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Summary

The high fatality and morbidity of pancreatic cancer have remained almost unchanged over the last decades and new clinical
therapeutic tools are urgently needed. We determined the cytotoxic activity of aminosteroid derivatives RM-133 (androstane) and
RM-581 (estrane) in three human pancreatic cancer cell lines (BxPC3, Hs766T and PANC-1). In PANC-1, a similar level of
antiproliferative activity was observed for RM-581 and RM-133 (IC50=3.9 and 4.3 uM, respectively), but RM-581 provided a
higher selectivity index (SI = 12.8) for cancer cells over normal pancreatic cells than RM-133 (SI =2.8). We also confirmed that
RM-581 induces the same ER stress-apoptosis markers (B/P, CHOP and HERP) than RM-133 in PANC-1 cells, pointing out to a
similar mechanism of action. Finally, these relevant in vitro results have been successfully translated in vivo by testing RM-581
using different doses (10-60 mg/kg/day) and modes of administration in PANC-1 xenograft models, which have led to tumor
regression without any sign of toxicity in mice (animal weight, behavior and histology). Interestingly, RM-581 fully reduced the
pancreatic tumor growth when administered orally in mice.
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Introduction

In 2017, 53,670 new cases of pancreatic cancer and 43,090
deaths caused by this disease have been predicted for the US
population [1]. With a five-year relative survival rate of 8%
[1], pancreatic cancer is classified as a high-mortality cancer
[2]. Most cancer type survival rates have improved over the
last five decades, but pancreatic cancer morbidity has been
stable, which illustrates the clinical need for new therapeutic
tools to cope with this fatal disease [1].

As a therapeutic approach, endoplasmic reticulum (ER)
stress inducers may hold promise to treat pancreatic ductal
adenoma carcinoma (PDAC) [3]. Indeed, ER is a predominant
organelle in pancreatic cancer cells exposed to a high level of
stress from a hostile tumor microenvironment, which is char-
acterized by the presence of reactive oxygen species and low
levels of oxygen, nutrients, glucose, and lipids. Thus, the ad-
dition of an exogenous stress could be fatal for these cancer
cells [4]. In fact, ER stress induces cellular dysfunction that
can lead to apoptosis if the level or duration of this stress
overpasses the capacity of the unfolding protein response
(UPR) to restore cellular homeostasis [5, 6]. Successful exam-
ples of molecules targeting ER stress by various ways have
been described [7—16] although the use of ER stress-mediated
apoptosis for pancreatic cancer treatment is still in infancy.
The selectivity of action over normal cells, including pancre-
atic ones, is another potential advantage of this family of an-
ticancer agents [17].

From structure-activity relationship studies on the antican-
cer activity of a new family of aminosteroid derivatives (AM)
built around an androstane backbone, RM-133 (Fig. 1a) has
demonstrated strong in vitro cytotoxic properties on several
cancer cell lines, including human PANC-1 pancreatic cancer
cells [18-21].

These promising in vitro results were then successfully
translated in mice using a PANC-1 cell-derived xenograft
model following the subcutaneous (sc¢) administration of
RM-133 [22]. However, despite a positive proof-of-concept
in a pancreatic cancer model, the metabolic stability of RM-
133 was not optimal toward its translation to a clinical setting
[23]. Therefore, we hypothesized that the pharmacological
properties of RM-133 could be improved by replacing its
androstane (C19 steroid) backbone by an estrane one (C18

Fig. 1 Chemical structures of a
aminosteroid derivatives (AM)
RM-133 and RM-581

- Weak metabolic stability
- Inactive orally
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steroid) like the mestranol core. This modification exemplified
by RM-581 (Fig. 1b) advantageously raised the metabolic
stability two-fold as well as selectivity for cancerous over
normal cells, without losing the anticancer activity [24, 25].

Having improved the metabolic stability of RM-133 by
developing the estrane analog RM-581, we are now interested
in 1) testing its antiproliferative activity in different pancreatic
cancer cell lines; 2) confirming its action as an ER stress
aggravator, 3) measuring its plasmatic concentration follow-
ing an intraperitoneal (ip), subcutaneous (sc) and oral (po)
administration, and 4) determining its anticancer efficiency
in PANC-1 xenograft mouse models, according to the mode
of administration.

Materials and methods
Cell lines

BxPC3, Hs766T and PANC-1 human cancer cell lines were
obtained from the American Type Culture Collection (ATCC,
Rockville, MD, USA) and routinely grown in RPMI-1640,
DMEM and DMEM-F12, respectively, at 37 °C and under
5% CO, humidified atmosphere. All medium were obtained
from Gibco (Gaithersburg, MD, USA) and were supplement-
ed with L-glutamine (2 mM), antibiotics (100 IU penicillin/
ml, 100 pg streptomycin/ml) and 10% (v/v) foetal bovine
serum. Primary pancreas cells were obtained from
CellBiologics (Chicago, IL, USA) and were cultured as per
manufacturer recommendation.

Cell proliferation assays, selectivity index (SI)
and combination index (Cl)

The cell proliferation viability assays were performed using
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) (Cell Titer 96
Aqueous, Promega, Nepean, ON, Canada) as previously de-
scribed [18-20]. Cells were plated and allowed to adhere over-
night in 96-well plates (10* cells/well, in triplicate). RM-581
[9], RM-133 [3] and antineoplastic drugs (provided by the
NIH, USA) were dissolved in dimethyl sulfoxide (DMSO),
added to cell culture medium, and the cells incubated for 72 h.

RM-581 (estrane derivative)

- Better metabolic stability
- Active orally
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After adding 10 pl of MTS, the cells were incubated for 4 h
and the plates were analyzed at 490 nm, using a Tecan M-200
microplate reader (Mannedorf, Switzerland). The ICs, values
(50% of cell growth inhibition) were calculated using
GraphPad Prism 6 software. The selectivity index (SI) was
calculated by dividing the ICs, value obtained for specific
primary (normal) cells by the 1Csy value for the related
cancer cell line [26]. The combination index (CI) was
calculated using the Chou-Talalay method [27] according
to the following formula:

Where denominators (D,); and (Dy), are the doses of indi-
vidual drug required to achieve a given effect level and nu-
merators (D), and (D), are the concentration of each drug
present in combination to trigger the same effect level.
When the drugs interact additively, CI=1. CI< 1 indicates a
synergistic interaction and CI>1 indicates an antagonistic
effect.

Real time PCR analysis

PANC-1 cells (2.5 x 10°) were plated in 6-well plates and treat-
ed with 4 uM of RM-581 in a time-course manner. Cells were
homogenized in Qiazol buffer (Qiagen, Germantown, MD,
USA) and total RNA was extracted according to manufacturer’s
instructions. RNA concentration was measured using
a NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies, Wilmington, DE, USA). The reverse transcrip-
tion reaction was performed using 5X All-In-One RT
Mastermix (AbmGood, Richmond, BC, Canada) with 1
ug of total RNA at 42 °C for 50 min. cDNA (20 ng) was
assessed by fluorescent-based Real time PCR quantifica-
tion (qPCR), using the CFX384 Touch and SsoAdvanced
Universal SYBR Green Supermix (Biorad, Mississauga,
ON, Canada). A melting curve was performed to assess
non-specific signals. Relative gene expressions were cal-
culated by applying the delta Ct method, using GAPDH as
a normalizing gene [28]. Primer sequences are reported in
the Supplementary material (Table 1).

Plasma concentration of RM-581
and pharmacokinetic analysis

Six to seven week-old female Balb/c mice were obtained from
Charles River Laboratories (Saint-Constant, QC, Canada).
Plasmatic concentration of RM-581 was measured at different
times, following three different administration modes: ip
(20 mg/kg), sc (60 mg/kg) and po (60 mg/kg). RM-581 was
synthesized as previously reported [24], dissolved in DMSO,
and then added in propylene glycol (PG) to obtain a 8:92

solution. This solution (0.1 ml) was given one time to each
mouse (3 mice per group). Blood samples were collected by
cardiac puncture at target intervals. They were collected into
Microvette potassium-EDTA (ethylenediamine tetraacetic ac-
id)-coated tubes (Sarstedt, AG & Co., Numbrecht, Germany)
and centrifuged at 3200 rpm for 10 min at 4 °C to obtain the
plasma. The concentration of RM-581 was determined by
liquid chromatography-mass spectrometry/mass spectrometry
(LC-MS/MS) analysis using a procedure developed at the
CHU de Québec - Research Center (BioAnalytical Service,
CHUL) and described in the Supplementary Data. From these
data, the maximum concentration (C,,,,) Was obtained while
the area under the plasma concentration vs time curve (AUC,.
24n) Was calculated by the trapezoidal method.

PANC-1 xenograft

Six- to seven-week-old homozygous female nu/nu Br athymic
mice weighing approximatively 24.7 g were obtained from
Charles River Laboratories (Saint-Constant, QC, Canada).
PANC-1 cells (5 x 10°%) were then inoculated sc in 0.1 ml of
DMEM-F12 medium +30% Matrigel in both flanks of each
mouse. After 19 days, the mice were randomly assigned to 7
groups: 1) ip control group (3 mice, 6 tumors), 2) sc control
group (3 mice, 6 tumors), 3) po control group (3 mice, 6
tumors), 4) ip RM-581 (0.247 mg, 10 mg/kg) (8 mice, 14
tumors), 5) sc RM-581 (1.482 mg, 60 mg/kg) (7 mice, 11
tumors), 6) po RM-581 (1.482 mg, 60 mg/kg) (7 mice, 11
tumors) and 7) ip docetaxel (0.099 mg, 4 mg/kg) (8 mice, 12
tumors). Mice from control groups received the vehicle alone
(0.1 ml). RM-581 [24] was dissolved in DMSO (8%) and
added in PG (92%), and this solution (0.1 ml) was given 6 days
per week. For sc administration, RM-581 was injected in the
neck, so about 2.5 cm from the tumor site in the flank.
Docetaxel (Sigma-Aldrich, Oakville, ON, Canada) was dis-
solved in DMSO (8%), added to PG (92%), and this solution
(0.1 ml) was given 2 times per week. During the treatment
(27 days), the tumors were measured twice a week. Two per-
pendicular diameters were recorded, and tumor area was cal-
culated using the formula L/2 x W/2 x 7t. The area measured
on the first day of treatment was taken as 100%. For more
details, see the Supplementary material.

Histological assessment of liver, kidney and intestine
toxicity

Tissue samples were rapidly fixed in neutral buffered 10%
formalin and processed for routine paraffin embedding.
Tissue sections (3 pm) were stained with Haematoxylin and
Eosin (HE) and were histologically observed by an indepen-
dent pathologist. Samples were also stained with Periodic acid
- Schiff (PAS) without or with diastase (PAS-D) to demon-
strate glycogens, mucins and basal membrane and Masson’s
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trichrome (MT) and Laidlaw (LA) staining protocols were
performed to demonstrate the architectural organization of
collagen and argyrophilic reticulum fiber. Digital images at
200X magnification of each slide were obtained using the
slide scanner NanoZoomer 2.0-HT (Hamamatsu,
Bridgewater, NJ, USA). Whole-section images were visual-
ized using the software NDP view (Hamamatsu, Bridgewater,
NJ, USA).

Statistical analysis

Statistical significance was determined according to the
Duncan—Kramer multiple-range test [24]. Other differences
were evaluated using T-test. P values, which were less than
0.05, were considered as statistically significant.

Results
In vitro cytotoxicity and mechanisms of action

To address RM-581’s anticancer activity, we conducted a
screen involving RM-581, RM-133 (for purposes of compar-
ison) and known antineoplastic drugs (gemcitabine, cisplatin,
fluorouracil, oxaliplatin, irinotecan and paclitaxel) (Fig. 2a
and Supplementary material — Table 2). Three pancreatic can-
cer cell lines: BXPC3 [29], PANC-1 [29] and Hs766T [30]
were tested in our screening study. In the three cell lines,
RM-581 was found to be more cytotoxic compared to the
leading clinical chemotherapeutic drug gemcitabine, as well
as other alternative drugs, except paclitaxel. Thus, RM-581,
RM-133 and paclitaxel displayed similar anticancer activity in
PANC-1 cells, but RM-581 was found to be more cytotoxic
than RM-133 in BxPC3 and Hs766T cell lines. These results
demonstrate the strong in vitro anti-pancreatic cancer activity
of RM-581.

The SI for cancer cells over normal cells has been raised with
our new lead aminosteroid of estrane series. For RM-581, we
indeed previously reported a five-fold increase of SI in breast
cancer (MCF-7) cells compared to RM-133 [24]. Therefore, we
were interested in comparing the SI of RM-581 and RM-133 in
advanced stage pancreatic cancer PANC-1 cells. As for the
screen (Fig. 2a), RM-581 and RM-133 have a comparable cy-
totoxic activity in PANC-1 cells (IC5o=3.9+0.9 uM and 4.3 +
2.1 uM, respectively) (Fig. 2b). As previously seen for breast
cancer cells, RM-581 showed less toxicity for pancreatic pri-
mary (normal) cells compared to RM-133, as RM-581 did not
affect primary pancreatic cells up to 25 uM, whereas RM-133
displayed an ICs value of 12.1 +2.0 uM (Fig. 2b). Therefore,
RM-581 has a SI >12.8 in pancreatic cancer cells, which is
more than four-fold higher compared to RM-133 (SI=2.8).

The molecular mechanism of the anticancer action of RM-
133 has been investigated and characterized as an ER stress
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Fig. 2 RM-581 is toxic for human pancreatic cancer cells and weakly
toxic for normal cells. a Inhibition of pancreatic cancer cell (BxPC3,
Hs766T and PANC-1) proliferation after 72 h of incubation with 5 pM
of anticancer drugs. b ICsy values of RM-581 and RM-133 in pancreatic
PANC-1 cancer cells and primary normal cells. Two experiments
performed in triplicate + SD

aggravator causing cancer cell apoptosis [21]. In fact, RM-581
is a mestranol mimic of RM-133 (Fig. 1) with very close
structural elements (side chain and steroid core). Thus, con-
sidering these similarities, we were interested in confirming
the ER stress aggravator action of RM-581. PANC-1 cells
were treated in a time-course manner with RM-581 (4 uM)
or RM-133 (4 uM) and the transcript level of several markers
of intrinsic apoptosis (BAD, BAX, BID, BCL2 and CYCS (cy-
tochrome c¢)) or ER stress (BIP, CHOP and HERP) were ana-
lyzed by qPCR [31, 32]. Treatment of PANC-1 cells with RM-
581 did not increase the presence of BAD, BAX, BID, BCL2
and CYCS transcripts (Fig. 3). Therefore, intrinsic apoptosis is
clearly not the initial pathway implicated in the mechanism of
the anticancer activity of RM-581. In turn, as for RM-133, a
treatment of PANC-1 cells with RM-581 considerably raised
the presence of BIP, CHOP and HERP transcripts, the classi-
cal ER stress-apoptosis markers [21, 33, 34]. From the previ-
ous data, RM-581 was confirmed as an ER stress aggravator
anticancer drug such as RM-133.

Using the Chou-Talalay method [27], the additive behavior
of RM-581 and RM-133 was addressed. This combination
experiment in PANC-1 cells demonstrated their additive ef-
fect, since the CI values observed equal 1 (Fig. 4a).
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Fig. 3 RM-581 raises the
transcription of markers of
endoplasmic reticulum stress in
PANC-1 cells. qPCR transcript
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Accordingly, a 4 uM combination (50:50) of RM-581 and
RM-133 stimulated the presence of BIP, CHOP and HERP
transcripts in PANC-1 cells (Fig. 4b). Together, RM-581 and
RM-133 are additive in drug combination, which is an addi-
tional confirmation pointing out to the same mechanism of
action (ER stress aggravator) for these two closely-related AM.

Plasma concentration and pharmacokinetic
parameters in mouse

The hepatic microsomal metabolic stability of RM-581 was
improved compared to RM-133 [9]. Therefore, the pharmaco-
kinetic (PK) of RM-581 after ip, sc and po administration
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Fig. 4 RM-581 and RM-133 are additive anticancer agents in PANC-1
cells. a RM-581 and RM-133 combination index (CI) values were
calculated using the Chou-Talalay method. Drug synergy, addition, and
antagonism are defined by combination index (CI) values less than 1.0,
equal to 1.0, or greater than 1.0, respectively. Two experiments performed
in triplicate + SD. b qPCR transcript quantification of BIP, CHOP and
HERP in PANC-1 cells treated with 4 uM of a combination (50:50) of
RM-581 and RM-133. One experiment performed in triplicate + SD
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modes were investigated in the mouse, before the anticancer
proof-of-concept. Ip administration of 20 mg/kg of RM-581
resulted in a Cp,c of 10,003 +855 ng/ml, measured after
15 min. Elimination via this route was quick, with undetectable
blood levels of drug after 7 h. The 24-h blood exposure (AUC,,.
4n) by the ip route was around 11,450 ng-h/ml (Fig. Sa).

In comparison, a single sc injection of 60 mg/kg of RM-
581 resulted in lower blood exposure despite the higher dose
(AUC .41 = 7758 ng-h/ml), that is approximately 70% of the
value obtained with the ip injection (Fig. 5b). For comparison,
the blood concentration 1 h after the s¢ administration (925 +
151 ng/ml) were roughly 4-fold below those measured with
the ip route at the same timepoint. Nevertheless, despite these
lower concentrations, the drug remained detectable in the
bloodstream up to 24 h after dosing. This suggests a
sustained absorption of the sc depot, possibly due to
the precipitation of the drug upon administration in the
confined sc¢ compartment. This also suggests that the
present experimental design did not allow to fully assess
the elimination phase with this injection route.

Interestingly, a 60 mg/kg dose of RM-581 administered po
resulted in a concentration of 1860 +301 ng/ml, 1 h after oral
gavage (Fig. 5c). The blood exposure was also considerable
(AUC .04, = 5545 ng-h/ml), comforting the idea that RM-581
is bioavailable orally. For comparison, the oral gavage of the
same dose of RM-133 resulted in much lower blood concen-
trations (65+21 ng/ml), measured 3 h after dosing.
Concentrations of RM-581 at this timepoint were 553 +
187 ng/ml.

PANC-1 xenograft cancer model in mouse

Following the determination of PK parameters, we addressed
the ability of RM-581 to block PANC-1 xenograft progres-
sion, using three administration modes (ip, sc¢ and po). The
Cinax 0f RM-581 observed in the ip mode (10,003 ng/ml) was
about 11-fold higher compared to sc mode. Considering that
RM-581 has already a 2-fold improved metabolic stability
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Fig. 5 Pharmacokinetic profiles
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over RM-133 [24], we thus decided to use a reduced dose of
RM-581 (10 mg/kg) in our ip xenograft experiment compared
to our previous RM-133 dose (240 mg/kg, sc) [22]. Docetaxel
(4 mg/kg), administered ip twice a week, was used as positive
control. RM-581 injected ip (6 days a week) produced a sig-
nificant tumor growth inhibition at day 6 and even a signifi-
cant regression from initial tumor size at day 20 (Fig. 6a).
Interestingly, RM-581 and docetaxel triggered a strong and
similar antitumoral effect. Next, we conducted a protocol with
sc injection in order to compare the efficiency of RM-581 with
data previously obtained for RM-133 tested in PANC-1 xeno-
graft [22], which had slow the progression of tumors at
240 mg/kg [22]. Advantageously, compared to RM-133, a sc
injection of RM-581 (60 mg/kg) provided a significant

@ Springer
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regression of the tumor size from day 6 and even a significant
regression from initial tumor size at day 20 (Fig. 6b). Finally,
RM-581 was administered po and was found to stop the tumor
progression from day 13 and to provoke a significant regres-
sion of tumor size from day 23 (Fig. 6¢), up to an unmeasur-
able level due to the small size of the tumors. In summary,
RM-581 has been proven to be a more efficient anticancer
agent than RM-133 in the PANC-1 xenograft mouse model
and, contrary to RM-133, RM-581 inhibits tumor growth
when administered orally.

RM-581 demonstrated low toxicity in vitro on normal
cells (Fig. 2b) [24]. This safety profile of RM-581 was also
confirmed in the present PANC-1 xenograft in vivo mouse
experiment, since no body and pancreas weight differences
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Fig. 6 RM-581 causes tumor regression in PANC-1 mouse xenograft.
PANC-1 cells (5 x 10° cells mixed with 30% Matrigel) were inoculated
sc into both flanks of mice. Tumor-bearing mice were (a) injected ip with
vehicle alone (black square) or RM-581 (10 mg/kg) (green triangle) six
day per week or Docetaxel (4 mg/kg) twice a week; (b) injected sc with
vehicle alone (black square) or RM-581 (60 mg/kg) (green triangle) six
days per week; (¢) gavaged po with vehicle alone (black square) or RM-
581 (60 mg/kg) (green triangle) six days per week. The tumor sizes of
mice were recorded twice a week. Data represent the mean + SEM. RM-
581-treated group is significantly different from control group ** (p <
0.01), * (p < 0.05). Significantly different from day 0 of treatment ++ (p <
0.01), + (p<0.05)

were observed between the control group and the groups
treated with RM-581 for different administration modes
(ip, sc and po) (Supplementary material, Fig. 1. Three tis-
sues of mice treated with RM-581 were also assessed by
histology. Thus, hematoxylin and eosin (HE) staining of
liver, kidney and small intestine-pancreas tissue samples
from mice treated with RM-581 (ip and po) were analyzed
(Fig. 7a, f, j) and their histological examination revealed
that liver, kidney and intestine morphology was not affect-
ed by the RM-581 treatment. To further validate that RM-
581 is non-toxic for the liver, kidneys, intestine and pan-
creas, we carried out Laidlaw, PAS, PAS-D and Masson’s
trichrome (MT) staining (Fig. 7b, c, d, e, f, g, h, 1). Again,
analyses confirmed that RM-581 is non-toxic for major
drug-toxicity targeted organs [35-37]. Together, these re-
sults confirmed that the observed selectivity of RM-581 for
cancer cells over normal cells was translated in vivo.

Discussion

In order to demonstrate the advantageous anti-pancreatic
cancer activity of RM-581, a screening assay at two con-
centrations (1 and 5 uM) was performed including RM-
133 and antineoplastic agents used in a clinical setting;
namely: gemcitabine [38], cisplatin [39], fluorouracil
[40], oxaliplatin [41], irinotecan [41] and paclitaxel. RM-
581, RM-133 and antineoplastic drugs were tested in three
pancreatic cancer cell lines (BxPC3, Hs766T and PANC-
1). Except for paclitaxel, RM-581 was found to be signif-
icantly more active compared to the selected chemothera-
peutic agents in the three cancer cell lines (Fig. 2a).
Importantly, these cell lines are known to be resistant to
gemcitabine [42, 43]. As this resistance is linked to high
phosphorylated extracellular signal regulated kinase
(pERK) expression in BXPC3 and PANC-1 cells [42], our
results suggest that this oncogenic event cannot lead to
RM-581 resistance to these cancer cells. Together, RM-
581 has demonstrated a high anticancer efficiency in vitro
in BxPC3, Hs766T and PANC-1 cells, and could represent
a valuable therapeutic alternative for these gemcitabine-
resistant cell lines.

An extensive study aiming at characterizing the molec-
ular mechanism governing the anticancer activity of RM-
133 has classified this aminosteroid as an ER stress
aggravator that causes cancer cell apoptosis [21]. The
chemical structure of RM-581 and RM-133 are very simi-
lar, being distinguishable only by the nature of the A-ring
of their steroidal backbone. In fact, RM-581 could be
viewed as a mestranol mimic of the androstane RM-133
(Fig. 1), conferring it a potential advantage for metabolic
stability [24]. Despite these close structural similitudes, we
were however interested in confirming their similar
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a i, liver, E) b (ip, liver, LA)

Fig. 7 Liver, kidney and intestine samples of mice treated 27 days with
RM-581 are not displaying histological signs of toxicity. a Hematoxylin
and eosin (HE), b Laidlaw (LA), ¢ PAS, d PAS-D or e Masson’s
trichrome (MT) staining of liver slices of mouse treated with RM-581

mechanisms of action, and their effects on pancreatic can-
cer cells, considering that small structural changes could
sometimes have dramatic consequences on a given activity.
We therefore addressed the classical gene transcripts for
the intrinsic apoptosis and the ER stress-apoptosis path-
ways by qPCR in PANC-1, treated with 4 uM of RM-
133 or RM-581 (Fig. 3). As expected, and previously ob-
tained in HL-60 cells, RM-133 did not stimulate the tran-
scription of the intrinsic apoptosis markers BAD, BAX,
BID, BCL2 and CYCS [31], but strongly raised the pres-
ence of the ER stress-apoptosis markers BIP, CHOP and
HERP [21, 24, 32]. Therefore, RM-581 is also classified as
an ER stress aggravator anticancer molecule. As a comple-
mentary experiment to confirm the similar mechanism of
action pattern of these AM, we next demonstrated their
additive effect on PANC-1 (Fig. 4a). Accordingly, the com-
bination of the two aminosteroids triggered the same effect
on the transcription of intrinsic apoptosis and ER stress-
apoptosis markers, which at the molecular level, suggest
that RM-133 and RM-581 trigger their anticancer activity
in an additive manner, via the same molecular mechanism
(Fig. 4b).

We next addressed the pharmacokinetic behavior of RM-
581 in mice. In the same sc experimental design, RM-133
reached a C,, 0f 390 ng/ml at 3 h [22], but RM-581 reached
a Chax Of 925 ng/ml at 1 h and a plasma concentration of
598 ng/ml at 3 h (Fig. S5b). This raise in plasma concentration
for the same mode of administration sc, in combination with
the better metabolic stability of RM-581 [24], can explain its
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C (ip, liver, PAS) d (ip, liver, PAS-D)

(10 mg/kg ip) (200X magnification). f HE, g LA, h PAS-D or i MT
staining of kidney slices of mouse treated with RM-581 (10 mg/kg ip)
(200X magnification). j HE staining of intestines/pancreas slice of mouse
treated with RM-581 (60 mg/kg po) (200X magnification)

anticancer efficiency in PANC-1 xenograft models, compared
to RM-133, even if both aminosteroid have similar ICsq
values in PANC-1 cell viability assays. In fact, RM-581 trig-
gered a tumor size regression (Fig. 6), whereas RM-133 only
slowed tumor progression in a previous experiment [22].
Thus, ip and sc treatments with RM-581 reached significant
tumor regression before the one observed with po treatment
(day 6 vs day 13). In fact, at the same dose of 60 mg/kg, the
plasma concentration level of the po mode decreased more
rapidly than in the sc mode, with a complete clearance after
12 h, but the AUC_»4;, values were not so different (7758 and
5545 ng-h/ml for sc and po, respectively) (Fig. 5). This obser-
vation could be explained by the lipophilicity of RM-581,
which is compatible with a sc injection that generate a slow
and a more constant release of this aminosteroid daily.
Therefore, both sc and po administration schedule or
formulation could be further optimized to reach optimal
benefit. However, it is important to mention that contrary
to RM-133, RM-581 is fully active when administered
orally by gavage (po).

As the in vitro primary cell model for predicting drug tox-
icity is often uncertain [44], we completed our toxicology
evaluation of RM-581 adverse effects using tissue slice visu-
alization. Histological examination of mouse liver and kidney,
two of the organs most affected by drug toxicity [35, 36] did
not have any sign of toxicity after an ip treatment of mice with
RM-581 for 27 days. Moreover, intestines of mice orally treat-
ed with RM-581 po were also not affected by the treatment.
Together, our in vitro and in vivo toxicological results
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demonstrate that RM-581 1is a selective anticancer molecule
for cancer cells, over normal cells.

Conclusion

The results presented herein demonstrate that the aminosteroid
RM-581 is a promising anticancer molecule. Anticancer ac-
tivity has been observed for RM-581 in different gemcitabine-
resistant pancreatic cancer cell lines. RM-581 was then clas-
sified as an ER stress aggravator anticancer pro-apoptotic
drug, which confers to this steroidal derivative an interesting
selective action on cancer pancreatic cells over normal cells.
These in vitro results were successfully translated in vivo in a
PANC-1 cell-derived xenograft model for three modes of ad-
ministration (ip, sc and po). Contrary to RM-133, RM-581 has
been proven to be an active anticancer molecule that can be
administered orally. Altogether, these results qualified RM-
581 as a valuable preclinical candidate to be further evaluated
in a pancreatic cancer clinical phase 1 trial.
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