & 183.8, 182.5, 171.8, 149.6, 149.2, 148.7, 148.0, 141.0,
140.0, 128.6, 126.2, 123.2, 122.5, 121.1, 115.7, 115.3, 111.3, 111.2,
101.0, 99.7, 77.0, 73.6, 73.0, 72.0, 55.8, 55.7. HR-MS (ESI) m/z: [M-
Na]™ Calced for CoyHp7072 543.1508; found 543.1509. Melting point:
196 °C (decomp).

2.2. Measurement of curcumin f-D-glucuronide and aglycone curcumin
levels in vivo

Five-week-old male C57BL/6J or C3H/HeJ mice (n = 6 per group,
from CLEA Japan, Inc., Tokyo, Japan) received intravenous TBP1901 at
a dose of 30 mg/kg. C3H/HeJ mice have a low GUSB activity due to the
impaired GUSB gene (Gwynn et al., 1998). Saline solution was
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administered intravenously in C57BL/6J mice (n = 3) in the control
group. Blood sample was collected 30 min after TBP1901 or saline so-
lution administration. Another five-week-old male C57BL/6J mice (n =
5) received intravenous TBP1901 at a dose of 30 mg/kg. Thirty minutes
after TBP1901 administration, blood, bone marrow, lung, heart, liver,
kidney samples were collected, rapidly frozen in liquid nitrogen and
stored at —80 °C. For the measurement of aglycone curcumin concen-
tration in the bone marrow, 2.5% formic acid/methanol solution (for
GUSB inhibition) and acetate buffer (pH 5.0) were added to the bone
marrow and homogenized under ice-cold conditions followed by chlo-
roform extraction. Curcumin p-D-glucuronide and aglycone curcumin
levels were measured as previously reported (Ozawa et al., 2017).

2.3. Cynomolgus monkey experiment

Animal experiments using cynomolgus monkeys were conducted at
Shin Nippon Biomedical Laboratories Ltd (Kagoshima, Japan). Two
male and two female cynomolgus monkeys (4-5 years old) received 500
mg/kg of TBP1901 intravenously for 1 h. Blood and femurs samples
were collected 30 min and 1-2 h after TBP1901 administration,
respectively. Bone marrow fluid was harvested from the obtained fe-
murs, which was rapidly frozen in liquid nitrogen and stored at —80 °C.
Then, 2.5% formic acid/methanol solution (for GUSB inhibition) and
acetate buffer (pH 5.0) were added to the bone marrow and homoge-
nized under ice-cold conditions, followed by chloroform extraction to
determine the aglycone curcumin concentration in the bone marrow.
Curcumin p-D-glucuronide and aglycone curcumin were measured as
previously reported (Ozawa et al., 2017). The conversion rate of
TBP1901 to aglycone curcumin was calculated using the following for-
mula: aglycone curcumin levels/[aglycone curcumin levels + curcumin
B-D-glucuronide levels] x 100 (%).

2.4. GUSB activity assay

GUSB activity in tissues was measured using the Beta-Glucuronidase
Activity Assay Kit (Abcam, Cambridge, UK) according to the instruction.
Tumor-bearing mice with KMS11/BTZ cells were non-treated (control)
or treated with TBP1901 at a dose of 30 mg/kg three times a week for
two weeks. The tumors, bone marrow cells, and heart were extracted on
day 14 GUSB and were frozen until use. The samples were processed
according to the instructions and the fluorescence intensity (Ex/Em =
330/450 nm) was measured during incubation at 37 °C for 60 min. The
activity was calculated per tissue weight.

2.5. Cell culture

KMS11 and bortezomib-resistant KMS11 (KMS/BTZ) (Ri et al., 2010)
were purchased from JCRB Cell Bank (Osaka, Japan.). RPMI-1640 me-
dium, FBS, and penicillin/streptomycin solution were purchased from
Sigma Aldrich (St. Louis, MO, USA). AMOL1 is a kind gift from Dr. Masaki
Ri. All cells were cultured according to the following protocol: every
three days in RPMI-1640 medium with 10% FBS and 1% pen-
icillin/streptomycin solution at 37 °C in an atmosphere containing 5%
CO2.

2.6. Genome-wide CRISPR-Cas9 screen

Cas9-expressing AMO1 cells were selected by Blasticidin at 10 pg/mL
two days after lentiviral transduction using pKLV2-EFlaBsd2ACas9-W
(Addgene #68343). Cas9 activity was confirmed using a lentiviral re-
porter pKLV2-U6gRNA(gGFP)-PGKBFP2AGFP-W (Addgene #67980). A
total of 2.4 x 108 cells was transduced with the lentiviral-packaged
Human v3 Genome-wide Knockout CRISPR Library at MOI 0.3 (Ong
et al., 2017). Transduction efficiency was assessed three days after
transduction and samples that showed 25-35% blue fluorescent protein
(BFP)-positive were selected with puromycin at 4.0 pg/mL for four days
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and further cultured. Nine days after transduction, 7.5 x 107 cells were
collected for control and 5.0 x 107 cells were treated with DMSO at 0.1%
or curcumin at 16.0 pM. Cells were maintained for 15 days with a
minimum of 5.0 x 107 cells reseeded at each passage. Genomic DNA
extraction and PCR amplification were performed as previously reported
(Tzelepis et al., 2016). DNBSEQ-G400 was used for sequencing. Guide
RNA count data were analyzed using Model-based Analysis of
Genome-wide CRISPR/Cas9 Knockout (MAGeCK) statistical package (Li
et al., 2014) by comparing curcumin-treated and DMSO-treated cells or
by independently comparing curcumin or DMSO-treated cells with
pre-treated cells as a control. The X-Y plots were depicted with
gene-level log-fold change (LFC) computed with the latter.

Statistical enrichment of pathways in the ranked gene list from the
gene-level LFC (Curcumin vs DMSO comparison) was carried out with
Gene-set enrichment analysis (GSEA: Version 4.2.1) (Mootha et al.,
2003; Subramanian et al., 2005), using gene sets from the Molecular
Signature Database (MSigDB) (Mootha et al., 2003; Subramanian et al.,
2005).

2.7. Assessment of the efficacy of TBP1901 in a bortezomib-resistant MM
xenograft mice model

All experiments of mice were approved by the Institutional Animal
Care and Use Committee of Jikei University (Permission No. 2018-
004C1). The KMS11/BTZ cells (1 x 107) were subcutaneously trans-
planted in 6-week-old female NOD.CB17-Prkdcscid/J mice (n = 6 per
group, Charles River Laboratories Japan, Inc., Tokyo, Japan). They were
grouped 14 days after transplantation via a stratified randomization
according to tumor volume. TBP1901 was administered intraperitone-
ally at a dose of 30 or 90 mg/kg three times a week for three weeks.
According to a previously published report (Muraoka et al., 2019),
bortezomib was administered intraperitoneally twice a week at a dose of
1 mg/kg for three weeks. Tumor volume was calculated as length x
width? x 0.5 (mm®) on days 0, 7, 14, and 21 using a pair of calipers.
Body weight was measured on days 0, 7, 14, and 21 using electronic
scales (UW42005, Shimadzu, Kyoto, Japan).

2.8. Cell proliferation assay

KMS11 and KMS11/BTZ cells were plated in 96-well plates at 5 x
103 cells per well. The cells were subsequently treated after 24 h with
TBP1901, aglycone curcumin or bortezomib at an indicated concentra-
tion for 72 h. Then, the cell viability was analyzed with the 3-(4,5-
dimethylthiazol-2-y1)-5-(3- carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt) (MTS) assay using the CellTiter 96
AQueous One Solution Cell Proliferation Assay (Promega Corporation,
WI, USA).

2.9. NF-«kB activity assay

KMS11 and KMS11/BTZ cells were plated in 96-well plates at 2 x
10* cells per well, and cultured in RPMI-1640 medium (1% FBS) for 24
h. These cells were transfected with pGL4.32 luc2P/NF-xB-RE plasmid
(Promega) and pSF-PromMCS-pfGal containing CMV promoters (Boca
Scientific, MA, USA) using Lipofectamine 2000 Transfection Reagent
(Invitrogen, CA, USA). After 3 h, transfected cells were treated with
aglycone curcumin at an indicated concentration in RPMI-1640 medium
(1% FBS) for 3 h. Then, the NF-kB activity was measured using Bright-
Glo™ Luciferase Assay (Promega). The f-galactosidase activity was
measured using p-Galactosidase Assay Kit (OZ Biosciences, CA, USA).
NF-kB activity was shown as luciferase/f-galactosidase.

2.10. In vitro kinase assay

Recombinant GST-tagged kinases and their substrates were obtained
from SignalChem (FL.
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USA). Protein kinase assays were performed using ADP-Glo™ Assay
Kit (Promega). The assay conditions (enzyme and substrate amounts)
were optimized to yield an acceptable enzymatic activity and high
signal-to-noise ratios as detected using the instrument (GloMax, Prom-
ega). Reactions were performed for 40 min at room temperature in a
384-well plate and at a final well ATP concentration of 25 pM. Half
maximal inhibitory concentration (ICs¢) analysis was conducted using
GraphPad Prism® version 5.01 (GraphPad Software, San Diego, CA,
USA).

2.11. Chymotrypsin-like proteasome activity assay

KMS11 and KMS11/BTZ cells were plated in 96-well plates (con-
centration: 1 x 10* cells per well). Plated cells were treated after 24 h
with aglycone curcumin or bortezomib at an indicated concentration for
one or 3 h. The chymotrypsin-like proteasome activity was measured
using Cell-Based Proteasome-Glo™ Assay (Promega).

2.12. Measurement of reactive oxygen species

KMS11 cells were plated in 96-well plates at 2 x 10* cells per well.
After 24 h, the cells were treated with curcumin at an indicated con-
centration for 2 h. The levels of hydrogen peroxide (H203) in the cells
were measured using ROS-Glo™ H,0, Assay (Promega).

2.13. Reactive oxygen species inhibition assay

KMS11 cells were plated in 96-well plates at 5 x 10> cells per well.
After 24 h, the cells were pretreated with an indicated concentration of
N-acetyl-L-cysteine (NAC) (Merck KGaA, Darmstadt, Germany) for 24 h,
then the cells were treated with curcumin and NAC at an indicated
concentration for 72 h. The levels of H,0; in the cells were measured
using ROS-Glo™ H202 Assay, and the cell viability was analyzed using
MTS assay.

2.14. Immunohistochemistry

Tumor-bearing mice with KMS11/BTZ cells were treated with
TBP1901 at a dose of 30 mg/kg three times a week for two weeks. The
tumor tissues were extracted on day 14. The samples were then fixed
with formalin and embedded in paraffin. After heat-induced antigen-
retrieval at 95 °C for 20 min, sections were incubated overnight at 4 °C
with rabbit monoclonal anti-human p65 antibody (1:600 dilution,
Abcam). Images were captured with NanoZoomer Digital Pathology 2
(Hamamatsu, Shizuoka, Japan).

2.15. Statistical analysis

Data were shown as mean =+ standard deviation (SD) in an in vitro
study and mean =+ standard error (SE) in an in vivo study. Differences
were analyzed using the Student’s t-test.
2.16. Ethical considerations

All animal experiments were approved by the Institutional Animal
Care and Use Committee of Jikei University (Permission No. 2018-
004C1).

3. Results

3.1. GUSB is responsible for the conversion of TBP1901 into aglycone
curcumin in vivo

Chemical formulas of curcumin (aglycone curcumin), CMG (curcu-
min B-D-glucuronide), and TBP1901 (curcumin f-D-glucuronide sodium
salt) are shown in Fig. 1A. Since GUSB is reported to hydrolyze
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glucuronide prodrugs (Sperker et al., 1997; Tranoy-Opalinski et al.,
2014), we evaluated whether GUSB was responsible for the conversion
of TBP1901 into curcumin using GUSB-proficient (C57BL/6J) and
-impaired (C3H/HeJ) mice. Both curcumin p-D-glucuronide and agly-
cone curcumin were elevated in the plasma 30 min after TBP1901 in-
jection in GUSB-proficient mice. However, only curcumin
B-D-glucuronide, not aglycone curcumin, was elevated in
GUSB-impaired mice (Fig. 1B). These results support the idea that GUSB
is a key enzyme in converting TBP1901 to curcumin in vivo.

3.2. Conversion rate of TBP1901 to curcumin is highest in the bone
marrow

The conversion rate of curcumin p-D-glucuronide to aglycone cur-
cumin in major organs including the bone marrow, lung, heart, liver,
and kidney, was tested in GUSB-proficient mice. The bone marrow had
the highest aglycone curcumin levels 30 min after the single adminis-
tration of TBP1901 at a dose of 30 mg/kg (Fig. 2A). The conversion rates
of TBP1901 into aglycone curcumin were 0.3 (blood), 16.7 (bone
marrow), 3.9 (lung), 8.8 (heart), 10.0 (liver), and 4.9 (kidney). The
higher conversion rate of TBP1901 into curcumin in the bone marrow
was then validated using cynomolgus monkeys. The curcumin f-D-
glucuronide levels in the bone marrow and blood were 185 pg/g and
1919 pg/mL, respectively and the aglycone levels were 5.4 pg/g and 2.3
pg/mL in the bone marrow and plasma, respectively (Fig. 2B). In line
with the results of the mice model, conversion rates of TBP1901 into
curcumin in the bone marrow and plasma were 2.8 and 0.12,
respectively.

3.3. GUSB activity is higher in bone marrow

Next, we measured GUSB activity in bone marrow. As expected
higher GUSB activity was observed in bone marrow, which was line with
the previous study reporting higher GUSB activity in bone marrow
compared to heart, muscle and kidney in mice (Kunihiro et al., 2019). In
tumor tissues, high GUSB activity was observed.

3.4. TBP1901 exhibits significant antitumor effects on bortezomib-
resistant MM cells in vivo

To exploit the higher conversion rate of TBP1901 in the bone
marrow, we considered that bone marrow cancer such as multiple
myeloma (MM) could be a promising target disease of TBP1901 and
tested its efficacy using MM cells in vitro and in vivo. In our previous
study, TBP1901 demonstrated significant antitumor -effects on
oxaliplatin-resistant colon cancer cells in vivo (Ozawa-Umeta et al.,
2020). In this study, efficacy of TBP1901 was tested in a xenograft model
derived from bortezomib-resistant MM cells (KMS11/BTZ). As shown in
Fig. 4A, the mean tumor volume of the control group increased over time

aglycone curcumin
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Fig. 1. Plasma curcumin B-D-glucuronide and agly-
cone curcumin levels after the intravenous adminis-
tration of TBP1901 in GUSB-proficient or -impaired
014 mice
(A) Chemical formula of curcumin B-D-glucuronide
sodium salt (TBP1901) and aglycone curcumin (B)
Plasma curcumin p-D-glucuronide and aglycone cur-
cumin levels were evaluated 30 min after the intra-
venous administration of TBP1901 (30 mg/kg) in
C57BL/6J (n = 5) or C3H/HeJ (n = 5) mice. As a
control, plasma curcumin B-D-glucuronide and agly-
0.02 cone curcumin levels were assessed 30 min after
intravenous administration of saline in C57BL/6J (n
= 3). Data were presented as means + SE.

o
o
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Fig. 2. Curcumin B-D-glucuronide and aglycone curcumin levels in the plasma
and major organs after the intravenous administration of TBP1901

(A) Curcumin B-D-glucuronide and aglycone curcumin levels at indicated or-
gans were measured 30 min after the intravenous administration of TBP1901
(30 mg/kg) in C57BL/6J (n = 5). Data were presented as means + SE. (B)
Plasma and bone marrow curcumin f-D-glucuronide and aglycone curcumin
levels were evaluated after the intravenous administration of TBP1901 (500
mg/kg) in cynomolgus monkeys (n = 4). Data were presented as means + SE.

from 70.0 + 11.5 mm® on day 0-106.0 + 16.8 mm® on day 21. The
mean tumor volumes on day 21 were 97.4 + 10.4 mm® in the bortezo-
mib group, 61.3 + 7.8 mm? in the 30 mg/kg TBP1901 group, and 44.8
+ 6.1 mm® in the 90 mg/kg TBP1901 group. Neither TBP1901 nor
bortezomib showed a negative impact on body weight (Fig. 4B). Thus,
TBP1901 significantly decreased tumor volume in a dose-dependent
manner on bortezomib-resistant MM without causing weight loss.

3.5. TBP1901 has minimal effects on cell proliferation in vitro

To test the possibility that TBP1901 itself was involved in its anti-
tumor effects in vivo, we examined its effects on cell proliferation using
a pair of MM cell lines, KMS11 and KMS/BTZ, in vitro. In both cell lines,
TBP1901 had minimal effects on cell proliferation even at a dose of 40
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Fig. 3. GUSB activity in bone marrow, tumor, heart in control and TPB1901
treated mice.

Tumor-bearing mice with KMS11/BTZ cells were non-treated (control) or
treated with TBP1901 at a dose of 30 mg/kg three times a week for two weeks.
The indicated tissues were extracted on day 14 and GUSB activity were
measured. Data were presented as means + SE (n = 3, each).

(A) (B)

-e-control <1 mg/kg bortezomib
30 mgkg TBP1901 --90 mg/kg TBP1901

-e-control

110 24
100 23
22
90
~ 21
E —~
£ ° 0.01 s
*p< put
(o3 p - _S’
E 70 ° 19
2 H
g T~ 3
5 60 ° 18
=S o
S
=] 17
50
* 16
40
15
30 14
Day0 Day7 Day14 Day21 Day0 Day7

(A)
KMS11 = KMS11/BTZ *p<0.01
120
100 " *
. .
[ ] |
80 .
s
§ 60
R
40
20
0
0 5.0 10 20 40

TBP1901 (M)

Fig. 5. Efficacy of TBP1901 against multiple myeloma cells in vitro

+30 mg/kg TBP1901 ©-90 mg/kg TBP1901

European Journal of Pharmacology 935 (2022) 175321

pM, whereas its active metabolite, aglycone curcumin, suppressed cell
proliferation in a dose-dependent manner (Fig. 5A and B). The ICsg
values of aglycone curcumin were 22.2 and 13.3 pM for KMS11 and
KMS11/BTZ, respectively.

3.6. NF-kB signaling pathway and mitochondria related genes are among
the highest hit by genome-wide CRISPR-Cas9 screen

Agylcone curcumin is known to modulate multiple biological targets
including NF-kB, proteasome, or ROS (Banerjee et al., 2019; Bharti et al.,
2003; Kunnumakkara et al., 2007; Larasati et al., 2018; Milacic et al.,
2008; Mizumoto et al., 2019). To prioritize therapeutic targets of agly-
cone curcumin among these multiple targets, we used a genome-wide
CRISPR-Cas9 screen in this study. We investigated sgRNAs that were
depleted or enriched in aglycone curcumin-treated cells by comparing
the log fold change (LFC) of aglycone curcumin-treated cells with those
treated with DMSO (Fig. 6A). Among the known therapeutic targets of
aglycone curcumin, NFKBIA and NFKBIB were more depleted in agly-
cone curcumin-treated cells than in DMSO-treated cells, supporting the
idea that NF-xB signaling pathway is involved in antitumor effects of
aglycone curcumin (Fig. 6A). Next, we performed a pathway analysis
with GSEA and found that a set of mitochondria-related genes
(G0:0140053) was significantly enriched in aglycone curcumin treated
cells (Fig. 6B), indicating that some mitochondrial function is required
for aglycone curcumin induced antitumor effects. In contrast,
proteasome-related gene sets were not significantly enriched or depleted
in this screen (Fig. 6C).

Fig. 4. Efficacy of TBP1901 against
myeloma cells in vivo and in vitro

(A) Tumor-bearing mice with KMS11/BTZ cells were
treated with TBP1901 or bortezomib. TBP1901 was
administered intraperitoneally at a dose of 30 or 90
mg/kg three times a week for three weeks and bor-
tezomib was administered intraperitoneally twice a
week at a dose of 1 mg/kg for three weeks. Tumor
volume (left) and body weight (right) were presented
as means + SE (n = 6). *p < 0.01; as compared with
the control group on day 21.
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Effects of TBP1901 on the cell proliferation of KMS11 and KMS11/BTZ in vitro. Cells were treated with TBP1901 (A) or aglycone curcumin (B) at indicated con-
centrations for 72 h. Then, cell viability was evaluated by MTS assay. Data were presented as means + SD. *p < 0.001, as compared with the control group.
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Fig. 6. Identification of the NF-kB signaling pathway and mitochondria-related genes by genome-wide CRISPR-Cas9 screen
(A, B, C) X-Y plot of gene-level log fold-change (LFC) of DMSO (X axis) versus curcumin (Y axis). NFKBIA and NFKBIB genes (A), mitochondria-related genes (n = 90,
B), and proteasome-related genes (n = 22, C) are shown as red dots, whereas others are shown in blue dots.
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Fig. 7. Direct inhibition of protein kinases involved in the NF-xB signaling pathway by curcumin

(A) Dose-dependent inhibition of NF-kB activity by curcumin in KMS11 and KMS11/BTZ cells. Data were presented as means + SD. *p < 0.001, as compared with the
control group. (B) The protein kinase assays were performed as described in the Materials and Methods section. The ICsy graph was plotted using GraphPad Prism

software. (C) Dose-dependent inhibition of chymotrypsin-like proteasome activity by curcumin in KMS11 and KMS11/BTZ cells. Data were presented as means + SD.
*p < 0.001, as compared with the control group.
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3.7. Aglycone curcumin inhibits multiple protein kinases involved in NF-
kB signaling pathway

To verify the results of the genome-wide CRISPR-Cas9 screen, we
evaluated the effects of aglycone curcumin on the NF-xB signaling
pathway in vitro. Significant inhibition of NF-xB activity by aglycone
curcumin was validated in both KMS11 and KMS11/BTZ cell lines using
a luciferase assay (Fig. 7A). The in vitro kinase assay was performed to
validate the direct effects of aglycone curcumin on protein kinases
involved in the NF-kB signaling pathway, including Interleukin 1 re-
ceptor associated kinase 4 (IRAK4), transforming growth factor p-acti-
vated kinase 1 (TAK1)/TAK1-binding protein 1 (TAB1), an inhibitor of
nuclear factor-kB kinase subunit epsilon (IKBKE), and an inhibitor of
nuclear factor-xB kinase subunit § (IKBKB), all of which were previously
reported to be direct targets of curcumin (Bharti et al., 2003; Hsu et al.,
2012; Lietal., 2019; Zhang et al., 2018). In addition, effects of aglycone
curcumin on dual-specificity tyrosine-regulated kinase 2 (DYRK2),
which is one of the known biological targets of curcumin (Banerjee et al.,
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2019) and could indirectly inhibit NF-kB activation through proteasome
inhibition, were investigated. As shown in Fig. 7B, aglycone curcumin
suppressed IRAK4 (ICsp = 5.8 pM), TAK1-TAB1 (IC5¢ = 23.0 pM), and
DYRK2 (ICs0 = 0.014 pM) within the comparable or lower dose required
for cell growth inhibition in vitro. In contrast, aglycone curcumin
exhibited modest inhibition against IKBKE (IC5o = 40.6 pM) and no
potent inhibition on IKBKB (IC5¢ > 100 pM) in our current study.
Inhibitory effects of aglycone curcumin on chymotrypsin-like pro-
teasome were also tested and curcumin inhibited proteasome activity by
20% and 30% at a dose of 20 pM and 40 pM, respectively (Fig. 7C).

3.8. Aglycone curcumin upregulates ROS induction

Since mitochondria respiration gene set was among the highest hit by
CRISPR-Cas9 screen, and mitochondria is known to be a major source of
cellular ROS, we tested the effects of aglycone curcumin on ROS in-
duction in vitro. Aglycone curcumin induced ROS in a dose-dependent
manner (Fig. 8A) and pretreatment of NAC completely inhibited ROS
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Fig. 8. ROS induction by curcumin and partial inhibition of antitumor effects of curcumin by ROS scavenger

(A) Dose-dependent induction of ROS by curcumin in KMS11. Data were presented as means =+ SD. *p < 0.001; as compared with the control group. (B) KMS11 cells
were pretreated with ROS scavenger, N-acetyl-L-cysteine (NAC), at indicated concentrations for 24 h and ROS induction was measured at indicated concentrations of
aglycone curcumin. Data were presented as means + SD. (C) Effects of NAC on cell proliferation of KMS11 under curcumin stimulation. Data were presented as
means + SD. *p < 0.001; as compared with the control group.



T. Abe et al.

induction by aglycone curcumin (Fig. 8B) and partially reversed its
antitumor effects in vitro (Fig. 8C).

4. Discussion

In this study, we demonstrated that GUSB is a pivotal enzyme in
converting TBP1901 into aglycone curcumin in vivo. Our current results
were in line with a previous study by Kunihiro et al., which reported that
GUSB is a key enzyme in the metabolism of curcumin-glucuronide to
aglycone curcumin in mice model (Kunihiro et al., 2019). GUSB is
widely distributed in normal organs, but it is normally retained in the
endoplasmic reticulum, while it is secreted extracellularly by mono-
cytes/granulocytes in tumor or inflammatory tissues (Bosslet et al.,
1998). High GUSB activity in the bone marrow as well as in tumor tis-
sues were validated in our study (Fig. 3). Both aglylcone curcumin levels
and conversion rate of TBP1901 into curcumin were highest in the bone
marrow (Fig. 2A and B). Conversion rate of TBP1901 into curcumin was
50 times higher in the bone marrow than that in the blood. To exploit the
higher conversion rate of TBP1901 in the bone marrow, we considered
bone marrow cancer such as MM is a promising target disease for its
clinical application and tested its efficacy on MM. It is ideal to test the
efficacy of TBP1901 in orthotopic models; however, orthotopic mice
models are not commonly used in the field of MM research. Moreover,
tumor size change cannot be evaluated in orthotopic models during the
treatment course. For these reasons, we selected a xenograft model in
this study. On a bortezomib-resistant MM xenograft model, TBP1901 at
a dose of 30 mg/kg showed significant antitumor effects. Of note,
antitumor effects of TBP1901 was not limited to growth inhibition but
induced tumor shrinkage. In previous studies demonstrating the efficacy
of bortezomib on MM xenograft models, 1 mg/kg of bortezomib was
reported to be effective in slowing tumor growth rate; however, borte-
zomib monotherapy did not demonstrate tumor shrinkage effects in any
previous studies (LeBlanc et al., 2002; Muraoka et al., 2019; Sung et al.,
2009). In addition, the gap between safety and efficacy was narrow in
bortezomib. According to the animal toxicology data shown in the Food
and Drug Administration package of bortezomib, monkeys died from
cardiac toxicity after administration of twice the recommended clinical
dose, which was converted to be approximately 0.2 mg/kg in nonrodent
animals. Thus, the maximum tolerated dose (MTD) of bortezomib in
monkeys was lower than the efficacy dose in mice. In contrast, in our
toxicology study using cynomolgus monkeys, MTD of TBP1901 was
determined to be 250 mg/kg (unpublished data). Since TBP1901 could
exhibit antitumor effects at a dose of 30 mg/kg in mice model, MTD in
monkeys is more than eight times higher than the efficacy dose in mice,
indicating that this has a considerable safety margin. TBP1901’s anti-
tumor effects in vivo were unlikely to be derived from TBP1901 itself,
since its effects on MM cell growth were negligible in vitro. Taken
together, it is reasonable to assume that TBP1901 exerts its antitumor
effects as a prodrug of aglycone curcumin in vivo.

Since aglycone curcumin can modulate multiple cancer-related bio-
logical pathways (Prasad et al., 2014), we employed a genome-wide
CRISPR-Cas9 screen to prioritize its essential therapeutic targets.
CRISPR-Cas9 screen disclosed NFKB1A/NFKB1B, which encode NF-xB
inhibitory proteins (IkB) (Baeuerle and Baltimore, 1988), were among
the highest hit genes (False discovery rate was 4.95E-04 for NFKBIA and
5.56E-02 for NFKBIB, respectively). Since a number of preclinical
studies have proven that aglycone curcumin can inhibit NF-kB signaling
pathway (Bharti et al., 2003; Kunnumakkara et al., 2007; Ozawa-Umeta
et al., 2020; Singh and Aggarwal, 1995), the current results strongly
support the idea that NF-xB inhibition is involved in the antitumor ef-
fects of aglycone curcumin. Aglycone curcumin suppressed the NF-kB
activity of MM cells by > 60% at a dose of 20 pM (Fig. 7A), which was
almost equivalent to the ICsg required for cell growth inhibition in vitro.
At a dose of 40 pM, curcumin almost completely abolished the NF-kB
activity (Fig. 8A). In the in vitro kinase assay, curcumin directly sup-
pressed IRAK4 and TAK1-TAB1 (Fig. 8B), both of which are the core
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components of the NF-kB signaling pathway, at a dose equivalent or
lower than that of the ICso required for cell growth inhibition. Immu-
nohistochemical analysis showed reduced number of NF-xB positive
cells in tumor tissues treated with TBP1901 compared to controls
(Supplementary Fig. 1). In contrast, proteasome-related gene sets were
not significantly enriched or depleted in CRISPR-Cas9 screen. In line
with the results of CRISPR-Cas9 screen, inhibitory effects of curcumin on
proteasome activity were modest (Fig. 7C). Furthermore, since curcu-
min suppressed cell proliferation of bortezomib-resistant KMS/BTZ
cells, whose growth was unaffected despite bortezomib-induced pro-
teasome inhibition, the direct contribution of proteasome inhibition to
antitumor effects appeared to be minimal at least in our models.

Mitochondria respiration gene set was among the highest hits in the
CRISPR-Cas9 screen. Mitochondria are well-known to be a major source
of cellular ROS (Radak et al., 2013) and several research groups pro-
posed that antitumor effects of curcumin is mediated by ROS induction
(Fang et al., 2005; Larasati et al., 2018; Mizumoto et al., 2019; Woo
et al., 2003). We validated that aglycone curcumin could induce ROS in
a dose dependent manner, whereas NAC partially reversed its antitumor
effects in vitro (Fig. 8A and C). These results support the idea that
antitumor effects of curcumin are partly attributable to ROS induction.
However, our current experiments were not sufficient to verify the real
targets of TBP1901 in vivo. Furthermore, since aglycone curcumin can
modulate multiple cancer-related biological pathways, further studies
are warranted. MM is the second most common hematologic malignancy
worldwide (Kazandjian, 2016). Over the past few decades, bortezomib,
a proteasome inhibitor, has been a key drug for the treatment of MM.
With the recent approval of novel drugs such as next-generation pro-
teasome inhibitors (carfilzomib and ixazomib), monoclonal antibodies
(daratumumab, elotuzumab, and isatuximab), immunomodulatory
agent (pomalidomide), and histone-deacetylase inhibitor (panobino-
stat), the survival of patients with MM has been prolonged (Attal et al.,
2019; Dimopoulos et al., 2016, 2017, 2018; Richardson et al., 2019;
San-Miguel et al., 2014). Several researchers tested the efficacy of oral
aglycone curcumin in patients with MM, and a few anecdotal efficacy
signs were reported (Golombick et al., 2012; Ramakrishna et al., 2020;
Zaidi et al., 2017). Zaidi et al. reported a patient with MM who started
oral aglycone curcumin at a dose of 8 g after the third relapse and
remained stable without any other treatment for more than 5 years, with
a good quality of life (Zaidi et al., 2017). However, considering the poor
bioavailability of oral aglycone curcumin, such a case seemed to be
exceptional. In addition, MM is a disease of the elderly and the median
age at the time of diagnosis is approximately 70 years old (Moreau and
Touzeau, 2015). Therefore, there is still a need for developing novel MM
treatments with minimum toxicity.

5. Conclusions

TBP1901 exhibits significant antitumor effects as a prodrug of cur-
cumin and GUSB plays a pivotal role of conversion of TBP1901 into
curcumin. Although aglycone curcumin can modulate multiple cancer-
related biological pathways, genome-wide CRISPR-Cas9 screen dis-
closed that essential therapeutic targets of aglycone curcumin constitute
NF-xB signaling pathway and ROS induction. To exploit the higher
conversion rate of TBP1901 in the bone marrow, its clinical application
for bone marrow disease like multiple myeloma is warranted.
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