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Colorectal cancer is a common cancer with metachronous distant metastases still threatening overall
survival. Tumor oxygen level influences tumor radiosensitivity in relation to autophagy and apoptosis.
The objective of this study is to evaluate the expression and interaction between multiple key regulators
in different oxygen levels. Human colorectal adenocarcinoma HT-29 cells were cultured in 1% or 10%
oxygen level and irradiated by 2 Gy with different incubation time. Autophagy key regulators, AMPK,
HIFs and JNK were evaluated by Western blot. Sequential autophagy key regulator activation was
observed in the order of AMPK, HIF-1a, HIF-20 and JNK. 10% oxygen level could promote autophagy with
similar degree of autophagy activation as 1% oxygen level in 48-h while irradiation could slightly inhibit
autophagy. The results of this study supported prior evaluation of oxygen level and autophagy regulators
for improving treatment efficacy and indicated the possible directions in developing individualized
radiotherapy by selective targeting of hypoxic regions.
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1. Introduction

Colorectal cancer (CRC) is one of the most common cancers
worldwide which ranks third in men and second in women [1].
About two-third occurred in sigmoid colon or rectum and required
chemoradiotherapy apart from the primary surgical treatment [2].
Although local disease control is effective due to development of
preoperative radiotherapy and total mesorectal excision, overall
survival is still threatened by metachronous distant metastases.

Hypoxia has been identified as an important factor for radio-
therapy failure as hypoxia reduces radiosensitivity, and increases
invasiveness and metastatic power [3]. The proposed mechanisms
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for radiosensitivity reduction included the promotion of pro-
survival autophagy and the suppression of pro-death apoptosis
[4,5]. The process is complex and multiple key regulators including
AMP-activated protein kinase (AMPK), hypoxia-inducible factors
(HIFs), mechanistic target of rapamycin (mTOR), c-Jun N-terminal
kinase (JNK) and unfolded protein response (UPR), have been
identified [5—8].

While there are multiple pathways proposed in autophagy and
apoptosis modulation under hypoxic condition, the link between
hypoxia-stimulated autophagy and radiotherapy efficacy remains
unclear. Rouschop et al. [5] indicated that chloroquine (autophagy
inhibitor) could increase radiosensitivity and improve radiotherapy
efficacy among hypoxic tumor cells in vitro and in vivo. Radiation is
usually regraded as an autophagy stimulator through mTOR or
endoplasmic reticulum stress pathways [9], but research in this
area remains scarce.

Although tumor cells may experience a wide range of oxygen
level in the body from close to anoxia to about 10% during metas-
tasis in arterial bloodstream, most of the previous studies studied
oxygen level <2% (pathological or radiobiological hypoxia) and in
short time intervals (<24 h) with single signaling pathway [10,11].
Moreover, single oxygen concentration was studied with normoxia
(21% 03) as control, however this level would never be experienced
by tumor cells in body [10]. The interplay between different auto-
phagy signaling pathways, the influence of higher oxygen level and
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chronic hypoxia on autophagy have received little attention. As
blood oxygen level may provide clues of tumor cell functions dur-
ing metastasis and chronic hypoxia may affect tumor cell functions
different from acute hypoxia, we hypothesized that different oxy-
gen level and different time points may induce multiple autophagy
pathways in CRC cells. We studied the impact of oxygen level in
both pathological hypoxia (1%) and blood oxygen concentration
(10%) in longer incubation time on various target molecules aiming
to reveal the complex kinetics in autophagy.

2. Materials and methods

Human colorectal adenocarcinoma cell line HT-29-Red-FLuc
(PerkinElmer, Inc., Waltham, MA) was employed and maintained
as instructed by American Type Culture Collection (ATCC). The
following antibodies were purchased from Cell Signaling Tech-
nology, Inc. (Danvers, MA): B-Actin (D6A8) Rabbit, AMPKa
(D63G4) Rabbit, phosphor-AMPKa. (Thr172) (40H9) Rabbit, 4E-
BP1 (53H11) Rabbit, phosphor-4E-BP1 (Thr37/46) (236B4) Rabbit,
Bcl-2 (Human Specific) Rabbit, Bcl-xL (54H6) Rabbit, Beclin-1
Rabbit, BNIP3 (D7U1T) Rabbit, BNIP3L/Nix (D4R4B) Rabbit, HIF-
20 (D9E3) Rabbit, LC3B Rabbit, mTOR Rabbit, phosphor-mTOR
(Ser2448) (D9C2) XP Rabbit, SQSTM1/p62 Rabbit, SAPK/JNK Rab-
bit and phosphor-SAPK/JNK (Thr183/Tyr185) Rabbit. Purified
mouse anti—HIF—1a antibody was obtained from BD Transduction
Laboratories. Secondary antibody used were anti-rabbit IgG, HRP-
linked and anti-mouse IgG, HRP-linked from Cell Signaling Tech-
nology, Inc.

Two Million HT-29 cells were seeded in T25 flask with complete
McCoy's 5A modified medium supplemented with 10% FBS. The
cells were then incubated in different oxygen level for 24 h. SCI-tive
Dual chamber hypoxia workstation (Baker Ruskinn, Sanford, ME),
was employed to maintain different oxygen level conditions (1% O,
5% CO,, 94% Ny or 10% O3, 5% CO,, 85% N3) within the incubation
period while 21% O, and 5% CO, (normoxia) experiments were
conducted in conventional cell incubator (Thermo Fisher Scientific,
Waltham, MA).

Some cells were lysed for western blotting after 24 h. Other cells
were air-sealed for keeping the constant oxygen level and taken out
of the chamber to receive 0 Gy or 2 Gy of irradiation at 225KV,
2.5 Gy/min by MultiRad 225 (Faxitron Bioptics, LLC, Tucson, AZ).
After that the cells were returned to their respective chamber for
another 24 h of incubation before harvesting.

In western blotting, after removing the culture medium and
gently washed by PBS twice, the cells were scraped in Laemmli
buffer on ice by a cell scraper. The harvested protein was then
centrifuged at 12,000 rpm for 20 min at 4 °C and the supernatant
denatured at 95 °C for 5 min. The protein samples were resolved
in 8—12% SDS-PAGE gels and transferred to PVDF membranes
(Bio-Rad Laboratories, Inc., Hercules, CA). Blots were blocked in
5% BSA in TBST for 1h. For protein detection, blots were incu-
bated overnight at 4 °C with a primary antibody in recommended
dilution in TBST containing 5% BSA. Bound antibodies were
visualized by 2-h incubation of secondary anti-rabbit or anti-
mouse IgG antibodies conjugated with HRP diluted at 1:3000
in TBST containing 5% nonfat dry milk and Western Lightning
Plus-ECL (PerkinElmer, Inc.) according to the supplier's
instruction.

Data was presented as means + SEM of more than 4 indepen-
dent experiments and the differences between groups were
analyzed by student's t-test (2 groups) or Kruskal-Wallis H test (3 or
more groups) by SPSS version 22 (IBM Corp). p < 0.05 was consid-
ered as statistically significant.

3. Results
3.1. The dynamics of autophagic flux

Increased microtubule-associated proteins 1A/1B light chain 3B
(LC3B)-II expression and LC3B-II/LC3B—I ratio were the key
markers of autophagy activation [12]. We first assessed the level of
autophagy in HT-29 cells in the two time points of different oxygen
level incubation (24 and 48 h) among unirradiated and irradiated
samples (48 h only) by western blotting. LC3B-II expression and
LC3B-II/LC3B—I ratio increased substantially among 1% and 10% O,
after 24 h (Fig. 1A). While in 48 h, LC3B-II in 1% O, showed slight
decrease when compared with normoxia control whereas LC3B-II
in 10% O, showed a greater increase when compared with control
and 24-h. Moreover, LC3B-II/LC3B—I ratios increased in both 1% and
10% O, (Fig. 1B).

Irradiation gave diverse impact on LC3B-II level among different
oxygen levels, LC3B-II levels slightly increased among 1% and 21%
0O, while LC3B-II level slightly decreased in 10% O,. Irradiation
slightly decreased LC3B-II/LC3B—I ratios among all oxygen levels
(Fig. 1B).

The expression of p62, another autophagy indicator, was
decreased in 1% O, sample but no change in expression in 10% O,
sample in 24-h (Fig. 1C). Whereas p62 slightly increased in 48-h
10% O, (Fig. 1D). Irradiation slightly increased p62 among all oxy-
gen levels (Fig. 1D).

3.2. Expression of AMPK, HIFs and JNK in the regulation of
autophagic flux

After demonstrating autophagic flux change by different oxygen
level and irradiation, we investigated the expressions of AMPK,
HIFs and JNK. AMPK activation was determined by phosphorylated-
AMPKa/total-AMPKa (p-AMPKa/AMPKa) ratio. Both 1% and 10% O,
indicated considerable increases in p-AMPKa/AMPKa ratio in 24-h
with 10% O, showing greater increase (Fig. 2A). The situation
experienced changes in 48-h with p-AMPKa/AMPKa ratio in 1% O,
was significantly smaller than control. The p-AMPKa,/AMPKa. ratio
in 10% O, had no significant change while irradiation could only
pose minor increase in p-AMPKa/AMPKa ratio among 10% and 21%
0, (Fig. 2B).

Both HIF-1a and HIF-2a levels were investigated. As shown in
Fig. 2, HIF-1a was strongly expressed in 1% O of both time points
with stronger promotion at 24-h. For HIF-1a expression in 10% O,
milder increases were recorded when compared with 1% O, with
stronger promotion in 48-h. Irradiation further increased HIF-1a
expression in 1% 02, but it did not greatly affect HIF-1a expression
in 10% O,. Also, slight increase in HIF-1a expression in 21% O, was
found (Fig. 2C—D).

HIF-20. experienced milder increase than HIF-1a. HIF-2a was
increased among 1% and 10% O, in both time points with stronger
expression in 1% O,. Also, differences in expression between 1% and
10% O, were slightly smaller in 48-h. Irradiation did not influence
the HIF-2a levels except an increase in 21% O, (Fig. 2C—D).

Since AMPK and HIFs may influence the expression of mTOR and
its downstream targets such as elF4E-binding protein 1 (4E-BP1),
ratios of p-mTOR/mTOR and p-4E-BP1/4E-BP1 were used for
assessing their activations. Among all samples, p-mTOR/mTOR ratio
were similar (Fig. 3A—B). While for p-4E-BP1/4E-BP1 ratio, there
were no significant changes in 24-h, but significant decreases
among 1% O, were found in 48-h while no significant changes were
found in 10% O or irradiation samples (Fig. 3C—D).

Apart from influencing mTOR and its downstream target, HIF-1a
may also affect the expressions of B-cell lymphoma 2 (Bcl-2)/
adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3) and
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Fig. 1. Hypoxia or blood oxygen level induced autophagy and radiation partially reversed the effect in HT-29 cells. Conversion of LC3B—I to LC3B-II in HT-29 cells subjected to 1% O,
or 10% O, for 24 h (A) or 48 h with or without irradiation (0 Gy or 2 Gy) (B) measured by Western blotting. The expression of LC3B-II and the ratio of LC3B-II/I increased with the
decrease in oxygen level and irradiation slightly reversed the effect. p62 level as secondary autophagy evaluation target at 24 h (C) or 48 h (D). Increase trend of p62 expression in
10% O, with or without irradiation at 48 h can be observed. The data (means + SEM) was expressed as the relative changes compared with unirradiated 21% O, group.*p < 0.05

versus unirradiated 21% 02, N = 4 (24 h) or 5 (48 h).

Bcl-2/adenovirus E1B 19kDa protein-interacting protein 3-like
(BNIP3L). BNIP3 was generally weakly expressed (Fig. 3E—F).
While BNIP3L was significantly induced in 1% O, with 24-h and
irradiated samples attaining higher expression. For 10% O, samples,
only slight increase has been found among 24-h and irradiated
samples. Moreover, irradiation could significantly decrease BNIP3
expression in 21% O samples (Fig. 3E—F).

mTOR-independent JNK pathway was also evaluated by p-]JNK/
JNK ratio, and its potential downstream targets including Bcl-2 and
B-cell lymphoma extra large (Bcl-xL). For the ratio of p-JNK/JNK,
slight down-regulation of JNK was found in 24-h 1% O, (Fig. 4A)
while up-regulation of JNK were found in 48-h 1% and 10% O,
(Fig. 4B). Irradiation reduced JNK activation except a slight increase
in 21% O, (Fig. 4B).

Weak Bcl-2 and strong Bcl-xL expressions were generally
recorded. There were moderate increases of the two proteins in 1%
and 10% O, except slight down-regulation in 48-h 1% O,
(Fig. 4C—D). Irradiation increased both protein expressions in 1% O3
while only Bcl-2 level was increased in 10% O,. Irradiation did not
influence expressions of both proteins in 21% O, (Fig. 4D). There

were also no significant changes in Beclin-1 levels among all
samples (Fig. 4E—F).

4. Discussion
4.1. Autophagy in different oxygen level and irradiation

Autophagy is a highly conserved process to enable tumor cells to
survive under stressful conditions such as hypoxia and irradiation
[9]. Various autophagy modulation agents have been suggested to
reduce treatment resistance due to hypoxia and/or radiation-driven
autophagy [5,9]. However, conclusions of efficacy of these drugs
were based on comparison with normoxia (21% 03). Our results
showed that both hypoxia (1% O,) and arterial blood oxygen con-
centration (10% O3) could induce autophagy when compared with
normoxia. This novel finding drove us to rethink the use of auto-
phagy modulation agents in improving treatment efficacy based on
single oxygen level comparison with normoxia while the seemingly
‘non-hypoxic’ 10% O, could also stimulate autophagy.

While in the context of irradiation, we found that irradiation
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Fig. 2. The early onset and rapid suppression of AMPKa and the dynamics of HIFs. The ratio of p-AMPKa/AMPKa and the expression levels of HIF-1a and HIF-2a were used to
evaluate the activity of AMPKo and HIFs by Western blotting in HT-29 cells subjected to different O, level (1% and 10%) for 24 h (A/C) and 48 h of with or without irradiation (0 Gy or
2 Gy)(B/D). Increase trend of AMPKe. expression in 1% O, and 10% O, demonstrated the early activation of AMPKe. (A) and significant decrease in AMPKo. expression in 1% O, at
48 h (B) showed the rapid suppression of AMPKe. Significant up-regulation of HIF-1o. and HIF-2a was found in 1% O, in both time points (C/D) whereas 10% O, also showed
significant increase in HIF-1a expression at 48 h (D). The data (means + SEM) was expressed as the relative changes compared with unirradiated 21% O, group. *p < 0.05, **p < 0.01

versus unirradiated 21% 05, N=4 (24 h) or 5 (48 h).

had less influence on autophagy than the difference in oxygen level.
This also led us to rethink the influence of radiation on autophagy,
which may be affected by other cellular process such as apoptosis.
For p62 level, although lowered p62 expression has been well-
regarded as an indicator of autophagy [13], p62 level could be up-
regulated under stressful conditions through mitogen-activated
protein kinase (MAPK) signaling such as JNK [14], which was also
stimulated by 1% or 10% O3 in 48-h. This made the complexity of
establishing p62 as a marker of autophagic flux in stressful
conditions.

4.2. The expression and relationship of AMPK and HIFs in
autophagy regulation

AMPK, HIFs and JNK have been established as key autophagy
regulators during oxidative stress. However, their interactions and
dynamics in different oxygen level and time point are not well

studied. In this study, AMPK was stimulated in 24-h among 1% and
10% Oy, showing that AMPK aimed to restore energy homeostasis
by reducing ATP production and the ‘non-hypoxic’ 10% O, was also
considered as a stressful condition [15]. AMPK also promoted
autophagy through mTOR inhibition and Unc-51 like autophagy
activating kinase 1 (ULK1)/Beclin-1 stimulation. Since AMPK is also
a tumor suppressor by inhibiting Warburg effect and tumor
growth, and AMPK is antagonized by HIF-1a activity [16], 10% O,
could attain a higher AMPK activation level than 1% O,. Moreover,
this study showed that AMPK activation has limited duration as it
returned to normal level in 48-h with the continued HIF-1a. activity
inhibited AMPK in 1% O,. This demonstrated the removal of tumor
suppressing function conferred by AMPK and allowed further tu-
mor growth in chronic hypoxia.

Besides interfering AMPK activation, HIFs also impact auto-
phagic flux in various aspects. First, HIF-1a. promotes autophagy
through inhibiting mTOR while HIF-2¢. inhibits autophagy through
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Fig. 3. Modulation of mTOR activity in different oxygen level and the HIF-1¢. mediated BNIP3L stimulation as a mTOR-independent autophagy pathway. The change of mTOR
activity in 1% O, or 10% O, on HT-29 cells was not apparent in 24 h (A) or 48 h with or without irradiation (0 Gy or 2 Gy) (B) from the phosphorylation level of mTOR evaluated by
Western blotting. However, the involvement of mTOR regulation was observable through the hypophosphorylation of 4E-BP1 in 1% O, at 48 h (D) but not at 24h(C). The
downstream targets of HIF-1a includes BNIP3 and BNIP3L. BNIP3 achieved much weaker stimulation due to histone deacetylation and methylation while BNIP3L was significantly
up-regulated by HIF-1a in 1% O, at both time points (E/F). The data (means + SEM) was expressed as the relative changes compared with unirradiated 21% O, group. *p < 0.05,
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Fig. 4. The delayed JNK pathway and the strong expression of anti-apoptotic Bcl-xL. The ratio of p-JNK/JNK was used to investigate JNK activity of HT-29 cells at different oxygen
levels in 24 h (A) or 48 h (B) by Western blotting. JNK was generally up-regulated by 1% O, and 10% O levels at 48-h while radiation partially reversed the effect except in normoxia.
Expression levels of Bcl-2 and Bcl-xL showed that HT-29 generally had large amount of Bcl-xL, which greatly reduced the JNK mediated apoptosis stress in both 24 h (C) and 48 h (D).
There were no significant changes in the expression level of Beclin-1 in both 24 h (E) and 48 h (F). The data (means + SEM) was expressed as the relative changes compared with
unirradiated 21% O, group. **p < 0.01 versus unirradiated 21% Oy, N=4 (24 h) or 4-5 (48 h).

stimulating mTOR. Although mTOR status had no significant
changes observed in this study, hypophosphorylation of 4E-BP1
was found in 48-h 1% O,. 4E-BP1 was controlled by mTOR as
inactive hyperphosphorylated state while mTOR inhibition by HIF-
1o could hypophosphorylate and activate 4E-BP1. Thus, hypo-
phosphorylation of 4E-BP1 provided a clue that HIF-1a promoted
autophagy through inhibiting mTOR. Also, the activated 4E-BP1

bound with elF4E and suppresses cap-dependent mRNA trans-
lation. Thus, translation of IRES-containing mRNAs was promoted
and this signaled a switch from cap-dependent to cap-independent
translation. Elevated 4E-BP1 expression has been associated with
poor prognosis in CRC as this leads to selective translation of IRES-
containing mRNAs such as HIF-1a, VEGF and Bcl-2 [17,18]. While
HIF-1a experienced a decreased expression from 24-h to 48-h in 1%
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0> and delayed up-regulation in 10% O, HIF-2¢, has sustained up-
regulation with comparatively higher expression level in 10% O,.
This result agrees with previous literature and leads to the phe-
nomenon of autophagy inhibition by mTOR promotion and
partially influence the reduced autophagic flux in 1% O, [19].
Although HIF-1a0 and HIF-2a have antagonistic roles in mTOR
regulation, HIF-2a. could be another promoter of tumorigenesis
[20]. Therefore, both HIF-1¢. and HIF-2¢. are worthy to be studied in
greater depth as they could influence cellular functions in wide
range of oxygen level.

The second direction for HIF-1¢ acting as autophagy promoter is
from up-regulating BNIP3/BNIP3L. BNIP3/BNIP3L stimulates auto-
phagy and the binding of BNIP3/BNIP3L with Bcl-2/Bcl-XL also
prevents cell death through apoptosis [21]. Due to histone deace-
tylation and methylation, BNIP3 expression is silenced among
majority of colorectal and gastric cancer cell lines including HT-29,
which is thought to prevent hypoxic cell death [22]. Our results
showed that BNIP3 expressions were weak as described in previous
literatures. However, strong inductions of BNIP3L by hypoxia were
observed in both time points. The induced BNIP3L could promote
mitophagy while liberated Beclin-1 could promote autophagy [23].
Also, the triggering of Bcl-2-like protein 4 (BAX)- Bcl-2 homologous
antagonist killer (BAK)-dependent apoptosis by BNIP3L regulation
was prevented by Bcl-2/Bcl-xL binding. Thus, induced BNIP3L could
be seen as a survival response under hypoxia while the trend of
BNIP3L followed the decrease of HIF-1a. in 48-h and thus contrib-
uting the decrease in autophagic flux in 48-h 1% O,.

4.3. The delayed activation of JNK

JNK pathway also affects Beclin-1 status and influences both
autophagy and apoptosis under stressful conditions. We found that
JNK was up-regulated in both 1% and 10% O, in 48-h but not 24-h,
demonstrating JNK activation as a delayed response when
compared with AMPK or HIF-1a. Although only up-regulation in
48-h 1% O, achieved statistical significance, the up-regulation trend
of p62 in 48-h 10% O, could serve as a secondary evidence of JNK
activation [14]. Moreover, we discovered irradiation could suppress
JNK rather than promote JNK among 1% and 10% O,. As JNK acti-
vation also links to apoptosis promotion apart from autophagy
regulation, we proposed that the reduction of JNK activation by
irradiation as a mechanism to reduce apoptosis activation and thus
preventing cell death with the expense of reducing autophagy
stimulation, which was seen in the decreased LC3-II/LC3-I ratio
among irradiated samples. This finding demonstrates the complex
regulation of autophagy and apoptosis in maintaining cellular
homeostasis.

JNK activates autophagy in a similar way as HIF-1a-BNIP3L by
disrupting Bcl-2/Bcl-xL-Beclin-1 complex, activated JNK phos-
phorylates Bcl-2/Bcl-xL and liberates Beclin-1 in the process. This
autophagy activation mechanism is also pro-apoptotic as it involves
the phosphorylation of anti-apoptotic Bcl-2/Bcl-xL [24]. However,
we propose that the phosphorylation of Bcl-2/Bcl-xL should have
minimal effect on apoptosis activation due to high Bcl-xL level
among samples. Bcl-xL is approximately ten times more effective
than Bcl-2 in anti-apoptosis role [25]. Therefore, targeting Bcl-xL
may prove to be useful in inducing apoptotic cell death especially
under chronic stressful conditions.

4.4. Autophagy modulations on future studies

Our results concluded the sequential autophagy key regulator
activation, i.e. AMPK for early autophagy activation, HIF-1a and
HIF-2¢ for longer term autophagy modulation, and finally JNK for
delayed autophagy activation as a novel key finding. Also, we found

that 10% O, could promote autophagy with similar degree of
autophagy activation as hypoxia in long term as another novel key
finding. We suggest that the decision of using these autophagy
modulation agents should base on autophagy status at multiple
oxygen levels including the ‘non-hypoxic’ region such as blood
oxygen level.

We suggest that cells incubated in blood oxygen level remain as
important targets for further investigations since tumor cells
metastasize by bloodstream. While we found that CRC cells had
high autophagy flux at blood oxygen level as a novel finding,
modulation of autophagy level may provide rewarding results in
treatment against metastasis.
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