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Dual functions of autophagy in the response
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In MCF-7 breast tumor cells, ionizing radiation promoted autophagy that was cytoprotective; pharmacological or genetic
interference with autophagy induced by radiation resulted in growth suppression and/or cell killing (primarily by apoptosis).
The hormonally active form of vitamin D, 1,25Ds, also promoted autophagy in irradiated MCF-7 cells, sensitized the cells to
radiation and suppressed the proliferative recovery that occurs after radiation alone. 1,25D; enhanced radiosensitivity and
promoted autophagy in MCF-7 cells that overexpress Her-2/neu as well as in p53 mutant Hs578t breast tumor cells. In
contrast, 1,25D; failed to alter radiosensitivity or promote autophagy in the BT474 breast tumor cell line with low-level
expression of the vitamin D receptor. Enhancement of MCF-7 cell sensitivity to radiation by 1,25D3 was not attenuated by a
genetic block to autophagy due largely to the promotion of apoptosis via the collateral suppression of protective autophagy.
However, MCF-7 cells were protected from the combination of 1,25D3 with radiation using a concentration of chloroquine
that produced minimal sensitization to radiation alone. The current studies are consistent with the premise that while
autophagy mediates a cytoprotective function in irradiated breast tumor cells, promotion of autophagy can also confer
radiosensitivity by vitamin D (1,25D3). As both cytoprotective and cytotoxic autophagy can apparently be expressed in the
same experimental system in response to radiation, this type of model could be utilized to distinguish biochemical,

molecular and/or functional differences in these dual functions of autophagy.

Introduction

While chemotherapy and radiation treatment generally demon-
strate initial effectiveness in suppressing breast cancer growth and
eliminating the vast majority of the breast tumor cell population,
patients nevertheless may succumb to the disease upon its recur-
rence either in the breast tissue or as metastatic lesions at other
organ sites such as the bones and brain.! Although strategies have
been developed in efforts to enhance the response to chemother-
apy and radiation by interfering with cytoprotective signaling,
there have been few direct attempts to address the problem of
disease recurrence. One promising approach based on our
previous work® may be to utilize vitamin Dj or its analogs in
combination with conventional therapies.
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1,25D3, a steroid hormone with a central role in regulating
calcium homeostasis, has been shown to produce pronounced
effects on cell growth, differentiation and survival.*® Because of
the possibility of hypercalcemia with the utilization of 1,25D;
at high doses,” analogs of 1,25D3 such as EB1089 have been
developed that demonstrate similar growth regulatory effects,
while having a reduced impact on calcium metabolism.*"
Additionally, vitamin Dj; (cholecalciferol), and the active form
1,25 dihydroxyvitamin D3 (1,25D3) have been used experi-
mentally in combination with a number of established treatments
in preclinical cancer studies.''"'®

MCE-7 cells, a commonly used p53 wild-type, caspase-3
deficient breast tumor cell line, have proven to be relatively

refractory to apoptosis in response to ionizing radiation when
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radiation (IR) was administered either as a single dose of 10 Gy
or more clinically relevant fractionated doses of 5X2 Gy, instead
undergoing a form of senescence arrest.>'” In contrast, treatment
with the vitamin D analogs, EB1089 or ILX-23-7553, prior to
radiation was found to change the response to irradiation from
growth arrest to cell death.”® Our studies further excluded
apoptosis and mitotic catastrophe as the modes of cell death when
EB1089 was combined with radiation and were consistent with
cell death occurring through autophagy.”?

Autophagy reflects a cellular response to stress in which the
fusion of autophagosomes and lysosomes allows the degradation
of subcellular organelles to generate energy and metabolic precur-
sors; autophagy may be cytoprotective or cytotoxic, depending
on the cells and the nature of the stressful challenge."**' Our
current studies were designed to evaluate the involvement of
autophagy in radiosensitization by EB1089 as well as extending
the work to the hormonally active and natural form of 1,25Ds.
In addition, studies were performed in breast tumor cells that
are intrinsically resistant to radiation and chemotherapy through
overexpression of Her-2/neu (MCF7/Her-2/neu cells),”> in
Hs578¢ cells, another (moderate Her-2/neu overexpression, p53
mutant) breast tumor cell line that was shown to be radio-
sensitized by 1,25D3,”?* as well as p53 mutant, Her-2 over-
expressing BT474 cells, a breast tumor cell line that has been
reported to express the vitamin D receptor.?

Results

Promotion of autophagy in cells exposed to EB1089 and
ionizing radiation. In previous studies, we proposed that the
impact of the combination of the vitamin D analog, EB1089,
with radiation on cell survival was primarily through the
promotion of autophagy.® In the current studies, the promotion
of autophagy in MCF-7 cells exposed to EB1089 + radiation was
confirmed based on acridine orange staining of autophagosomes®
(Fig. 1A), redistribution of RFP-LC3 indicative of LC3 asso-
ciation with the autophagosomal membrane*” (Fig. 1B) and
evidence of autophagic vacuole formation by electron micro-
scopy'®?! (Fig. 1C). Quantification for each study is shown in an
accompanying bar graph. Acridine orange vesicle staining in
MCEF-7 cells exposed to tamoxifen was utilized as a positive
control for autophagy*®(data not shown). For all three assays,
untreated control cells or cells treated with EB1089 alone show
minimal or no evidence for autophagy while cells treated with
radiation alone, or in combination with EB1089, exhibit a
significant increase over that observed in controls (albeit to
different degrees for the three assays).

Promotion of autophagy by 1,25D; and radiation in MCF7
breast tumor cells. Although analogs of vitamin Dj such as
EB1089 have been generated with the goal of developing
agents that express the activity of the parent compound but with
reduced calcemic activity,” the utility of administering 1,25D3,
the hormonally active form of vitamin D, with minimal and
acceptable levels of toxicity to patients, has been established.’
Consequently, studies were performed to determine whether
1,25D; produced the same impact as EB1089 on radiation
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sensitivity through the promotion of autophagy and interference
with proliferative recovery. Figure2A presents the results of
experiments where MCF-7 cells were exposed to 5X2 Gy radia-
tion alone or with 100 nM 1,25Dj prior to irradiation and where
viable cell number was monitored over an extended interval in
order to determine whether the residual surviving cells maintained
a prolonged growth arrested state. The 1,25D; inhibits growth,
but tumor cell growth is restored once 1,25Dj3 is removed from
the experimental system. Radiation produces a transient growth
arrest that was previously shown to reflect senescence;”'” of
particular note is the fact that the cells recover proliferative
capacity within a period of 5-7 d. As in our previous studies
with EB1089,>% prior exposure to 1,25D; produces a more
pronounced and prolonged growth arrest with subsequent cell
death; furthermore, the exposure to 1,25D; suppresses the pro-
liferative recovery that is evident with radiation alone. Overall, by
day 12 there is an approximate 84% reduction in cell number
for the combination treatment compared with radiation alone,
which is consistent with our previously reported studies com-
bining EB1089 with radiation.?

In addition to cell viability studies, the impact of the treat-
ment combining 1,25D; with ionizing radiation on clonogenic
survival is demonstrated in Figure2B and Figure S1A. While
radiation alone significantly reduces colony formation (74%) in
comparison to control cells, 1,25D; in combination with radia-
tion induces an 87% reduction in colony formation (Fig.2B)
and a 73% reduction in colony size (Fig. S1A). As explained
previously,” the clonogenic survival assay is likely to under-
represent the impact of the combination treatment as compared
with radiation alone since the proliferative recovery that is evident
in Figure2A likely does not occur under the experimental con-
ditions of the clonogenic survival assay because of the lack of cell
to cell contact; consequently, the differences between radiation
alone and the combination of 1,25D3 + radiation will not be as
pronounced as for the studies presented in Figure 2A.

To determine if the combination of 1,25D3 with radiation
increased levels of autophagy, acridine orange, RFP-LC3 punct-
ate, and electron microscopy images were monitored and quanti-
fied. Figure 2C indicates that, based on acridine orange staining,
virtually no autophagy was detectable with either control cells
or cells treated with 1,25D; alone, while radiation and the com-
bination increased acridine orange staining, indicative of auto-
phagy. Acridine orange quantification has been provided in
Figure S1B. In Figure S1C (left and right panels), MCF-7 RFP-
tagged LC3 cells demonstrate a significant increase of red punct-
ate fluorescence with radiation alone as well as with 1,25D;3
followed by radiation, indicative of LC3 association with the
autophagosomal membrane.”” In contrast, a diffuse pattern of
staining is observed in controls and in cells treated with 1,25D5
alone. The electron microscopy images in Figure2D (with
quantification of autophagic vesicles in Fig. S1D) further
confirms the substantial induction of autophagy with the com-
bination of 1,25D; + radiation (as shown by the presence of
autophagic vesicles indicated with arrowheads), with detectable
but significantly lesser number of autophagosomes detected with
radiation alone.
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Figure 1. Promotion of autophagy by EB1089 + radiation in MCF-7 cells. (A) Acridine orange staining of autophagic vesicles. Cells were exposed to
100 nM EB1089 for 72 h alone, radiation alone (52 Gy administered over a period of 3 d) or EB1089 for 72 h, which was then removed and immediately
followed by 5%2 Gy administered over a period of 3 d. AO images were taken 24 h post-irradiation using an inverted fluorescence microscope. Average
number of AVOs per cell were counted in three fields for each condition and are represented in the right panel graph. (B) RFP LC3 punctate staining.
MCF-7 cells stably transfected with RFP-LC3 were treated as in A and diffuse and punctate staining was monitored by fluorescence microscopy. Again,
images were taken 24 h post-irradiation. Average number of puncta per cell were counted in three fields for each condition and are represented

in the right panel graph. (C) Electron microscopy of autophagic vesicles. MCF-7 cells were treated as in (A) fixed and subjected to electron microscopy.
Autophagic vacuoles are indicated by the arrows. Scale bars indicate magnification. Average numbers of autophagic vacuoles per cell were counted and
are represented in the right panel graph.

It is now recognized that although autophagosome formation — autophagic flux, levels of the p62 protein were monitored by
is a necessary component of the autophagic process, autophago-  western blotting (Fig. 2E and accompanying bar graph). As a
some formation can occur without completion of autophagy and  positive control, a decline in p62 levels was evident when the
degradation of the autophagosomal content; consequently, it cells were serum starved. Treatment with 1,25D; alone did not
becomes necessary to also assess autophagic flux.>’ To evaluate reduce and in fact appeared to moderately increase p62 levels.
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Figure 2. Influence of 1,25 D5 on the response to fractionated radiation in MCF-7 cells. MCF-7 cells were exposed to radiation alone (5%2 Gy), or 100 nM
1,25D3 for 72 h; cells were washed free of the 1,25D5 prior to irradiation (5X2 Gy). (A) Viable cell number was determined by exclusion of trypan blue
at the indicated days following the initiation of radiation exposure. *p < 0.05 and **p < 0.0001 from IR alone on corresponding day. 1 Indicate days
when irradiation occurred. (B) Clonogenic survival was assessed after 14 d post-treatment. Values shown are from a representative experiment with
triplicate samples for each condition. *p < 0.05 and **p < 0.0001 from control. (C) Autophagy was monitored based on acridine orange staining 24 h
post-irradiation. (D) Electron microscopic imaging of autophagy; arrowheads indicates autophagic vacuoles. Scale bars indicate magnification. For 1,25D3
+ radiation, 1 pm magnification is shown to more clearly demonstrate autophagic vacuole formation. (E) Autophagic flux was based on the decline in
p62 levels monitored by western blotting 24 h post-irradiation. Actin was utilized as a loading control. Serum starvation was used as a positive control for
autophagic flux. The accompanying bar graph presents quantification of the data.

31-33

The combination of 1,25D; and radiation clearly promoted  ubiquitin mediated protein degradation®*” it remains possible that

robust autophagic flux, as indicated by the decline in p62 levels.  our findings may reflect alternative roles of p62 in this system.

Furthermore, radiation alone promoted a decline in p62 levels.*

While autophagic flux by radiation alone is generally consistent

with the data generated in other assays, the fact that suppression
of p62 was similar for radiation alone and the combination of
1,25D; with radiation was unexpected. However, as p62 function
is not limited solely to autophagy but is also associated with
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*Although this representative experiment appears to indicate differences in
the extent of p62 degradation between IR alone and 1,25D; + IR,
densitometry analysis and pooling of the data from multiple western blots
has determined that the level of p62 degradation is not significantly
different between these treatments.
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Impact of autophagy inhibition on sensitivity to treatment.
Given the ongoing controversy as to the differential impact of
autophagy in various experimental systems, where autophagy is
either cytoprotective or putatively the mode of cell death,'®2%3
studies were designed to examine how interference with auto-
phagy would influence sensitivity to radiation alone as well as
treatment with 1,25D3; + radiation. Three commonly used
inhibitors of autophagy were initially evaluated both alone and
in combination with tamoxifen (data not shown). These included
3-methyladenine (10 mM), which is a PtdIns 3-kinase inhibitor,*
chloroquine (CQ) (25 pM), a weak base that prevents acidifica-
tion and fusion between the autophagosome and the lysosome,*®
and bafilomycin A; (100 nM), which is an inhibitor of the
vacuolar-type H*-ATPase (V-ATPase).”” Due in large part to
the toxicity of 3-methyladenine and bafilomycin A; (or their
vehicles), chloroquine was chosen as the pharmacological inhibi-
tor of autophagy in our experimental system. Figure 3A indicates
that exposure to CQ alone produced an increase in formation of
autophagosomal vesicles, consistent with the weak base’s ability
to prevent the completion of autophagy by interfering with
acidification. Essentially identical images were generated in
studies by Zhao et al. using chloroquine as an autophagy
inhibitor in MDA-MB231 cells.”® Figure 3A confirms that
chloroquine interfered with the acidification step of autophagy
in response to treatment with radiation alone or 1,25D3 +
radiation, based on acridine orange staining; interference with
tamoxifen-induced autophagy was used as a positive control
(data not shown). Furthermore, the autophagic flux induced by
radiation or 1,25D; + radiation is eliminated in the presence of
chloroquine; evidence of this blockade to p62 degradation is
presented in the p62 western blot shown in Figure 3B with the
accompanying bar graph. Levels of p62 were also markedly
elevated for the combined treatment of chloroquine, 1,25D;
and radiation.

The next series of studies evaluated the temporal response of
MCEF-7 cells to radiation or 1,25D3 + radiation when autophagy
was suppressed by chloroquine. Figure3C indicates that expo-
sure to either 1,25D3 or CQ alone resulted in only a modest
and transient inhibition of growth. As observed in our previous
studies, cells treated with radiation alone undergo transient arrest
that is followed by recovery of proliferative capacity. Conversely,
cells treated with 1,25D; + radiation decline in cell number and
fail to regain proliferative capacity. Furthermore, when autophagy
was suppressed by chloroquine in cells exposed to radiation alone,
viable cell number declined and recovery of proliferative capacity
was abrogated. As shown in Figure 3D, the radiation treatment
in cells where autophagy was compromised by chloroquine
resulted in extensive apoptosis (TUNEL positive cells co-stained
with DAPI to confirm altered nuclear morphology) whereas
apoptosis was insignificant with radiation alone (chloroquine
treatment alone did not induce apoptosis, not shown). Quantifi-
cation of TUNEL positive cells at days 1 and 5 is provided in
Figure S2.

As a consequence of the observed sensitization to radiation
through the suppression of cytoprotective autophagy by CQ
(Fig. 3C), it was unlikely that CQ treatment would interfere
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with the effectiveness of the 1,25D; + radiation combination
treatment. In fact, as shown in Figure 3C and D, the 1,25D; +
radiation combination treatment had an essentially similar
impact on viable cell number and promotion of apoptosis as
radiation + CQ. While these observations are consistent with
studies indicating that autophagy has a cytoprotective action in
irradiated cells, as previously suggested in studies by Apel et al.
and others® " this created technical difficulties in efforts to
demonstrate that autophagy induced by 1,25D; + radiation is
cytotoxic; more specifically a blockade of cytoprotective auto-
phagy would sensitize the cells to radiation. This is, in fact, what
occurred in the subsequent genetic silencing studies presented
in the following section.

Impact of silencing ATG related genes on susceptibility to
1,25D; and irradiation. To extend the findings generated by
pharmacological inhibition of autophagy, we developed an
MCF-7 cell line (MCF-7/ATG57) in which ATG5, one of the
critical autophagy-related genes,*” was silenced. The western blot
in Figure 4A indicates a significant reduction in the signal for
ATGS in these cells, although ATG5 expression was not com-
pletely silenced. Acridine orange staining in Figure4B (and
quantification in the bar graph in the lower portion of Fig. 4B)
confirmed that the response of MCEF-7 vector control cells was
similar to that of the parental MCF-7 cells in Figure 2C. Acridine
orange staining in Figure4C indicates that the ATG5 knock-
down cells exhibited relatively modest intrinsic levels of acridine
orange staining in the treatments with 1,25Dj;, radiation or
1,25D; + radiation; however, none of these treatments signifi-
cantly increased orange staining over that in untreated cells.
Additionally, the western blot in Figure4D confirms that the
ATG5 knockdown cells had minimal LC3-II accumulation with
any of the treatments, including that of serum starvation. The
electron microscopy images in Figure4E further confirm that
the autophagic vesicle formation that was otherwise induced by
either radiation alone or the 1,25D3 + radiation combination, was
significantly suppressed in the ATG5 knockdown cells (essentially
no autophagic vesicles were detected with any of the indicated
treatments).

In further studies to address both the putative cytoprotective
actions of autophagy with radiation alone and the putative
cytotoxic functions of autophagy for the combination treatment,
the MCF-7/ATG5™ cells were exposed to either radiation alone
or 1,25D; followed by radiation, and viable cell number was
monitored for a period of 12 d after the last dose of radiation
(Fig. 5A, upper panel). It should be noted that the MCF-7 vector
control cells responded to these treatments in essentially an
identical manner as parental MCF-7 cells (Fig. 5A, lower panel,
compared with Fig. 2A, respectively); moreover there was no
evidence for apoptosis as measured by TUNEL/DAPI in the
MCE-7 vector control cells (data not shown). These experiments
in large part recapitulated the findings presented in Figure 3C in
that the prolonged growth arrest and proliferative recovery that
occurs with radiation treatment was abrogated in the ATG5
knockdown cells both for treatment with radiation alone and
for treatment with 1,25D3 + radiation. Figure 5B (TUNEL and
DAPI staining) indicates that cell death in the MCF-7/ATG5™
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Figure 3. Effect of autophagy inhibition on the response to radiation or 1,25D5 + radiation. (A) MCF-7 cells were treated with radiation alone (5x2 Gy)
or with 1,25D; + radiation with or without concurrent exposure to 25 uM CQ. Autophagy was monitored by acridine orange staining 24 h
post-irradiation. (B) Autophagic flux was based on the decline in p62 levels monitored by western blotting 24 h post-irradiation. Actin was utilized
as a loading control. Serum starvation was used as a positive control for autophagic flux. Densitometry for the p62/p actin protein ratio was normalized
to controls, **p < 0.0001 from control band. (C) Viable cell number was determined by trypan blue exclusion on the indicated days following
treatment. 1 indicates days on which irradiation was performed. (D) Effect of autophagy inhibition on promotion of apoptosis. MCF-7 cells were
treated with IR(5%2 Gy) or with 1,25D; + radiation with or without concurrent treatment of 25 uM CQ. Apoptosis was detected by the TUNEL assay
and DAPI staining 3 d post-irradiation. Taxol treatment was used as a positive control for apoptosis (not shown).

cells exposed to either radiation alone or 1,25D3 + radiation
occurred largely through apoptosis, again similar to the data
presented in Figure3D. p62 degradation was promoted with
serum starvation or the 1,25D3 + radiation treatment; however,
p62 levels were not diminished by radiation alone (Fig. 5C and

accompanying bar graph), suggesting a possible distinction
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between cytotoxic and cytoprotective autophagy in this experi-
mental model

Similar studies were performed in MCF-7/ATG7~
in which ATGY7, another critical autophagy-related gene,
was suppressed (Fig. S3A). Figure S3B indicates the MCE7/
ATG7 cells had a relatively high basal level of autophagy,

cells
4243
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Figure 4. Silencing of ATG5 in MCF-7 cells. MCF-7 cells were stably transfected with either an empty vector or with a plasmid for the silencing of ATG5.
(A). ATGS5 levels are shown by western blotting comparing control vector transfected cells to those with ATG5 knockdown; all subsequent studies utilized
the shATG5 1-3-3 clones. (B) Vector MCF-7 cells were exposed to radiation alone (5%2 Gy), or 1,25D5 prior to irradiation and autophagy was monitored by
acridine orange staining. (C) MCF-7/ATG5™ cells were treated identically to vector control cells in B; average number of AVOs per cell were counted in
three fields for each condition. (D) LC3-l and LC3-Il levels were monitored by western blotting 24 h post-irradiation in MCF-7/ATG5~ cells and compared
with Control MCF-7 parental cells. Actin was utilized as a loading control. Serum starvation was used as a positive control for autophagic flux. (E) Electron
microscopy imaging for autophagosomes. Scale bars indicate magnification.

again based on AO staining; however, none of the treatments
significantly increased the level of AO puncta. Previous studies
indicated that the downregulation of the autophagy protein
ATG7 by RNA interference in MCF-7 cells does not interfere
with LC3-I to LC3-II processing in both ATG7 knockdown
and Scr cells, indicating that ATG7 knockdown cells are cap-
able of LC3 processing, which could allow for autophagosome
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accumulation.** Figure S3C presents a time-course response
to treatment in the ATG7 knockdown cells that confirms
increased sensitivity to radiation (sustained arrest and lack
of proliferative recovery) as well as high sensitivity to the
combination treatment of 1,25D; + radiation (presumably
due largely to the sensitivity to radiation alone (comparing
A and X).
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Figure 5. Influence of 1,25D; on the response to fractionated radiation in MCF-7/ATG5 ™~ cells. (A) ATG5™ cells (top panel) or MCF-7 vector control cells
(bottom panel) were exposed to radiation alone (5X2 Gy), or 1,25D; prior to irradiation and viable cell number was determined by exclusion of trypan
blue at the indicated days following the initiation of radiation exposure. 1 Indicates when irradiation occurred. **p < 0.0001 from IR on corresponding
day, tp < 0.0001 comparing corresponding time points in MCF-7/ATG5~ cells and vector control cells. (B) Apoptosis was monitored by the TUNEL assay
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Actin was utilized as a loading control. Serum starvation was used as a positive control for autophagic flux. The bar graph presents densitometry data for

the p62/p actin protein ratio normalized to controls.

Evidence for the cytotoxic actions of autophagy mediating the
actions of 1,25D; + radiation. In an effort to distinguish between
the putative cytoprotective and cytotoxic functions of autophagy
in this experimental system, we were able to identify a (reduced)
concentration of CQ (5 uM) that produced minimal sensitization
to radiation when administered in combination with a single
4 Gy dose of radiation (Fig. S4A) but which was able to protect
the cells from the combination treatment of 1,25D3 + radiation
(Fig. $4B). Figure S4C demonstrates that 1,25D;, radiation
(4 Gy) and 1,25D3 + radiation all had similar effects, respectively,
as when studies were performed with fractionated radiation. This
series of experiments supports the premise that radiation
sensitization by 1,25Dj is likely being mediated through the
promotion of autophagy.

Sensitization to radiation in MCF7/HER2 cells. Given that

breast cancer cells are generally considered to be relatively sensitive
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to radiation treatment, we sought to determine if treatment of
breast tumor cells that are intrinsically resistant to radiation
through the overexpression of HER2/neu* would also demon-
strate sensitization to radiation via the promotion of autophagy.
Figure 6A confirms the overexpression of HER2 in this cell
line while Figure 6B confirms the expression of the vitamin D
receptor. Figure 6C indicates that MCF-7HER2 cells constitu-
tively demonstrated low levels of autophagy staining; a single large
vacuole was observed in control and in cells exposed to 1,25D3
while again treatment with either radiation alone or 1,25D; +
radiation resulted in increased staining (bar graph accompanying
Fig. 6C). Figure 6D demonstrates that the combination of
1,25D3 + radiation resulted in a more pronounced effect than
radiation alone, although this appeared to be due in large part
to unexpectedly high sensitivity to the 1,25D3; sensitization was
also observed with EB1089 + radiation (data not shown).
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Sensitization of Hs578t cells. A recent paper by Mineva et al.,
utilized RT-PCR to confirm the expression level of VDR, and
reported radiosensitization by 1,25D; in Hs578t breast tumor

cells,”

a breast tumor cell line that is intrinsically radioresis-
tant.”?* The clonogenic survival data presented in Figure 7A
confirm that Hs578t cells were significantly less radiosensitive
than MCEF-7 cells. Figure7B further confirmed the findings of
Mineva et al.” that 1,25D3; enhances radiation sensitivity.
Furthermore, Hs578t cells exposed to 1,25D; alone or radiation
alone (5%2 Gy) did not display characteristics of apoptosis, 5 d
post-irradiation (Fig. S5). Although apoptosis was significantly
increased with 1,25D3 + IR, no more than 15% of these cells
were TUNEL positive (Fig. S5 with accompanying bar graph,
confirmed with altered nuclear morphology via DAPI), suggesting

www.landesbioscience.com

Autophagy

that autophagy could contribute to 1,25D5 radiosensitization, as
in the studies with MCEF-7 cells. Since the effect of the com-
bination treatment was relatively modest, induction of CYP24
(24-hydroxylase) gene expression was analyzed to determine the
activity of the vitamin D receptor. Hs578t cells expressed
functional VDR as demonstrated by a similar induction of
CYP24 (24-hydroxylase) gene expression compared with MCF-7
cells (Fig.7C). Figure7D indicates that the combination of
1,25D5 with radiation resulted in significant autophagy in com-
parison to control and 1,25Dj3-treated cells (with autophagy also
induced by radiation alone), based on acridine orange staining,
findings similar to those with MCF-7 and MCF-7/HER2 cells.
Studies of p62 degradation shown in Figure 7E (and the accom-
panying bar graph) confirm that exposure to 1,25D5 + radiation
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Figure 7. Influence of 1,25D3 on radiation sensitivity and autophagy in Hs578t breast tumor cells. (A) MCF-7 and Hs578t cell were treated with varying
doses of radiation and colony formation was assessed. (B) Hs578t cells were exposed to 1,25Ds alone, radiation alone (5%2 Gy), or 1,25D5 prior

to irradiation and colony formation was assessed. (C) MCF-7 and Hs578t cells were analyzed in the presence or absence of 1,25D; for VDR functionality
via analysis of inducible CYP24 (24-hydroxylase) gene expression. (D) Autophagy was monitored based on acridine orange staining 24 h post-irradiation.
(E) Autophagic flux was based on the decline in p62 levels monitored by western blotting 24 h post-irradiation. Actin was utilized as a loading control.
Serum starvation was used as a positive control for autophagic flux. Densitometry for the p62/p actin protein ratio was normalized to controls; *p < 0.05,

also promotes significant autophagic flux. It is of further impor-
tance to emphasize that radiation alone did not appear to promote
p62 degradation in this cell line, which supports the contention
that increased autophagic flux is likely to be responsible for
radiation sensitization by 1,25D53.

Lack of sensitization of BT474 breast tumor cells. To further
examine whether our strategies for radiosensitization would also
be effective against intrinsically radioresistant cell lines, we also
examined HER2 overexpressing BT474 breast cancer cells.”
Figure 8A indicates the temporal differences in viable cell number
between control cells and cells that were treated with either
radiation alone or EB1089 followed by radiation. The BT474
cells were clearly quite resistant to radiation treatment, which
failed to produce significant effects on cell growth. EB1089 was
unable to radiosensitize these cells and upon further examination
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the combination was unable to elicit an autophagic response as
indicated by the lack of change in acridine orange staining in
Figure 8B. Studies of p62 degradation shown in Figure 8C
(and the accompanying bar graph) further confirm that neither
1,25D3, IR nor 1,25D; + IR promotes significant autophagic
flux. Although the literature indicates that BT474 cells express
the VDR and are responsive to vitamin D,” Figure 6B reveals
that BT474 cells actually have minimally detectable levels of the
VDR, which supports the necessity for having a relatively robust
VDR mediated signaling response pathway for radiosensitization
by vitamin Dj or its analogs. The observation that autophagy and
autophagic flux are not increased under conditions where 1,25D;
fails to promote radiosensitization lends further support to the
contention that radiosensitization by vitamin D is accomplished
through modulation of the autophagic pathway.
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Serum starvation was used as a positive control for autophagic flux. Densitometry for the p62/p actin protein ratio was normalized to control.

Discussion

The utility of combining with 1,25D5 or vitamin Dj analogs
with conventional chemotherapeutic drugs such as tamoxifen,
platinum compounds, and Adriamycin against a variety of tumor
cell lines is supported by multiple studies.'"'>'*'® In addition,
phase I and II clinical trials have suggested that high dose
intermittent therapy with 1,25Dj itself is potentially safe.”® Our
previous work®” has focused on utilizing 1,25D3 and its analogs
to confer sensitivity to radiation in the breast tumor cell,
apparently through the promotion of autophagy.>’

The current work is consistent with the premise in a number
of studies that radiation promotes cytoprotective autophagy and
that radiation sensitization can be mediated through pharmaco-
logical or genetic suppression of autophagy. However, our studies
are also consistent with the conclusion that autophagy is the
basis for enhanced sensitivity and cell death in response to
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irradiation when irradiation is preceded by either 1,25D; or the
vitamin D analog, EB1089; this conclusion is based on evidence
for autophagy via multiple assays that include autophagic vesicle
formation, RFP-LC3 redistribution and punctation, electron
microscopy and degradation of the p62 protein, as well as lack
of evidence for other modes of cell death that was reported in
previous studies.”” Consequently, in this experimental model, it
appears that autophagy may have the capacity to play dual roles,
both of which can be exploited to enhance the response to
radiation.

An additional complication to confirming the cytotoxic func-
tions of autophagy in this experimental system was that neither
pharmacological nor genetic inhibition of autophagy reduced
sensitivity to the combination treatment that utilized fractionated
radiation (5X2 Gy); this was due to the fact that the irradiated
cells die by an alternative pathway, that of apoptosis, which is a
frequent observation when autophagy is blocked in tumor cells
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exposed to stress.'® " However, in ZR-75 breast tumor cells, a
cell line where cytoprotective autophagy is relatively weak, the
cells are unequivocally protected from the combination treat-
ment by both pharmacologic and genetic autophagy inhibition.*®
Using a similar experimental strategy of lowering the concentra-
tion of CQ and utilizing a single dose of 4 Gy IR, we were able
to dramatically reduce radiation sensitization by CQ, thereby
allowing for detection of the capacity of CQ to protect the
cells from the cytotoxicity of the 1,25D; + IR combination
treatment. These observations support the conclusion that auto-
phagy mediates the cytotoxicity of the 1,25D; + IR combination
treatment. Additional, albeit somewhat indirect, evidence in
support of this premise is provided by the data in Figure7 that
indicate p62 degradation occurs solely for the 1,25D; + IR
combination treatment in Hs578t breast tumor cells.

While there is some evidence that EB1089 or 1,25D3 alone
can induce autophagosome formation and autophagic flux,”>?
under the experimental conditions of the current studies, no
autophagy is observed with EB1089 or 1,25D; alone. Our
current studies with EB1089 and 1,25D; demonstrate compar-
able temporal responses to both agents alone and in combina-
tion with irradiation, indicating equivalent utilities for both
drugs. We also show that as with EB1089, 1,25D; suppresses
the proliferative recovery that occurs after radiation alone. This
component of the response to radiation is potentially of clinical
significance since the senescence that otherwise occurs with
radiation alone could prove to reflect tumor dormancy that is
ultimately succeeded by disease recurrence.**>*

Our studies also indicate that sensitization can occur even in
cells that are intrinsically resistant to radiation through over-
expression of Her-2/neu. Unexpectedly, MCF7HER2 cells were
extremely sensitive to the antiproliferative effects of the 1,25D3.
Conversely, an apparent deficiency of the vitamin D receptor
in the BT474 cells is likely to be the explanation for their lack
of radiosensitization with vitamin D, and the absence of auto-
phagy. Interestingly, Costa et al. have suggested that the vitamin
D receptor may be unnecessary for its antiproliferative actions,
which could indicate that effects on tumor cell growth and
radiation sensitivity are dissociable.”> With regard to the Hs578t
cells, we have confirmed the report of radiation resistance and
sensitization by 1,25Ds; however, similar to the findings by
Mineva et al.,” the extent of sensitization was somewhat lower
than for MCF-7 cells. This may be related to the fact that these
cells have mutant p53, as we have reported previously that
MCE-7/E6 cells (that are essentially null for p53) are relatively
refractory to sensitization;’

In summary, these studies are consistent with the possibility
that both cytoprotective and cytotoxic autophagy can occur in
breast tumor cells exposed to radiation and furthermore that
both forms of autophagy could potentially be exploited for the
purpose of radiosensitization. Furthermore, the availability of an
experimental system where the response to radiation alone is
cytoprotective autophagy and the response to the 1,25D3 + IR
combination is cytoprotective autophagy could, in theory, provide
a platform for identifying the factors that distinguish between
these two functions of autophagy.
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Materials and Methods

Cell lines. The p53 wild-type (WT) MCF-7 human breast tumor
cell line was obtained from National Cancer Institute. BT474 and
Hs578t cells were obtained from ATCC. Development of the
MCF-7/ATG5 " cells is described below. The MCF-7 RFP/LC3
cells were a generous gift from Dr. Keith Miskimins.*> The MCF-
7IATG7 "~ cells were a generous gift from Dr. Ameeta Kelekar.*

Cell culture and treatment. The MCF-7 cell line was obtained
from the National Cancer Institute (hetp://dep.nci.nih.gov/
branches/btb/tumor-catalog.pdf). All MCF-7 derived cell lines
were grown from frozen stocks in basal RPMI 1640 supple-
mented with 5% FCS, 5% BCS, 2 mmol/L l-glutamine and
penicillin/streptomycin (0.5 mL/100 mL medium). MCEF-7/
ATG5™~ were maintained using (200 pig/ml) puromycin (Sigma,
p8833) for resistance. MCF-7/HER2 cells were maintained
using (200 pg/ml) G418 (Gibeco, 10131-035). BT474 cells
were grown from frozen stocks in DMEM supplemented with
10% FCS, 2 mmol/L l-glutamine and penicillin/streptomycin
(0.5 mL/100 mL medium). Hs578t cells were grown from frozen
stocks in 0-DMEM supplemented with 10% FCS, 2 mmol/L
l-glutamine ~and penicillin/streptomycin (0.5 mL/100. mL
medium). All cells were maintained at 37°C under a humidified,
5% CO, atmosphere. Cells were exposed to y-IR using a '*’Cs
irradiator. Radiation treatment, unless otherwise stated, consisted
of five fractions of 2 Gy radiation that were administered on three
consecutive days (two fractions separated by 6 h on the first
2 d followed by a fifth dose on the 3rd day). In our studies, cells
were exposed to 100 nmol/L EB1089 (Leo Pharmaceuticals
batch no. EB1 262160) or 1,25 vitamin D3 (Sigma, D1530) for
72 h before irradiation. This sequence of exposure was based
on the studies by Wang et al.'' and our own previous work,>*’
which have shown a requirement for prolonged incubation with
vitamin Dj or its analogs to promote sensitivity to Adriamycin
and irradiation.

Cell viability and clonogenic survival. Cell viability was deter-
mined by trypan blue exclusion at various time points after the
last dose of radiation. Cells were harvested using trypsin, stained
with 0.4% trypan blue dye (Sigma, T8154), and counted using
phase contrast microscopy; a minimum of three experimental
replicates were conducted. For clonogenic survival studies, cells
were plated in triplicate in six well tissue culture dishes at the
appropriate density for each condition. After 14 d, the cells were
fixed with 100% methanol, air-dried and stained with 0.1%
crystal violet (Sigma, C3886). For computing the survival frac-
tion, groups of 50 or more cells were counted as colonies. Data
were normalized relative to untreated controls, which were taken
as 100% survival; a minimum of three experimental replicates
were conducted. Colonies were imaged and average colony width
was measured using image analysis software, QCapturePro.

Terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling assay for apoptosis. The method of Gavrieli et al.>
was used as an independent assessment of apoptotic cell death
in combined cytospins containing both adherent and nonad-
herent cells. Cells were fixed and the fragmented DNA in cells
undergoing apoptosis was detected using the In situ Cell Death
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Detection kit (Roche, 11373242910, 03333566001), where
strand breaks are end-labeled with fluorescein-dUTP by the
enzyme terminal transferase. Cells were then fixed to glass slides
using DAPI-containing Vectashield mounting medium (Sigma,
D9542). Pictures were taken using an Olympus inverted fluo-
rescence microscope. All images presented are at the same
magnification; a minimum of five fields of view were counted
per condition and a minimum of three experimental replicates
were conducted.

Western blot analysis. After the indicated treatments, cells
were washed in PBS and lysed using 500-1,000 pL M-PER
mammalian protein extraction reagent (Thermo Scientific,
78501) containing protease and phosphatase inhibitors for
5 min on a shaker. Protein concentrations were determined by
the Lowry method and equal aliquots of protein (40 pg) were
separated using 8-15% SDS-PAGE. Proteins were transferred
onto a nitrocellulose membrane and blocked in TBS-Tween
20 buffer containing 5% nonfat dry milk. Membranes were
immunoblotted with respective antibodies and then incubated
with horseradish peroxidase—conjugated secondary antibody.
Proteins were visualized using an enhanced chemiluminescence
kit from Pierce (Thermo Scientific, 34080). Primary antibodies
used were anti-p62 (SQSTM1, Santa Cruz, sc-28359), anti-
ATGS5 (APGS, Biosensis, R-111-100), anti-ATG7 (APG7, Santa
Cruz, sc-33211), anti-VDR (Santa Cruz, sc-13133), anti-$ actin
(Santa Cruz, sc-47778), all primary antibodies presented were
used at a 1:1,000 dilution. All westerns were replicated a
minimum of three times and densitometry comparing proteins of
interest to {3 actin for loading control was conducted via Image].

Detection of autophagic cells by staining with acridine
orange. As a marker of autophagy, the volume of the cellular
acidic compartment was visualized by acridine orange staining.”®
Cells were seeded in six-well tissue culture dishes and treated
as described above for the cell viability study. Twenty-four hours
following treatment, cells were incubated with medium contain-
ing 0.1 pg/mL acridine orange (Invitrogen, A3568) for 15 min;
the acridine orange was then removed, cells were washed once
with PBS, fresh media was added, and fluorescent micrographs
were taken using an Olympus inverted fluorescence microscope.
Again, all images presented are at the same magnification. The
number of cells with increased acidic vesicular organelles was
determined by counting at least three representative fields per
treatment condition; a minimum of three replicate experiments
were conducted.

Transmission electron microscopy. TEM services, including
sample fixation, embedding, ultra-microtomy and staining were
provided by the VCU Department of Anatomy and Neurobiology
Microscopy Facility. Sections were imaged via Jeol JEM-1230
transmission electron microscope (EM) equipped with a Gatan
UltraScan 4000SP 4 K X 4 K CCD camera. The magnification
of image is indicated at the bottom of micrograph images; a
minimum of 20 representative cells from at least three grids were
evaluated for the appearance of autophagosomes.

RNA interference. A7G5 shRNA oligonucleotides were
designed according to the sequence described previously.”” For
each set, top- and bottom-strand oligos were synthesized
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separately and annealed together. The primers for siRNA corres-
ponding to the coding region were as follows: top, 5'-gatccce
GGATGAGATAACTGAAAGGttcaagagaCCTTTCAGTTATC
TCATCCrttttta-3" and bottom, 5'-gatccccGGCATTATCCAA
TTGGTTTttcaagagaAAACCAATTGGATAATGCCttttta-3';

The BgllI restriction site was included on the top strand at its
5" end; the HindIII restriction site was included at the 3" end to
facilitate cloning into the pSUPER-retro-puro (OligoEngine,
VEC-PRT-0002). The 2 oligos were annealed and inserted into
the empty vector that has been linearized with BglIl and HindIII
enzymes. Positive clones were identified and sequenced and
confirmed by automated DNA sequencing,.

Gene expression analysis. For Q-PCR, total RNA was collec-
ted from washed cultured cells lysed in TRIzol (Invitrogen).
Treatment with DNase 1 was used to remove contaminating
DNA before the PCR was performed. One microgram of total
RNA was batch reverse transcribed using Supercript II and PCR
amplified with the specified human primer sets for human CYP24
(Forward, Sequence: TATCGCGACTACCGCAAAGA; Reverse,
Sequence: GGACCCGCTGCCAGTCT), and h18s rRNA
(supplied with MASTER MIX 20X, from Applied Biosystems,
part number 4310884E) were synthesized at the VCU Nucleic
Acids Core Facility. The Q-PCR experiments were performed in
the ABI Prism®™ 7900 Sequence Detection System (Applied
Biosystems) using the TagMan®™ One Step PCR Master Mix
Reagents Kit. All the samples were tested in triplicate. The
cycling ' conditions were: 48°C/30 min; 95°C/10 min; and
40 cycles of 95°C/15 sec and 60°C/1 min. The cycle threshold
was determined to provide the optimal standard curve values
(0.98 to 1.0). The probes and primers were designed using the
Primer Express™ 3.0 version. The probes were labeled in the 5'
end with FAM (6-carboxyfluoresceine) and in the 3' end with
TAMRA (6-carboxytetramethylrhodamine). Specific gene expres-
sion analysis was conducted using TaqMan probes to gene
products of interest, CYP24 (CCTTCCAGGATCAGCAGC
CCGTAG) and 18s rRNA.

Statistical analysis. Statistical differences were determined
using StatView statistical software. Comparisons were made
using a one-way ANOVA followed by Fisher’s protected least
significance difference post-hoc test. ps = 0.05 were taken as
statistically significant.
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