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Abstract

Background and objectives: Autophagy is a physiologic mechanism, which utilizes the self-digestion of cell orga-
nelles to promote cellular homeostasis, such as in the setting of dysfunctional cellular components, cellular stress
or energy-deprived states. In vitro studies have pointed toward the key role of autophagy in colorectal cancer.
However, in vivo studies from human colorectal cancer tissues are lacking.

Methods: We collected tissue samples from six patients with colon cancer who received curative surgery at Baylor
College of Medicine. We also obtained normal colonic mucosa biopsy from five unrelated polyp-free individuals
who were matched to cases individually by age, sex, ethnicity, and colon segment. Total RNA was successfully
extracted from fresh frozen tissue biopsies of five tumor tissues and five unrelated normal tissues. We tested the
expression levels of 84 genes in a predefined autophagy pathway using the RT2 Profiler PCR array. We compared
differences using Student’s t-test. The false-discovery rate was used for multiple testing adjustment. We also used
the TCGA dataset to validate our findings.

Results: We observed significant differential expression between colon cancer tissue and normal colon mucosa
for 29 genes in the autophagy pathway (p < 0.05). After multiple testing adjustment, the expression of 17 genes
was significantly down-regulated, with fold-change greater than 2 in colon cancer; these included ATG4A, ATG4C,
ATG4D, and CTSS (g < 0.10). The down-regulation was observed in both early and late stage colon cancer. We ob-
served the same down-regulation of multiple autophagy-related genes using the TCGA data. The ATG9B gene was
the only statistically non-significantly up-regulated gene after multiple testing adjustment.

Conclusions: This pilot study showed the down-regulation of multiple autophagy pathway genes in human colon

cancer, corroborating the increasing clinical relevance of autophagy in human colorectal carcinogenesis. This pre-
liminary finding should be validated in larger studies.
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Introduction

Colorectal cancer (CRC) is one of the major causes of death
worldwide. The carcinogenic processes of CRC involve complex
mechanisms. Autophagy is a physiologic mechanism that utilizes
self-digestion of cell organelles to promote cellular homeostasis in
the setting of dysfunctional cellular components, cellular stress or
energy-deprived states. An extensive network of proteins coordi-
nates the process of autophagy.!

Autophagy can play an instrumental role in the pathogenesis
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of CRC.! Autophagy reduces carcinogenesis and acts as a tumor
suppressor by removing damaged organelles and reducing reactive
oxygen species and DNA damage, and by promoting autophagic
cell death. However, in established tumors, autophagy promotes
cancer growth by providing tumor cells access to nutrients for
growth and metabolism as well as increasing drug resistance and
ensuring the maintenance of the cancer stem cell.? Autophagy-
related genes (ATGs) play an integral role in the complex cellular
pathway of autophagy. Thirty-six such genes have been identified
to date.® Early clinical trials have shown the potential benefit of
inhibiting parts of the autophagy pathway in many other cancers,
including pancreatic cancer, multiple myeloma, and melanoma.’
Novel clinical biomarkers are being discovered via ongoing clini-
cal studies to monitor autophagy in patients.*

However, little is known about the expression of autophagy
genes in human colon cancer.>¢ In this study, we compared the
expression levels of ATG between normal and colon cancer tissues
using a predefined autophagy pathway array. We hypothesized that
the genes involved in autophagy were differentially expressed in
colon tumor tissue versus normal control tissues.

Methods
Study participants

The study population and research approaches were described
previously.” Our study was conducted at the affiliated hospitals of
Baylor College of Medicine (BCM) and involved six patients who
were diagnosed with colon cancer and subsequently underwent
total curative surgical excision during the years of 2007-2013.
None received pre-operative neoadjuvant chemotherapy. The re-
sected tumor tissues and normal adjacent mucosa samples were
snap-frozen in liquid nitrogen and stored in —80 °C. Additionally,
we acquired colon mucosa samples from five unrelated patients
who underwent a colonoscopy and were shown to have normal
colons endoscopically at the Michael E. DeBakey Veterans Af-
fairs Medical Center (MEDVAMC). These samples served as the
control samples when the RNA quality of normal adjacent sam-
ples was not adequate for gene expression analysis. The tumor
and its unrelated control tissue were matched in relation to co-
lonic segment, race/ethnicity, age (+5 years), and sex. All patients
provided informed consent to participate in a research and use
their samples. The Institutional Review Boards of MEDVAMC
and BCM approved the study protocol.

RNA extraction and gene expression analysis

In the genomic core lab at the Texas Medical Center Digestive
Disease Center, using the NucleoSpin RNA isolation kit (MACH-
EREY-NAGEL Inc, Bethlehem, PA, USA), we obtained total RNA
from 17 fresh frozen tissue biopsy samples (six biopsies from ex-
cised cancerous tissues, six biopsies from adjacent normal colon
mucosa, and five from unrelated normal control mucosa). The
RNA purity of samples was confirmed with a nucleic acid 260:280
ratio, which was above 2.0 for all. Nonetheless, for one tumor sam-
ple and five normal adjacent mucosa samples, the RNA integrity
number (RIN) was <6.0. These samples were ultimately excluded
from the experiment as they were deemed not appropriate for gene
expression analysis. Thus, our analysis was restricted to the sam-
ples from five mucosal specimens with colon cancer and five biop-
sies from matched unrelated healthy controls.”
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We utilized the Qiagen RT? Profiler PCR Array (Valencia, CA,
USA) to determine the expression of 84 key genes in the autophagy
pathway (primer sequence is available upon request from Qiagen).
The array includes genes encoding proteins for autophagic vacuole
formation (AMBRAI (NYW1), ATG12, ATGI6L1, ATG4A, ATG4B,
ATG4C, ATG4D, ATGS5, ATG94, ATG9B, BECNI, GABARAP,
GABARAPLI, GABARAPL2, IRGM, MAPILC3A, MAPILC3B,
RGS19, ULK1, WIPII), vacuole targeting proteins (47G4A, AT-
G4B, ATG4C, ATG4D, GABARAP), transport proteins (A7G10,
ATGI6L1, ATGI6L2, ATG3, ATG4A4, ATG4B, ATG4C, ATG4D,
ATG7, ATG94, GABARAP, GABARAPL2, RAB24), autophago-
some-lysosome linkage proteins (DRAMI, GABARAP, LAMPI,
NPC1), ubiquitination proteins (A7G3, ATG7, HDACG6), and pro-
teases (ATG4A4, ATG4B, ATG4C, ATG4D). At the core facility at
BCM, the assays were conducted using the Bio-Rad Lightcycler
RealTime PCR system (Bio-Rad, Hercules, CA, USA).

Analysis of mRNA microarray data from TCGA

We also downloaded mRNA expression data of 244 TCGA (The
Cancer Genome Atlas) colon adenocarcinoma and rectum ad-
enocarcinoma (COAD/READ) patients on June 14, 2018 (www.
firebrowse.org). This dataset included 22 normal samples and 222
CRC tissues. Using these data, we examined mRNA expression
levels of ATG4A4, ATG4B, ATG4C, ATG4D, GAA, GABARAP,
CTSD, and CTSS genes in the CRC tissues versus the control tis-
sues. The sequencing platform of the mRNA expression data was
UNC_IlluminaHiseq RNASeqV2.

Statistical analysis

The RT? Profiler PCR Array data analysis version 3.5 was utilized
for data analysis. The gene expression levels were normalized to
ACTB, GAPDH, and RPLP0. The Student’s ¢-test was used to com-
pare the expression levels between diverse groups (overall cancer
versus control; early- or late-stage cancer versus control) utilizing
the normalized gene expression data. Fold-change (FC)/fold-reg-
ulation (FR) was calculated using the AACt method (wherein ACt
was calculated between a gene of interest and an average of refer-
ence housekeeping genes, after that the AACt calculation was per-
formed: ACt (Test Group)—ACt (Control Group)). Subsequently,
we calculated FC using the 2*AACt formula.

To visualize gene expression changes, we used a scatter plot
to compare the normalized expression of every gene on the array
between the tumor and normal tissues. On the plot, we used the
middle line to denote unchanged gene expression. The selected FR
threshold was denoted by the dotted lines above or below the mid-
dle line. For multiple testing for 84 genes, we adjusted it using the
false discovery rate (FDR). An FDR q value <0.10 denoted statisti-
cal significance.” For the downloaded TCGA data, we performed
the Student’s #-test comparing CRC tissue with normal tissue.

Results

The five cancer patients with high-quality RNA included in this
analysis were all non-Hispanic Caucasian males between 55 and
75 years old, with a mean age of 62 years. Three patients had early-
stage tumors, and three patients had late-stage tumors. The charac-
teristics of these study participants have been described.”

We observed significant down-regulation of 29 genes in the au-
tophagy pathway (p < 0.05) in colon cancer tissues compared to
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Fig. 1. Scatterplot of autophagy gene expression among colon cancer patients and controls. The dotted lines indicate the selected fold-regulation thresh-
old. Data points beyond the dotted lines in the upper left and lower right sections meet the selected fold-regulation threshold. The figure was generated

from the RT? Profiler PCR Array Data Analysis Software, version 3.5.

the normal colonic mucosa (Fig. 1, Supplemental Table S1). The
down-regulations were observed for both early- and late-stage tu-
mors. Furthermore, after adjusting for multiple testing, the differ-
ence of 17 genes remained statistically significant. The FR was
greater than 2 for all 17 genes, including ATG4A4, ATG4C, ATG4D,
CTSD, CTSS, ESRI1, GAA, and GABARAP (FDR ¢ < 0.10; Table
1). ATG9B was the only ATG gene that was up-regulated in cancer
tissue compared with control tissue (FC=8.39, p=0.06). However,
the up-regulation was statistically nonsignificant after multiple
testing adjustment. The differential expression was consistently
observed in early- or late-stage tumors (Table 1).

By comparing CRC tissue with normal tissue using the TCGA
data, we also found significant down-regulation of ATG44, AT-
G4C, ATG4D, GAA, GABARAP, CTSD, and CTSS (Fig. 2).

Discussion

This pilot study suggested differential expression of a number of
genes in the autophagy pathway in both early-and late-stage colon
cancer compared with normal colonic tissues. Down-regulation of
ATG in colon cancer may comprise the host’s response in prevent-

ing the accumulation of genetic defects that accompany malignant
transformations and therefore promote tumor progression. The
analysis based on the TCGA data validated our major findings.

We found that multiple 47Gs were down-regulated in colon
cancer compared to normal mucosa after accounting for multiple
testing, including ATG4A, ATG4C, and ATG4D. ATG4 genes play
multiple roles in autophagy, including autophagic vacuole forma-
tion and targeting, and proteases. In yeast, the Atg4-family cysteine
proteases play a crucial role in preparing Atg8 for conjugation to
lipid membranes and for the deconjugation of Atg8 from the au-
tophagosomes.® There are eight human Atg8 homologues that be-
long to two subfamilies: LC3 and GABARAP. Atg4a is known to
be a potent protease for the GABARAP family but not the LC3
family.? In our study, the GABARAP gene was also significantly
down-regulated. Contrary to our results, a recent study on gastric
cancer reported the higher expression of A7G44 in cancer tissues
and metastatic lymph nodes than normal tissues. That study also
showed that ATG4A up-regulated the Notch signaling pathway-
induced metastasis in gastric cancer cells.!?

Of all the ATG4 proteases, ATG4B has been shown to be the
most functionally dominant in autophagy regulation in mam-
mals.!" Liu et al.'> showed that knock-down of the ATG4B in CRC
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Table 1. Differential expression of selected autophagy genes in human colon cancer tissues and control tissues

Fold-regulation, All tumor p q Fold-regulation, Early tumor p Fold-regulation, Late tumor p
PIK3CG -10.58 0.01 0.08 -7.97 0.09 -14.06 0.07
IGF1 -5.84 0.0009 0.08 -2.39 0.09 -14.27 0.04
TNF -4.59 0.01 0.08 -4.1 0.07 -5.14 0.05
ESR1 -4.05 0.01 0.08 -3.18 0.08 -5.15 0.05
BCL2 -3.89 0.01 0.08 -3.21 0.12 -4.7 0.03
RGS19 =318 0.007 0.08 -2.65 0.07 -3.83 0.04
GAA -3.11 0.01 0.08 -4.39 0.02 -2.21 0.11
TNFSF10  -3.05 0.01 0.08 -2.12 0.12 -4.39 0.04
CTSD -2.63 0.00085 0.07 -2.08 0.02 -3.31 0.01
PTEN -2.43 0.01 0.08 -2.67 0.06 -2.2 0.07
ATG4A -2.25 0.02 0.09 -231 0.09 -2.2 0.08
ATG4C -2.31 0.01 0.10 -2.40 0.07 -2.22 0.06
ATG4D -2.22 0.01 0.08 -2.14 0.1 -2.3 0.05
CTSS -2.16 0.01 0.08 -1.78 0.11 -2.64 0.05
GABARAP -2.12 0.0003 0.07 -2.09 0.03 -2.15 0.04
CASP3 -2.05 0.02 0.08 -1.58 0.17 -2.65 0.04
TGFB1 -2.01 0.01 0.08 -1.92 0.08 -2.1 0.03
ATGI9B 8.39 0.06 0.16 18 0.01 3.91 0.22
cell lines induced autophagic flux and reduced cyclin D1 expres- significantly down-regulated in tumors, with only a small FC.
sion to inhibit G1/S phase transition of the cell cycle. However, ATG4C gene knock-out in mice has been shown to aid in forming
in our research, the expression of ATG4B was statistically non- methylcholanthrene-induced fibrosarcomas, suggesting a regu-
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Fig. 2. Box-plot of log2 expression levels of ATG4 genes, GABARAP, CTSS, CTSD and GAA between normal tissue and colorectal cancer tissue, according
to the TCGA (The Cancer Genome Atlas) data.
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latory impact on tumor cells.!> We found the ATG4C gene was
down-regulated significantly, as was the A7G4D gene. In line with
our finding, it has been shown that the expression of the ATG4D
gene was significantly lower in breast cancer tissues than that in
the adjacent normal tissues.' The identification of diminished
ATG4 gene expression in colon cancer suggested that the forma-
tion of autophagosomes may be compromised in colon cancer. In
our study, ATG9B was the only gene to be highly up-regulated with
an FC of 16. However, the difference between colon cancer and
normal mucosa was not statistically significant.

Cathepsin is an aspartic endoprotease that is distributed in all
lysosomes in the human body.!5 Its primary function is to disas-
semble proteins and activate cascades in prelysosomal compart-
ments.!® Cathepsin D (CTSD) and cathepsin S (CTSS) genes were
significantly down-regulated in colon cancer compared to normal
mucosa after accounting for multiple testing. Contrary results were
reported by Sebzda et al.,'” which showed increased expression
of CTSD in colon cancer compared to adjacent normal colon mu-
cosa utilizing immunohistochemical (IHC) staining in 68 patients
from Poland. Another study also utilizing [HC testing showed that
cathepsins B, L, and D activities were higher in a series of malig-
nant tissues compared with adjacent normal colorectal tissues.'®
In our study, CTSS was also significantly down-regulated, even
after accounting for multiple testing. Our data were incongruous
to the prior studies possibly in part because we used mRNA levels
to measure gene expression, whereas the prior studies used IHC
or enzyme-linked immunosorbent assay. In addition, the function
of autophagy genes in cancer development may be tissue-specific.

The research on autophagy and CRC was triggered by a genome-
wide association study that identified an association between the
single nucleotide polymorphism (SNP) rs2241880 of ATGI6LI
and risk of inflammatory bowel disease.!® Hampe et al.'® showed
a statistically significantly positive association between this SNP
and Crohn’s disease in a German population. This SNP was also
associated with an improved overall survival in CRC.2® However,
we did not find the expression of the ATGI6L1 to be associated
with colon cancer in our sample.

BECNI (Bectin 1), LC3B (MAPILC3B), and p62 (SOSTM1I)
are three genes that have been widely reported in CRC research.
They are expressed in normal colon mucosa as well.2! We found
LC3B and BECNI nonsignificantly down-regulated and p62 up-
regulated in cancer tissues. The loss of expression of BECNI has
been reported for ovarian and esophageal cancers.?>?3 Contrarily,
prior studies showed mRNA and protein expression of BECN1 or
LC3 were higher in CRC tissue compared with normal adjacent
tissue.?*~2 p62 is one of five autophagy cargo adaptor molecules
that can interact with processed LC3 at the autophagosome. p62
accumulation has been observed in liver cancer progression.?’” An
IHC study also showed that higher p62 expression was an inde-
pendent adverse prognostic marker in patients with CRC.?8 p62
and LC3 also contribute to selective autophagy.?’3 For exam-
ple, mitophagy is a selective mode of autophagy in which mi-
tochondria are targeted for degradation.3! Mitophagy affects cell
stemness, cell fate determination, inflammation, and DNA dam-
age, and has also been implicated in cancer.?? It is likely that these
genes can influence colon tumorigenesis through regulating mi-
tophagy.?

BECNI and PTEN are important in inducing autophagy in can-
cer. PTEN is a tumor suppressor gene in colon cancer and was
down-regulated in our research.?* The down-regulation of au-
tophagy inducers was in line with the overall down-regulation of
autophagy pathway genes in colon cancer. A cross-talk exists be-
tween apoptosis and autophagy. BECNI1 is also a direct substrate
of caspase 3. Several genes related to apoptosis, including CAPS3

Explor Res Hypothesis Med

and BCL2, were also down-regulated in colon cancer in our study.

This was a preliminary study with multiple limitations. First,
it was based on a small sample size and, thus, false negative and
false positive findings could have occurred. The stratified analy-
sis by tumor stage was exploratory given a limited sample size.
Furthermore, transcription factor EB (TFEB) is probably one of
the most important transcription regulators for autophagy and
lysosome-related genes. TFEB could modulate the expression of
a broad range of lysosomal genes. including CTSD and CSTS.%
TFEB over-expression has been seen in a variety of cancers.3¢-38
However, this gene was not included in the predefined panel in the
present study. Lastly, one study shows that clinical implications of
autophagy biomarkers, such as LC3 and p62, in CRC prognosis
may depend on K-ras mutation status.’® As this was a preliminary
study, we did not ascertain K-ras mutation status or evaluate pro-
tein expression.

In summary, the findings from our study support the tumor sup-
pressor role of autophagy in colon cancer. In particular, the ATG4
proteases may play an important role in colon cancer development.
The precise mechanisms inhibiting or leading to autophagy, and
the downstream effectors of autophagy in carcinogenesis need to
be fully elucidated in order to identify novel biomarkers for prog-
nosis and target for cancer treatment.

Future research directions

We found that multiple autophagy-related genes were down-reg-
ulated in colon cancer tissues. We will validate our findings us-
ing larger clinical sample series and by including IHC staining.
We will also identify modifiable factors and metabolic stress fac-
tors that can contribute to macroautophagy and mitochondria au-
tophagy dysregulation in colon cancer.
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