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ARTICLE INFO ABSTRACT

Keywords:
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Hormone-dependent cancers such as breast, uterine, and ovarian cancers account for more than 35% of all
cancers in women. Worldwide, these cancers occur in more than 2.7 million women/year and account for 22% of
cancer-related deaths/year. The generally accepted mechanism for the pathophysiology of estrogen-dependent
cancers is estrogen receptor-mediated cell proliferation associated with an increased number of mutations.
Therefore, drugs that can interfere with either local estrogen formation or estrogen action via estrogen receptors
are needed. Estrane derivatives that have low or minimal estrogenic activity can affect both pathways. In this
study, we investigated the effect of 36 different estrane derivatives on the proliferation of eight breast, endo-
metrial, and ovarian cancer cell lines and the corresponding three control cell lines. Estrane derivatives 3 and
4_2Cl showed a stronger effect on the endometrial cancer cell lines KLE and Ishikawa, respectively, compared
with the control cell line HIEEC, with IC50 values of 32.6 microM and 17.9 microM, respectively. Estrane de-
rivative 4_2Cl was most active in the ovarian cancer cell line COV362 compared to the control cell line HIO80
with an IC50 value of 3.6 microM. In addition, estrane derivative 2_41 showed a strong antiproliferative effect on
endometrial and ovarian cancer cell lines, while the effect on the control cell line was slight or absent. The
addition of halogen at carbon 2 and/or 4 in estrane derivatives 1 and 2 increased the selectivity for endometrial
cancer cells. Overall, these results suggest that single estrane derivatives are efficient cytotoxic agents for
endometrial and ovarian cancer cell lines, and thus potential lead compounds for drug development.
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1. Introduction therapeutic strategies. The generally accepted mechanism for the

pathophysiology of estrogen-dependent cancers, including BC and EC, is

Hormone-dependent cancers include breast cancer (BC), endome-
trial cancer (EC), and ovarian cancer (OC), which account for more than
35% of all cancers in women [1]. BC is the most common cancer
worldwide with 2.3 million new cases and 684,996 deaths in 2020. EC
and OC are the most frequent gynecological cancer and the deadliest
hormone-dependent cancer, with 417,367 and 313,959 new cases in
2020, respectively [2]. BC and EC together account for 37% of all new
cases, while together with OC account for 24% of cancer deaths [3]. The
enormous number of patients and deaths attributable to these
hormone-dependent diseases highlights the importance of new

estrogen receptor-mediated cell proliferation associated with an
increased number of mutations. Drugs currently used to treat estrogen
receptor positive breast cancer interfere with local estrogen formation
and estrogen action. Aromatase inhibitors have also been used in EC, but
with less effect [4]. The presence of estrogen biosynthesis enzymes and
estrogen receptors has been confirmed in ovarian cancer [5], demon-
strating the involvement of estrogens in pathophysiology and justifying
the use of estrogen deprivation therapy [6]. Current estrogen depriva-
tion therapies, which include aromatase inhibitors and selective estro-
gen receptor modulators, are not optimal and lead to estrogen refractory
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disease. Estrone derivatives are potential inhibitors of estrogen biosyn-
thesis and uptake and therefore may exhibit antiproliferative effects due
to their low estrogenic activity. The lower estrogenic activity of estrone
compared with that of its 17p-hydroxy counterpart could be further
reduced by the introduction of one or two halogen atoms at positions C2
and/or C4 [7-9]. Other structural changes in the estrane skeleton could
also lead to a reduction or complete loss of estrogenic activity. These
include opening of the D-ring or configuration reversal at C13 [10-13].
We recently presented the results of biochemical studies of A-ring
halogenated 13- and 13a-estrogen derivatives with the D-ring intact or
17-deoxy [14-18]. These derivatives were previously tested for their
inhibition of various enzymes involved in the estrogen pathway,
including STS, 17p-HSD type 1 (HSD17B1), and AKR1C enzymes and the
OATP2B1 transporter, and some of the compounds showed remarkable
results [14-20]. Potent enzyme inhibitors with submicromolar or low
micromolar ICsg values were identified, exhibiting selective or multiple
inhibitory activities. Important structure-activity results were obtained
that could make a valuable contribution to the development of selec-
tively acting estrogen-based anticancer agents. In this research, we
investigated a series of 36 estrane derivatives previously characterized
for their inhibitory activity as potential agents against the proliferation
of BC and EC and HGSOC, the most common subtype of OC.

2. Methods
2.1. Synthesis and characterization of estrane derivatives

A total of 36 compounds were tested in this study. The compounds
were prepared from the starting compounds (1—4) shown in Fig. 1:

The epimeric 13f- or 13a-estrane derivatives investigated in this
study (Supplementary Table 1) were synthesized and characterized as
described previously (13—17).

2.2. Cell lines

In this study we used model cell lines from BC (MCF?7), EC (Ishikawa,
Hec-1-A, KLE, RL95-2), and high grade serous ovarian cancer (HGSOC;
Kuramochi, COV362, OVSAHO) and the corresponding control cell lines
(human breast epithelial cell line MCF10A, control endometrial cell line
HIEEC, ovarian surface epithelial cell line HIO80). Cells were grown in a
humidified atmosphere with 5% CO, at 37 °C. All cell lines were
cultured in media without antibiotics and were negative for mycoplasma
infection, which was regularly tested using the MycoAlertTM myco-
plasma detection kit (Lonza, Basel, Switzerland).

The control cell line MCF10A (CVCL_0598) was originally derived

Fig. 1. Starting compounds for the synthesis of estrane derivatives.
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from the fibrocystic mammary gland of a 36-year-old parous premeno-
pausal Caucasian woman. The cell line was acquired from LGC Stan-
dards GmbH, Wesel, Germany on 4th April, 2019 [21]. MCF10A cells
were grown in DMEM:F12 medium (D0547) containing 5% FBS
(F9665), 10 pg/mL insulin (19278), 20 ng/mL EGF (AF-100-15; stock
solution 100 pg/mL), 0.5 ug/mL hydrocortisone (H0888-1 G, all from
Sigma-Aldrich, St. Louis, MI, USA). Cells in passage + 8 to + 14 were
used in this study and seeded at concentration of 1 x 10* cells/mL.
Authentication by STR profiling was performed by ATCC in 2019.

The human breast adenocarcinoma cell line MCF-7 (CVCL-0031) was
originally derived from a 69-year-old patient [22], and it was acquired
on 12" January 2016 from Sigma-Aldrich (86012803; lot number
14/018; Sigma-Aldrich, St. Louis, MI, USA). MCF-7 cells were grown in
Minimum Essential Medium Eagle (M5650; Sigma-Aldrich GmbH)
containing 10% FBS (F9665) and 0.01 mg/mL insulin (19278) (all from
Sigma-Aldrich, St. Louis, MI, USA). Cells in passage + 15 to + 26 were
used in this study and seeded at concentration of 4.5 x 10* cells/mL.
Authentication by STR profiling was performed by ECACC on 5th
October 2016.

The endometrial control cell line HIEEC was obtained from Michael
A. Fortier (Laval University, Quebec, Canada) on 4th April 2014 as p14.
It was originally prepared from a primary culture obtained from an
endometrial biopsy taken from a 37-year-old woman with confirmed
absence of neoplasia and endometriosis [23], on day 12 of her menstrual
cycle. HIEEC cells were grown in RPMI-1640 medium (R5886) supple-
mented with 2 mM L-glutamine (G7153) and 10% fetal bovine serum
(F9665, all from Sigma-Aldrich, St. Louis, MI, USA). HIEEC cells in
passage + 12 to + 19 were used in this study and seeded at concentra-
tion 5 x 10* cells/mL. Cells in passage p + 8 were authenticated by STR
profiling performed by ATCC on 8™ March 2018.

The Ishikawa cell line (CVCL_2529) was originally derived from an
endometrial adenocarcinoma from a 39-year-old Asian woman [24],
and was acquired on 18" December 2012 from Sigma-Aldrich
(ECACC99040201; Sigma-Aldrich Chemie GmbH; Deisenhofen, Ger-
many) as p + 3. Cells were cultured in Eagle’s Minimum Essential Me-
dium (M5650) supplemented with 2 mM NaHCO3 (S3817) and 5% FBS
(F9665, all from Sigma-Aldrich Chemie GmbH; Deisenhofen, Germany).
Cells in passage + 12 to + 16 were used in this study and seeded at
concentration of 4 x 10* cells/mL. Cells p + 13 were authenticated by
STR profiling by ATCC on 22md February 2018.

The HEC-1-A cell line (CVCL_0293) was originally derived from an
endometrial adenocarcinoma from a 71-year-old patient [25], and it was
acquired from the American Type Culture Collection (ATCC_
HTB-112TM) on 31% May 2012 as p125. The growth medium for
HEC-1-A cells was McCoy’s 5 A medium (M4892; Sigma-Aldrich, St.
Louis, ML, USA), containing10% FBS (F9665). HEC-1-A cells in passage
+ 10 to + 17 were used in this study and seeded at concentration of
5 x 10 cells/mL. Cells in passage p + 15 were authenticated by STR
profiling performed by ATCC on 2ond February 2018.

The KLE cell line (CVCL_1329) was originally derived from a poorly
differentiated endometrial carcinoma from a 68-year-old patient [26],
and was acquired from the American Type Culture Collection (ATCC_
CRL-1622™, 1ot 70001143) on 18™ October 2017 as p + 12. The growth
medium for KLE cells was DMEM:F12 (D6421; Sigma-Aldrich GmbH)
supplemented with 10% FBS (F9665) and 2.5 mM L-glutamine (G7153).
KLE cells in passages + 18 and + 27 were used in this study and seeded
at concentration of 8 x 10* cells/mL. Authentication by STR profiling
was performed by ATCC in 2017.

The RL95-2 (CVCL_0505) cell line was originally established from a
grade 2 adenosquamous endometrial carcinoma from a 65-year-old
patient [27], and was acquired from the American Type Culture
Collection (ATCC_ CRL-1671™, lot 62130010) on 18™ October 2017 as
p125. Growth medium for RL95-2 cells was DMEM/F12 (D6421; Sig-
ma-Aldrich GmbH), containing 10% FBS (F9665), 2.5 mM L-glutamine
(G7153) and 5 pg/mL insulin (19278). For this study, RL95-2 cells were
used in passages + 12 and + 15 and seeded at a concentration of
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3.5 x 10* cells/mL. Authentication by STR profiling was performed by
ATCC in 2017.

The control ovarian cell line HIO80 (CVCL_E274) was obtained from
Andrew K. Godwin (University of Kansas Medical Center, Kansas, USA)
on 20™ October 2017 as p -+ 72. It was originally derived from ovarian
surface epithelium [28]. HIO80 cells were grown in 1:1 mixture of
medium 199 (M5017; Sigma-Aldrich GmbH) and MCDB105 medium
(M6395) supplemented with 4% FBS (F9665) and 7.5 ug/mL insulin
(19278). HIO8O0 cells in passage + 10 to + 12 were used in this study and
seeded at concentration 2 x 10* cells/mL. HIO80 in passage p + 10
were authenticated by STR profiling performed by ATCC on 22! Feb-
ruar 2019.

The Kuramochi cell line (CVCL_1345) was originally derived from
high grade ovarian serous adenocarcinoma from a metastatic site in the
ascites [29] and was acquired from JCRB (JCRB0098 lot 06302015) on
23" October 2017 as pl7. Growth medium for Kuramochi cells was
RPMI (R5886; Sigma—-Aldrich GmbH), containing 10% FBS (F9665) and
2 mM L-glutamine (G7153). In this study Kuramochi cells in passages
125 + 7-125 + 12 were used and seeded at concentration of 7.5 x 10*
cells/mL. Authentication by STR profiling was performed by JCRB on
30" October 2017.

The COV362 (CVCL_2420) cell line was originally established from a
high grade ovarian serous adenocarcinoma from metastatic site in
pleural effusion [30] and it was acquired from ECACC (ECACC
07071910) on 13™ October 2017 as p37. Growth medium for COV362
cells was DMEM (D5546; Sigma-Aldrich GmbH), containig 10% FBS
(F9665) and 2 mM L-glutamine (G7153). In this study COV362 cells in
passages 37 + 12-37 + 22 were used and seeded at concentration of
3.5 x 10* cells/mL. Authentication by STR profiling was performed by
ECACC in 2017.

The cell line OVSAHO (CVCL_3144) was originally established from
a serous papillary adenocarcinoma from a metastatic site in the
abdomen [31] from a 56-year-old woman and was acquired from JCRB
(JCRB1046 lot 04062015) on 4th June 2018 as p44. Growth medium for
OVSAHO cells was RPMI (R5886; Sigma-Aldrich GmbH), containig 10%
FBS (F9665) and 2 mM L-glutamine (G7153). In this study OVSAHO
cells in passages 125 + 8 and 125 + 12 were used and seeded at con-
centration of 35 x 10 cells/mL. The cells were authenticated by JCRB
in 2018.

2.3. Proliferation assay

Cells were seeded in a 96-well plate in 100 pL. medium and allowed
to adhere and grow for 24 h. Estrane derivatives were dissolved in
DMSO to a final 0.01 M stock solution. After the initial incubation, cells
were treated with either 100 pM of compound or increasing concen-
trations of compounds (0.001 pM - 100 pM) at final volume of 180 pL to
determine the ICso. Because DMSO affects cultured cells, its concentra-
tion was kept below 1%. For control, DMSO only was added to the cells,
in the same final volume as the test compound. After 48 h, 20 uL Ala-
marBlue reagent (A50100, Thermo Fisher Scientific Chemie GmbH; MA,
USA) was added per well and the plate was incubated at 37 °C and 5%
CO4, for 4 h The absorbance was measured using the BioTek microplate
spectrophotometer at 570 nm, with the reference wavelength set at
600 nm. All the experiments were performed with three technical rep-
licates and at least two biological replicates. The survival rate was
determined as a ratio between the test compound and the control (DMSO
only). The half-maximal concentration (ICsg) was determined for
estrane derivatives with high cell growth-inhibitory effects by gener-
ating a dose-response curve (Graph Pad Prism, Version 8.0). Statistical
analysis was performed using the Kruskal-Wallis test.

3. Results and discussion

We evaluated the anti-proliferative effect of synthesized estrane
derivatives on cancer cell lines of three hormone-dependent cancers (BC,
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EC and HGSOC). A total of 36 different compounds were tested at a final
concentration of 100 pM. Cell viability in the presence of estrane de-
rivatives was determined by measuring metabolic activity using the
AlamarBlue assay [32]. The assay is based on the reduction of resazurin
to resorufin, which occurs only in viable cells, by electron transfer
within the respiratory chain. The advantage of this assay is the forma-
tion of a water-soluble fluorescent product, sensitivity and low costs,
while the limited linear range and further reduction in some cells to
dihydroresorufin, which is non fluorescent and highly toxic, are the
disadvantages of this assay.

3.1. Estrane derivatives with high antiproliferative effects on cancer cells

Based on the results of this screening (Supplementary table 1), we
selected compounds that reduced cancer cells growth by more than
80%. The ICsy was determined for the most potent antiproliferative
compounds. The compounds that had strong growth inhibitory effects in
the BC cell line MCF7 were compounds 3, 4, 4 2Cl, 2_2HPh, 4_2Br,4Br,
421,41 (Table 1). All of the compounds also had a strong anti-
proliferative effect on the breast control cell line MCF10A, as the sur-
vival rate in the presence of these compounds was less than 20%. The
compounds that were strongly antiproliferative for at least one EC cell
line were compounds 1_2L,4I, 1_2Br,4Br, 3, 4, 4 2Cl, 2_2HPh, 2 41,
221, 4Br, 2_2MeOPh, 2_2Br, 4Cl, 2_2Br, 41, 221, 4Cl, 4_2Br, 4Br,
4_21,41. However, seven of the fourteen compounds decreased survival
of the control endometrial cell line HIEEC by more than 80%, while six
other compounds also had strong antiproliferative effect and decreased
survival by more than 48%. Only one of the compounds tested, 2_4I, had
little or no antiproliferative effect on the control HIEEC cell line. The
compounds that had strong antiproliferative effects on at least one
HGSOC cell line were compounds 4_2Cl, 4Cl, 3, 4, 2_2Cl, 4_2Br, 4Br,
4_2I, 41. All of these compounds were also strongly antiproliferative for
the ovarian control cell line HIO80 with survival rate less than 20% in
presence of the compounds.

The results show that compounds 3, 4, 4_2Br, 4Br and 4_2Cl
decreased survival by more than 80% in all cell lines, regardless of
cancer type and cell type. Two of them, 3 and 4, are nonhalogenated
estrane derivatives, whereas 4_2Cl and 4_2Br, 4Br are their halogenated
counterparts (Table 1). ICso values were determined for the most active
compounds (Table 2). None of the compounds had a lower ICs for the
BC cell line MCF-7 compared with the control cell line MCF10A. Com-
pound 3 had a lower ICs for the EC cell line KLE and compound 4_2Cl
had a lower ICs for the EC cell line Ishikawa compared with the control
cell line HIEEC (Table 2). 4_2Cl also showed a higher antiproliferative
effects on the HGSOC cell line COV362 with a 4-fold lower ICsq
compared with the control cell line HIO80 (Table 2). The effects on the
HGSOC cell line Kuramochi were much weaker. The antiproliferative
effects of 4_2Cl could be explained by the inhibition of STS and 17-
HSD1 enzymes, as this compound acts as a potent inhibitor of these two
estrogen biosynthetic enzymes [15]. Moreover, COV362 exhibits higher
expression of STS and lower expression of HSD17B1 compared with
Kuramochi [33,34], suggesting that the preferred mechanism of anti-
proliferative action may be via inhibition of STS. In addition, 2-chloro
substituted compounds have a lower estrogenic effect than C4
substituted compounds and also the parent compounds [7,8,35].
Therefore, the results suggest that 4 2Cl might have a lower effect via
the estrogen receptor compared with compound 4. Structure-activity
relationship analysis suggests that the absence of the keto-group at
C17 (starting compounds 3 and 4) increases nonspecific cytotoxic ac-
tivity compared with starting compounds 1 and 2.

3.2. Estrane derivatives with potent antiproliferative effect on cancer cells
and little on control cells

Based on the results of the previous section, we found that most
compounds that had strong antiproliferative effects on cancer cell lines
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Table 1
Cell viability of breast (BC), endometrial (EC) and high grade serous ovarian cancer (HGSOC) cell lines, and corresponding control cell lines in the presence of 100 pM
estrane derivatives with high cytotoxic activity. Indicated is the mean percentage of cell growth + /- SD from two to three independent experiments.

Comp. Structure control BC control EC control HGSOC
number B R
MCF10A  MCF7 HIEEC KLE HEC-1-  Ishikawa  RL95-2  HIO80 COV362  Kuramochi ~ OVSAHO
A
2.1 118.5 15.8 45.6 33.1 1.1+37 305 8.1 29.3 126.3 < 20%
L 156 +1154 4151 +209  £356 +8.6 +5.6 +28.4 +32.0. act.
1_2Br,4Br Br ' 56 > 80% 25.4 50.9 17.5 82+23 >8% 0.7 78.7 155.6 > 80%
i +11.5 +106  £3.0 +2.3 +13.8 +14.3
1 +1.6
1
1
1
13.9 -4.9 0.4 6.7 2.9 12.9 7.2 0.6 -10.1 12.4 9.7
160 +8.0 +23 +125  £3.9 +4.8 +8.8 +21 +31.7 +27.8 +11.7
-6.0 -2.0 -1.0 3.4 7.4 3.6 -3.6 0.2 -0.6 -11.9 -0.0
Las +4.6 +4.0 +0.4 +4.0 +2.1 +3.2 +5.3 + 26.0 +16.4 +0.4
4.2Cl al 5.3 2.7 0.6 20.2 3.7 0.3 3.3 1.7 3.9 -8.8+5.8 1.4
j@i L 36 +11.7 +2.0 +27.3 +3.1 +0.4 +3.4 +2.5 +18.5 +1.5
2.2CCPh O 9.6 -6.4 34.2 59.3 13.0 23.1 27.6 43.6 21.7 68.2 57.4
+9.1 +17 +6.6 +11.5 +9.4 +38.6 + 4.4 +9.5 +20.1 +6.8
A ; +9.4
nYe
2.41 ! > 80% < 20% >80%  22.2 27.9 5.7+6 141.2 >80%  45.1 <20%act. < 20%
| act. +18.7 +10.4 +20.6 +29.9 act.
|
HO '
|
2_21,4Br | ! 45 20.7 5.5 >80%  59.5 28.7 0.6 12.8 45.4 <20%act.  48.+6.8
i 74 +18.1 +0.4 +7.4 +16.7 +21.8 +9.7 +74.2
. .
HO '
Br
2 2MeOPh Meo\ﬁ 40.5 60.8 51.8 68.6 >80% 125 51.7 39.9 62.3 130.4 147.1
S 60 +35.7 + 20.0 +4.8 +7.2 +0.7 +1.9 +38.1 +33.0 +31.0

(continued on next page)
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Table 1 (continued)
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Comp. Structure control BC control EC control HGSOC
b
number MCF10A  MCE7 HIEEC  KLE HEC-1-  Ishikawa RL95-2  HIO80  COV362  Kuramochi  OVSAHO
A
2_2Br, 4Cl : 9 2.1 70.4 46.9 66.6 42.7 7.8+6.0 529 8 > 80% 131.8 73.7
+4.5 +5.6 +5.0 +0.4 +23.0 +17.1 +4.3 +12.2
Br +17.1
HO
Cl
2_2Br,41 : 9 12.8 64.0 48.5 >80%  59.9 11.5 84.3 16.8 > 80% 134.3 > 80%
+4.7 +12.1 +24.6 +26.3 +13.6 +16.6 +15.6
Br. + 6.5
HO
|
2_21,4Cl : 9 5.7 20.7 38.7 34.5 41 15.4 38.3 23.4 > 80% <20%act. 580
L33 +12.2 +32.4 +33.4 +25 +19 +92 +25.1 +1.7
| .
HO
Cl
4_2Br,4Br : 7.8 -2.9 0.6 3.9 0.5 0.8 -3.7 1.7 -6.9 14.5 -4.0
+0.7 +1.0 +7.4 +0.1 +25 +4.8 +0 +31.4 +19.2 +4.9
+30.6
421,41 3.7 7.2 2.2 -1.0 12.1 3.6+25 -1.2 2.4 14.9 436+9 21.4
iss +0.8 +2.3 +1.0 +11.9 +3.9 +1.1 +6.2 +29

BC - breast cancer, EC — endometrial cancer, HGSOC - high-grade serous ovarian carcinoma

Table 2

ICso values (uM) for estrane derivatives with antiproliferative effects on cancer and control cell lines. The following cell lines were included: control breast cell
line MCF10A and BC cell line MCF-7, endometrial control cell line HIEEC and four EC cell lines KLE, HEC-1-A, and Ishikawa, ovarian control cell line HIO80 and two
HGSOC cell lines COV362 and Kuramochi. Estrane derivatives with lower ICsq for cancer cells compared with control are indicated in bold. ICsg is given in pM.

Compound number Breast BC Endometrial control EC Ovarian control HGSOC
control
MCF10A MCF7 HIEEC KLE HEC-1-A Ishikawa HIO80 COV362 Kuramochi
3 18.9 35.7 ~45.3 32.7 14.4 40.4
4 14.2 59.0 25.8 28.3 11.9 ~ 25.7
4.2C1 25.3 17.9 15.1 3.6 32.2
2 41 37.2 73.5

BC - breast cancer, EC — endometrial cancer, HGSOC - high-grade serous ovarian carcinoma.

(less than 20% survival) were also cytotoxic to control cell lines.

Therefore, in this part, we weakened the criterion and selected the

compounds that reduced the survival of cancer cell lines by more than
50%, whereas they did not reduce the survival of control cell lines by
more than 20%. The results show that none of the estrane derivatives

a)

Relative survival (%)

Endometrial cancer

200+
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0-

-50 T T T T T

le) N N N N

R DY \?0 N fpg

Q N7 (L(,
N/
Estrane

HIEEC
KLE
HEC-1-A
ISHIKAWA
RL-95-2

poonin

=

150+
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50+

Relative survival (%)

met this criterion in breast cancer cells.

Ovarian cancer

T
DMSO

T
2_4l

Estrane

3.2.1. Anti-proliferative effects on model cell lines of endometrial and
ovarian cancer
Several estrane derivatives showed antiproliferative effect on EC cell

== HIO80
== COV362

Fig. 2. Cell viability of EC and HGSOC cell lines in the presence of estrane derivatives with cytotoxic effect on cancer cell lines and little or no cytotoxicity on control
cells. Cytotoxicity was determined using the AlamarBlue assay. The compounds were tested at a final 100 pM concentration on the endometrial control cell line
HIEEC and on four EC cell lines KLE, HEC-1-A, Ishikawa and RL95-2 (a). The compounds were also tested also at 100 pM concentration on ovarian control cell line
HIO80 and OC cell lines COV362 (b). The column shows the mean survival + /- SD. Kruskal Wallis statistical test was performed between treatment and control
(DMSO). * p < 0.05.
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lines with little or no effect on the control HIEEC. The strongest effect
was observed with compound 2_4I (more than 70% decreased prolifer-
ation in all cell lines except RL95-2) (Fig. 2a) and with ICs¢ of 37.2 pM
in Ishikawa cells. Previous studies suggest that 2_4I may affect estrogen
pathway at multiple levels. It may act as an inhibitor of AKR1C3 (85.7%
enzyme inhibition at 100 pM), which can activate estrone to estradiol
[17] and as an inhibitor of the OATP2B1 transporter [20], which is also
involved in the up-take of E1S and DHEAS [20]. However, Laczko-Rigo
et al. showed in epidermoid carcinoma that the antiproliferative effect of
this compound was not related to OATP2B1 [19]. The mode of action of
this compound in endometrial cancer cells thus remains to be deter-
mined. This compound is also a potent inhibitor of STS and 17p-HSD
type 1 [15], indicating its multiple functions.

A potent antiproliferative action on HEC-1-A and Ishikawa, was also
observed for the estrane derivative 1_41, which decreased proliferation
by 87% and 69%, respectively. This effect may be mediated by inhibi-
tion of STS and 17p-HSD type 1, which are inhibited by submicromolar
concentrations of this compound [15].

The strongest antiproliferative effect on the RL95-2 cell line was
observed for 1_2Cl, with a decrease in proliferation of only 24%. 1_2Cl
inhibits aromatase, STS and 17f-HSD type 1 with low micromolar ICsq
[15]. This compound also inhibits AKR1C1 (91.6% at 100 uM), AKR1C2
(88% at 100 uM), and AKR1C3 (86.8% inhibition at 100 uM) [17].
Interestingly, RL95-2 exhibits higher gene expression of STS and
HSD17B1 compared with HEC-1-A and KLE, which may explain their
susceptibility to the antiproliferative effects of this compound [33,34].
Nevertheless, RL95-2 is a cellular model of grade 2 EC, which is
generally well-manageable [36].

For HGSOC, three cancer cell lines were included in the study,
COV362, Kuramochi and OVSAHO. None of the estrane derivatives
tested selectively affected proliferation of Kuramochi or OVSAHO cell
lines (Supplementary table 1), whereas one of the estrane derivatives,
2_41, impaired proliferation of COV362, decreasing proliferation by 48%
(Fig. 2b) and showed IC50 of 73.5 uM. The expression of AKR1C3 was
higher in COV362 than in Kuramochi and OVSAHO, whereas the
expression of OATP2B1 in COV362 was comparable to Kuramochi and
higher than in OVSAHO. The high expression of AKR1C3 and OATP2B1
in COV362 may explain the potential pathway of 2_4I -mediated anti-
proliferative effects [33,34]. 241 was also selective for EC cells
compared with the control endometrial cell line HIEEC.

The structure-activity relationship suggests that the presence of a
keto-group at C17 increases the selectivity of the compounds for cancer
cells, whereas it has little or no effect on control cells. Starting com-
pounds 1 and 2 with iodine at C4 have a cytotoxic effect on KLE, while
the other compounds have no effect, indicating a specific effect on the
KLE cell line. The presence of iodine at C4 in compound 2 compared
with 1 also had a higher effect on Ishikawa as well as significantly
decreased survival of HGSOC cell line COV362. In general, the addition
of halogen to C2 and/or C4 on starting compounds 1 and 2 increased
selectivity for cancer cells compared with control, as starting com-
pounds 1 and 2 are cytotoxic to the endometrial control cell line HIEEC
and the ovarian control cell line HIO80.

Halogenated estranes generally have little or no estrogenic effect.
However, this effect needs to be verified because it may lead to unde-
sirable proliferation at low concentrations. We checked the the effects of
2 41 and 4_2Cl (results of IC5g determination) at nanomolar concen-
trations. We found that the results varied between cell lines, as the
proliferative effect of 2 41 was observed in Ishikawa whereas it was
absent in COV362. For 4_2Cl, no proliferative effect was observed in
Ishikawa and Kuramochi, whereas the proliferative effect was observed
in COV362. The stimulation of proliferation by derivatives 2_41 and
4_2Cl can be explained by their binding to one of the estrogen receptors
ERa (ESR1), ERp (ESR2) and G protein-coupled estrogen receptor
(GPER) [37]. Both Ishikawa and COV362 express ESR1, ESR2 and GPER
[38] [39] and it seems that these derivatives may act through different
receptors.
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4. Conclusion

Overall, our results indicate that 4_2Cl and 2_4I are lead compounds
for drug development as they act on EC and OC cell lines. These com-
pounds are inhibitors of several enzymes, including AKR1C enzymes,
STS, 17p-HSD1 and also OATP2B1 uptake transporter, thus they may
prevent local estrogen formation and action and may thus act as selec-
tive intracrine modulators. It is also possible, that these compounds
target other enzymes, receptors or transporters and their precise
mechanism of action should be further investigated. To better assess the
clinical potential of the selected compounds, they could be tested in
disease models, that better reflect the original tumor, such as patient-
derived organoids [40-42].
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