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A B S T R A C T

The imidazolium compound Sepantronium Bromide (YM155) successfully promotes tumor regression in various
pre-clinical models but has shown modest responses in human clinical trials. We provide evidence to support that
the hypoxic milieu of tumors may limit the clinical usefulness of YM155. Hypoxia (1% O2) strongly (>16-fold)
represses the cytotoxic activity of YM155 on prostate and renal cancer cells in vitro. Hypoxia also represses all
early signaling responses associated with YM155, including activation of AMPK and retinoblastoma protein (Rb),
inactivation of the mechanistic target of rapamycin complex 1 (mTORC1), inhibition of phospho-ribosomal
protein S6 (rS6), and suppression of the expression of Cyclin Ds, Mcl-1 and Survivin. Cells pre-incubated with
hypoxia for 24 h are desensitized to YM155 even when they are treated with YM155 under atmospheric oxygen
conditions, supporting that cells at least temporarily retain hypoxia-induced resistance to YM155. We tested the
role of hypoxia-inducible factor (HIF)-1α and HIF-2α in the hypoxia-induced resistance to YM155 by comparing
responses of YM155 in VHL-proficient versus VHL-deficient RCC4 and 786-O renal cancer cells and silencing HIF
expression in PC-3 prostate cancer cells. Those studies suggested that hypoxia-induced resistance to YM155 occurs
independent of HIF-1α and HIF-2α. Moreover, the hypoxia mimetics deferoxamine and dimethyloxalylglycine,
which robustly induce HIF-1α levels in PC-3 cells under atmospheric oxygen, did not diminish their early cellular
responses to YM155. Collectively, our data support that hypoxia induces resistance of cells to YM155 through a
HIF-1α and HIF-2α-independent mechanism. We hypothesize that a hypothetical hypoxia-inducer factor (HIF-X)
represses early signaling responses to YM155.
1. Introduction

A hallmark of tumors is their hypoxic niche, developed as their oxy-
gen consumption exceeds vascular supply (Brown, 1990; Sorensen and
Horsman, 2020). Tumors survive under such low oxygen levels by at least
three mechanisms: 1) Tumors “re-wire” their metabolism to reduce their
consumption of oxygen by inhibiting oxidative phosphorylation,
accompanied by compensatory increased glucose uptake and glycolysis
(Shukla et al., 2018). 2) Tumor cells and their associated stroma are
encouraged to produce and secrete vascular endothelial growth factor
(VEGF), which promotes the growth of new blood vessels (angiogenesis)
(Detmar et al., 1997; Baek et al., 2000). 3) Tumor cells are
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re-programmed to become more migratory and invasive, enabling their
entry into a less hostile environment (Osinsky et al., 2009; Jiang et al.,
2011). These and other mechanisms empower tumors to progress to a
state of increased aggressiveness accompanied by the acquisition of
resistance to various therapies, including radiation therapy (Sorensen
and Horsman, 2020) and chemotherapy (Jiang et al., 2011, 2019).

Despite the significant impact of hypoxia on tumor cell responses,
most initial in vitro drug screening and testing strategies rely on condi-
tions that expose cells to near atmospheric levels of O2 and are thereby
hyperoxic with respect to the in vivo environment of tumors (Griner et al.,
2018; Das et al., 2015). Technological and conceptual advances within
the past decade have enabled a better understanding of the role of the
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Fig. 1. Effect of hypoxia on the suppression of PC-3
cell growth. PC-3 cells were allowed to attach to 12-
well dishes for 24 h under normal atmospheric oxy-
gen (21% O2) and then treated with various doses of
YM155 or vehicle for 72 h in 1% or 21% O2 (A), pre-
incubated for 24 h in 1% or 21% O2 before treatment
with various doses of YM155 or vehicle for 72 h in 1%
or 21% O2 (B), pre-incubated for 24 h in 2.5% or 21%
O2 before treatment with various doses of YM155 or
vehicle for 72 h in 2.5% or 21% O2 (C), and pre-
incubated for 24 h in 5% or 21% O2 before treat-
ment with various doses of YM155 or vehicle for 72 h
in 5% or 21% O2 (D). Cell growth was assessed by
crystal violet staining (A570 nm) as described in Ma-
terials and Methods. Data points represent the average
of triplicate determinations (biological replicates) �
SE. Statistical significance (p-values) was determined
by Student’s t-test (two-tailed). *p < 0.01.

Table 1
The effect of hypoxia on growth suppression of PC-3 cells by YM155 was assessed
by crystal violet growth assay as in Fig. 1 and described in the Material and
Methods. The IC50 values were assessed by dose-response curves using GraphPad
Prism software and represent the average of triplicate biological determinations
� SE.

Hypoxia Incubation
conditions

IC50 (nM)Normoxic
(21% O2)

IC50 (nM)
Hypoxic

% O2

Co-treatment incubation 1.7 � 0.1 11.86 � 0.52 1%
Pre-treatment incubation 1.82 � 0.14 26.8 � 2.7 1%
Pre-treatment incubation 2.0 � 0.08 125 � 3.9 0.5%
Pre-treatment incubation 1.7 � 0.05 22.14 � 1.7 2.5%
Pre-treatment incubation 2.2 � 0.12 2.4 � 0.1 5%

Table 2
The impact of hypoxia on the cytostatic effect of various prostate cancer cell lines
was assessed by crystal violet growth assay as in Fig. 1 and described in Materials
and Methods. All cell lines were pre-treated for 24 h with 1% O2 or 21% O2
before the addition of various doses of YM155 or vehicle control and cells were
cultured in their respective growth conditions for an additional 72 h before
crystal violet staining. The IC50 values were assessed by dose-response curves
using GraphPad Prism software and represent the average of triplicate biological
determinations � SE.

Cell Line IC50 (nM)Normoxic IC50 (nM)Hypoxic Fold Change

PC-3 1.82 � 0.14 26.8 � 2.6 14.9
DU-145 3.95 � 0.11 58.9 � 2.0 15
C4-2 8.7 � 0.6 163.9 � 18.7 19.4
LNCaP 44 � 5.4 >300 >6.8
22RV1 8.15 � 0.43 202.5 � 14.8 24.8
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hypoxic milieu as a predictor of tumor aggressiveness and their accom-
panying responses to therapies. Along these lines, in the current study,
2

we explored the effect of hypoxia on the activity of Sepantronium Bro-
mide (YM155), a potent anti-cancer cationic imidazolium compound.
Our findings support that levels of hypoxia encountered in tumors
robustly impact the therapeutic effectiveness of YM155.

YM155 is a potent inducer of cell death as assayed on a broad spec-
trum of human cancer cell lines in vitro (Nakahara et al., 2007, 2011).
Remarkably, this drug also robustly promotes the regression of a variety
of human tumor xenografts in immunocompromised mice without
causing overt host systemic toxicity or weight loss (Nakahara et al., 2007,
2011). YM155 was discovered and first reported as an inhibitor of the
survivin gene promoter in prostate cancer cells (Nakahara et al., 2007).
Subsequent studies found this drug to target cancer cells through other
mechanisms including, loss of Mcl-1 (Wagner et al., 2014; Feng and
Ueda, 2013; Tang et al., 2011), targeting Akt, ERK, PI3K and STAT3
(Zhang et al., 2018; Na et al., 2012), degradation of EGFR (Na et al.,
2012), DNA damage response (Chang et al., 2015; Glaros TG et al., 2012;
Wani et al., 2018; Xu et al., 2021; Wani et al., 2021), and unfolded
protein response (Wagner et al., 2014). YM155 reportedly induces
apoptosis (Iwasa T et al., 2008; Iwasa et al., 2010; Tao et al., 2012; Feng
et al., 2013) and autophagy (Wang et al., 2011, 2014). Recent work from
our group focusing on understanding the early signaling responses driven
by YM155 revealed that YM155 rapidly (within 30 min) activates AMPK
signaling, leading to activation of ULK1, suppression of mTORC1, and
corresponding inhibition of global protein synthesis (Danielpour et al.,
2019). Given that cellular uptake of YM155 occurs by cationic trans-
porters, a process that delays its availability to intracellular targets
compared to cell-permeable compounds (Minematsu et al., 2009), we
postulated that the impact of YM155 on AMPK/mTORC1/ULK1 repre-
sented early signaling responses compared to downstream responses
such as loss of Survivin and Mcl-1 expression (Danielpour et al., 2019).

YM155 was tested in phase I and II clinical trials of castrate-resistant
prostate cancer (Tolcher et al., 2011; Aoyama et al., 2013), non-small-cell
lung cancer (Giaccone et al., 2009), unresectable stage III or IV



Fig. 2. Effect of hypoxia on the ability of YM155
control cell cycle regulators in PC-3 cells. PC-3
cells were allowed to attach to 6-well dishes for 24 h
under normal atmospheric oxygen (21% O2), the cells
were pre-incubated for 24 h in 1% or 21% O2 before
treatment with various doses of YM155 or vehicle for
8 h continuously under the same conditions. Expres-
sion of P–Rb (S807/811), Cyclin D1, Cyclin D2, Sur-
vivin, HIF-1α, and β-Actin were determined by
Western blot analysis, as described in Materials and
Methods. The data shown are representative of three
independent experiments.
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melanoma (Lewis et al., 2009), and Her2-negative metastatic breast
cancer (Clemens et al., 2015), where it was shown to be generally well
tolerated but have modest anti-tumor activity when administered alone
(Giaccone et al., 2009; Lewis et al., 2009) or in combination with doce-
taxel, paclitaxel, carboplatin, and rituximab (Tolcher et al., 2011;
Clemens et al., 2015; Papadopoulos et al., 2016; Kelly et al., 2013). Since
then, multiple in vivo studies have focused on exploiting other drug
combinations or drug delivery strategies to improve the effectiveness of
YM155 in various preclinical models (Baspinar et al., 2019; Gholizadeh
et al., 2018; Dai et al., 2018; Woo et al., 2017; Radic-Sarikas et al., 2017).
To date, no study has explored the role of the tumormicroenvironment or
tumor hypoxia on the anti-cancer activity of YM155. Our report here
represents the first study to assess the role of hypoxia on the anti-cancer
activity of YM155. Our data support that hypoxia may play a prominent
role in the limited clinical responsiveness of tumors to YM155, and
provide novel insight that may enable improved clinical strategies for the
therapeutic use of YM155 and structurally related analogs.

2. Materials and Methods

2.1. Materials

Sources were: YM155, BEZ-235 (Selleck Chemicals); rabbit anti-
Survivin IgG (#AF886) (R&D Systems); rabbit anti-P-Rb (S807/811,
#9308), mouse anti-Cyclin D1 (#2926), rabbit anti-Mcl-1(#5453), rab-
bit anti-P-p70S6K1 (T389, #9205), rabbit anti-Raptor (#4978, #4972)
rabbit anti-P-Raptor (S792, #2083), rabbit anit-HIF-1α (#3716), rabbit
anti-HIF-2α (#7096), rabbit anti-VHL (#2738), rabbit anti-P-AMPKα
(T172, #2535), rabbit anti-Cyclin D1 (sc-753), rabbit anti-Cyclin D2 (sc-
593), mouse anti-P-rS6 (S240, sc-293143), mouse anti-rS6 (sc-74459),
mouse anti-GAPDH (sc-51907), mouse anti-AMPK-α1 (39881) (Santa
Cruz Biotechnologies, Inc.); mouse anti-β-actin (#A-5441), dimethyox-
alylglycine (400091), deferoxamine mesylate (D9533) (Sigma-Aldrich,
3

Inc.); DMEM/F12 (Media Tech); characterized fetal bovine serum (FBS)
(HyClone); Roscovitine (LC labs).

2.2. Cell culture

The human PC-3, DU145, LNCaP, CWR22Rv1, and 786-O cell lines
were obtained from American Type Culture Collection (ATCC), RCC4
cells were obtained from Sigma-Aldrich, and C4-2 cells were from Leland
Chung’s lab. PC-3, DU-145, LNCaP, C4-2, and RCC4 cells were main-
tained in DMEM/Ham’s F-12medium (1:1, v/v) with 5% FBS. The LNCaP
cells were maintained in plates coated with poly-D-lysine as before
(Shankar et al., 2016). All cell lines were maintained in 5% CO2 at 37 �C.

2.3. Cell growth/Viability assay

Cells were plated overnight in 12 well dishes at a density of 10,000
cells/1 mL/well in a Forma Scientific cell culture incubator (37� C, 5%
CO2, 21% O2). Those dishes were maintained in that incubator or placed
in a C21 BioSpherix hypoxia chamber (37� C, 5% CO2, 0.5–2.5% O2)
within that incubator and then either immediately or 24 h later treated
with YM155 (0.1–1000 nM). Following three days of drug treatment,
cells were stained with crystal violet, as previously described (Song et al.,
2013). The data were plotted and evaluated for statistical significance
and the half-maximal inhibitory concentrations (IC50) of YM155 were
calculated using GraphPad Prism Software. Each point on the graph
represents the average of triplicate determinations � one standard error
from the mean (S.E.). P-values were calculated by Student’s t-test
(two-tailed).

2.4. Western blotting

Cells (105 cells/ml DMEM/F12 þ 5% FBS) were plated in 6-well
dishes (2 ml/well), allowed overnight to adhere to plastic, and then



Fig. 3. Pre-treatment with hypoxia alone sup-
presses early signaling responses in PC-3 elicited
by YM155 in 21% O2. PC-3 cells were allowed to
attach to 6-well dishes for 24 h under normal atmo-
spheric oxygen (21% O2), the cells were pre-incubated
for 24 h in 1% or 21% O2 before treatment with
various doses of YM155 or vehicle for 4 h in 21% O2

(A). Expression of Mcl-1, Cyclin D2, P-Raptor (S792),
Raptor, P-rS6 (S240), rS6, P-AMPKα (T172) Survivin,
P-p70S6K (T389), and β-Actin were determined by
Western blot analysis (B), as described in Materials
and Methods. C) The ED50 of YM155 on the phos-
phorylation of Raptor and AMPK in cells pre-treated
for 24 h with 21% O2 versus 1% O2 was quantified
by Image J. The data shown are representative of two
independently conducted experiments. The graphs in
C were generated by normalization to β-actin values
after the background phosphorylation induced by
hypoxia was subtracted for the comparative analysis
of ED50s of YM155. Each data point represents the
average of 5 replicates (5 composite scans from 3
different blots representing biological replicates) �
SE. Statistical significance (p-values) was determined
by Student’s t-test (two-tailed). *p < 0.05.
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treated as indicated. Following treatment, wells were washed twice with
2 ml of PBS, lysed with 120 ul of RIPA buffer containing protease in-
hibitor cocktail (Song et al., 2013), and clarified lysates were processed
for Western blot analysis, as detailed before (Song et al., 2013). Protein
expression was determined by Western analysis using 4–12% Bis-Tris
NuPAGETM gels, SDS-MES or SDS-MOPS running buffer (200 V, 4� C),
0.45 μm nitrocellulose membranes, NuPAGETM Transfer Buffer, Novex
Sharp Pre-stained Protein Standards and chemiluminescent autoradiog-
raphy on film (Fuji Medical 100 NIF). To ensure equal protein loading,
protein concentrations of samples were determined by a BCA protein
assay (96-well format), using an 8-point BSA standard curve run in
duplicate and a Tecan plate reader. Unknown samples were the average
of triplicate determinations. Equal loading and transfer were confirmed
by staining membranes with Ponceau S. The NIH Image J software was
used to quantify signals generated from Western Blots. Such quantifica-
tion was done using the average of five film exposures within the linear
densitometric range (from at least 3 blots, each representing a different
experiment or biological replicate). Densitometric values were normal-
ized to that of β-Actin controls.
2.5. Lentiviral-mediated silencing of HIF-1α and -2α

HIFs were silenced with pLKO.1 lentiviral shRNA constructs (HIF-1α:
TRCN0000003808, TRCN0000003809, TRCN0000003810; HIF2α:
TRCN0000003803, TRCN0000003807, TRCN0000003804) obtained
from Sigma, Inc. To produce viral supernatants, we transfected subcon-
fluent monolayers of HEK293T cells with pLKO.1 sh-RNA, pMD2.G, and
pCMV-dR8.74 (Shankar et al., 2016). Viral supernatants were collected
4

between 24 and 72 h after transfection. PC-3 and 786-O cells were
transduced overnight with viral supernatant (MOI ¼ 0.5) in the presence
of 8 μg/ml polybrene for 24 h, and 24 h after replacing with fresh growth
medium, cells were selected by treatment with 1.5 μg/ml puromycin for
four days or until 100% death of the non-transduced cells.

3. Results

3.1. Cytotoxicity of YM155 on prostate cancer cells is suppressed by
hypoxia

Recent findings support that the tumor microenvironment plays a
vital role in responses to cancer therapy and drug resistance (Jing et al.,
2019). A critical component of the tumor microenvironment is hypoxia.
Here we tested the effect of hypoxia on the biological activity of YM155
in prostate cancer cell lines. We first compared the cytostatic/cytotoxic
activity of YM155 on the PC-3 prostate cancer cell line under atmo-
spheric oxygen (21% O2) versus hypoxic (1% O2) conditions (Fig. 1a).
For this experiment, untreated cells in all groups were allowed 24 h to
adhere to plastic in the same incubator at 21% O2 and then treated with
various doses of YM155. We returned one set of plates to the same 37�C
incubator set at 21% O2 þ 5% CO2, and another set of duplicate-treated
plates to a hypoxic chamber within that incubator set at 1%O2þ 5%CO2.
After 72 h, cell growth was assessed by a crystal violet staining growth
assay. Under these conditions, although hypoxia slightly suppressed the
overall growth of vehicle control-treated cells, it significantly increased
the half-maximal inhibitory concentration (IC50) of YM155 from 1.7 nM
to about 12 nM, representing a ~7-fold increase (Fig. 1a).



Fig. 4. Impact of HIF-1α on the ability of hypoxia to YM155 to control
growth regulators and suppress the growth of PC-3 cells. PC-3 cells stably
silenced for the expression of HIF-1α by lentiviral mediated transduction of HIF-
1α shRNAs or scrambled control shRNA were allowed to attach overnight to 6-
well (A) and 12-well (B) dishes in 21% O2. Cells were then pre-incubated for 24
h with 1% or 21% O2 before treatment with various doses of YM155 or vehicle
for 4 h (A) or 72 h (B) with 1% or 21% O2. The dependence of HIF-1α on the
impact of hypoxia on YM155 responses was assessed by Western blot analysis
(A) and crystal violet growth assay (B). Data points in panel B represent the
average of biological triplicates � SE.
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The above data opened the possibility that a hypoxia-inducible
response was involved in shifting the dose-response curve of YM155 to
the right. We tested this by setting up another growth assay identically as
above except PC-3 cells were cultured with 1%O2 versus 21%O2 for 24 h
before treatment with YM155. Such pre-treatment further increased the
IC50 of YM155 on PC-3 cells from 1.8 nM to 26.8 nM, representing a ~15-
fold increase in IC50 (Fig. 1b). Of note, the shape and slope of the dose-
response curves generated at 21% O2 were comparable to that gener-
ated at 1% O2. These results suggest that hypoxia preconditions PC-3
cells to repress the cytotoxic activity of YM155 by increasing its IC50
without altering the magnitude of its suppression. We also similarly
determined alterations in the IC50 of YM155 on the growth of PC-3 cells
incubated in 2.5% O2 (Figs. 1c), 5% O2, and 0.5% O2 (Fig. 1d, Table 1).
Culturing PC-3 cells with 2.5% O2 and 0.5% O2 increased the IC50 of
YM155 by 10-fold and 62.5-fold, respectively, whereas culturing cells
with 5% O2 did not alter this drug’s IC50 (Table 1). In contrast to YM155,
hypoxia (1% O2) did not alter the IC50 of the cyclin-dependent kinase
inhibitor Roscovitine on growth arrest of PC-3 cells under identical
conditions (Supplementary Fig. S1). Taken together, these results support
that a physiologically hypoxic response, as exemplified by the induction
of HIF-1α and HIF-2α protein levels, selectively increases the IC50 of
YM155 on PC-3 cells.

We next tested whether hypoxia (1% O2, 24-h pre-incubation) simi-
larly increases the IC50 of YM155 on the cytotoxicity of four other
prostate cancer cell lines (Table 2). We found that hypoxia increases the
IC50 of YM155, ranging from >6.8-fold to 25-fold, on growth
5

suppression/cell death of LNCaP, DU145, C4-2, and CWR22RV1 (22RV1)
cells, suggesting that hypoxia universally increases the IC50 of YM155
necessary to suppress prostate cancer cell growth.

3.2. Effect of hypoxia on early responses of prostate cancer cells to YM155

We recently reported that suppression of the mammalian target of
rapamycin complex 1 (mTORC1) is an early response to YM155, leading
to translational suppression of numerous proteins, including Survivin and
Cyclin Ds, the latter responses of which promotes Rb activation (Dan-
ielpour et al., 2019). We next sought to determine whether hypoxia also
represses those early responses to YM155. To test this, we incubated
PC-3 cells in 1% O2 versus 21% O2 for 24 h before 8 h treatment with
various doses of YM155. Western blot analysis of cells revealed that
hypoxia robustly blocked the ability of YM155 to suppress the phos-
phorylation of ribosomal protein S6 (rS6) at S240 (a phosphorylation site
exclusively targeted by the mTORC1 activated kinase S6K1 (Danielpour
et al., 2019)), the levels of Cyclin D1, Cyclin D2, and Survivin, and the
phosphorylation of Rb at S807/811 (Fig. 2). Under these conditions,
hypoxia shifted the ED50 of those changes from ~3 nM to >100 nM,
representing >30-fold increased ED50 of YM155. These results suggest
that hypoxia represses early signaling responses of cells to YM155.

We previously entertained the possibility that YM155’s ability to
activate AMPK and hence suppress mTORC1 may be the consequence of
oxidative stress (Danielpour et al., 2019), based on a hypothesis that
YM155 promotes oxidative DNA damage (Wani et al., 2018), and that
activation of AMPK was the readout of this response (Eliopoulos et al.,
2016). This possibility would suggest that the early responses to YM155,
such as activation of AMPK, suppression of mTORC1, and suppression of
protein synthesis, are dependent on the level of cellular oxygen during
YM155 treatment. To test this possibility, we pre-conditioned PC-3 cells
with 1% or 21% O2 for 24 h and then placed both cultures in the same
incubator containing 21% O2, where we then treated them with various
doses of YM155 or vehicle for 4 h. We ensured there was no lag in the
time of oxygenation of cells by replacing the medium of all cultures with
fresh medium equilibrated in 21% O2 before adding YM155. After 4 h of
YM155 treatment, cells were processed for Western blot analysis of early
signaling responses to YM155 (Fig. 3A). Our results demonstrated that
cells pre-incubated under hypoxia were significantly less responsive to
YM155 (Fig. 3B) with a 10- to 20-fold increase in ED50 (Fig. 3C) as
assessed by densitometric scanning using the NIH Image J software.
Based on this, we hypothesized that the suppressive effect of hypoxia on
YM155 responses was due to a hypoxia-inducible factor (HIF), belonging
to the family of transcription factors that mediate cellular responses to
hypoxia (Hajizadeh et al., 2019). The reduced impact of hypoxia on
YM155 responses in Fig. 3 compared to Fig. 2 is consistent with the very
rapid degradation of HIF-αs at 21% O2 (Batie et al., 2019).

3.3. Effect of HIFs in cellular responses to YM155

We employed two strategies to test the role of HIFs in mediating the
hypoxia-driven reduction in sensitivity to YM155. The first strategy
involved silencing the expression of HIF-1α and HIF-2αwith shRNAs, and
the second strategy involved using syngeneic cells proficient in or lacking
pVHL, the E3 ubiquitin ligase essential for proteasome-mediated degra-
dation of HIFs under normoxia (Qian et al., 2018). We used three unique
shRNAs for silencing the expression of HIF-1α in PC-3 cells. All three
shRNAs effectively silenced HIF-1α induced by hypoxia (Fig. 4). Loss of
HIF-1α by each of these shRNAs was also accompanied by decreased
expression of Survivin. The two constructs that most strongly silenced
HIF-1α did not significantly enhance the effectiveness of YM155 to
suppress the expression of Survivin (Fig. 4A) or growth (Fig. 4B) of PC-3
cells, suggesting that HIF-1α alone does not play a significant role in
driving suppression of YM155 activity by hypoxia.

The RCC4 renal cell carcinoma cell line is null for the tumor sup-
pressor gene pVHL, promoting the constitutive expression of HIFs under



Fig. 5. Impact of hypoxia on YM155 responses in
renal carcinoma cells deficient or proficient in pVHL.
A) VHL-null RCC4 cells were first allowed to attach to
6-well dishes for 24 h under normal atmospheric ox-
ygen (21% O2), they were then pre-incubated for 24 h
in 1% or 21% O2 and thereafter treated with various
doses of YM155 or vehicle for 24 h in 1% or 21% O2.
B) VHL null RCC4 cells and VHL expressing RCC4
cells were first allowed to attach to 12-well dishes for
24 h under normal atmospheric oxygen (21% O2),
they were then pre-incubated for 24 h in 1% or 21%
O2 and subsequently treated with YM155 or vehicle
for 72 h with their respective levels of O2. C, D) VLH
proficient and null 786-O cells were first allowed to
attach to 12-well (C) or 6-well (D) dishes for 24 h
under normal atmospheric oxygen (21% O2), then
pre-incubated for 24 h in 1% or 21% O2 and subse-
quently treated with YM155 or vehicle for 72 h (C) or
24 h (D) in their respective levels of O2. E, F) VHL-
null 786-O cells stably silenced for HIF-2α by
lentiviral-mediated transduction of HIF-2α shRNAs
versus scramble control shRNA were first allowed to
attach to 12-well (E) or 6-well (F) dishes for 24 h
under normal atmospheric oxygen (21% O2), they
were then pre-incubated for 24 h in 1% or 21% O2 and
subsequently treated with YM155 or vehicle for 72 h
(E) or 24 h (F) with their respective levels of O2. Cells
were analyzed for cell growth by crystal violet growth
assay (B, C, E) or alteration of signaling responses by
Western blot (A, D, F). Data points in panels B, D, and
E represent the average of triplicate biological de-
terminations � SE. Statistical significance (p-values)
was determined by Student’s t-test. *p < 0.01 com-
parisons are for differences between 1% versus 21%
O2 for both VHL proficient and deficient cells.
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normoxia. Nevertheless, in RCC4 cells hypoxia robustly (~30-fold in-
crease in IC50) suppresses the ability of YM155 to activate Rb, suppress
the expression of Survivin, and suppress the phosphorylation of rS6 at
S240 (Fig. 5A). Hypoxia similarly increased the IC50 of YM155 on growth
suppression of RCC4 cells (Fig. 5B). Interestingly, enforced over-
expression of pVHL slightly increased rather than decreased the IC50 of
YM155 on suppressing the growth of RCC4 cells independent of the
status of hypoxia (Fig. 5B), consistent with the possibility that the sup-
pressive effect of hypoxia on the activity of YM155 is independent of
HIFs. Hypoxia also increased the IC50 of YM155 for growth suppression
of the VLH-null 786-O renal cell carcinoma cell line, although the fold
suppression was not as robust as that of RCC4 cells (Fig. 5C). Over-
expression of pVHL did not noticeably alter the IC50 of YM155 on growth
suppression of 786-O cells under normoxia. However, under hypoxia
pVHL overexpression seemed to modestly increase the IC50 of YM155 on
growth suppression of 786-O cells (Fig. 5C).

Unlike RCC4 cells that express HIF-1α and HIF-2α, 786-O cells express
HIF-2α but not HIF-1α (Hu et al., 2003). Western blot analysis demon-
strated that hypoxia induces the expression of HIF-2α by ~2-fold in
pVHL-null 786-O cells, allowing the possibility that this induction of
HIF-2α may account for the impact of hypoxia on the responsiveness of
786-O cells to YM155. We, therefore, assessed the effect of HIF-2α on
YM155 responses by silencing HIF-2α expression in 786-O cells. Two
different shRNAs that effectively silenced HIF-2α expression did not
enhance the sensitivity of 786-O cells (cultured under hypoxia) to
YM155, as assessed by growth suppression (Fig. 5D) or early gene re-
sponses (Fig. 5E). Together, these results support that HIF-1α and HIF-2α
do not play a significant role in the repressive effect of hypoxia on
cellular responses to YM155.
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To further characterize how hypoxia may induce resistance to
YM155, we treated PC-3 cells for 3 h with two highly cell-permeable
hypoxic mimetics, deferoxamine mesylate (DFX) (0.2 mM) (Woo et al.,
2006) and dimethyloxalylglycine (DMOG) (1 mM) (Hagg and Wenn-
strom, 2005) versus vehicle control, before a 2 h co-treatment with
YM155 (100 nM) of vehicle (see Fig. 6a for experimental design). Cells
were then subjected to Western blot analysis for various proteins
including HIF-1α, VEGFR2, P-Raptor (S792), P-rS6 (S240), P-AMPKα
(T172), total AMPKα1, and Cyclin D1 (Fig. 6). Although this brief
treatment with those mimetics helped PC-3 cells to achieve a hypoxic
response as evidenced by a robust induction of HIF-1α, they did not
depress the effectiveness of YM155 to alter early signaling responses. Of
note, YM155 suppressed the expression of AMPKα1, which is consistent
with our previous study (Danielpour et al., 2019). These results are in
contrast to the robust loss in YM155 (100 nM)-induced early responses
that occurred in PC-3 cells following 24 h of hypoxia-pretreatment
(Fig. 2). Based on the mechanism of action of those inhibitors (Woo
et al., 2006; Hagg and Wennstrom, 2005; Recalcati et al., 2015; Paul
et al., 2017), the results of Fig. 6 suggest that these early signaling re-
sponses by YM155 are independent of monooxygenases, dioxygenases,
and other proteins with iron-containing co-factors.

4. Discussion

Our study here represents the first report that hypoxia robustly di-
minishes the cytotoxic/cytostatic action of YM155 on cancer cells, and
that hypoxia represses cellular responses to YM155 including all the early
ones we have studied to date. Our data, showing that pre-conditioning
cells to hypoxia decreases their responsiveness to YM155 even when



Fig. 6. YM155 alters early cellular responses independent of cellular de-
livery of oxygen. PC-3 cells were allowed to attach to 6-well dishes for 24 h
under normal culture conditions, the cells were then treated with 0.2 mM
deferoxamine mesylate (DFX), 1 mM dimethyloxalylglycine (DMOG), or water
(vehicle). Following 180 min treatment cells received 100 nM YM155 or
vehicle, and after an additional 120 min, cells were harvested for Western blot
analysis (A). Expression of P-Raptor (S792), HIF-1α, VEGFR2, P-rS6 (S240), P-
AMPKα (T172), AMPKα1, Cyclin D1, and GAPDH was determined by Western
blot analysis. The data shown are representative of two independent
experiments.

Fig. 7. Summary of a model describing the potential mechanism by which
hypoxia suppresses cellular responses to YM155. Our study support that
hypoxia, through a HIF-1α and HIF-2α-independent mechanism, inhibits the
cytostatic/cytotoxic responses to YM155 in part by inhibiting the activation of
AMPK and subsequently reversing YM155’s suppression of a previously reported
downstream signaling cascade, including the activity of mTORC1, S6K1, and rS6
and translation of Survivin, Mcl-1, and Cyclin Ds (Danielpour et al., 2019). The
ability of hypoxia to repress YM155-mediated loss of phosphorylated pRB can be
explained by changes in Cyclin Ds that partner with cyclin-dependent kinases to
inactivate pRB through the phosphorylation of pRB at S807/811 (Danielpour
et al., 2019). The iron chelator DFX, which induces the expression of HIF-1α by
repressing proline hydroxylation of HIF-1α, does not antagonize early responses
to YM155, suggesting that YM155 activates AMPK through an iron-independent
mechanism. We hypothesize that an unknown hypoxia-inducible factor (desig-
nated HIF-X) suppresses cellular response to YM155.
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cells are returned to atmospheric oxygen levels during the YM155
treatment period (Fig. 3), suggest that hypoxia causes a fundamental
alteration in cells that reduces their responsiveness to YM155. Moreover,
short treatment with the hypoxia mimetics DFX and DMOG, the former of
which chelates iron and interferes with the utilization of oxygen by
proteins with iron-containing cofactors in mitochondria, such as mono-
oxygenases and dioxygenases (Woo et al., 2006; Hagg and Wennstrom,
2005; Recalcati et al., 2015; Paul et al., 2017), did not repress early cell
signaling responses to YM155 (Fig. 6). Taken together, these results
support that the ability of hypoxia to suppress cellular responsiveness to
YM155 is dependent on some type of hypoxia-inducible mechanism
rather than a direct lack of the availability of oxygen as a substrate.

Normal eukaryotic cells are equipped with various mechanisms to
protect them from necrotic cell death caused by severe hypoxia or anoxia
(Majmundar et al., 2010). In the best-understood mechanism, hypoxia
stabilizes HIF-1α, which then dimerizes with HIF-1β to form a tran-
scriptional complex that binds to the hypoxia response element (HRE) of
the VEGF promoter, thereby transcriptionally inducing the expression of
VEGF (Tirpe et al., 2019). VEGF then binds to VEGF receptors on endo-
thelial cells, thus promoting the growth of new blood vessels that supply
hypoxic tissues with oxygen and nutrients. Hypoxia similarly stabilizes
HIF-2α and HIF-3α, each of which dimerizes with HIF-1β to interact with
HREs of numerous other genes. While HIF-1α is expressed in nearly all
tissues, HIF-2α and particularly HIF-3α are more limited in their tissue
expression patterns. Under normoxia, HIF-αs get hydroxylated on
7

conserved proline residues by proline hydroxylases (PHDs), members of
the dioxygenase family of oxidizing enzymes (Minervini et al., 2015).
Hydroxylated HIF-αs are then targeted for proteasomal degradation
following their polyubiquitination by the von Hippel-Lindau (pVHL) E3
ubiquitin ligase complex (Qian et al., 2018), an important tumor sup-
pressor whose loss of function is associated with the appearance of tu-
mors arising in multiple organs (Mikhail and Singh, 2020). Our data in
the current study support that HIFs do not play a role in the mechanism
by which hypoxia suppresses cellular responsiveness to YM155 (Figs, 4,
5, 7).

Currently, we do not know the alteration in cellular behavior that
hypoxia triggers to render cells less responsive to YM155. Although HIFs
represent the best-studied mechanism by which hypoxia impacts cellular
responses through gene regulation, many reports confirm the critical
roles of HIF-independent cellular responses to hypoxia (Vozdek et al.,
2018; Fortenbery et al., 2018; Ahmed et al., 2018; Park et al., 2016).
Importantly, a recent study provided strong evidence that hypoxia
re-programs global changes in gene expression by rapidly modifying
chromatin methylation through a HIF-independent mechanism (Batie
et al., 2019). This study disclosed that histone demethylases character-
ized by a JmjC domain (i.e., KDM5A-D) could function as O2 sensors,
wherein O2 inhibits their activity. As such, low O2 de-represses those
demethylases, particularly KDM5A, leading to enhanced trimethylation
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of histone H3 at various residues.
Hypoxia is well known to activate nitroreductases through a HIF-

independent mechanism (Brown and Wilson, 2004). Such nitro-
reductase activity has been widely used to visualize tumor hypoxia
through reduction of the fluorochrome pimonidazole (Aguilera and
Brekken, 2014) and to selectively activate cancer prodrugs (Brown and
Wilson, 2004). Nitroreductases may potentially inactivate YM155 or the
direct target of YM155. However, nitroreductases are instantly inacti-
vated under normoxia and thus cannot explain our results in Fig. 3 in
which the entire duration of cell treatment with YM155 occurred in 21%
O2.

Whether hypoxia squelches the responsiveness of cancer cells to
YM155 through any of the above HIF-independent mechanisms remains
to be examined. Our data, demonstrating that hypoxia inhibits the onset
of the earliest reported cellular responses to YM155 (i.e., activation of
AMPK), support the possibility that a cellular alteration imposed by
hypoxia may interfere with the initiation of cellular response to YM155
(see Fig. 7 for our overall model). In our model, we hypothesize that an
unknown hypoxia-inducible factor, designated as HIF-X, is responsible
for the suppression of cellular response to YM155. We previously showed
that YM155 activates AMPK by promoting the phosphorylation of
AMPKα at T172, and that activation of AMPK by YM155 inactivates
Raptor through phosphorylating Raptor at S792 (Danielpour et al.,
2019), which is a phosphorylation site exclusively targeted by AMPK.
Inactivation of Raptor, which is an obligate subunit of the mTORC1
complex (mTORC1), inactivates mTORC1. Inactivated mTORC1 pro-
motes the inactivation of S6K1 (seen by loss of phosphorylation of S6K1
at T389), and thereby decreases phosphorylation of S6K1’s target, rS6 at
S240. Through this and other mechanisms, suppression of mTORC1
promotes inhibition of the translation of various proteins required for cell
growth and survival, such as Survivin, Mcl-1, and Cyclin Ds. As expected,
hypoxia suppressed the activation of AMPK by YM155, and thus all re-
sponses downstream of AMPK (Figs. 2, 3 and 7). Given that cellular up-
take of YM155 requires a cationic transporter, the cellular response to
hypoxia may involve an alteration in the expression or activity of that
transporter. Alternatively, hypoxia may alter the immediate intracellular
target of YM155 or disrupt its interaction with YM155. Further work in
understanding the molecular mechanism by which hypoxia decreases the
responsiveness of cancer cells to YM155 may disclose new opportunities
to improve the effectiveness of this drug or its derivatives in targeting
cancer.

Irrespective of the mechanism by which hypoxia represses the
responsiveness of tumor cells to YM155, strategies that promote the se-
lective delivery of oxygen to tumors are likely to significantly enhance
the anti-cancer therapeutic efficacy of YM155. Recent efforts hold much
promise for efficiently delivering oxygen to tumors to counteract the
tumor-promoting and drug-resistance effects of hypoxia. A recent study
reported effective tumor delivery of oxygen and enhanced therapeutic
action of cabazitaxel via an artificial oxygen carrier that employed li-
posomes loaded with hemoglobin and cabazitaxel (Jiang et al., 2019). In
the latest study, Zhang et al. (2019) developed a new nano-carrier,
named FeSiAuO, capable of delivering both drug and oxygen to the
tumor microenvironment under visible light radiation. The latter repre-
sents a new and innovative version of photodynamic therapy that targets
tumors through two independent hits: improved drug delivery/action
and suppressing tumor progression through targeted down-regulation of
HIF. These and other artificial oxygen delivery systems hold promising
strategies to enhance the therapeutic efficacy of YM155 on solid tumors.
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