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ABSTRACT

Signal transducer and activator of transcription 3 (STAT3) is a plau-
sible therapeutic target in the treatment of retinoblastoma, the
most common intraocular malignant tumor in children. STAT3, a
transcription factor of several genes related to tumorigenesis, is
activated in retinoblastoma tumors as well as other cancers. In this
study, we investigated the structure-activity relationship of a library
of STATS inhibitors, including a novel series of derivatives of the
previously reported compound with a Michael acceptor (com-
pound 1). We chose two novel STAT3 inhibitors, compounds 11
and 15, from the library based on their inhibitory effects on the
phosphorylation and transcription activity of STAT3. These STAT3
inhibitors effectively suppressed the phosphorylation of STAT3
and inhibited the expression of STAT3-related genes CCND1,
CDKN1A, BCL2, BCL2L1, BIRC5, MYC, MMP1, MMP9, and
VEGFA. Intraocularly administered STAT3 inhibitors decreased the

degree of tumor formation in the vitreous cavity of BALB/c nude
mice of an orthotopic transplantation model. It is noteworthy that
compounds 11 and 15 did not induce in vitro and in vivo toxicity on
retinal constituent cells and retinal tissues, respectively, despite
their potent antitumor effects. We suggest that these novel STAT3
inhibitors be used in the treatment of retinoblastoma.

SIGNIFICANCE STATEMENT

The current study suggests the novel STAT3 inhibitors with Michael
acceptors possess antitumor activity on retinoblastoma, the most
common intraocular cancer in children. Based on detailed struc-
ture-activity relationship studies, we found a 4-fluoro and 3-trifluoro
analog (compound 11) and a monochloro analog (compound 15) of
the parental compound (compound 1) inhibited STAT3 phosphory-
lation, leading to suppressed retinoblastoma in vitro and in vivo.

Introduction

Signal transducer and activator of transcription 3 (STAT3) is
a plausible target for the treatment of retinoblastoma, the most
common intraocular cancer in children (Dimaras et al., 2015). It
is noteworthy that STATS3 is activated in retinoblastoma tissues,
especially with characteristics of advanced tumors (Mohan et
al., 2006; Jo et al., 2014). Also, various therapeutic approaches
showed that modulating STATS3 activation suppressed the
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proliferation and progression of retinoblastoma cells (Jo et
al., 2014, Liu et al., 2016; Hu et al., 2018; Liang et al., 2018;
Liu et al., 2018; Zhang et al., 2018; Sun et al., 2020). As in
other cancers, targeting STAT3 is a feasible way to treat the
patients with retinoblastoma (Yu et al., 2014; Johnson et al.,
2018; Huynh et al., 2019). Current treatment options against
retinoblastoma include intravenous chemotherapy, usually
with a cocktail of vincristine, etoposide, and carboplatin, and
intra-arterial chemotherapy based on melphalan and topote-
can (Dimaras and Corson, 2019). These conventional drugs
target microtubules (vincristine), topoisomerase (I, topotecan;
11, etoposide), and DNA (carboplatin and melphalan). In this
context, a targeted therapy inhibiting cancer-specific signal-
ing pathways other than cellular proliferation machineries,
such as the STAT3 pathway, might be of potential to sup-
press retinoblastoma tumors in coordination with currently
available drugs.

We previously reported that a compound containing
Michael acceptor (compound 1 in this study) directly binds to
STAT3 and inhibits the transcription activity of STATS, sup-

ABBREVIATIONS: ATCC, American Type Culture Collection; d, doublet; Glso, the concentrations at which a growth inhibition of 50% is
achieved; HRMEC, human retinal microvascular endothelial cell; m, multiplet; s, singlet; SAR, structure-function relationship; STAT3, signal
transducer and activator of transcription 3; t, triplet; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling.
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pressing the proliferation of several breast cancer cell lines
(Kim et al., 2015). On the other hand, several analogs of the
compound without a Michael acceptor failed to exhibit anti-
proliferative effects, which suggests that Michael acceptor is
the crucial pharmacophore (Kim et al., 2015). Despite thera-
peutic potential and studies on the mode of action of the com-
pound, the structure-function relationship (SAR) studies in
the previous report were limited to a Michael acceptor.

In this study, based on a library of STAT3 inhibitors
including a novel series of derivatives of the previously
reported compound (compound 1; Fig. 1A), we intended to
establish a detailed SAR between the Michael acceptor com-
pounds and anticancer activities on retinoblastoma cell lines
with activated STAT3. Then, we selected the two most potent
STATS inhibitors and tested their effects on the phosphoryla-
tion of STATS3, the transcription activity of STATS3, and in
vivo formation of retinoblastoma tumors in an orthotopic
transplantation model. In addition, the potential toxicity of
the STATS inhibitors was evaluated in vitro and in vivo.

Materials and Methods

Chemicals. We obtained all small molecular compounds to evalu-
ate biologic activities from an in-house library of the Suh research
laboratory.

2-(3,4-Dimethoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-
chromen-6-yl)prop-2-en-1-one (1). Detailed chemical spectral
data are the same as compound 6 in the previous study (Kim et al.,
2015).

2-(3,4-Dimethoxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-
chromen-6-yl)prop-2-en-1-ol (2). Detailed chemical spectral
data are the same as compound 21 in the previous study (Kim et al.,
2015).
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Fig. 1. Structures and structure-activity relationships of a library of
STATS inhibitors regarding the Michael acceptor. (A) The structure of
the parental compound, SH-48 (analog 1), consisting of three parts: the
A part with a dimethoxyphenyl moiety, the B part with a Michael
acceptor, and the C part with a chromene ring moiety. (B) The Glsq
values of analogs 1-4 with modification of a Michael acceptor moiety.
(C) The GI5¢ values of analogs 5-8 with modification of the a-position
of Michael acceptor. NA, not available.

2-(3,4-Dimethoxyphenyl)-2-hydroxy-1-(5-methoxy-2,2-dimethyl-
2H-chromen-6-yl)ethan-1-one (3). 1 H NMR (800 MHz, CDCI3) §
7.38 (d, J = 8.6 Hz, 1H), 6.82 (dd, J = 8.3, 2.1 Hz, 1H), 6.77 (d, J =
2.1 Hz, 1H), 6.71 (d, J = 8.2 Hz, 1H), 6.51 (dd, J = 11.3, 9.5 Hz, 2H),
5.93 (d, J = 5.3 Hz, 1H), 5.63 (d, J = 10.0 Hz, 1H), 4.56 (d, J = 6.3
Hz, 1H), 3.77 (d, J = 10.7 Hz, 6H), 3.67 (s, 3H), 1.39 (d, J = 4.0 Hz,
6H); '3C NMR (200 MHz, CDCI3) ¢ 199.44, 158.44, 156.45, 148.96,
148.75, 131.60, 131.29, 130.66, 121.37, 119.76, 116.14, 114.78,
112.76, 111.01, 109.96, 77.14, 77.13, 63.22, 55.73, 55.72, 28.10, 28.06.
high resolution mass spectrometry (HR-MS) (electrospray ionization
(ESI)) calculated for CooHo506 (M + H+) 399.1808, found 399.1818.
1-(5-Methoxy-2,2-dimethyl-2H-chromen-6-yl)ethan-1-one (4).
1H NMR (800 MHz, chloroform-d (CDC13)) ¢ 7.53 (d, J = 8.7 Hz,
1H), 6.58 (d, J = 8.7 Hz, 1H), 3.77 (s, 3H), 2.75 (t, J = 6.7 Hz, 2H),
2.58 (s, 3H), 1.79 (t, J = 6.7 Hz, 2H), 1.33 (s, 6H); 13C NMR (200
MHz, CDCI3) § 198.44, 159.50, 159.03, 129.34, 123.93, 115.12,
113.38, 74.99, 61.63, 32.04, 29.99, 26.74, 17.26; HR-MS (ESI) calcu-
lated for C14H;05 (M) 232.1099, found 232.1110.
1-(5-Methoxy-2,2-dimethyl-2H-chromen-6-yl) prop-2-en-1-one
(5). 1H NMR (800 MHz, CDCI3) ¢ 7.46 (d, J = 8.7 Hz, 1H), 7.10 (dd,
J =17.2,10.4 Hz, 1H), 6.60 (d, J = 8.6 Hz, 1H), 6.33 (dd, J = 17.2,
1.7 Hz, 1H), 5.77 (dd, J = 10.4, 1.7 Hz, 1H), 3.71 (s, 3H), 2.74 (t, J =
6.8 Hz, 2H), 1.79 (t, J = 6.8 Hz, 2H), 1.33 (s, 6H); 13C NMR (200
MHz, CDCI3) § 191.52, 159.44, 158.88, 136.00, 129.62, 128.20,
123.49, 115.03, 113.38, 75.00, 62.20, 32.02, 26.73, 17.15; HR-MS
(ESI) calculated for C5H;603 (M) 244.1099, found 244.1109.
1-(5-Methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-methylprop-
2-en-1-one (6). 1H NMR (800 MHz, CDCI3) ¢ 7.08 (d, J = 8.4 Hz,
1H), 6.58 (d, J = 10.0 Hz, 1H), 6.54 (d, J = 8.3 Hz, 1H), 5.87 (m, 1H),
5.64 (m, 2H), 3.71 (s, 3H), 2.02 (s, 3H), 1.42 (s, 6H); 13C NMR (200
MHz, CDCI3) ¢ 197.65, 156.07, 154.92, 145.11, 130.54, 130.20,
128.16, 124.94, 116.62, 114.72, 111.49, 76.50, 63.04, 27.94, 17.68;
HR-MS (ESI) calculated for C,H;503 (M) 258.1256, found 258.1266.
1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-phenylprop-
2-en-1-one (7). 1H NMR (800 MHz, CDCI3) 6 7.42 (dd, J = 8.3, 1.2
Hz, 1H), 7.34 (dd, J = 16.4, 8.1 Hz, 2H), 7.30 (d, J = 7.3 Hz, 1H),
6.54 (m, 1H), 6.03 (s, 1H), 5.70 (s, 1H), 5.65 (d, J = 10.0 Hz, 1H), 3.75
(s, 2H), 1.43 (s, 3H); 13C NMR (200 MHz, CDCI3) 6 196.30, 157.33,
156.18, 149.86, 137.03, 131.69, 130.45, 128.35, 128.15, 127.60,
124.97, 123.48, 116.58, 114.87, 111.88, 76.79, 63.18, 28.03; HR-MS
(ESI) calculated for Co1HgoO3 (M) 320.1412, found 320.1421.
2-Cyclohexyl-1-(5-methoxy-2,2-dimethyl-2H-chromen-6-yl) prop-
2-en-1-one (8). 1H NMR (800 MHz, CDCI3) ¢ 7.08 (d, J = 8.4 Hz,
1H), 6.58 (d, J = 10.0 Hz, 1H), 6.53 (d, J = 8.4 Hz, 1H), 5.71 (s, 1H),
5.64 (d, J = 10.0 Hz, 1H), 5.58 (s, 1H), 3.72 (s, 3H), 1.42 (s, 6H); 13C
NMR (200 MHz, CDCI3) ¢ 197.77, 156.22, 155.20, 155.17, 130.66,
130.49, 125.65, 124.22, 116.67, 114.75, 111.48, 76.52, 63.06, 37.96,
32.34, 27.95, 26.59, 26.30; HR-MS (ESI) calculated for Co;Hg603 (M)
326.1882, found 326.1897.
2-(3,4-Dichlorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chro-
men-6-yl)prop-2-en-1-one (9). 1H NMR (800 MHz, CDCI13) ¢ 7.55
(d, J = 2.1 Hz, 1H), 7.40 (d, J = 8.3 Hz, 1H), 7.33 (d, J = 8.5 Hz, 1H),
7.26 (dd, J = 8.3, 2.1 Hz, 1H), 6.57 (dd, J = 17.5, 9.3 Hz, 2H), 6.03 (s,
1H), 5.75 (s, 1H), 5.66 (d, J = 10.0 Hz, 1H), 3.72 (s, 3H), 1.44 (s, 6H),
1.23 (s, 1H); 13C NMR (200 MHz, CDCI3) ¢ 195.35, 157.67, 156.19,
147.76, 136.98, 132.28, 131.47, 130.64, 130.26, 129.52, 127.02,
124.71, 116.42, 114.90, 112.13, 63.25, 28.06; HR-MS (ESI) calculated
for C51H;15Clo05 (M + H+) 389.0711, found 389.0722.
2-(3,4-Difluorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chro-
men-6-yl)prop-2-en-1-one (10). 1H NMR (800 MHz, CDCI3) 6 7.33
(d, J = 8.5 Hz, 1H), 7.29 (ddd, J = 11.4, 7.6, 2.1 Hz, 1H), 7.13 (m,
1H), 7.11 (dt, J = 9.8, 8.2 Hz, 1H), 6.57 (dd, J = 14.5, 9.2 Hz, 2H),
5.99 (s, 1H), 5.72 (s, 1H), 5.66 (d, J = 10.0 Hz, 1H), 3.72 (s, 3H), 1.44
(s, 6H); 13C NMR (200 MHz, CDCI3) ¢ 195.57, 157.60, 156.15,
147.91, 131.45, 130.63, 124.63, 124.34, 123.89, 123.88, 123.86,
123.85, 117.15, 117.06, 116.83, 116.74, 116.42, 114.89, 112.09, 76.91,
63.23, 28.04; HR-MS (ESI) calculated for Co1H;gF203 (M) 356.1224,
found 356.1227.



2-(4-Fluoro-3-(trifluoromethyl)phenyl)-1-(5-methoxy-2,2-
dimethyl-2H-chromen-6-yl)prop-2-en-1-one (11). 1H NMR
(800 MHz, CDCI13) ¢ 7.68 (dd, J = 6.7, 2.1 Hz, 1H), 7.61 (ddd, J =
8.0, 4.6, 2.3 Hz, 1H), 7.32 (d, J = 8.5 Hz, 1H), 7.15 (m, 1H), 6.55 (m,
2H), 6.06 (s, 1H), 5.80 (s, 1H), 5.67 (d, J = 10.0 Hz, 1H), 3.73 (s, 3H),
1.44 (s, 6H); 13C NMR (200 MHz, CDC13) ¢ 195.45, 157.59, 156.06,
147.56, 133.46, 133.44, 133.33, 133.29, 131.27, 130.71, 126.56,
126.54, 125.54, 124.53, 116.87, 116.76, 116.38, 114.91, 112.12, 76.91,
63.24, 28.01, 27.99; HR-MS (ESI) calculated for CooHi5F403 (M)
406.1192, found 406.1192.
1-(5-Methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(4-methoxy-
phenyl)prop-2-en-1-one (12). 1H NMR (800 MHz, CDCI3) ¢ 7.36
(m, 1H), 7.34 (d, J = 8.5 Hz, 1H), 6.85 (m, 1H), 6.57 (m, 1H), 6.55
(dd, J = 8.5, 0.5 Hz, 1H), 5.95 (s, 1H), 5.64 (d, J = 10.0 Hz, 1H), 5.59
(s, 1H), 3.79 (s, 2H), 3.75 (s, 2H), 1.43 (s, 3H); 13C NMR (200 MHz,
CDCI3) ¢ 196.66, 159.60, 157.28, 156.18, 149.24, 131.72, 130.42,
129.50, 128.81, 125.07, 121.80, 116.61, 114.86, 113.79, 111.84, 76.78,
63.17, 55.28, 28.03; HR-MS (ESI) calculated for Coy5H550, (M)
350.1518, found 350.1519.
2-(4-Hydroxyphenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-
6-yl)prop-2-en-1-one (13). 1H NMR (800 MHz, CDCI13) § 7.34 (d,
J = 8.5 Hz, 1H), 7.32 (d, J = 8.7 Hz, 2H), 6.79 (d, J = 8.7 Hz, 1H),
6.62-6.51 (m, 2H), 5.95 (s, 1H), 5.65 (d, J = 10.0 Hz, 1H), 5.60
(s, 1H), 3.74 (s, 3H), 1.43 (s, 8H); 13C NMR (200 MHz, CDCI3)
o 196.65, 157.32, 156.18, 155.62, 149.17, 131.71, 130.46, 129.76,
129.39, 129.09, 121.99, 116.60, 115.25, 114.87, 114.46, 111.86, 63.19,
28.04; HR-MS (ESI) calculated for Cy;Hy;04 (M + H+) 337.1440,
found 337.1457.
2-(4-Chlorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-
6-yl)prop-2-en-1-one (14). 1H NMR (800 MHz, CDCI3) § 7.35 (m,
1H), 7.33 (d, J = 8.5 Hz, 1H), 7.29 (m, 1H), 6.55 (m, 1H), 6.01 (s, 1H),
5.71 (s, 1H), 5.65 (d, J = 10.0 Hz, 1H), 3.73 (s, 1H), 1.43 (s, 3H); 13C
NMR (200 MHz, CDC13) ¢ 195.91, 157.50, 156.16, 148.78, 135.47,
134.14, 131.54, 130.55, 128.94, 128.54, 124.76, 123.81, 116.48,
114.88, 112.02, 63.22, 28.04; HR-MS (ESI) calculated for Co1H;9C103
(M) 354.1023, found 354.1024.
2-(2-Chlorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-
6-yl)prop-2-en-1-one (15). 1H NMR (800 MHz, CDCI3) § 7.43 (d,
J = 8.4 Hz, 1H), 7.36 (dd, J = 3.9, 2.3 Hz, 1H), 7.30 (m, 1H), 7.26 (m,
2H), 6.55 (m, 2H), 6.04 (dd, J = 33.9, 0.6 Hz, 2H), 5.66 (d, J = 10.0
Hz, 1H), 3.81 (s, 3H), 1.43 (s, 6H); 13C NMR (200 MHz, CDCl3) o
194.25, 156.83, 155.95, 148.80, 137.21, 132.90, 131.61, 131.45,
130.50, 130.05, 129.45, 129.39, 126.79, 124.54, 116.60, 115.13,
111.46, 76.68, 63.48, 28.00; HR-MS (ESI) calculated for C51H;9C105
(M) 354.1023, found 354.1025.
2-(4-Fluorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-
6-yl)prop-2-en-1-one (16). 1H NMR (800 MHz, CDCI3) ¢ 7.38 (m,
1H), 7.33 (d, J = 8.5 Hz, 1H), 7.00 (m, 1H), 6.57 (d, J = 1.7 Hz, 1H),
5.99 (s, 1H), 5.69 (s, 1H), 5.65 (d, J = 10.0 Hz, 1H), 3.74 (s, 2H), 1.43
(s, 3H); 13C NMR (200 MHz, CDCI3) ¢ 196.16, 163.32, 162.09,
157.40, 156.11, 148.79, 133.10, 133.08, 131.51, 130.54, 129.44,
129.40, 124.88, 123.67, 116.51, 115.33, 115.23, 114.88, 111.96, 63.22,
28.03, 27.70; HR-MS (ESI) calculated for Co1H;9FO3 (M) 338.1318,
found 338.1328.
2-(3-Fluorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-
6-yl)prop-2-en-1-one (17). 1H NMR (800 MHz, CDCI3) 6 7.35 (d,
J = 8.5 Hz, 1H), 7.29 (td, J = 8.0, 6.0 Hz, 1H), 7.18 (m, 1H), 7.15 (m,
1H), 6.99 (m, 1H), 6.57 (d, J = 1.7 Hz, 1H), 6.56 (d, J = 3.4 Hz, 1H),
6.03 (s, 1H), 5.73 (s, 1H), 5.65 (d, J = 10.0 Hz, 1H), 3.74 (s, 2H), 1.43
(s, 6H); 13C NMR (201 MHz, CDCI3) ¢ 195.71, 157.54, 156.23,
148.80, 148.79, 139.15, 139.11, 131.61, 130.55, 129.82, 129.78,
124.72, 124.17, 123.34, 123.32, 116.49, 115.09, 114.99, 114.89,
114.65, 114.54, 112.03, 63.21, 28.04; HR-MS (ESI) calculated for
Ca1H19FO3 (M) 338.1318, found 338.1323.
2-(2-Fluorophenyl)-1-(5-methoxy-2,2-dimethyl-2H-chromen-
6-yl)prop-2-en-1-one (18). 1H NMR (800 MHz, CDCI3) 6 7.34 (d,
J = 8.4 Hz, 1H), 7.27 (m, 2H), 7.12 (td, J = 7.5, 1.1 Hz, 1H), 7.04
(ddd, J = 10.0, 8.2, 0.9 Hz, 1H), 6.58 (d, J = 10.0 Hz, 1H), 6.56 (dd,
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J = 8.4, 0.5 Hz, 1H), 6.10 (s, 1H), 5.96 (s, 1H), 5.65 (d, J = 10.0 Hz,
1H), 3.78 (s, 3H), 1.43 (s, 6H); 13C NMR (201 MHz, CDC13) § 194.77,
160.42, 159.19, 157.09, 155.98, 145.23, 131.58, 130.73, 130.72,
130.47, 130.00, 129.96, 128.22, 125.69, 125.61, 124.45, 124.10,
124.08, 116.59, 115.68, 115.57, 114.93, 111.81, 76.74, 63.25, 28.02;
HR-MS (ESI) calculated for CgH19FOs3 (M) 338.1318, found
338.1313.
1-(5-Methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(4-(trifluor-
omethyl)phenyl)prop-2-en-1-one (19). 1H NMR (800 MHz,
CDCI3) § 7.57 (dd, J = 45.5, 8.2 Hz, 4H), 7.35 (d, J = 8.5 Hz, 1H),
6.57 (m, 1H), 6.56 (d, J = 10.0 Hz, 1H), 6.08 (s, 1H), 5.81 (s, 1H), 5.66
(d, J = 10.0 Hz, 1H), 3.73 (s, 3H), 1.44 (s, 6H), 1.23 (s, 2H); 13C NMR
(201 MHz, CDCI3) 6 195.56, 157.61, 156.17, 148.77, 140.58, 131.47,
130.63, 127.99, 125.31, 125.29, 125.21, 124.62, 116.43, 114.91,
112.12, 76.91, 63.24, 29.69, 28.04; HR-MS (ESI) calculated for
CaoH19F303 (M) 388.1286, found 388.1291.
1-(5-Methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(3-(trifluor-
omethyl)phenyl)prop-2-en-1-one (20). 1H NMR (800 MHz,
CDCI3) ¢ 7.70 (s, 1H), 7.61 (d, J = 7.8 Hz, 1H), 7.57 (d, J = 7.8 Hz,
1H), 7.46 (t,J = 7.7 Hz, 1H), 7.35 (d, J = 8.5 Hz, 1H), 6.58 (m, 1H),
6.56 (d, J = 10.0 Hz, 1H), 6.10 (s, 1H), 5.81 (s, 1H), 5.66 (d, J = 10.0
Hz, 1H), 3.73 (s, 3H), 1.44 (s, 6H); 13C NMR (201 MHz, CDCI3) ¢
195.61, 157.55, 156.14, 148.58, 137.81, 131.43, 131.10, 130.62,
128.76, 125.28, 116.45, 114.90, 112.06, 76.88, 63.23, 28.02; HR-MS
(ESI) calculated for CooH19F505 (M) 388.1286, found 388.1292.
1-(5-Methoxy-2,2-dimethyl-2H-chromen-6-yl)-2-(2-(trifluor-
omethyl)phenyl)prop-2-en-1-one (21). 1H NMR (800 MHz,
CDCl3) 6 7.69 (d, J = 7.9 Hz, 1H), 7.55 (t, J = 7.5 Hz, 1H), 7.45 (t, J
=17.7Hz,1H),7.31(d, J = 7.6 Hz, 1H), 7.28 (d, J = 8.3 Hz, 1H), 6.60
(t, J = 9.2 Hz, 2H), 6.10 (d, J = 12.3 Hz, 2H), 5.67 (d, J = 9.9 Hz,
1H), 3.80 (s, 3H), 1.44 (s, 6H); 13C NMR (201 MHz, CDC13) § 194.44,
156.49, 155.57, 147.82, 132.11, 132.06, 131.43, 130.66, 130.60,
128.02, 124.30, 116.61, 115.24, 111.54, 76.61, 63.47, 27.97, HR-MS
(ESI) calculated for CooH;9F303 (M) 388.1286, found 388.1299.
2-(3,5-Bis(trifluoromethyl)phenyl)-1-(5-methoxy-2,2-dimethyl-
2H-chromen-6-yl)prop-2-en-1-one (22). 1H NMR (800 MHz,
CDCI3) 6 8.17 (s, 2H), 7.89 (s, 1H), 7.86 (s, 1H), 7.82 (s, 1H), 7.47 (s,
1H), 7.34 (d, J = 8.5 Hz, 1H), 7.31 (s, 2H), 6.89 (d, J = 8.5 Hz, 1H),
6.61(d,J = 8.4 Hz, 1H), 6.55 (d, J = 9.9 Hz, 1H), 6.45 (t, J = 8.9 Hz,
2H), 6.36 (d, J = 10.0 Hz, 1H), 6.21 (d, J = 8.3 Hz, 1H), 6.17 (s, 1H),
5.92 (s, 1H), 5.67 (d, J = 10.0 Hz, 1H), 5.65 (d, J = 10.0 Hz, 1H), 5.51
(d, J = 10.0 Hz, 1H), 3.72 (s, 3H), 3.65 (s, 3H), 3.45 (s, 3H), 3.08 (s,
1H), 2.63 (ddd, J = 17.5, 11.1, 6.5 Hz, 1H), 2.60 (s, 3H), 2.50 (d, J =
13.4 Hz, 1H), 2.05 (s, 1H), 1.4 (s, 6H), 1.44 (s, 3H), 1.40 (s, 3H), 1.37
(s, 3H), 1.27 (s, 3H), 1.23 (s, 3H); 13C NMR (200 MHz, CDCl3) ¢
197.81, 157.37, 154.78, 131.27, 131.00, 130.81, 130.77, 130.08,
129.45, 128.22, 128.02, 127.05, 124.29, 116.84, 116.34, 116.17,
115.28, 114.57, 112.26, 111.99, 86.18, 63.30, 63.14, 61.75, 41.03,
28.06, 28.04, 27.67, 27.17; HR-MS (ESI) calculated for Co3H gF¢O3
(M) 456.1160, found 456.1181.
4-(3-(5-Methoxy-2,2-dimethyl-2H-chromen-6-yl)-3-oxoprop-
1-en-2-yl)benzonitrile (23). "H NMR (800 MHz, CDCI3) § 7.63 (d,
J = 8.3 Hz, 1H), 7.53 (d, J = 8.3 Hz, 1H), 7.35 (d, J = 8.4 Hz, 1H),
6.58 (d, J = 8.5 Hz, 1H), 6.54 (d, J = 9.9 Hz, 1H), 6.09 (s, 1H), 5.84
(s, 1H), 5.66 (d, J = 10.0 Hz, 1H), 3.71 (s, 2H), 1.44 (s, 4H); 13C
NMR (200 MHz, CDCI3) ¢ 195.15, 157.83, 156.21, 148.51, 141.62,
132.90, 132.15, 131.46, 130.72, 128.32, 127.94, 125.57, 124.44,
118.74, 116.35, 114.92, 112.26, 111.77, 63.27, 28.07, HR-MS (ESI)
calculated for CooH9NO3 (M) 345.1373, found 345.1365.
3-(3-(5-Methoxy-2,2-dimethyl-2H-chromen-6-yl)-3-oxoprop-
1-en-2-yl)benzonitrile (24). 1H NMR (800 MHz, CDCI3) ¢ 7.74
(t,J = 1.5 Hz, 1H), 7.65 (ddd, J = 7.9, 1.6, 1.2 Hz, 1H), 7.59 (dt, J =
7.7, 1.3 Hz, 1H), 7.44 (t, J = 7.7 Hz, 1H), 7.34 (d, J = 8.5 Hz, 1H),
6.59 (dd, J = 8.5, 0.4 Hz, 1H), 6.55 (d, J = 10.1 Hz, 1H), 6.07 (s, 1H),
5.83 (s, 1H), 5.67 (dd, J = 9.9, 2.6 Hz, 1H), 3.72 (s, 3H), 1.44 (s, 6H),
1.43 (s, 1H), 1.34 (d, J = 18.9 Hz, 1H); 13C NMR (201 MHz, CDC13)
6 195.19, 157.70, 156.11, 147.92, 138.34, 132.13, 131.56, 131.36,
131.35, 130.71, 129.13, 125.73, 124.44, 118.65, 116.36, 114.91,
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112.61, 112.21, 76.95, 63.28, 28.05, 28.02; HR-MS (ESI) calculated
for 022H19N03 (M) 3451365, found 345.1381.

2-(3,4-Dimethoxyphenyl)-1-(2,2-dimethyl-2H-chromen-6-yl)
prop-2-en-1-one (25). 1H NMR (800 MHz, CDCI3) ¢ 7.70 (dd, J =
8.5, 2.1 Hz, 1H), 7.61 (d, J = 2.1 Hz, 1H), 6.97 (d, J = 2.1 Hz, 1H),
6.94 (dd, J = 8.3, 2.1 Hz, 1H), 6.79 (m, 1H), 6.74 (d, J = 8.4 Hz, 1H),
6.30 (d, J = 9.9 Hz, 1H), 5.88 (s, 1H), 5.61 (m, 1H), 5.43 (s, 1H), 3.93
(d, J = 2.5 Hz, 2H), 3.86 (s, 3H), 3.84 (s, 3H), 2.02 (s, 1H), 1.44 (d, J
= 2.6 Hz, 3H), 1.43 (s, 6H); 13C NMR (201 MHz, CDCI3) § 196.54,
157.76, 149.34, 148.90, 147.85, 132.25, 131.10, 129.89, 129.85,
128.58, 121.61, 120.60, 119.75, 117.12, 116.07, 111.06, 110.29,
109.66, 77.68, 60.39, 55.89, 29.68, 28.53, 28.45, 21.04, 14.18; HR-MS
(ESI) calculated for CooHy20,4 (M) 350.1518, found 350.1509.

Cells. Retinoblastoma cells from SNUOT-Rb1 (Kim et al., 2007),
Y79 (catalog number HTB-18, ATCC; Manassas, VA), and WERI-
Rb1 cells (catalog number HTB-169; ATCC) were maintained in
RPMI 1640 media supplemented with 10% FBS and 1% antibiotics
(catalog number 15240112; Thermo, Waltham, MA). STATS lucifer-
ase reporter HeLa stable cell line (catalog number SL-0003; Signo-
sis, Santa Clara, CA) were maintained in Dulbecco’s modified
Eagle’s medium media supplemented with 10% FBS and 1% anti-
biotics. ARPE-19 cells (catalog number CRL-2302; ATCC) were
maintained in Dulbecco’s modified Eagle’s medium/F-12 media
supplemented with 10% FBS and 1% antibiotics. Human retinal
microvascular endothelial cells (HRMECs; catalog number ACBRI
181; Cell Systems, Kirkland, WA) were maintained in Endothelial
cell growth medium-2 media (catalog number CC-3162; Lonza,
Basel, Switzerland).

Cell Viability Assay. SNUOT-Rb1, Y79, and WERI-Rb1 cells in
growth media or serum-free media with 5 mg/ml human serum albu-
min on 96-well plates were treated with a library of STAT3 inhibi-
tors at the concentrations of 100 nM to 10 wM for 48 hours. ARPE-19
cells and HRMECs in growth media on 96-well plates were treated
with compound 11 or 15 at the concentrations of 1 and 10 nM for 48
hours. Then, the cell viability was assessed with the EZ-CYTOX kit
(catalog number EZ-1000; DoGenBio, Seoul, Republic of Korea)
according to the manufacturer’s instructions. The concentrations at
which a growth inhibition of 50% is achieved (GlI5o) were the mean
values of each GI5o of SNUOT-Rb1, Y79, and WERI-Rb1 cells.

Enzyme-Linked Immunosorbent Assay. Y79 cells on 24-well
plates were treated with STATS3 inhibitors at the concentration of 1
wM for 30 minutes. Then, the cells were prepared for cell lysates
with the cell lysis buffer (catalog number 9803; Cell Signaling Tech-
nology, Danvers, MA) containing protease and phosphatase inhibitor
cocktails (catalog numbers P3100 and P3200, respectively; GenDE-
POT, Barker, TX). The levels of phospho-STATS at the tyrosine resi-
due 705 were measured using the PathScan Phospho-Stat3 (Tyr705)
Sandwich ELISA Kit (catalog number 7300; Cell Signaling Technol-
ogy) according to the manufacturer’s instructions. Quantitative anal-
yses were performed with n = 4 independent biologic replicates.

Luciferase Assay. STAT3 luciferase reporter HeLa stable cells
with stable expression of a STAT3 luciferase reporter were treated
with oncostatin M (10 ng/ml; catalog number 295-OM; R&D, Minne-
apolis, MN) without or with STAT3 inhibitors at the concentration of
1 pM for 24 hours. Then, the luciferase activity was measured using
the Dual-Glo Luciferase Assay System (catalog number E2920;
Promega, Madison, WI). Quantitative analyses were performed with
n = 4 independent biologic replicates.

Western Blot. Equal amounts of extracted proteins (50 pg) from
the cell lysates were separated by 7% SDS-PAGE and transferred to
nitrocellulose membranes. Cell lysates were prepared from SNUOT-
Rb1, Y79, and WERI-Rb1 cells under normal culture condition or
Y79 cells after the treatment of compound 11 or 15 at the concentra-
tions of 200 nM, 1 pM, and 10 pM for 12 hours. The membranes
were incubated with primary antibodies to phospho-STAT3 at the
tyrosine residue 705 (catalog number 9138; Cell Signaling Technol-
ogy), STAT3 (catalog number 9139; Cell Signaling Technology), or
p-actin (catalog number A2066; Sigma, St. Louis, MO) at 4°C

overnight. Then, they were treated with appropriate species-specific
secondary antibodies (catalog number sc-2357 and sc-516102; Santa
Cruz, Dallas, TX) at room temperature for 1 hour. Reagents from the
EZ-Western Lumi pico kit (catalog number DG-WP100; DoGenBio)
were applied to the membranes to visualize the bands in the Image-
Quant LAS4000 system with the accompanying software program
(GE, Chicago, IL).

Real-Time Polymerase Chain Reaction. Total RNA from cell
lysates of Y79 cells after the treatment of compound 11 or 15 at the con-
centrations of 1 uM for 12 hours was isolated using TRI Reagent
(Molecular Research Center, Cincinnati, OH). The quality of the
extracted RNA was evaluated using the NanoDrop 2000 Spectropho-
tometer (Thermo). Then, cDNA was prepared with the High-Capacity
RNA-to-cDNA Kit (catalog number 4387406; Thermo). Real-time poly-
merase chain reaction was performed with the StepOnePlus Real-Time
PCR System (Thermo) using TagMan Fast Advanced Master Mix (Life
Technologies) with Gene Expression Assays (catalog number 4453320;
Thermo). Specific assay identifiers for gene expression analysis were as
follows: 18S, Hs99999901 _s1; BCL2, HS00608023_ml; BCL2LI,
Hs00236329_m1; BIRC5, Hs04194392 s1; CCNDI1, Hs00765553_m1;
CDKNIA, Hs00355782_m1; GAPDH, Hs999999905_m1; GUSB, Hs9999
9908 _m1; HPRT1, Hs99999909_m1; MMP1, Hs00899658 m1; MMP9,
Hs00234579_m1; MYC, Hs00153408_m1; VEGFA, Hs00900055 _m1).
18S, GAPDH, GUSB, and HPRT'1 are genes for endogenous control. All
procedures were performed following the minimum information for publi-
cation of quantitative real-time polymerase chain reaction experiments
guidelines.

Mice. The 6-week-old male BALB/c nude (OrientBio, Seongnam-
si, Republic of Korea) and C57BL/6 (Koatech, Pyeongtaek-si, Repub-
lic of Korea) mice were maintained in a specific pathogen-free facility
under a 12-hour light/dark cycle. All experiments were done follow-
ing the Association for Research in Vision and Ophthalmology state-
ment for the use of animals in ophthalmic and vision research and
approved by the Institutional Care and Use Committee of Seoul
National University.

Orthotopic Transplantation of Retinoblastoma Cells.
SNUOT-Rb1, Y79, and WERI-Rb1 cells (5 x 10* cells per eye) were
injected into the vitreous cavity of BALB/c nude mice. At 2 weeks
later, PBS (1 pl) or STATS inhibitors (compound 11 or 15; at the con-
centration of 1 wM in 1 pl PBS) were injected into the vitreous cavity
after the confirmation of intraocular tumor formation (n = 10). At 4
and 6 weeks after the primary injection of retinoblastoma cells (2
and 4 weeks after the injection of STATS inhibitors), the tumor for-
mation was evaluated according to the previously reported visual
grading system, from grade 0 to grade 5 (Jo et al., 2017). Then, the
eyes were prepared for histologic evaluation with H&E staining.

Histologic and Terminal Deoxynucleotidyl Transferase
dUTP Nick-End Labeling Analyses. C57BL/6 mice were treated
with PBS (1 pl) or STATS inhibitors (compound 11 or 15; at the con-
centration of 1 pM in 1 pl PBS) via intravitreal administration (n =
6). At 7 days after the injection, the enucleated eyes were prepared
for H&E staining and TUNEL. H&E-stained slides were evaluated
to measure the ratio of the retinal thickness from the internal limit-
ing membrane to the inner nuclear layer (A in the graph) to that
from the internal limiting membrane to the outer nuclear layer (B in
the graph). The mean numbers of TUNEL-positive cells were evalu-
ated in 10 randomly selected fields in each slide at x400
magnification.

Optomotor Response Measurement. A virtual-reality optoki-
netic system (OptoMotry HD, CerebralMechanics, Medicine Hat,
Canada) was used to measure optomotor response in the form of
grating acuity visual threshold, according to the manufacturer’s
instructions and previously reported publications (Prusky et al.,
2004; Douglas et al., 2005). Briefly, mice (n = 6) were positioned on
the center of the platform where they were exposed to a virtual rotat-
ing cylinder on 4 monitors around them. Visual thresholds were
determined to produce the maximum spatial frequency (cycles per
degrees), which the mice could respond to the rotating stimuli.



Statistics. Statistical analyses were performed using the Graph-
Pad Prism 9 program (GraphPad, San Diego, CA) and IBM SPSS
Statistics 26 (IBM, Armonk, NY). Specific statistical methods were
indicated in the figure legends.

Results

SAR. We analyzed that the structure of 1 has three parts
(Fig. 1A), a dimethoxyphenyl moiety (A part), a Michael
acceptor (B part), and a chromene ring moiety (C part). We
previously reported 1 containing Michael acceptor as a
STATS3 inhibitor based on a luciferase reporter assay and
cytotoxicity evaluation with several breast cancer cell lines
(Kim et al., 2015). Through the previous study, we investi-
gated several analogs without Michael acceptors and eluci-
dated that the Michael acceptor is a crucial moiety for
STATS inhibitory activity (Kim et al., 2015). Nonetheless, the
earlier study has a limitation in terms of the structural diver-
sity. Particularly, the detailed SAR studies of the substituent
effect of the o-position of the Michael acceptor, the 3,4-
methoxy benzene in the A part, were not included.

First, in this study, we investigated the role of a Michael
acceptor in antiproliferative activities in three different reti-
noblastoma cell lines, SNUOT-Rb1, Y79, and WERI-Rb1 cells
(Fig. 1, B and C). The parental compound 1 possessing 3,4-
dimethoxybenzene group on the o-position of the Michael
acceptor exhibited antiretinoblastoma activity with an aver-
age Glsq value of 4.97 uM. On the other hand, the alcohol
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analog 2, which was previously reported by our group (Kim
et al., 2015), another alcohol analog, 3, of which exo-olefin of
Michael acceptor was alternated to a hydroxyl group, and a
simple ketone analog, 4, without Michael acceptor showed
remarkably low antitumor activities (Fig. 1B). Surprisingly,
the analog 5 without a substituent on the o-position of
Michael acceptor also exhibited no antiretinoblastoma activ-
ity, although it possessed the Michael acceptor moiety (Fig.
1C). However, antiretinoblastoma activity was restored by
introducing a simple methyl group (analog 6) on the o-posi-
tion of the Michael acceptor (average Glso of 3.72 uM; Fig.
1C). The analog 7 possessing a simple benzene group on the
a-position of the Michael acceptor also showed good antireti-
noblastoma activity (average Glso of 4.23 pM), whereas the
analog 8 possessing a cyclohexane on the a-position of the
Michael acceptor had no activity (Fig. 1C). It is possible to
suggest the size limit of the binding pocket on the a-position
of the Michael acceptor based on the comparison among ana-
logs 6, 7, and 8, because the methyl group and benzene group
is small, flat, and planar compared with the cyclohexane
group in terms of the three-dimensional conformation.

We next examined the effects of the A part variation on the
antiretinoblastoma activity to investigate the substituent
effect of the benzene ring (Fig. 2). We first evaluated simple
benzene (analog 7, average Gl of 4.23 uM), 3,4-di-chloro,
and 3,4-di-fluoro benzene (analog 9, average Gl5, of 8.47 uM;
and 10, average Glsy of 4.81 pM) analogs to examine the
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Fig. 2. Structures and structure-activity relationships of a library of STATS3 inhibitors regarding the dimethoxyphenyl and chromene ring moie-
ties. (A-E) The GI5( values of analogs with modification of the A part. (A) Analogs with a simple benzene (analog 7), 3,4-di-chloro (analog 9) and
3,4-di-fluoro benzene (analog 10), and 4-fluoro and 3-trifluoro benzene (analog 11) instead of the 3,4-dimethoxy benzene in the A part. (B) The
monosubstituted methoxy analog (analog 12) and the demethylated analog 12 with hydroxyl analog (analog 13). (C) The analogs with the monoe-
lectro withdrawing group substituted to chloro (analogs 14 and 15), fluoro (analogs 16-18), and trifluoro analogs (analogs 19-21). (D) The meta,-

meta-di-trifluoro analog (analog 22). (E) The monocyano analogs (analogs
(a benzopyran moiety).

23 and 24). (F) The GI5o values of the demethoxy analog of the C part
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function of the 3,4-dimethoxy in the A part benzene ring (Fig.
2A). Although there has been controversy over the fluorine
atom as a hydrogen bond acceptor in the benzene ring, a
difluoro analog 10 exhibited potent activity compared with a
dichloro analog 9 (Dunitz and Taylor, 1997; Bissantz et al.,
2010). Interestingly, analog 11 containing 4-fluoro and 3-tri-
fluoro as hybrid substituents of the benzene showed excellent
cytotoxicity with an average Gl value of 3.80 uM (Fig. 2A).
These results implied the necessity of robust research on the
substituent effect of the A part on antiretinoblastoma activ-
ity. The monosubstituted methoxy analog 12 (average Glsg of
4.92 pM) exhibited good cytotoxicity comparable to the paren-
tal compound 1. In contrast, the demethylated analog of 12,
the hydroxyl analog 13 (average Glso of 7.15 uM), which is a
hydrogen bond donor, showed lower activity (Fig. 2B). The
monoelectron withdrawing group-substituted chloro analogs
(analog 14, average Glxq of 3.37 pM; and 15, average Gl5q of
3.06 uM), fluoro analogs (analog 16, average Glsq of 4.7 uM;
17, average Gl5¢ of 5.40 uM; and 18, average Gl5o of 5.47
pM), and trifluoro analogs (analog 19, average Gls5 of 4.41
uM; 20, average Glso of 5.13 uM; and 21, average GI5, of 5.65
uM) showed excellent to good antiproliferative activities com-
pared with the parental compound 1 (Fig. 2C). Remarkably,
the meta, meta-di-trifluoro analog 22 (average Glso of 8.13
uM) showed lower activity than the meta-mono-trifluoro ana-
log 20 (Fig. 2D). It implied that the meta-mono trifluoro ben-
zene might not be rotatable in the binding site. If it is
rotatable in the binding site, the conformation and mode of
action were very similar between meta-mono and meta, meta-
di trifluoro benzenes. Analogs that have a monocyano group
(analog 23, average Glsq of 8.27 pM; and 24, average Gl5q of
7.56 uM) less hydrophobic than other electron-withdrawing
groups exhibited lower activities (Fig. 2E).

Next, we investigated the role of a methoxy group at the 2-
position in the C part carboxychromene moiety via comparing
the parental compound 1 and the demethoxy analog 25

TABLE 1

GI5o values (uM) of each compound in SNUOT-Rb1, Y79, and WERI-
Rb1 cells

SNUOT-Rb1 Y79 WERI-Rb1 Average
1 4.95 5.13 4.82 4.97
2 NA NA NA NA
3 NA NA NA NA
4 NA NA NA NA
5 NA NA NA NA
6 3.63 3.58 3.95 3.72
7 4.09 4.37 4.24 4.23
8 NA NA NA NA
9 8.10 9.18 8.13 8.47
10 4.24 5.45 4.75 4.81
11 2.96 4.77 3.66 3.80
12 5.04 5.18 4.53 4.92
13 5.98 7.81 7.65 7.15
14 2.62 3.66 3.84 3.37
15 1.98 3.39 3.81 3.06
16 4.31 5.54 4.53 4.79
17 4.86 6.39 4.97 5.40
18 4.45 6.65 5.29 5.47
19 4.90 4.27 4.07 4.41
20 5.02 5.21 5.16 5.13
21 4.59 7.07 5.29 5.65
22 7.98 9.00 7.41 8.13
23 8.07 8.15 8.58 8.27
24 7.60 7.55 7.53 7.56
25 3.73 4.52 3.83 4.03

(average Gl5g of 4.03 uM; Fig. 2F). The methoxy effect on the
chromene ring did not play any significant role in the anti-
proliferative activity, which suggests the possibility of a tun-
ing substituent of the chromene ring. The GI5o values
showed similar patterns in all 3 tested cell lines, SNUOT-
Rb1, Y79, and WERI-Rb1 (Table 1). Also, there were no defi-
nite differences in the GI5( values of analogs 11 and 15 in the
experiments using 5 mg/ml of human serum albumin instead
of 20% FBS to investigate whether there would be a shift of
the values (3.72 pM versus 3.80 uM in analog 11 and 3.10
pM versus 3.06 pM in analog 15).

Effects of Analogs on the Phosphorylation and the
Transcription Activity of STAT3. To figure out whether
antiproliferative effects of analogs were related to their inhib-
itory effects of STAT3, we measured the levels of phospho-
STAT3 at the tyrosine residue 705 in Y79 cells upon the
treatment with each analog at the concentration of 1 pM
(Fig. 3A). Interestingly, simple methyl (analog 6), 4-fluoro,
and 3-trifluoro benzene (analog 11), and monochloro benzene
(analog 14 and 15) analogs exhibited better inhibitory effects
on the phosphorylation of STAT3 than the parental com-
pound 1 (Fig. 3A). In line with these results, these analogs
also effectively suppressed the oncostatin M-induced tran-
scription activity of STATS3 in cells from the HeLa stable cell
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Fig. 3. Inhibition of phosphorylation and transcription activity of
STAT3 by a library of STATS inhibitors. (A) The relative levels of phos-
pho-STATS3 (Tyr705) in the cell lysates of Y79 cells after the treatment
of a library of STAT3 inhibitors. (B) The relative levels of transcription
activity of STAT3 on luciferase reporter assays. Mean + S.D. of n = 4
independent biologic replicates. One-way ANOVA with post hoc Dun-
nett’s multiple comparison tests. The value of each compound was com-
pared with the values of the control group in Fig. 3A and the positive
control group in Fig. 3B. ****P < 0.0001. Red dashed lines correspond
to the values of the parental compound, analog 1. The analogs of which
activities were better than the parental compound were indicated with
the red bars. AU, artificial unit; C, control; N, negative control; P, posi-
tive control treated with oncostatin M.



line compared with the parental compound 1 at the concen-
tration of 1 pM (Fig. 3B).

Inhibitory Effects of Analogs 11 and 15 on the Phos-
phorylation of STAT3 and the Transcription of
STAT3-Related Genes. As in tumor tissues from patients
with retinoblastoma and ?70% of solid cancers (Yu and Jove,
2004; Mohan et al., 2006; Jo et al., 2014), SNUOT-Rb1, Y79,
and WERI-Rb1 cells showed the constituent activation of
STATS3 under the normal culture condition (Fig. 4A). Analogs
11 and 15 effectively suppressed the phosphorylation of
STAT3 in Y79 cells in a dose-dependent manner (Fig. 4,
B-D). The target genes of STAT3 related to the tumorigene-
sis include CCND1, CDKNIA (cell cycle), BCL2, BCL2L1,
BIRC5, MYC (antiapoptosis), MMP1, MMP9 (migration,
invasion), and VEGFA (angiogenesis) (Luwor et al., 2013).
Analogs 11 and 15 significantly decreased the mRNA expres-
sion of the target genes of STATS3 in Y79 cells at the concen-
tration of 1 M (Fig. 4, E and F).

Suppression of In Vivo Formation of Retinoblas-
toma Tumors by Analogs 11 and 15. An orthotopic
transplantation model is an effective tool to investigate the
potential of therapeutic agents in the treatment of retino-
blastoma (Jo et al., 2014; Jo et al., 2017). The visual grad-
ing system defines the intravitreal tumor from the grade 0
(no tumor), 1 (the streak-like tumor), 2 (the plaque-like
tumor), 3 (evident mass formation), 4 (the vitreous-filling
tumor), to 5 (the globe-enlarging tumor) (Jo et al., 2017).
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At 2 weeks after the intravitreal injection of retinoblas-
toma cells, we administered analogs 11 or 15 at the concen-
tration of 1 uM in 1 pl PBS into the vitreous cavity. Then,
at 4 weeks after the injection of tumor cells, the tumor for-
mation was evaluated. In line with in vitro effects, the
degrees of in vivo tumor formation were less severe in
groups treated with analogs 11 or 15 compared with the
control group treated with PBS (P < 0.001; Fig. 5A). There
were no events of regrowth of tumors with additional 2-
week follow-up. In contrast, the mice in the control groups
failed to endure the additional follow-up period because of
eyeball rupture due to tumor enlargement. H&E slides also
showed that there were no definite tumor remnants in the
vitreous cavity facing the retinal tissue in groups treated
with analogs 11 or 15 (Fig. 5, B-D).

No Definite In Vitro and In Vivo Toxicities of Ana-
log 11 and 15. In the treatment of pediatric cancers, one of
the major concerns is systemic and local toxicity related to
chemotherapy. ARPE-19 cells and HRMECs represent reti-
nal pigment epithelial and microvascular endothelial cells,
respectively. Interestingly, these cells did not express consti-
tutive activation of STAT3 in normal culture conditions com-
pared with retinoblastoma cells, SNUOT-Rb1l, Y79, and
WERI-Rb1 cells (Jo et al., 2014). Even at 10 uM, analogs 11
and 15 did not affect the cellular viability of ARPE-19 cells
and HRMECs (Fig. 6, A and B). Also, these analogs did not
induce the change in the histologic integrity (Fig. 6, C and
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Fig. 4. Suppression of phosphorylation of STAT3 and expression of the target genes of STAT3 by analogs 11 and 15. (A) The protein expression of
phospho-STAT3 (Tyr705) and STAT3 in SNUOT-Rb1, Y79, and WERI-Rb1 cells. (B) The protein expression of phospho-STAT3 (Tyr705) and
STAT3 in Y79 cells after the treatment of analogs 11 and 15. (C and D) The relative values of the ratios of phospho-STAT3 to STATS3 upon treat-
ment with analogs 11 (C) and 15 (D) at the concentrations of 200 nM, 1 uM, and 10 uM. Mean + S.D. of n = 4 independent biologic replicates.
The value of each treatment group was compared with the values of the control group. One-way ANOVA with Dunnett’s multiple comparison
tests. (E and F) The relative values of gene expression of target genes of STAT3 after the treatment of analogs 11 (E) and 15 (F). Mean + S.D. of
n = 4 independent biologic replicates. The value of each treatment group was compared with the values of the control group. Two-way ANOVA
with post hoc Tukey’s multiple comparison tests. NS, P > 0.05; *P < 0.05; **** and *P < 0.0001. AU, artificial unit; p-STATS3, phospho-STATS at

the Tyr705 residue.
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Fig. 5. In vivo inhibition of the formation of retinoblastoma tumors by analogs 11 and 15. (A) The proportions of grade 0-5 intraocular tumors in
the eyes of male BALB/c nude mice (n = 10) at 1 month after the intravitreal injection of SNUOT-Rb1, Y79, and WERI-Rb1 cells. Analogs 11 and
15 were intravitreally injected at 2 weeks after the intravitreal injection of tumor cells. Grade 0, no evidence of tumor; grade 1, streak-like tumor;
grade 2, plaque-like tumor; grade 3, definite mass; grade 4, vitreous-filling mass; grade 5, mass with globe enlargement or eyeball rupture. Fish-
er’s exact tests showed that P values were less than 0.0001 in all 3 experiments. (B-D) The representative images of eyes of male BALB/c nude
mice (n = 10) at 1 month after the intravitreal injection of SNUOT-Rb1, Y79, and WERI-Rb1 cells. Analogs 11 and 15 were injected at 2 weeks

after the intravitreal injection of tumor cells. Scale bar, 50 p.m.

D), the apoptotic activity (Fig. 6, E and F), the visual function
(Fig. 6G), and body weight (Fig. 6H) at 1 week after they
were administered into the vitreous cavity at the concentra-
tion of 10 uM, 10 times the therapeutic concentration.

Discussion

In this study, we established a detailed SAR between ana-
logs from a library of derivatives of compound 1 and antitu-
mor activities. We confirmed that the Michael acceptor was
the key moiety in the inhibition of STATS3 activation in line
with previous studies (Butturini et al., 2011, 2013; Don-Don-
cow et al., 2014; Kim et al., 2015). Furthermore, among the
derivatives, we found that analogs 11 and 15 were the most
potent in the inhibition of the phosphorylation and transcrip-
tion activity of STATS3. These analogs effectively suppressed
the phosphorylation of STAT3 at the tyrosine residue 705 of
Y79 cells, which demonstrates the constitutive activation of
STAT3. They also decreased the expression of the target
genes of STATS3. These data implied that analogs 11 and 15
were STATS inhibitors as the parental compound 1. The in
vivo experiments using an orthotopic transplantation model

showed that these novel STATS3 inhibitors suppressed the
tumor formation in the vitreous cavity. Despite their potent
in vitro and in vivo effects, these analogs did not affect the
cellular viability of retinal constituent cells and the histologic
integrity of retinal tissues. Also, they did not induce changes
in the visual threshold to rotating stimuli and body weight.
STATS inhibitors seem to have potential in cancer therapy
in that STATS3 is persistently and constitutively activated in
many malignancies, resulting in cell proliferation, survival,
and angiogenesis (Wong et al., 2017). Canonical STATS3 acti-
vation by the phosphorylation at the tyrosine residue 705
leads to STATS3 dimerization, nuclear translocation, and
binding to a canonical sequence of DNA (Huynh et al., 2019).
Direct and indirect STAT3 inhibitors target STAT3 protein
directly and upstream regulators of STAT3 pathway, respec-
tively (Wong et al., 2017; Lee et al., 2019). Direct inhibitors
usually block the SH2 domain for dimerization or the DNA-
binding domain (Lee et al., 2019). The parental compound 1
of the derivatives in this study directly binds to STATS, fur-
ther disrupting the dimerization and translocation of STATS3
(Kim et al., 2015). In this context, we speculated that further
studies with large animals might be necessary to figure out
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Fig. 6. In vitro and in vivo toxicity profiles of analogs 11 and 15. (A and B) The cellular viability of ARPE-19 (A) and HRMECs (B) after the treat-
ment of analogs 11 and 15. The concentrations of analogs were 1 and 10 wM. (C) The representative images of H&E-stained retinal tissues at 1
week after the intravitreal injection of analogs 11 and 15 (10 wM). (D) The relative ratios of the retinal thickness from the internal limiting mem-
brane to the inner nuclear layer, A, to that from the internal limiting membrane to the outer nuclear layer, B (n = 6). (E) The representative
images of TUNEL-stained retinal tissues at 1 week after the intravitreal injection of analogs 11 and 15 (10 pM). (F) The number of TUNEL-posi-
tive cells in each slide at x400 magnification (n = 6). (G and H) Optomotor response (G) and body weight (H) at 1 weeks after the intravitreal
injection of analogs 11 and 15 (10 pM). Mean + S.D. of n = 6 independent biologic replicates. One-way ANOVA analyses showed that P values
were over 0.05. Scale bar, 50 um. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.

whether there would be intercalation of constituent proteins
in the vitreous cavity in the action of STATS inhibitors in the
eyes. Nevertheless, it is remarkable that there were no definite
differences in the GlI5q values in cellular viability assays in cell
culture with growth media with 10% FBS and serum-free
media with 5 mg/ml human serum albumin. Galiellalactone,
which is also a Michael acceptor, covalently binds to STAT3
and inhibits its binding to DNA (Don-Doncow et al., 2014).
Another mechanism of Michael acceptors to inhibit STAT3
activation is direct interaction with glutathione, triggering
S-glutathionylation of STAT3 (Butturini et al., 2011, 2013).

As in other cancers, STAT3 is activated in retinoblastoma
tumors. The immunoreactivity to the phosphorylated STAT3
is evident in 19 out of 22 tumor samples from patients with
invasive retinoblastoma (Mohan et al., 2006). Similarly, we
previously reported that retinoblastoma tissues from six
patients with advanced tumors demonstrated highly positive
nuclear staining of phosphorylated forms of STAT3 at the
tyrosine residue 705 and serine residue 727 (Jo et al., 2014).
We speculated that direct targeting to STAT3 might be a
plausible way to treat patients with retinoblastoma. Cur-
rently, the first-line systemic chemotherapy regimen for reti-
noblastoma is limited to conventional drugs including
vincristine, etoposide, and carboplatin. There are no definite
second-line options for retractable retinoblastoma tumors to
conventional drugs. STAT3 inhibitors might have a role in
the treatment of retinoblastoma in that STATS is activated
in invasive and advanced tumors (Mohan et al., 2006; Jo et
al., 2014). Furthermore, previous studies on targeting STAT3
or the STAT3 pathway in retinoblastoma have demonstrated
promising in vitro and in vivo results. Small interfering RNA
targeting to STATS3 inhibited proliferation, invasion, and

migration of Y79 cells (Jo et al., 2014; Liang et al., 2018).
Also, it suppressed in vivo formation of orthotopic tumors in
the vitreous cavity (Jo et al., 2014). Studies on the roles of
microRNAs and long noncoding RNAs showed that STATS3 is
a key mediator of their action (Liu et al., 2016; Hu et al.,
2018; Liu et al., 2018; Zhang et al., 2018; Sun et al., 2020).
The current study also demonstrated that novel STATS3
inhibitors from the in-house library showed in vitro and in
vivo efficacy on retinoblastoma.

Novel STAT3 inhibitors from the library of derivatives of
compound 1 effectively suppressed in vivo tumor formation
and did not affect the histologic integrity of the retinal tis-
sues. These STAT3 inhibitors can be used in the treatment of
retinoblastoma in coordination with currently available che-
motherapeutic agents in that they target the retinoblastoma-
relevant STATS signaling pathway.
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