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A novel HIF-1α/VMP1-Autophagic 
Pathway Induces Resistance to 
Photodynamic Therapy in Colon Cancer 
Cells  
M.E. Rodrígueza,b, C. Catrinacio b, A. Ropolo b, V.A. Rivarola a 
and M.I. Vaccaro b†. 

Colon cancer is the third most frequent cancer and the fourth most common 
cause of cancer-related mortality worldwide and the standard therapy is 
surgical resection plus adjuvant chemotherapy. Photodynamic therapy (PDT) 
has been proposed as adjuvant therapy because it can prevent the tumor 
recurrence after surgical excision in colon cancer patients. Hypoxia is a 
common feature in solid tumor and leads to chemo/radio resistance. 
Recently, it has been shown that in response to hypoxia cell can induce HIF-
1α-mediated autophagy to survive in this hostile microenvironment. 
Moreover, hypoxia and autophagy have been implicated in resistance to 
antitumor PDT. However, the molecular signals by which HIF-1α induces 
autophagy in PDT context has not been studied yet. Here we evaluate the 
interplay between HIF-1α and autophagy as well as the underlying 
mechanism in the PDT resistance of colon cancer cells. Our study 
demonstrates that HIF-1α stabilization significantly increases VMP1-related 
autophagy through binding to hypoxia responsive elements in VMP1 
promoter. We show that HIF-1α-induced autophagy increases colon cancer 
cell survival as well as decreses cell death after PDT. Moreover, here we 
demonstrate that HIF-1α-induced autophagy is mediated by VMP1 
expression, since  downregulation of VMP1 by RNA interference strategy 
reduces HIF-1α-induced autophagy and cell survival after PDT. In conclusion, 
PDT induces autophagy as a survival mechanism and the induction of the 
novel HIF-1α/VMP1/autophagic pathway may explain, at least in part, the 
resistance of colon cancer cells to PDT.  The knowledge of the molecular 
mechanisms involved in PDT resistance may lead to more accurate 
therapeutic strategies. 

 
 

Introduction 
 
Colon cancer is the third most frequent cancer and the fourth 
most common cause of cancer-related mortality worldwide, 
and the standard curative therapy is surgical resection plus 
adjuvant chemotherapy1,2. Effective treatment modalities are 
rare in cases of patients with peritoneal carcinomatosis and 
chemotherapy-resistant tumors3. Therefore, novel treatment 
modalities for such cases are required. 
 
Photodynamic therapy (PDT) is an anti-tumor strategy that is 
approved for clinical use in a number of countries, for 
removing early-stage malignancies and palliation of symptoms 
in patients with late stage tumors4,5. PDT involves the use of a 
light-sensitizing agent, or photosensitizer, followed by 
illumination of the tumor with visible light; this leads to the 
production of reactive oxygen species (ROS) that cause direct 
damage to the tumor as well as the blood vessels supporting 
the tumor6. PDT is a promising anticancer treatment and its 
major pharmacological effect is to induce cancer cell apoptosis 
or necrosis through oxidative stress7. 
 
PDT has been proposed as adjuvant therapy because it can 
prevent the tumor recurrence after surgical excision in colon 
cancer patients8.  In this sense, PDT may be most suitable for 
the treatment of small tumors or for small areas of persistent 
tumor9. However, the prognosis is poor, particularly for 
patients with advanced stage tumors, due to the resistance to 
cell death, in which hypoxic microenvironment potentially 
plays a critical role10. Solid tumors are subjected to hypoxia 
because they can quickly outgrow the existing vasculature and 
have decreased access to blood borne nutrients and O2

11,12. In 
this context, the Hypoxia Inducible Factor-1 (HIF-1) is the 
major regulator of resistance to cell death and proliferation of 
cancer cells by providing a growth advantage under hypoxic 
stress13. 
 
Autophagy is defined as a process of programed cell survival 
involving the sequestration of cellular components in double 
membrane structures called autophagosomes, which are 
degraded after fusion with lysosomes14. Autophagy increases 
cell survival and chemoresistance in different tumor 
cells15,16,17. Recently, it has been shown that in response to 
hypoxia tumor cells may induce HIF-1-mediated autophagy to 
survive in that hostile microenvironment18,19. Thus, autophagy 
optimizes nutrient utilization in fast growing cells in response 
to hypoxia or metabolic stress contributing to cancer cell 
survival19. Hypoxia and autophagy promote resistance to PDT 
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possibly through apoptosis inhibition in esophageal tumor 
cells20,21. Moreover, inhibition of autophagy induces cell death 
by potentiating PDT-induced apoptosis in colorectal cancer 
stem-like cells22. However, the interplay between hypoxia and 
autophagy in PDT context has not been studied yet. 
 
The Vacuole Membrane Protein 1 (VMP1) induces autophagy 
and plays an essential role in autophagosome formation in 
mammalian cells23,24,25,26. VMP1 also mediates a selective type 
of autophagy in pancreas with acute pancreatitis, called 
Zymophagy27. Moreover, oncogenic KRAS requires VMP1 
expression to induce autophagy28 and human pancreatic 
tumor cells activate VMP1-mediated autophagy under 
chemotherapy agents such as gemcitabine29. 
 
Here we examine how HIF-1α and autophagy work together to 
modulate cancer cell response to PDT and the molecular 
pathways by which HIF-1α induces autophagy to mediate PDT 
resistance in colon cancer cells. We found that PDT induces 
autophagy as a survival mechanism in colon cancer cells. We 
found that HIF-1α stabilization induces a novel HIF-
1α/VMP1/autophagy pathway, which in turn, confers 
resistance to PDT. 
 
Experimental 
Cell culture 

Human colon cancer CaCo2 cells (ATCC ® HTB-37TM) and 
SW480 (ATCC ® CCL-228TM) cells were cultured in Dulbecco's 
modified Eagle medium (Sigma) supplemented with 10% fetal 
bovine serum (Internegocios), 100 U ml-1 Penicillin, and 100 μg 
ml-1 streptomycin (Sigma) at 37°C in a humidified atmosphere 
with 5% CO2. Cells were transfected using FuGENE-6 
Transfection Reagent (Promega) as indicated by manufacturer. 
For CoCl2 treatment, CaCo2 and SW480 cells (10x104 cell ml-1) 
were plated in 60-mm dishes. After 24 h the medium was 
replaced by complete medium with CoCl2 (100, 200 or 400 μM) 
followed by a 24 h incubation. Cells were treated with 100 nM 
Rapamacyn, 5 mM 3- methyladenine (3-MA), 100 nM 
wortmannin (WM) or 10 μM chloroquine (CQ) when indicated. 
Cell viability was measured by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazoliumbromide) (MTT) assay. 
 
Chemicals and Photosensitizer 

The compound methyl derivative of δ-aminolevulinic acid 
(Sigma-Aldrich) as a precursor of the photosensitizer 
protoporphyrin IX (PpIX) was used in this work. A stock 
solution of 100 mM 5-aminolevulinic acid methyl ester (Me-
ALA) was prepared in sterile PBS, from which 1 mM work 
solution was made employing DMEM culture medium without 
serum. Cobalt chloride (CoCl2), Rapamycin, 3-MA, WM, CQ, 
Polyethylenimine (PEI), and Earle’s Balanced Salt Solution 
(EBSS) were purchase from Sigma-Aldrich. Hoechst 33342 (Cell 
Signaling). All other reagents were of the highest analytical 
grade available. 

 
Antibodies  

The primary antibodies employed were: HIF-1α (R&D), 
microtubule-associated protein 1A/1B-light chain 3 B (LC3B) 
(Cell Signaling), p62/SQSTM1 (Cell Signaling), VMP1AtgD (was 
developed in our laboratory)23, β-actin (Sigma) and β-tubulin 
(Sigma). The secondary antibodies used were: horseradish 
peroxidase (HRP) monoclonal antibody anti-mouse IgG (Cell 
Signaling), HRP monoclonal antibody anti-rabbit IgG (Cell 
Signaling), polyclonal goat anti-Rabbit IgG (H+L) Secondary 
Antibody Alexa Fluor® 594 conjugate (Thermo Scientific™), 
IRDye® 680LT Goat anti-Rabbit IgG (H + L) (Licor). 
 
Plasmids 

5HRE-hCMV-d2EGFP (provided by T. Foster, University of 
Rochester, Rochester, NY), pRFP-LC3, pLKO.1-shRNAHIF-1α-1 
(Provide by Dr. Eric Metzen, University of Duisburg-Essen, 
Essen, Germany), pCMS3-H1p-EGFP that contains a VMP1 
short hairpin RNA construction with the target sequence of 
VMP1-siRNA developed in our lab27. 
 
Chromatin Immunoprecipitation (ChIP) Assay 

Chromatin immunoprecipitation was conducted following the 
ChIP kit protocol (Pierce Agarose, Thermo Scientific). Briefly, 
CaCo2 cells (3x106) were cross-linked with 1% formaldehyde 
directly into the media for 10 min at room temperature. The 
cells were washed and scraped with phosphate-buffered saline 
and collected by centrifugation at 800g for 5 min at 4 °C, 
suspended in cell lysis buffer and incubated on ice for 15 min. 
The pellet was suspended in nuclear lysis buffer and sheared 
to fragment DNA to 700 bp. Samples were 
immunoprecipitated using a HIF-1α antibody (R&D), or normal 
rabbit IgG antibody (Pierce Agarose, Thermo Scientific) 
overnight at 4 °C on a rotating wheel. Following 
immunoprecipitation, samples were washed and eluted using 
the chromatin immunoprecipitation kit in accordance with the 
manufacturer’s instructions. Cross-links were removed at 62 °C 
for 1.5 h, and immunoprecipitated DNA was purified (Pierce 
Agarose ChIP Kit, Thermo Scientific) and subsequently 
amplified by PCR. PCR was performed using three primer sets 
for the three areas containing potential HIF-1α binding sites in 
the VMP1 promoter sequence (Fig. 2D): 1) 
ACCCAGTGAGACCTCATCTTT (sense) and 
CACTCCATTGAGATATGGGACA (antisense); 2) 
GCCCGCACTAAGAGCCTAAC (sense) and 
CCCCAATTCCCTGAGTTAGTT (antisense); 3) 
GAGCCCTTGGAGAGGAACTT (sense) and 
CATGGAGTTGCAGGTAAATAAAAG (antisense). PCR products 
were visualized by 1.5% agarose gel.  
Band images were quantified digitally, using ImageJ software, 
and data were expressed as relative to Input expression (% of 
Input). 
 
HRE-EGFP reporter assay 
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HIF-1 transcriptional activity was assessed using a promoter-
reporter plasmid. 5HRE-hCMV-d2EGFP containing five tandem 
hypoxia response element (HRE) consensus sequences and a 
human CMV minimal promoter upstream of an enhanced GFP 
(EGFP) reporter gene that has been previously described by 
Vordermak and co-workers30. CaCo2 cells were transfected 
employing PEI as transfection reagent. It was mixed 40 µl cold 
150 mM ClNa, 1 µg of DNA and finally 1 µl of PEI (1 µg µl-1). 
This mixture was incubated at 37°C for 15 min and then 
aggregated to the wells, where cells were growth contained 
500 µl of complete medium. After 24 h the transfection 
medium was replaced by complete medium containing 200 
µM CoCl2. The EGFP expression was analyzed 24 h after 
treatment by confocal fluorescence microscope (FV1000; 
Olympus). 
 
Immunoblotting 

Cells were lysed and proteins were collected with RIPA buffer 
(150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 
0.1% SDS, 10 mM Tris-HCl pH 7.2, 5 mM EDTA, Phosphatase 
and Protease Inhibitor Cocktail [Sigma-Aldrich]). Protein 
concentration was determined using the bicinchoninic acid 
(BCA) protein assay reagent (Pierce). Equal amount of protein 
was analyzed on SDS-PAGE and transferred to polyvinylidene 
fluoride membranes (0.22 μm, Millipore). Membranes were 
then incubated at room temperature for 1 h in blocking buffer 
(5% low-fat milk powder in Phosphate Buffered Saline (PBS)), 
and after incubated overnight at 4 °C with primary antibodies. 
Horseradish peroxidase-conjugated secondary antibody were 
incubated for 2 h at room temperature. Immunoreactive 
bands detection was carried out using the enhanced-
chemoluminescence (GE Healthcare) according to the 
manufacturer’s instructions. When indicated, IRDye secondary 
antibodies were used and revealed using Odyssey® SA (Licor). 
We used ImageJ software to quantify western blot bands. 
Relative densitometry is expressed as the mean ± SD of 5 
different experiments. t test: *P < 0.05, **P< 0.01, ***P< 
0.001. 
 
Fluorescence Microscopy 

For immunofluorescence, after treatment cells growing on 
glass slides were fixed with cold methanol and the nonspecific 
binding was blocked with 3% bovine serum albumin (BSA) in 
PBS (1% Tween 20). After overnight blocking, the cells were 
incubated with the primary antibody for 2 h and the signal 
revealed with Alexa Fluor® 594-conjugated antibody. For 
nuclear staining, cells were incubated with Hoechst 33342 at 
room temperature for 10 min. Images were taken by using a 
confocal microscope (FV1000; Olympus). For quantification of 
LC3 dots, original images were deconvolved using ImageJ 
software. Data are expressed as the mean ± SD (dost LC3/cells) 
of 3 different experiments. t test, *P < 0.05; **P < 0.01. 
To identify autophagosomes, cells were co-transfected with a 
red fluorescent protein fused to LC3 (RFP-LC3) and shVMP1-
EGFP expression vectors and fixed with 4% p-formaldehyde in 

PBS for 15 min. We consider an RFP-LC3 cell to have punctate 
staining when all the red fluorescence is present as punctate 
and no diffused protein remains. The cells were observed and 
photographed utilizing a confocal fluorescence microscope 
(FV1000; Olympus). Percentage of RFP-LC3 Cells with Punctate 
Staining is the number of cells with punctate staining per 100 
fluorescent RFPLC3 transfected cells was determined in three 
independent experiments. To quantify, the number of 
fluorescent cells with punctate staining was counted in six 
random fields representing 100 fluorescent cells and 
expressed as the mean S.D. of combined results. We consider 
an RFP-LC3 cell to have punctate staining when all the red 
fluorescence is present as punctate and no diffused protein 
remains. Experimental groups were compared using t test for 
pairwise comparison (n=3, ***p < 0.001). 
 
Photodynamic therapy 

CaCo2 and SW480 cells (12 x 104 cells ml-1) were seeded in 96-
wells plates and kept in the incubator at 37 °C overnight. Cells 
were incubated with Me-ALA 1mM for 4 h and then irradiated 
at 1, 2, 3, 4 and 5 J cm-2 (n=8). Cells were irradiated employing 
a monochromatic light source (635 ± 17 nm) with a multi-LED 
system (coherent light) at irradiation intensity of 1.65 mW cm-2 
(as measured by Coherent Lasermate power meter). The 
culture medium was changed by complete medium. After 24 h 
of treatment, 10 µl of MTT stock solution were added to each 
well containing 100 µl of complete medium. Cells were 
incubated with MTT for 4 h and formazan crystals were 
suspended in DMSO. Absorbance of the samples was read with 
a Multiskan FC photometer (Thermo Scientific) at 540 nm. The 
absorbance of control cells was considered as 100% of 
viability. When indicated, cells were subjected to PDT and 
treated with 100 nM WM, 5mM 3-MA, 10 μM CQ, 100 nM 
Rapamycin, 200 μM CoCl2, or transfected with shHIF-α or 
shVMP1 expression vectors. After 24 h, cell viability was 
measured by MTT assay. Cytotoxicity was expressed as viability 
percentage of the control. When autophagic 
activator/inhibitors were employed in combination with PDT, 
optical density values from activator/inhibitor-treated cells 
without PDT were defined as 100 % of viability. Analysis was 
carried out on normalized data by one-way ANOVA followed 
by Bonferroni's multiple comparisons test. Data are expressed 
as the mean ± SD of 5 different experiments. *P < 0.05. When 
indicated, cell death was quantified with Trypan Blue Exclusion 
Assay. Briefly, after 24 h of Me-ALA PDT, cells were trypsinized 
and incubated with 0.4% (w/v) Trypan Blue at room 
temperature for 10 min. Cells with Trypan blue uptake were 
counted as dead cells on a haemocytometer. Each individual 
experiment was repeated for three times. 
 
Statistical analysis 
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The results are expressed as mean ± SD. The present studies 
comply with the recommendations on experimental design 
and analysis in pharmacology31. We performed a minimum of 
five independent experiments, where individual data points 
were based on at least technical duplicates each. Different 
kinds of ANOVA models were applied to explore differences 
between groups of quantitative data.  Repeated measures 
ANOVA were used to test for related, not independent groups 
of quantitative data. Two-way ANOVA was employed to 
compare the mean differences between groups that have been 
split on two independent variables. Two-way ANOVA with 
repeated measures on one of the factors was applied to test 
differences in experiments where the quantitative dependent 

variable was measured over two or more-time points. 
Bonferroni was used as post hoc test.  P values less than 0.05 
were considered statistically significant. Statistical analysis of 
data was performed using GraphPad Prism 6. 
 
Results 
HIF-1α induces autophagy in colon cancer cells 

To explore whether HIF-1α is involved in autophagy induction 
in colon cancer cells we used the HIF-1α stabilizing agent 
cobalt chloride (CoCl2). CoCl2 promotes the stabilization of HIF-
1α, which is normally hydroxylated and degraded by 

Figure 1. HIF-1α induces autophagy in colon cancer cells. A) CaCo2 cells were treated with different doses of CoCl2 (100, 200 or 400 μM) for 24 h and the expression of HIF-1α was 
detected by western blot. Relative densitometry (HIF-1α/βTubulin) is shown in right panel (n=5, *P<0,05 vs Control, ***p<0,001 vs. Control). B) Cells were treated with 200 μM 
CoCl2 for 6, 12 or 24 h and the expression of HIF-1α was detected by western blot. Lower panel shows relative densitometry (HIF-1α/βTubulin) (n=5, ***p<0,001 vs Control). C) 
CaCo2 cells were transiently transfected with p5HRE-EGFP plasmid and treated with 200 μM CoCl2 for 24 h. The transcriptional activity of HIF-1α was determined analyzing EGFP 
expression using confocal microscope. Bar scale = 10 µm D) CaCo2 cells were incubated in control medium (Ctrol); starving medium (Stv) or chloroquine (CQ) with or without 200 
μM CoCl2 and LC3 expression was detected by western blot. Starvation was used as a positive control of autophagy and CQ was used to inhibit autophagic flux. Lower panel shows 
relative densitometry (LC3-II/βActin) (n=5, p<0,05 **p<0,01). E) CaCo2 cells were starved (Stv) as autophagy positive control, treated with 200 μM CoCl2 or 200 μM CoCl2 plus the 
autophagy inhibitor 3-methyladenine (3-MA). Autophagic vesicles were detected by indirect immunofluorescence (IFI) of LC3. Images were obtained using confocal microscopy. 
Representative images show the punctate LC3 in the cytoplasm indicating autophagy. Bar scale = 10 µm. Quantification of number of LC3 dots per cells is shown in lower panel (n=5, 
n.s.=non-significant, **p<0,01 vs Control). F) Cells were transiently transfected with control vector (shCtrol) or shRNAHIF-1α vector (shHIF-1α), and treated with 200 μM CoCl2 
during 24 h. The expression of HIF-1α and LC3 were analyzed by western blot. Relative densitometries are shown on the right panel (HIF-1α/βTubulin; LC3-II/LC3-I) (n=5, *p<0,05). 
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proteasome system in presence of molecular oxygen32. To 
standardize experimental conditions and ensure HIF-1α 
expression in our cell model, CaCo2 cells were treated with 
100, 200 and 400 μM CoCl2 for 24 h and HIF-1α levels were 
evaluated by western blot. As shown in Figure 1A, HIF-1α 
expression increases under 200 μM CoCl2 treatment. We then 
evaluated the time required for stabilization of HIF-1α. CaCo2 
cells were treated with 200 μM CoCl2 and HIF-1α levels were 
evaluated by immunoblot after 6, 12 and 24 h post treatment. 
As shown in Figure 1B, HIF-1α expression increases after 24 h 
of CoCl2 treatment. Next, the transcriptional activity of HIF-1 
following CoCl2 treatment was studied. After dimerization of 
subunits α and β, HIF-1 recognizes HRE sequences, binds to 
promoter DNA and modulates transcription of its target 

genes33. For this reason, we used the p5HRE-EGFP plasmid, 
which is a reporter vector of HIF-1 activity, that produces EGFP 
expression when HIF-1 is active34. CaCo2 cells were transiently 
transfected with p5HRE-EGFP, treated with 200 μM CoCl2, and 
EGFP fluorescence was determined by confocal microscopy 
after 24 h. Figure 1C shows that CaCo2 cells induce EGFP 
expression after CoCl2 treatment. These results demonstrate 
that HIF-1 is stabilized and activated after 24 h CoCl2 treatment 
in colon cancer cells. 
 
To evaluate if HIF-1α promotes autophagy, we analyzed LC3 
processing by immunoblot following CoCl2 treatment. During 
autophagy, the LC3 protein is processed from 18 kDa to 16 kDa 
form, which is recruited to autophagosomal membrane. 

Figure 2. Autophagy induced by HIF-1α is mediated by the expression of autophagy related-protein VMP1. A) CaCo2 cells were transiently co-transfected with RFP-LC3 and 
shVMP1-EGFP expression vectors, and they were treated with 200 μM CoCl2 for 24 h. RFP-LC3 distribution was detected using confocal microscopy. Representative images show 
the punctate RFP-LC3 in cells EGFP- vs. EGFP+. White circle shows shVMP1-EGFP non-transfected cell. Bar scale = 10 µm. Quantitation represents percentage of RFP-LC3 cells 
with punctate staining  (n=5, ***P<0,001). B) CaCo2 cells were transfected with shControl or shVMP1 expression vector. VMP1 expression was detected by western blot Relative 
densitometry (VMP1/Actin) is shown in right panel (n=5, **P<0.01). C) CaCo2 cells were transfected with shHIF-1α or shControl, and treated with 200 μM CoCl2 during 24 h. 
Control cells were incubated in normal medium. VMP1 expression was detected by western blot. Relative densitometry (VMP1/Actin) is shown in lower panel (n=5,  
**P<0.01).D) Scheme showing 3 HRE consensus elements found in position 59704668-59708628 on chromosome 17 of the human genome, which includes exon 1, intron 1 and 
2800 bp 5´upstream sequence of exon 1 from vmp1 gene. E) Control CaCo2 cells and treated with 200 μM CoCl2 for 24 h were lysed, and ChIP assay was performed using a HIF-
1α antibody. IgG is a negative control. PCR was performed using specific set of primers as described under “Methods”. The positive amplicon for the ChIP assay was located 579 
bp to 765 bp downstream of the beginning of the first intron (HRE3). Input is total DNA of VMP1-promoter loading for each condition. Quantitation represents percentage of 
HIF-1α antibody bound to the VMP1-promoter relative to input (% of Input) (n=5, **P<0,01). 
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Therefore, increased LC3-II levels correlates with autophagy 
activation35. CaCo2 cells were incubated in control conditions 
and treated with 200 µM CoCl2. Starving medium was used to 
induce autophagy and CQ treatment to inhibit autophagy flux. 
Protein extracts were evaluated by immunoblot after 24 h of 
incubation. Figure 1D shows that after HIF-1α stabilization, 
autophagy was induced as is demonstrated by increased LC3-II 
levels. Moreover, the use of CQ in combination with CoCl2 

treatment induces LC3-II accumulation compared to CoCl2 or 
CQ alone treatment, supporting that autophagy flux is actually 
induced by chemically HIF-1 activation. Next, we performed 
immunofluorescence of LC3 in cells incubated with CoCl2. 
Starvation was used as positive control of autophagy 
induction. Also, we used 3-MA, an inhibitor of PI3K Class III in 
the initial steps of autophagy as a negative control. Figure 1E 
shows the recruitment of LC3 in colon cancer cells under CoCl2 
treatment, which is abolished by 3-MA. To further confirm the 
role of HIF-1α in CoCl2-induced autophagy, cells were 
transfected with shRNAHIF-1α or shRNA-control vector before 
CoCl2 treatment and LC3 expression was analyzed by western 

blot. As shown in Figure 1F, LC3-II levels are reduced when HIF-
1α is downregulated. Together, these data suggest a key role 
of HIF-1 in autophagy regulation in colon cancer cells. 
 
Autophagy induced by HIF-1α is mediated by the 
expression of autophagy related-protein VMP1  

HIF-1α-induced autophagy has been reported in a wide variety 
of cancer cell lines36,37, including colon cancer cells38. However, 
the molecular mechanisms involved in HIF-1α-induced 
autophagy remains to be clarified. 
 
VMP1 is an autophagosomal transmembrane protein that 
triggers autophagy even under nutrient-rich conditions23. To 
determine whether CoCl2 treatment induces VMP1-mediated 
autophagy, we evaluate LC3 recruitment in CaCo2 cells 
transiently co-transfected with RFP-LC3 and shVMP1-EGFP and 
treated with CoCl2. Figure 2A shows RFP-LC3 recruitment is not 
observed when VMP1 is downregulated in cells co-expressing 
shVMP1-EGFP and RFP-LC3, indicating that VMP1 is required 

Figure 3. HIF-1-induced autophagy confers resistance to PDT. A) CaCo2 and SW480 cells were incubated with 1 mM Me-ALA for 4 h followed by irradiation with different light doses 
(1, 2, 3, 4 or 5 J cm-2). Cell viability was evaluated by MTT assay 24 h after irradiation. The control group (0J cm-2) was considered 100% of viability for each cell line. Data were 
obtained from five independent experiments and are shown as mean ± SD. (*p<0.05, **p<0.01). B) Cell survival rate of CaCo2 and SW480 cells transiently transfected with control 
vector (shCtrol) or shRNAHIF-1α vector (shHIF-1α) and pre-treated with 200µM CoCl2. All groups were treated or not with Me-ALA/PDT (Irradiation doses: CaCo2: 3J cm-2; SW480: 2J 
cm-2). Cell viability was assessed by MTT 24 h after irradiation. The percentage of viability was calculated for each group treated with PDT, relative to their control (non-treated with 
PDT). Data were obtained from five independent experiments and are shown as mean ± SD (*p< 0.05). C) CaCo2 and SW480 cells were transiently transfected with control vector 
(shCtrol) or shRNAHIF-1α vector (shHIF-1α) and pre-treated with 200µM CoCl2. The groups were treated or not with Me-ALA/PDT (Irradiation doses: CaCo2: 3J cm-2; SW480: 2J cm-2). 
Cell death was determined using trypan blue exclusion assay 24 h after irradiation. Quantitation represents percentage of trypan blue positive cells (dead cells). Data are shown as 
mean ± SD of five independent experiments. (*p<0.05, **p<0.01). D) Cell survival rate of CaCo2 and SW480 cells pre-treated with 100 nM Rapamycin (Rapa), 200 μM CoCl2 or 200 
μM CoCl2 plus10 mM 3-methyladenine (3-MA) and treated or not with Me-ALA/PDT. The percentage of viability was calculated for each group treated with PDT, relative to their 
control (non-treated with PDT). Data were obtained from five independent experiments and are shown as mean ± SD (*p< 0.05; **p<0,01). 
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for autophagy induction in response to HIF-1α stabilization. 
Figure 2B shows downregulation of VMP1 by shVMP1-EGFP. 
We then explore whether HIF-1α is able to regulate the 
expression of VMP1. CaCo2 cells treated with 200 µM CoCl2 
during 24 h show increased VMP1 expression compared to 
untreated control cells. Moreover, cells treated with CoCl2 

after silencing of HIF-1α with a specific shHIF-1α show 
significant reduction in VMP1 expression (Fig. 2C). The 
presence of three putative HIF-1α consensus-binding sites on 
human VMP1 promoter sequence given by in silico analysis, 
suggests that HIF-1α is a potential transcription factor 
regulating VMP1 gene expression (Fig. 2D). Given that the 
activity of HIF-1α is necessary to induce VMP1 expression in 
CoCl2 treated cells, we evaluated whether this effect is due to a 
direct binding of HIF-1α to VMP1 promoter. We performed a 

ChIP assay using chromatin immunoprecipitation from CaCo2 
cells with a specific HIF-1α antibody and specific primers for 
putative binding sites of this factor in the VMP1 promoter 
sequence. Figure 2E shows positive amplification signal of HIF-
1α to putative binding sites in VMP1 promoter in anti-HIF-1α 
precipitates from CaCo2 cells submitted to 200 μM CoCl2 

treatment. These results demonstrate that HIF-1α binds 
directly to a region located 579 bp to 765 bp downstream of 
the beginning of the first intron of VMP1 gene and confirm 
that HIF-1α is able to regulate VMP1 gene expression. Under 
CoCl2 treatment, the percentage of input increases 3.4-fold 
compared to untreated cells. Together, these results 
demonstrate a new mechanism of autophagy induction in 
human tumor cells, in which VMP1 is a novel direct target of 
HIF-1α. 

Figure 4. Photodynamic therapy induces autophagy in colon cancer cells. A, B) CaCo2 and SW480 cells were treated with 1 mM Me-ALA/PDT and protein extraction was realized 
at different time point after therapy. LC3 and p62/SQSTM1 expression were analyzed by western blot (Ctrol: untreated cells; Drug: Me-ALA without irradiation). Lower panel 
shows relative densitometry (LC3-II/LC3I and P62/βTubulin). (n=5, *p< 0.05 vs Control; **p<0,01 vs Control). C) CaCo2 cells were incubated with 1 mM Me-ALA for 4 h and then 
irradiated with 3 J cm-2. Autophagic vesicles (AV) were detected by Indirect Immunofluorescence (IFI) of LC3. Images were obtained by confocal microscope. Representative 
images showed the punctate LC3 at different time points after treatment. Lower panel shows the quantification of number of LC3 dots/cells (n=5, *p< 0.05 vs Control ; **p<0,01 
vs Control ) 
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The HIF-1-induced autophagy confers resistance to 
PDT 

Colon tumor cells are normally under hypoxic conditions and 
activate HIF-1α to survive in this hostile microenvironment. To 
investigate the effect of HIF-1α activation in PDT context, we 
first performed a dose-response curve of Me-ALA/PDT in 
CaCo2 and SW480 cells. Me-ALA/PDT induces significant 
cytotoxicity in light-dose dependent manner as indicate the 
MTT assay (Fig. 3A). Sub-lethal dose (3 J cm-2 in CaCo2 cells 
and 2 J cm-2 in SW480 cells) was used for all the following 
experiments. 

 We then evaluated the role of HIF-1α in cell survival after PDT. 
Cells were incubated with 200 μM CoCl2 and transiently 

transfected with shRNA HIF-1α to induced HIF-1α 

downregulation or shRNA Control. As shown in the Figure 3B, 
HIF-1α stabilization significantly increases cell survival rate in 
both cell lines after PDT. Interestingly, HIF-1α downregulation 
sensitizes CaCo2 and SW480 cells to PDT effect. Moreover, we 
evaluated cell death by trypan blue exclusion assay 24 h after 
irradiation. As shown in Figure 3C, the percentage of cell death is 
reduced in cells treated with CoCl2, and HIF-1α downregulation 
significantly increases cell dead in both cell lines. These results 
suggest that HIF-1α mediates resistance to PDT in these cells. 

Figure 5. Autophagy induced by PDT promotes resistance in colon cancer cells. A) Schema of experimental design. B) CaCo2 cells were pre-treated with 5 mM 3-methyladenine 
(3-MA) or chloroquine (CQ) (5 μM or 10 μM) before Me-ALA/PDT treatment. Protein extraction was realized at 3 h after PDT and LC3 level was evaluated by western blot. Lower 
panel shows relative densitometry (LC3-II/LC3I) (n=5, n.s.= non-significant, *p< 0.05 vs Control; **p<0,01 vs Control, ***p<0,001 vs Control). C) CaCo2 and SW480 cells incubated 
with 10 μM wortmannin (WM), 5 mM 3-MA or 10 μM CQ were treated with PDT. After irradiation, the medium was replaced by medium with autophagic inhibitors for 4 h. Cell 
viability was evaluated by MTT assay 24 h after irradiation. Values are expressed as percentage of viability relative to control group without PDT. Data were obtained from five 
independent experiments and are shown as mean ± SD. (*p< 0.05; **p<0, 01). D) CaCo2 and SW480 cells were incubated with 5 mM 3-MA and treated with PDT (Irradiation doses: 
CaCo2: 3J cm-2; SW480: 2J cm-2). After irradiation, the medium was replaced by medium with autophagic inhibitor for 4 h. Cell death was assessed by trypan blue exclusion assay 
24 h after irradiation.  Quantitation represents percentage of trypan blue positive cells (dead cells). Data are expressed as mean ± SD of five independent experiments. (*p<0.05, 
**p<0.01). 
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Then, we explored the role of HIF-1α-mediated autophagy 
induced by CoCl2 treatment in colon cancer cells after PDT. We 
treated CaCo2 and SW480 cells with rapamycin to induce 
autophagy; with CoCl2, and with CoCl2 plus 3-MA to inhibit 
autophagy. After 24 h of incubation, we evaluated cell viability 
and found that autophagy, either induced by rapamycin or 

CoCl2 treatment, promotes resistance to cell death under PDT 
(Fig. 3D). Remarkably, the inhibition of autophagy in cells 
treated with CoCl2 sensitizes both cell lines to photodynamic 
effect. Together, our findings suggest that HIF-1α-induced 
autophagy is able to promote cancer cell resistance to PDT. 
 

Figure 6. HIF-1α /VMP1/autophagy pathway mediates PDT resistance in colon cancer cells. A) CaCo2 cells were treated with Me-ALA/PDT and protein extraction was realized at 
different time point after therapy. HIF-1α expression was analyzed by western blot (Ctrol: untreated cells; Drug: Me-ALA without irradiation). Lower panel shows relative 
densitometry (HIF-1α/βTubulin). (n=5, *p<0.05 vs Control; **p<0,01 vs Control). B) CaCo2 cells were transiently transfected with control vector (Ctrol) or shRNAHIF-1α vector 
(shHIF-1α) and treated with Me-ALA/PDT. 3h post therapy, LC3 expression was detected by western blot. Lower panel shows relative densitometry (LC3-II/LC3I). (n=5, n.s. = non-
significant, **p<0,01 vs Control). C) CaCo2 cells were treated with Me-ALA/PDT and protein extraction was realized at different time point after therapy. VMP1 protein expression 
was evaluated by western blot (Ctrol: untreated cells; Stv: Starved cells). Lower panel shows relative densitometry (VMP1/βTubulin) (n=5, *p<0.05 vs Control, **p<0,01 vs Control). 
D) CaCo2 cells co-transfected with shVMP1-EGFP and RFP-LC3 expression vectors were treated with Me-ALA/PDT. RFP-LC3 distribution was evaluated and photographed by 
fluorescence microscope 3h post therapy. Representative images show the punctate RFP-LC3 in cells EGFP- (inset a) vs EGFP+ (inset b). White arrow shows shVMP1-GFP-expresing 
cells. Bar scale = 10 µm. E) Cells were transiently transfected with control vector (Ctrol) or shVMP1-EGFP vector (shVMP1) and treated with Me-ALA/PDT. LC3 expression was 
detected 3 h post therapy by western blot. Lower panel shows relative densitometry (LC3-II/LC3I). (n=5, p**p<0,01 vs Control). F) Cell survival rate of CaCo2 cells transiently 
transfected with control or shVMP1-EGFP vector before Me-ALA/PDT. Cell viability was assessed by MTT 24 h after irradiation. The percentage of viability was calculated for each 
group treated with PDT, relative to their control (non-treated with PDT).Data were obtained from five independent experiments and are shown as mean ± SD. (*p< 0.05). 
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Autophagy induced by PDT promotes resistance in 
colon cancer cells 

Above we demonstrated that autophagy induced by HIF-1α 
confers resistance to PDT. Next, we evaluated the effect of 
PDT on autophagy. CaCo2 and SW480 cells were treated with 
Me-ALA/PDT and autophagic flux was evaluated by 
immunoblot and fluorescence microscopy analysis in a time 
course after treatment. As shown in Figure 4A and 4B, LC3-II 
levels increase after 3 h and 30 min PDT in CaCo2 and SW480 
cells, respectively. In order to evaluate autophagic flux, we 
determined the integrity of p62/SQSTM1, which is selectively 
degraded by autophagy39. Accordingly, decreased levels of 
p62/SQSTM1 expression are observed in both cell lines in a 
time dependent manner, indicating increased autophagic flux 
after treatment. Moreover, LC3 aggregates in puncta since 30 
min after PDT compared to control cells without treatment 
(Fig. 4C). Therefore, PDT induces autophagy in colon cancer 
cells. 
 
We then studied the role of autophagy in PDT context. CaCo2 
and SW480 were incubated with Me-ALA and several inhibitors 
of autophagy for 4 h and LD50 irradiation dose was applied. 
Figure 5A shows the experimental design. As shown in figure 
5B, 3-MA blocks the LC3-II conversion and CQ pre-treatment 
induces an exacerbated accumulation of LC3-II form 
confirming that autophagic flux is induced under PDT in colon 
cancer cells. Next, we evaluated cell viability by MTT and 
trypan blue exclusion assay. Figure 5C shows that autophagy 
inhibition with 3-MA, wortmanin (WM) or CQ photosensitizes 
both cell lines to photo-damage effects. Furthermore, as 
shown in Figure 5D, the percentage of cell death was higher 
when autophagy was inhibited in both cell lines. Altogether, 
our results indicate that PDT-induced autophagy mediates 
resistance to PDT in colon cancer cells. 
 
HIF-1α /VMP1/autophagy pathway mediates PDT 
resistance in colon cancer cells 

So far, we demonstrated that HIF-1α/VMP1/autophagy 
pathway is induced by CoCl2 in colon cancer cells and confers 
resistance to PDT. Next, we evaluated the effect of PDT on this 
new pathway. HIF-1α was assayed by immunoblot at multiple 
time points after PDT. As shown in Figure 6A, HIF-1α 
expression was induced after 1 h post PDT. Then, CaCo2 cells 
were transiently transfected with shHIF-1α or control vector 
and LC3 conversion was evaluated by immunoblot following 
PDT.  Interestingly, downregulation of HIF-1α decreases LC3-II 
conversion after PDT (Figure 6B). This suggests that PDT 
induces HIF-1α stabilization which, in turn, promotes 
autophagy. Then, we analyzed the role of VMP1 in PDT 
context. As shown in Figure 6C, VMP1 protein expression is 
induced after PDT. Also, we explored if VMP1 modulates PDT-
induced autophagy. CaCo2 cells transiently co-transfected with 
RFP-LC3 and shVMP1-EGFP were treated with PDT and LC3 
recruitment was analyzed by fluorescence microscope. As 
shown in Figure 6D, RFP-LC3 remains diffuse in cells expressing 

shVMP1-EGFP compared to RFP-LC3 alone after PDT, 
indicating that VMP1-mediated autophagy is induced by PDT. 
Accordingly, as shown in Figure 6E, downregulation of VMP1 
also decreased LC3 processing after PDT, which is similar to 
early stage inhibition of autophagy by 3-MA. These results 
indicate that PDT induces autophagy in a VMP1 dependent 
manner. 
 
Finally, we evaluated the role of VMP1 in cell survival after 
PDT. Cells were transiently transfected with shVMP1-EGFP or 
shControl vector and cell viability was determined after PDT by 
MTT assay. As shown in Figure 6F, downregulation of VMP1 
sensitizes cells to PDT. Together, these findings strongly 
suggest that HIF-1α/VMP1/autophagy pathway is induced by 
PDT and acts as a survival mechanism in colon cancer cells. 
 
Discussion  
Hypoxia is a widely studied factor promoting cancer cell 
chemo/radioresistance40 and, in the last decade, it has been 
implicated in resistance to PDT protocols41,42. Autophagy has 
been also proposed as a common mechanism of resistance to 
chemotherapy and targeted therapies including PDT43,21.  
It was suggested that autophagy is a common response to PDT 
and that it is involved in either cell survival or cell death21. On 
the other hand, it was shown that PDT is able to induce 
stabilization and activation of HIF-1α44. Nevertheless, the 
implication of HIF-1 as modulator of autophagy in response to 
PDT has not been elucidated. Previously, we proposed possible 

Figure 7. Schematic model. HIF-1α/VMP1-induced autophagy confers resistance to cell 
death under PDT. 
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effects of PDT on tumor microenvironment, in which it is 
stated that HIF-1 might trigger autophagy as a survival 
mechanism45. Here, we show that colon cancer cells efficiently 
induce protein expression and transcriptional activity of HIF-1 
under CoCl2 treatment. Also, notable induction of autophagy is 
dependent of HIF-1α after CoCl2 treatment suggesting that 
HIF-1 is an efficient player to modulate autophagy in colon 
cancer cells. Our results are consistent with reports suggesting 
that HIF-1 is able to induce autophagy37,46 and other study 
suggesting that, in hypoxic-mimic conditions, cancer cells are 
more resistant to PDT in a HIF-1 dependent manner42. 
 
Our data reveal that HIF-1α is critical for CoCl2-induced PDT 
resistance, since cancer cells incubated with CoCl2 showed 
higher percentage of cell survival compared to control cells 
under PDT. Moreover, we demonstrated that CoCl2 promotes 
resistance to PDT through autophagy induction, because the 
inhibition of autophagy under conditions where HIF-1α is 
stabilized, increases cell sensitization to PDT. We show that 
PDT induces a significant increase of autophagic flux in both 
CaCo2 and SW480 cells. Interestingly, when colon cancer cells 
were treated with autophagy inhibitors such as 3-MA, WM or 
CQ, the currently available autophagy pharmacological 
inhibitors47, they become sensitive to PDT. The inhibitor 3-MA 
can affect cell survival in an autophagy independent manner 
through AKT and other kinases48. It has also been reported 
that CQ can inhibit cell growth and promotes cell death in 
cancer cells49,50 . However, in our model conditions, we did not 
observe cytotoxic effects when colon cancer cells were treated 
with 3-MA, WM or CQ alone. 
 
The autophagy-related protein VMP1 is required for 
autophagosome formation in mammalian cell in all conditions 
and its expression triggers autophagy even under nutrient-rich 
conditions23,27. VMP1 binds directly to BH3 domain of Beclin-1 
promoting the dissociation of Bcl-2 from Beclin-1 and the 
activation of the Class III PI3K complex to initiate the 
autophagosome formation25,26. Previously, we demonstrated 
that VMP1 is induced by gemcitabine in pancreatic cancer 
cells29 and that the AKT1-GLI3-VMP1 pathway mediates KRAS 
oncogene-induced autophagy in pancreatic cancer cells28. 
Other authors suggested that VMP1 expression can be also 
modulated by a HIF-1/miR-210 pathway in ovarian cancer 
cells51. Here we demonstrate that VMP1 is induced under HIF-
1α stabilization. We found three HRE consensus sequences in 
position 59704668-59708628 on chromosome 17 of the 
human genome, which includes exon 1, intron 1 and 2800 bp 
5´upstream sequence of exon 1, and ChIP assays show direct 
binding of HIF1α to VMP1 promoter. Our results indicate that 
VMP1 is a novel direct target of HIF-1α and its expression 
mediates HIF-1α-induced autophagy. Therefore, we propose a 
key role of HIF-1α in the initiation steps of VMP1-related 
autophagy in colon cancer cells. 
 
It is possible that autophagy attempts to remove organelles 
damaged by oxidation or to degrade large aggregates of cross-
linked proteins. Thus, ROS produced by the photodynamic 

treatment could be involved in autophagy induction52. PDT 
may result in a temporal photochemical consumption of 
molecular oxygen53,54. Moreover, PDT-induced ROS may evoke 
HIF-1α stabilization and activation55,56,57. In this sense, our 
results have demonstrated that PDT significantly increased the 
expression of HIF-1α in colon cancer cells. In addition, when 
HIF-1α is downregulated, cells become sensitive to PDT, 
indicating that PDT induces HIF-1α as a survival mechanism 
during treatment. 
 
Together our results indicate that PDT, employing Me-ALA as 
photosensitizer, induces autophagy as a resistance 
mechanism. It has been showed that tumor resistance to PDT 
can be induced through upregulation of autophagy using other 
photosensitizers58,59. In this sense, while our results showed 
that HIF-1/autophagy can work together in our experimental 
conditions (CoCl2/PDT context), we cannot rule out the 
possibility that autophagy might be induced by HIF-1 
independent mechanisms in response to PDT60. Further 
investigation on other mechanisms of resistance mediated by 
autophagy (e.g by rapamycin or cDNA-VMP1) in conditions 
where HIF-1 is downregulated would be of interest. 
 
Finally, we demonstrated that HIF-1α and VMP1 are involved 
in PDT-induced autophagy. Our study showed that both HIF-1α 
and VMP1 are markedly increased following PDT. It is 
interesting to note that VMP1 kinetic-expression seems to be 
biphasic. This might be explained considering that VMP1 is a 
stress protein which is rapidly expressed by preformed RNA 
Moreover, downregulation of HIF-1α or VMP1 decreases LC3 
processing and inhibit LC3 puncta formation after PDT, which 
confirm that HIF-1/VMP1 axis is required for PDT-induced 
autophagy. To our knowledge, this is the first report showing 
that PDT-induced autophagy is directly mediated by HIF-1α 
and linked to VMP1 as PDT-induced resistance mechanism. 
 

Conclusions 
The present study has demonstrated that PDT resistance in colon 
cancer cells under CoCl2 treatment is mediated by the induction of a 
novel HIF-1α/VMP1/autophagy pathway, which could be 
exacerbated by PDT effects (Figure 7). Further studies focusing in 
the potential clinical application of this molecular mechanism of 
tumor cell resistance will provide novel strategies of PDT protocols 
for colon cancer. 
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