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Retinoids Decrease Soluble MICA Concentration by Inhibiting
the Enzymatic Activity of ADAM9 and ADAM10
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Abstract. Background/Aim: The association between MHC
class I polypeptide-related sequence A (MICA) and
hepatocellular carcinoma (HCC) development was identified
in our previous genome-wide association study. Decreasing
soluble MICA (sMICA) through MICA sheddases
suppression facilitates natural killer (NK) cell-mediated
cytotoxicity. The expression of ADAMY in HCC has been
correlated with poor prognosis, and our recent study showed
that its suppression contributes to cancer elimination by
decreasing sSMICA. Materials and Methods: Human HCC
cell line PLC/PRF/5 and HepG2 cells were used. sMICA
levels were measured by ELISA. Expression of retinoid X
receptors (RXRs) and retinoic acid receptors (RARs) was
knocked down by siRNA. Results: In our screening of FDA-
approved drugs in vitro, retinoids were found to be efficient
ADAMY and ADAMI10 inhibitors. Treatment with retinoids
reduced sMICA levels in human HCC cells. Interestingly, the
effects were abrogated by depletion of the retinoid receptor
RXRa. Conclusion: Retinoids can be potential novel agents
for HCC treatment.

Even with the recent advancements in clinical management,
patients with chronic fibrotic liver disease due to viral or
metabolic etiologies are at a high risk of developing
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hepatocellular carcinoma (HCC) (1). Chronic hepatitis B or
C infection is a major cause of HCC in Japan (2). HCC is a
common disease refractory to therapeutic interventions
because 70% of patients experience tumor recurrence within
five years even after surgical resection or radiofrequency
ablation (3). Therefore, effective cancer prevention therapy
is highly required for improving their prognosis.

Peretinoin, an acyclic retinoid and vitamin A analogue,
significantly reduces the incidence of second primary
hepatomas (4). Since retinoids mainly inhibit the promotion
phase but not the advanced phases (i.e., conversion and
progression) of carcinogenesis, are considered as
chemopreventive rather than chemotherapeutic medicine (5).

Peretinoin also inhibits multiple cellular signaling
pathways as exemplified by Wnt and platelet derived growth
factor, thereby inducing differentiation and apoptosis of
hepatic stem cells and neoplasm suppression (6, 7). In terms
of tumor microenvironment, the function of innate immunity
is crucial to eliminate neoplastic clones and prevent
spreading of recurring or metastatic cancers (8). However,
the precise mechanisms of its effects on innate immunity in
HCC have not yet been elucidated.

In our previous genome-wide association study (GWAS)
related to HCC development, MHC class I polypeptide-
related sequence A (MICA) was identified as a susceptibility
gene (9). MICA, which is not expressed on normal
hepatocytes but rather on virus-infected hepatocytes or HCC
cells, works as a natural killer group D (NKG2D) ligand to
elicit a direct attack by natural killer (NK) cells (9). The
membrane-bound MICA (mMICA) is released as soluble
MICA (sMICA) into patients’ serum, which acts as an
immunological decoy for cancer immunity prevention by NK
cells. Our previous research indicated that similar to
ADAM9 and ADAM10, ADAM17 contributed to the release
of sMICA (10). Hu et al. have demonstrated the relationship
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Figure 1. Retinoids inhibited ADAMY in vitro. (A) Inhibitory effects of approved drugs on ADAMY in vitro. (B) Dose-dependent inhibition of ADAM9
by ATRA and bexaroten in vitro. (C) Molecular structures of retinoids. (D) Dose-dependent inhibition of ADAM9 by peretinoin, 13-cis RA, and
Am580 in vitro. llomastat (ILM) is used as the ADAM9 control inhibitor. Error bars represent standard error of the mean (SEM). The results derive
from three independent experiments. (E) Molecular structures of other retinoids.

2309



ANTICANCER RESEARCH 41: 2307-2320 (2021)

between ADAM9 expression and clinicopathological
features, which include disease prognosis, short overall
survival, tumor grade, metastasis, and the development of
resistance in various cancers including HCC (11).

Therefore, we recently established a new in vitro assay to
evaluate the enzymatic activity of ADAMY and a screen
using a library of FDA-approved drugs identified that
leukotriene C4 and leukotriene D4 suppression using
leukotriene receptor antagonists (LTRAs) could enhance NK
cell-mediated elimination of cancer cells through ADAM9
inhibition and subsequent decrease in MICA shedding (12).
Our previous study has also clarified that multi-kinase
inhibitor regorafenib (REG) decreased sMICA concentration
by mainly targeting ADAMY transcriptionally, not
enzymatically (13).

Here, we evaluated the influence of another group of
ADAMO enzyme inhibitors from the FDA-approved drug
library on sMICA release in HCC cells. In addition, the
effect of the combination treatment with REG on the SsMICA
levels was also analyzed.

Materials and Methods

Cells, reagents, and antibodies. The FDA-Approved Drug Screen-
well library was obtained from Enzo Life Sciences (Farmingdale,
NY, USA). HepG2 and PLC/PRF/5 cells were obtained from
American Type Culture Collection (Manassas, VA, USA) and
cultured according to the manufacturer’s protocols. The cell lines
were authenticated by short tandem repeat analysis (Bex, Tokyo,
Japan) in November 2020. All-trans retinoic acid (ATRA) and all-
trans retinal were obtained from FUJIFILM WAKO Pure Chemical
corporation (Osaka, Japan). 13-cis retinoic acid (RA), acitretin, and
bexarotene were obtained from TCI (Tokyo, Japan). 11-cis RA and
9,13-di-cis RA were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA).

Am580, peretinoin, 9-cis RA, all-trans retinol, 4-HPR, and retinyl
palmitate, were obtained from Cayman chemical (Ann Arbor, MC,
USA), Medchemexpress (Monmouth, NJ, USA), LKT Labs
(St.Paul, MN, USA), CEM (Matthews, NC, USA), and ChromaDex
(Los Angeles, CA, USA), respectively.

Cell Counting Kit-8 (CCKS), and regorafenib were purchased
from Dojindo (Kumamoto, Japan) and Cell Signaling Technology
(Danvers, MA, USA), respectively.

The siRNA for ADAM9, RXRa, RXRf3, RXRy, RARa, RARf,
RARY, and the control siRNA were purchased from Dharmacon
(Ann Arbor, MI, USA) and Cell Signaling Technology, respectively.

Cell viability assays. HepG2 and PLC/PRF/5 cells (2x105
cells/ml/well) were plated in 24-well plates and incubated at 37°C for
24 h. The cells were treated with retinoids, or regorafenib for 48 h.
After the treatment, the culture supernatant was collected, and cell
viability was measured using the CCKS8 assay kit (Dojindo). Briefly,
1 ml CCK-8 reagent diluted following the manufacturer’s instructions
was added per well and the plates were incubated at 37°C for 1 h.
After incubation, absorbance at 450 nm was measured using a
microplate reader (xMark™ Microplate spectrophotometer, BIO-RAD
Laboratories, Tokyo, Japan) to determine the number of viable cells.
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Enzyme linked immunosorbent assay (ELISA). The concentration of
sMICA in HepG2 and PLC/PRF/5 cell culture supernatants was
assessed using a MICA ELISA Kit (Diaclone, Besancon, France) as
described previously (13).

Quantitative reverse transcription-polymerase chain reaction (qRT-
PCR). Relative mRNA levels were quantified as previously
described (13) using the following primer sets:

MICA-F: 5’-CTTCCTGCTTCTGGCTGGCATC-3’,

MICA-R: 5’-CAGGGTCATCCTGAGGTCCTTTC-3,

ADAMO-F: 5’-AAGAATTGTCACTGTGAAAATGGCT-3’,
ADAMO-R: 5’-CATTGTATGTAGGTCCACTGTCCAC-3’,
ADAMI10-F: 5’~ACGGAACACGAGAAGCTGTG-3’,
ADAMI10-R: 5’-CCGGAGAAGTCTGTGGTCTG-3’,

ADAMI17-F: 5-GTCGAGCCTGGCGGTAGAATCTTC-3’,
ADAM17-R: 5’-CTCCACCTCTCTGGGCAGCCTTC-3’,
GAPDH-F: 5’-ATGGGGAAGGTGAAGGTCG-3’,

GAPDH-R: 5’-GGGGTCATTGATGGCAACAATA-3’.

In vitro ADAM assay. Fifty pl of recombinant human ADAMY (R&D
systems, Minneapolis, MN, USA); 2 pg/ml diluted with assay buffer)
was incubated with 50 pl of fluorescent peptide substrate (BioZyme,
Apex, NC, USA; 20 uM diluted with assay buffer) in the presence
of 1 ul of DMSO or individual compounds, following the
manufacturer’s instructions. A library of FDA-approved drugs was
tested for enzymatic inhibition of ADAMY, and ilomastat was used
as the ADAMY control inhibitor. After incubating for 24 h at 37°C
in opaque black plates, the fluorescent signals (A excitation=485 nm,
) emission=530 nm) were measured and relative enzymatic activities
were calculated. A similar assay was performed with recombinant
human ADAM10 and ADAM17 (R&D systems; 2 ug/ml), in which
marimastat and TMI-1 were used as the ADAMI10 and ADAM17
control inhibitors, respectively.

Knockdown of RXRs and RARs with siRNA. For the specific
knockdown of RXRs and RARs, the ON-TARGETplus SMARTpool
(Dharmacon) siRNA duplex mixtures were used as previously
described (10). The silencing efficiency and specificity of the
siRNAs were examined by the supplier. Nontargeting control siRNA
was used as control for nonspecific silencing effects.

Statistical analyses. All values presented indicate the mean and
standard error of the mean (SEM) unless otherwise indicated.
Differences in SMICA levels between treatment groups and control
groups were determined using paired, two-tailed Student’s #-test. p-
Values less than 0.05 were considered statistically significant.

Results

ATRA inhibited ADAMY enzymatic activity in vitro. We
evaluated ADAMO activity using a new in vitro system
presented in Materials and Methods and a library of FDA-
approved drugs and identified that ATRA and bexaroten
significantly suppressed the enzymatic activity of ADAMO, at
66.7 uM and 57.4 pM, respectively (Figure 1A). Subsequently,
the effects were found to be dose-dependent (Figure 1B).

Retinoids suppressed ADAM9 enzymatic activity. Next, the
suppressive effects of ATRA analogs and derivatives (i.e.,
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Am580, peretinoin, and 13-cis RA) on the enzymatic activity
of ADAMY were evaluated (Figure 1C).

Interestingly, all showed dose-dependent inhibitory effects
on ADAMY activity (Figure 1D). In contrast, other analogs
including acitrecin, 9-cis RA, all-trans retinal, all-trans
retinol, retinyl palmitate, and 4-HPR (Figure 1E) did not
exert inhibitory effects (data not shown).
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Figure 2. Continued

Retinoids decreased sMICA levels. To investigate cell
biological impact, the effects of retinoids on sMICA in
HepG2 and PLC/PRF/S cells were analyzed. After 48 h of
treatment with 10-50 uM ATRA, Am580, peretinoin showed
no toxicity (Figure 2A), while these treatments clearly
decreased sSMICA levels in both HepG2 and PLC/PRF/S cells
(Figure 2B).
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Treatment with the combination of retinoids and regorafenib
decreased sMICA levels more than treatment with the single
agents. Treatment with 50 uM ATRA or 50 uM Am580 in
combination with 2 uM REG significantly decreased sMICA
levels as compared to the treatment with the retinoids only
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Figure 2. Continued

(Figure 2C), without significant cytotoxicities in both cell
lines (Figure 2D).

Inhibitory effects of retinoids on the enzymatic activity of
ADAM 0. Subsequently, the effects of 500 uM retinoids on
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Figure 2. Combination treatments with retinoids and regorafenib further suppressed soluble MHC class I polypeptide-related sequence A (sMICA)
release. HepG2 and PLC/PRF/5 cells were treated with retinoids for 48 h and cell viability (A) and sMICA levels (B) were determined by CCKS8
assay and ELISA, respectively. Furthermore, HepG2 and PLC/PRF/5 cells were treated with regorafenib (REG) and ATRA, or Am580 for 48 h, and
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ADAMI10 and ADAM17 were also examined in vitro. The
enzymatic activity of ADAMI10 was suppressed, whereas
that of ADAM17 was not altered (Figure 3A). Furthermore,
treatment with retinoids did not change the mRNA
expression of MICA, ADAM9, ADAM10, or ADAM17 (data
not shown).

Chemical structural features of retinoic acid responsible for
its bioactivity. To dissect the structural features of ATRA
responsible for ADAMY activity suppression, we further
evaluated multiple isomers (Figure 3B). 11-cis RA exerted
inhibitory effects similarly to 13-cis RA (Figure 1D), and so
did 9,13-di-cis-RA (Figure 3C), unlike 9-cis RA (data not
shown).

These analogs showed dose-dependent inhibition of
ADAMY9 and ADAMI10 (Figure 3C). Meanwhile,
ADAMI17 enzymatic activity suppression was not
observed at 500 uM. The conformational similarity of 9-
cis RA, the least efficacious isomer herein, to ATRA was
calculated to be less than the other three RAs’ above (data
not shown), indicative of the structural analogy to ATRA
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Figure 3. Continued

correlated with inhibitory effects. Thus, the structure-
activity relationship (SAR) approach suggested the
functional implication of polyenoic chain organization
affected by the cis-trans isomerization for enzymatic
modulations.

11-cis RA and 9,13-di-cis RA also decreased sMICA levels.
Treatment of HepG2 cells with 11-cis RA, and 9,13-di-cis
RA for 48 h showed no cytotoxicity, whereas these
treatments clearly decreased sMICA levels (Figure 4A).

Retinoids decreased sMICA levels via RXRa. To further
clarify the mechanisms of retinoids-mediated suppression of
sMICA, the involvement of well-known retinoid receptors
related was analyzed. The decrease in sMICA levels by
ATRA (Figure 4B) and 9,13-di-cis RA (Figure 4C) was
partially and fully negated in the presence of si-retinoid X
receptor (RXR)a, respectively, in HepG2 cells, without
cytotoxicity. The same effect was not observed with siRXRf3,
siRXRy, si-retinoid A receptor (RAR)a, siRARf, siRARY
(data not shown).
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Figure 3. Impacts of retinoids on enzymatic activity of ADAMs. (A) Enzymatic inhibition of ADAMI10 and ADAM17 by 500 uM all-trans retinoic
acid (ATRA) analogs in vitro. (B) Molecular structures of ATRA isomers. (C) Enzymatic inhibition of ADAM9, ADAM10, and ADAM17 by 11-cis
RA, 9,13-di-cis-RA in vitro. llomastat (ILM), marimastat, and TMI-1 are used as the ADAM9, ADAM10, and ADAM17 control inhibitors, respectively.
Error bars represent SEM. The results derive from three independent experiments.

2315



ANTICANCER RESEARCH 41: 2307-2320 (2021)

2316

HepG2
>
2 1
=
L)
S
g 0.5
()}
Q Q Q (u
%» 2
¢ ,<>°’ & & &
N N oo )
N N 8"0 b‘('
o
Q\ Q\
15 HepG2
P
= 17
o)
L)
S
305 |
(&)
0 ! -
siCtrl Ctrl siCtrl (uMm)
ATRA50
1.5
< HepG2
>
K
< |
9 1
= * %k
n
_g 05 |
k-
[
(04
0 L

siCtrl Ctrl siCtrl ATRA50 (uM)

M)

15

=

Cell viability

15 r

Relative sMICA level

15

05 |

HepG2
©
>
K
<< 1F
9 * % *kok
E * %k %k
[7)
()
205 |
s
[7)
(14
0 L L 1 1
& & & &
N N N N
N N 6"0 8""
NN
Q\ 0)\
. HepG2
siRXRa Ctrl siRXRa  (uM)
ATRA50
HepG2
siRXRa Ctrl siRXRa  (um)
ATRA50

Figure 4. Continued



Otoyama et al: Retinoids Inhibit MICA Release

(@

15 HepG2
>
= 1
=
)
> I I
© 05
(&)
0 1 J
siCtrl Ctrl  siCtrl 9,13-di-cis
RA50 (um)
15 - HepG2
©
>
2
< 1}
0 % %k k
E I
(7]
o
>05 f
)
)
[}
m I
0 1 J

siCtrl Ctrl siCtrl 9,13-di-

cis RA50 (um)

15 - HepG2
Py
= 1r
e}
8
>
305 |
(&)
0 1 J
siRXRa Ctrl siRXRa 9,13-
di-cis RA50 (uM)
15 - HepG2
©
>
°
< 1
)
E I I
»
o
> 05
i
T
[}
(1’
0 1 J
siRXRa Ctrl siRXRa 9,13-

di-cis RA50 (kM)

Figure 4. Retinoids decreased soluble MHC class I polypeptide-related sequence A (sMICA) levels via RXRa. (A) HepG?2 cells were treated with
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Discussion

Among patients with chronic hepatitis C, MICA has been
identified as an HCC susceptibility gene in our previous
GWAS (9). MICA is a NKG2D ligand, which functions as a
“kill-me” signal inducing cytotoxicities to infected or
cancerous cells by NK cells (14). mMICA is prone to
proteolytic cleavage, and the released sMICA is an
immunological decoy in the serum (15). Therefore, the
increase in SMICA has been shown to be an indicator of poor
prognosis in patients with chronic hepatitis or hepatitis B
(16). In other cohorts with chronic hepatitis C patients,

higher sMICA levels after viral eradication were associated
with HCC development (17).

Suppression of ADAM9 activity has been shown to
enhance the NK cell cytotoxicity to HCC by MICA
upregulation (13, 18). ADAMY has also been reported to be
over-expressed in the cancer microenvironment cells,
including blood vessels and immune cells, of several cancer
types including liver cancer (19). Interactions between these
components of the microenvironment enhance tumor
metastasis and epithelial-mesenchymal transition (20).

Jinushi M et al. have previously shown that ATRA affects
MICA expression; however, sMICA concentration was not
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evaluated (21). In this study, we screened in vitro a library of
FDA-approved drugs to identify potent inhibitors of ADAM9
and discovered that retinoids (i.e., ATRA, peretinoin, and
Am580) suppressed ADAMY activity (Figure 1A and 1B).

Among known MICA sheddases in HCC (10), enzymatic
suppression of ADAM10 but not of ADAM17 was observed
in vitro (Figure 3C).

On the other hand, inhibiting ADAMY by decreasing its
transcription (13, 18) could also be a useful approach for
cancer treatment as shown by the multi-kinase inhibitor
REG. In reality, the treatment with the combination of REG
and retinoids significantly decreased sSMICA concentration
more than treatment with each retinoid alone (Figure 2C).

At present, peretinoin is under clinical trials to suppress
the recurrence of HCC after hepatic resection or
radiofrequency ablation and induction of apoptosis is
reportedly the action mechanism (6, 22). Our present data
also implies that peretinoin could facilitate innate immunity
to effectively remove HCC cells and reduce sMICA levels.
Further analyses to evaluate its effectiveness based on
sMICA concentrations in patients with chronic hepatitis
would clarify its potential as a biomarker and predict its
effect in advance.

Notably, ADAMD is a putative therapeutic target in HCC
because of its role in the immune microenvironment and
cancer development. Furthermore, previous studies have
demonstrated the relationship between ADAM9 expression
and clinicopathological features including disease prognosis,
short overall survival, tumor grade, metastasis, and the
development of resistance in various cancers including HCC
(19). Potentially, ADAMO expression could affect the overall
survival of patients with HCC via MICA shedding (13, 18).

Okita K et al. have reported the results of a randomized
double-blind placebo-controlled study with peretinoin after
curative therapy of hepatitis C-related HCC. In that trial,
administration of 600 mg/day peretinoin was shown to be the
optimal dose, and treatment might reduce the 2-year
recurrence of hepatitis C-related HCC (23). While oral
administration of peretinoin did not prevent local recurrence,
a second primary hepatoma was prevented after surgical
resection of the original tumor or the percutaneous injection
of ethanol with four years of survey (4).

Further sub-group analysis comparing overall survival
among patients classified as Child-Pugh A revealed that
survival of the 600 mg/day group was significantly longer
than that of the placebo group (24). Hence, a new clinical
phase III trial is currently underway to examine the effects
of peretinoin on controlling HCC recurrence among those
classified as Child-Pugh A who have completed curative
treatment for HCV-HCC. The expression of ADAMY and
ADAMI10 in HCC or sMICA concentration in the sera of
patients are potential biomarkers for predicting the treatment
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efficacy with peretinoin. Suppression of ADAM10 enzymatic
activity has also been shown to enhance NK cell cytotoxicity
against HCC by decreasing MICA shedding (25).

Based on the previous experiments, RXRa is thought to be
one of the most important retinoid receptors regarding the
regulation of fundamental cell activities, including normal cell
proliferation and metabolism, and acts as the master regulator
of nuclear receptors (26). In hepatitis C viral infection, the
core protein binds with RXRa, resulting in the upregulation
of some lipid metabolism enzymes and potentially contributes
to liver injury and hepatocarcinogenesis (27). Furthermore, in
HCC, Shimizu et al. have reported that a malfunction of
RXRa due to phosphorylation by the Ras mitogen activated
protein kinase signaling pathway is profoundly associated with
the development of HCC and thus may be a critical target for
HCC chemoprevention (28). Our study also shows the benefit
that derives from RXRao-mediated suppression of the shedding
of MICA, and subsequent activation of innate immunity
against hepatocarcinogenesis.

This is the first report to describe the molecular mechanisms
of modulation of MICA expression by retinoids. Retinoids
suppress the enzymatic function of ADAMY9 and ADAMI0,
subsequently inhibiting MICA shedding. However, a detailed
clinical investigation in patients with advanced HCC is
required. The improved potency of peretinoin in patients with
HCC could be partially attributed to suppression of ADAM9
function and HCC progression. Peretinoin may also be an
important agent to decrease SMICA levels for the reduction of
immunological decoy and restoration of innate immunity
against HCC, which is expected to be analyzed in ongoing
clinical trials. SAR analyses on ATRA and isomers indicated
the significance of polyene chain structures with the polar end
group stretched and coordinated conformationally for
enzymatic inhibition in vitro. This observation was supported
by attenuation of the inhibitory effects by chain modifications
including cyclization, as in the case of bexaroten and AM580
(Figure 1C and 3B). Indeed, further detailed investigations into
individual retinoids’ modes of molecular interactions (29) with
ADAMs are warranted. Chemical structure and biochemical
insights would also directly contribute to our understanding of
the development and utilization of retinoids for interventional
purposes. In addition, the multi-kinase inhibitor REG has been
reported to improve outcomes in HCC patients with sorafenib
(SOR)-resistant disease in the RESORCE trial (30). Our
previous study has corroborated that REG potentiates immune-
mediated HCC cell death by decreasing SMICA concentration
to a greater extent than SOR, by mainly targeting ADAM9
transcriptionally (13). Overall, our results may be useful for
developing strategies for novel HCC treatments. Furthermore,
retinoids may also be used for immunological control of HCC
because they suppress ADAMO enzymatic activity and increase
treatment efficacy in combination with conventional multi-
kinase inhibitors.
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