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The concept of the adenoma-carcinoma sequence in colorectal cancer (CRC) is widely
accepted. However, the relationship between the characteristics of the transcriptome and
the adenoma-carcinoma sequence in CRC remains unclear. Here, the transcriptome
profiles of 15 tissue samples from five CRC patients were generated by RNAseq. Six
specific dynamic expression patterns of differentially expressed genes (DEGs) were
generated by mFuzz. Weighted correlation network analysis showed that DEGs in
cluster 4 were associated with carcinoma tissues, and those in cluster 6 were
associated with non-normal tissues. Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes analyses identified metabolic dysregulation as a consistent finding
throughout the transition process, whereas downregulation of the immune response
occurred during normal to adenoma transition, and the upregulation of canonical
pathways was associated with adenoma to carcinoma transition. Overall survival
analysis of patients in cluster 6 identified TPD52L1 as a marker of poor prognosis, and
cell proliferation, colony formation, wound healing, and Transwell invasion assays showed
that high expression levels of TPD52L1 promoted malignant behaviors. In total, 70
proteins were identified as potential partners of hD53 by mass spectrometry. CRC
formation was associated with three cancer hallmarks: dysregulation of metabolism,
inactivation of the immune response, and activation of canonical cancer pathways. The
TPD52L1 gene was identified as a potential marker to track tumor formation in CRC and
as an indicator of poor patient prognosis.

Keywords: RNA sequencing, TPD52L1, adenoma-carcinoma sequence, colorectal cancer, dynamic
expression patterns
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INTRODUCTION

Colorectal cancer (CRC) is the fourth most frequently diagnosed
cancer and the second most common cause of cancer-related
death among men and women worldwide (1). Most cases of CRC
are sporadic and arise from polyps originating within aberrant
crypts. Approximately 10% of such polyps develop into early
adenoma, followed by advanced adenoma, and finally CRC. Such
progression is broadly categorized as either the traditional
tubular adenoma route or serrated polyp route. The transition
from tubular adenoma to adenocarcinoma occurs over a period
of more than 10 to 15 years and is accompanied by sequential
changes initially in the Wnt signaling pathway, followed by the
RAS-RAF-MAPK, TGF-f, and PI3K-AKT pathways (2). The
concept of polyp to cancer progression in the large bowel was
first proposed in 1974 (3). An improved understanding of
the diverse genetic and epigenetic changes that underlie the
adenoma-carcinoma sequence was achieved after the
development of a multi-hit genetic model of the carcinogenesis
of CRC (4), as well as accumulating insight into chromosomal
instability, microsatellite instability, and the CpG island
methylator phenotype of CRC (5-7).

The emergence and development of omics technology has
facilitated several systematic studies comparing normal and
tumor tissues at the gene, mRNA, and protein levels. For
example, integrated exome sequence data, DNA copy number,
promoter methylation status, as well as mRNA and microRNA
levels have been used to differentiate hypermutated from non-
hypermutated tumors (8). Gene expression data from 4151
tumor specimens were used to classify CRC into four
consensus molecular sequences (CMSs): CMS1 (immune
features, microsatellite instability), CMS2 (canonical features),
CMS3 (metabolic features), and CMS4 (mesenchymal features),
in addition to subtypes characterized by mixtures of transition
features (9). A study of transcriptomic differences between
primary and metastatic tumors found that gene expression
signatures specific to metastasis of colorectal adenocarcinoma
were associated with reduced epithelial-mesenchymal transition
(EMT) and increased activity of MYC-targeted and DNA repair
pathways (10). This study also identified two CMSs associated
with EMT-induced inflammation and proliferation in cancer
metastases (10). However, the CMSs associated with adenoma
remain unclear. CMS3 is the most common molecular subtype in
adenoma, whereas CMS2 is the predominant subtype in
adenomatous polyps, and CMS1 is highly associated with
serrated polyps (11, 12). Despite the identification of various
differentially expressed genes (DEGs) in CRC, the specific
expression patterns of these genes during the onset of CRC
remain unknown. Because of the limited number of studies, there
are relatively few biomarkers for the individualized treatment of
CRC. Moreover, the mechanisms underlying the onset and
progression of CRC are not fully understood. Therefore, it is
very important to identify the expression patterns of genes
associated with the onset and progression of CRC.

In the present study, analysis of the transcriptomic profiles of
primary CRC, adenoma, and normal colon epithelial tissues
identified six specific dynamic expression patterns during

tumor formation. Three dynamic patterns were associated with
the three known cancer hallmarks (deregulation of cellular
metabolism, avoidance of immune destruction, and activation
of cancer associated pathway). Characterization of one pattern of
six continuously and monotonically upregulated genes showed
that specific clusters were negatively correlated with normal
colon tissue and should be monitored during tumor formation.
Among the genes in these patterns, TPD52L1 was further
screened as a poor prognostic marker in colon cancer that is
associated with a low overall survival (OS) rate (p = 0.001), high
recurrence rate (p = 0.0032), and a partial response to current
therapeutic regimens. Furthermore, TPD52L1 expression levels
affect the malignant behavior of colon cancer cell lines by binding
to its partners.

MATERIALS AND METHODS

Antibodies and Primers

Antibodies against TPD52L1(hD53) (Proteintech, Wuhan,
China, cat no. 14732-1-AP, 1:1000); and PB-actin (Proteintech,
cat no. 66009-1-Ig, 1:10000) were used for Western blot analysis.
Magnetic beads against FLAG (Bimake, Houston, TX, USA, cat
no. B26101, 1:10) were purchased for immunoprecipitation
analysis. Antibodies against FLAG (TransGen Biotech Co.,
Ltd., Beijing, China, HT201, 1:200), anti-mouse Fluor 647
(Jackson ImmunoResearch Laboratories, West Grove, PA,
USA, 1:600), and anti-rabbit Fluor 594 (Jackson
ImmunoResearch Laboratories, 1:600) were used for
immunofluorescence analysis. For quantitative real-time PCR
(qQRT-PCR), primers against qTPD52L1-Ul (TTT TGT CAG
CGA AAG AAA GGC A) and qTPD52L1-D1 (GCA GTG GTA
GTC TGC ATG TCA) were purchased from TransGen Biotech
Co., Ltd., and primers against qTPD52L-U2 (PrimerBank ID:
51173743c1; AAC CGT TGC AAG GAA CAG AC), qTPD52L-
D2 (ATG CCA GCT TTT GCT GAA GT) (13), hGAPDH-U
(AGA AGG CTG GGG CTC ATT TG), and hGAPDH-R (AGG
GGC CAT CCA CAG TCT TC) (14) were obtained from
PrimerBank (https://pga.mgh.harvard.edu/primerbank/
index.html).

Cell Lines

The human colon cancer cell lines HT29, HCT116, RKO, and
FHC were purchased from the Chinese Academy of Sciences
(Shanghai, China) and cultured in Myco5A, Dulbecco’s modified
Eagle’s medium, and RPMI 1640 medium (Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS; 16000-044; Thermo Fisher
Scientific, Waltham, MA, USA) and 100 IU/ml of penicillin/
streptomycin (15140-122; Thermo Fisher Scientific) under sterile
conditions and maintained at 37°C in an incubator under an
atmosphere of 5% CO,/95% air.

Patients and Tissue Samples

All subjects signed informed consent forms before participating
in the study. The study protocol was approved by the Ethics
Committee of Zhongshan Hospital affiliated with the Shanghai
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Medical College of Fudan University (Project identification code:
Y17-244) and conducted in accordance with the Declaration of
Helsinki. Triplicate tissue samples (primary CRC, adjacent
normal tissue, and adenoma; n = 15) were collected from five
patients with CRC prior to any therapy at Zhongshan Hospital,
and stored in RNAlater' " Stabilization Solution (AM7020;
Thermo Fisher Scientific) for later analysis. The clinical data of
the five patients are listed in Table S1. Primary CRC and
matched non-tumor tissues from 95 patients were collected
and fixed with 4% paraformaldehyde.

RNA-Seq and Data Analysis

Total RNA samples were extracted with TRIzol " Reagent
(Thermo Fisher Scientific). Ribosomal-RNA-depleted and
strand-specific libraries were constructed with the Ribo-Zero
Gold Kit (Illumina, Inc., San Diego, CA, USA) and TruSeq
Stranded Total RNA Sample Prep Kit (Illumina, Inc.), and
sequenced using the HiSeq 2500 Sequencing System (Illumina,
Inc.) by Genergy BioTech Co., Ltd. (Delhi, India). Cleaned
RNAseq data were aligned to the human GRCh38 reference
assembly using the HISAT2 alignment program (15). Only
uniquely mapped reads were retained for reads counting with
HTseq (16). DEGs were identified with the R package DESeq2
(17). To identify the DEGs between two tissue specimens in
different transitional stages, the Wald test in DESeq2 was applied
with a false discovery rate (FDR) of <0.05 and absolute log2 (fold
change) of >1. To identify DEGs in all three tissue types, the
likelihood-ratio test (LRT) was used with an FDR threshold
of <0.05.

Consensus Molecular Subtype Analysis

To identify the CMSs of adenoma and carcinoma, the raw count
data of RNAseq of colon adenocarcinoma (COAD) were
downloaded from The Cancer Genome Atlas (TCGA).
Combined with the raw counts data generated by HTseq, the
batch effects of the RNAseq were removed by the ComBat-seq
method using the R package sva (18). For adenomas, the CMSs
were identified using the random forests classifier. For
carcinomas, the CMSs were identified using the single sample
prediction classifier.

Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GESA) was performed using
GSEA software version 3.0 (https://www.gsea-msigdb.org/gsea/
index.jsp) with the Molecular Signature Database gene set
version 6.2 (19). Phenotype permutations were performed on
all gene expression data with a permutation number of 1000.
Pathways corresponding to genes enriched at the top or bottom
of the gene sets were identified using the FDR value threshold
(p < 0.05) and ranked according to the normalized enrichment
score. Pathways associated with gene sets of interest were
selected as described previously (9). Detailed information is
provided below and in Table S5.

Canonical pathways included MAPK (Gene Ontology [GO],
biological process [BP]), SRC, JAK-STAT (BioCarta database),
proteasome (Kyoto Encyclopedia of Genes and Genomes
[KEGG]), Notch, cell cycle, translation, integrin-f3, Wnt,

EMT, TGF-B, and MYC (Reactome Pathway Database).
Immune activation pathways included immune response (GO
BP), PD1 signaling, leukocyte-mediated cytotoxicity and
T helper cells, infiltration with natural killer cells and
activation of T helper 17 cells, regulatory T cells
(ImmuneSigDB) (20). Metabolic activation pathways included
sugar, amino acid, nucleotide, starch, sucrose, glutathione,
tyrosine, lysophospholipid, fatty acid, arachnoid acid, linoleic
acid (KEGG), glutamine (GO BP), and lysophospholipid (PID).

Dynamic Expression Model Analysis
Fragments per kilobase of transcripts per million mapped reads
(FPKM) of DEGs identified with the LRT with an adjusted p
value of < 0.05 were used for c-means clustering with the R
package Mfuzz to characterize dynamic changes in expression
patterns (21, 22). The Fuzzy c-means clustering is a soft
clustering method performed with the Mfuzz algorithm with
two key parameters (¢ = number of clusters and m = fuzzification
parameter). The algorithm iteratively assigns the profile to the
cluster with the shortest Euclidean distance while minimizing
any objective function. In this study, the data were clustered with
the parameters ¢ = 6, m = 3.637426, and iter.max = 100.

Weighted Gene Co-Expression Network
Analysis (WGCNA)

Only samples with an RNA expression level >0.1 FPKM were
retained. FPKMs of primary CRC tissues, adjacent normal
tissues, and adenoma tissues were prepared by log2-
transformation. A B value = 10 was used as the soft power
empirically. A signed network of the Pearson correlation
coefficients was constructed to generate an adjacency matrix
with the parameter minModuleSize = 50, which indicates that no
more than 50 genes are assigned to a single module (23).
Modules were generated based on the topological overlap of
the adjacency matrix, then clustered by average linkage
hierarchical clustering. Finally, the modules were merged using
the dynamic tree cut function implemented in the R package (24)
with mergeCutHeight = 0.25. This analysis yielded 66 modules
with a median of approximately 150 genes.

OS Analysis and Disease-Free

Survival Analysis

Clinical information and RNAseq data of CRC from TCGA
database (http://gdac.broadinstitute.org/) were download with
the command firehose_get. Tissue specimens were assigned to a
high or a low expression group according to the median gene
expression level. Kaplan-Meier analysis, the log-rank test, and
Cox hazard regression analysis were applied to the 771 genes in
cluster 6 using the R package survival (25). The R package
survminer (26) was used for graphing OS and DEFS rates
associated with TPD52L1 gene expression.

Knockdown and Overexpression
Experiments

Short hairpin RNA (shRNA)-based RNAi experiments were
performed as described previously (27) using the following
three TPD52L1 shRNA oligonucleotide sequences and one
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scrambled control sequence: 1#control (ACT CGA CAC TAT
AGT ATC TCA); 2#shTPD52L1 (gcA GAG TTA GTT CAG
CTA GAA); 3#shTPD52L1 (ctC GGC ATG AAC CTG ATG
AAT); and 4#shTPD52L1 (taG GCG GTA CGA ACC CTA
ATG). All sequences were cloned into the pLKO.1-puro cloning
vector. The full-length human TPD52L1 cDNA sequence
(NM_001318903) was cloned into the GV492-Ubi-MCS-
3FLAG-CBh-gcGFP-IRES-puromycin plasmid, which was
obtained from Shanghai GenePharma Co., Ltd. All constructs
were verified by DNA sequencing.

HCT116 cells were transfected with shRNAs and RKO cells
were transfected with expression vectors using lentivirus-based
systems for 5 days. The transfection efficacy was validated by
qRT-PCR and Western blot analysis. All assays were performed
in triplicate.

Cell Proliferation Assay

Cell proliferation was assessed using the Cell Counting Kit-8
(Dojindo Laboratories Co., Ltd., Kumamoto, Japan) in
accordance with the manufacturer’s instructions. Briefly, 2,000
cells of each group were seeded into five wells of 96-well plates
and incubated with assay buffer for 1 h. Absorbance at 450 nm
was measured with a Universal Microplate Reader (BioTek
Instruments, Inc., Winooski, VT, USA).

Colony Formation Assay

For the colony formation assay, 1,000 cells were seeded in a 6-cm
dish and cultured for at least 8 days at 37°C in an incubator with
5% CO,. The medium was refreshed every 3 days. Cell colonies
were then fixed with 4% paraformaldehyde for 30 min at room
temperature and stained with 1% crystal violet. The cell colonies
were photographed and counted using Image J software (https://
imagej.nih.gov/ij/).

Wound Healing Scratch Assay

The wound healing scratch assay was used to compare the
migratory capabilities of the different cell lines. Briefly,
different groups of cells were seeded into triplicate wells of six-
well plates (2 x 10°/well) in complete culture medium and
cultured until confluent. Then, an artificial scratch wound was
drawn at the center of each well and the culture medium was
replaced with fresh culture medium supplemented with 2%
serum. Photographs of the same locations were recorded at 0,
24, 48, and 72 h. The extent of cell migration was evaluated with
Image ] software.

Transwell Invasion Assay

The cell invasion capability was assessed using the Transwell
assay with 24-well invasion chambers and 8-pum pore inserts
(Corning Incorporated, Corning, NY, USA). Briefly, the upper
chambers were precoated with 50 pl of diluted Matrigel "
Basement Membrane Matrix (BD Biosciences, Franklin Lakes,
NJ, USA) for 4 h at 37°C. Then, 5 x 105 cells were seeded into the
upper chambers, which contained 200 pl of culture medium
supplemented with 2% FBS, whereas the lower chambers
contained 600 pl of complete medium supplemented with 10%
FBS. After 24 h of incubation, cells that migrated through the

Matrigel matrix and adhered to the reverse side of the upper
chamber were fixed with 4% paraformaldehyde for 30 min at
room temperature, and stained with 1% crystal violet. Cells in
three random fields were photographed and counted using
Image J software.

GO and KEGG Analyses

Genes with dynamic expression patterns were subjected to GO
analysis (https://david.ncifcrf.gov/GO) using the Database for
Annotation, Visualization and Integrated Discovery (https://
david.nciferf.gov/) and KEGG (https://www.genome.jp/kegg/)
to search for BPs or main functions and signaling pathways
with default parameters, respectively (28, 29), of DEGs and
immunoprecipitated proteins. Only the top 10 enriched GO
terms of the BP category and signaling pathways with p < 0.05
were reported.

Mass Spectrometry-Based Immuno-
Precipitation Proteomics

The binding partners of the hD53 protein were captured by IP
and identified by MS (30). Different groups of cells were cultured
in 15-cm dishes with three biological replicates. Then, 80 x 10°
cells per sample were collected and lysed in lysis buffer on the ice
for 10 min. After centrifugation, the pellet was discarded and
cells from different groups were incubated with anti-FLAG
magnetic beads overnight at 4°C with gentle rotation. The IP
complex was washed five times with lysis buffer and once with
ice-cold phosphate-buffered saline (PBS). Subsequently, the
protein samples were resolved by sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Following in-gel staining
with Coomassie blue, the whole gel lane was extracted and
subjected to MS analysis. LC-MS/MS analyses were performed
on a Orbitrap Fusion mass spectrometer (Thermo Fisher
Scientific). The raw MS data files were extracted with
Proteome Discoverer software (Thermo Fisher Scientific,
version 2.4.0.305). All MS/MS samples were analyzed using the
Sequest HT search engine in the SwissProt database (Taxonomy:
Homo sapiens, 20231 entries). The Minora algorithm was used
to perform label-free quantification. Only unique peptides were
used for quantification of proteins with at least one unique
peptide, and the method of normalization on protein median
was used to correct experimental bias.

Flow Cytometry Analysis

For cell cycle analysis, 5 x 10> cells per sample were collected,
rinsed twice with ice-cold PBS solution and fixed in chilled 70%
ethanol at 4°C overnight. The fixed cells were washed with ice-
cold PBS, incubated in 500 pl of staining buffer with 10 ul of
RNase A and 25 pl of propidium iodide (Beyotime
Biotechnology) in the dark at room temperature for 30 min.
Stained samples were assessed with a FACS Aria II flow
cytometer (BD Biosciences, San Jose, CA, USA) and data were
analyzed using Flowjo software (version 7.6.1).

Immunofluorescence Staining
Cells were fixed with 4% paraformaldehyde on glass coverslips
and incubated with primary antibodies against hD53 and FLAG
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at 4°C overnight, washed with PBS, incubated with fluorescence-
conjugated secondary antibodies (Jackson ImmunoResearch
Laboratories), counterstained with anti-fade 4’,6-diamidino-2-
phenylindole solution (Life Technologies, Carlsbad, CA, USA),
and imaged using a confocal laser scanning microscope (882 SP5;
Leica Microsystems GmbH, Wetzlar, Germany) with the same
parameters for all samples.

Immunohistochemical Analysis

Human tumor samples and paired noncancerous matched tissues
were obtained from 95 CRC patients treated at Zhongshan Hospital.
Written informed consent was obtained from each patient and the
investigation was approved by the institutional review board of
Zhongshan Hospital, Fudan University, Shanghai, China. THC
analysis of 95 pairs of tumors and matched peritumoral
specimens was performed using a standard streptavidin biotin-
peroxidase complex method. Paraffin-embedded, formalin-fixed
sections were dewaxed, blocked with hydrogen peroxide/methanol
solution, deparaffinized in xylene, and rehydrated in a decreasing
ethanol series diluted in distilled water. After antigen retrieval with 8
mM citrate buffer under pressure, the slides were incubated
overnight at 4°C with antibodies against hD53. Following 30 min
of incubation with the secondary antibodies, the slides were
developed in 3,3’-diaminobenzidine solution under microscopic
observation and counterstained with hematoxylin. The extent of
staining was scored on a scale of 0 to 4 corresponding to the
percentage of immunoreactive tumor cells as follows: 0 points, 0%;
1 point, 1% to 5%; 2 points, 6% to 25%; 3 points, 26% to 75%; and
4 points, 76% to 100%. The staining intensity was scored as negative
(score = 0), weak (score = 1), medium (score = 2), or strong (score =
3). A score ranging from 0 to 12 was calculated by multiplying the
staining extent score by the intensity score. Two independent
pathologists blinded to the patient outcomes scored the specimens.

Statistical Analysis

All experiments were performed in triplicate and data are expressed
as the mean + standard deviation. Statistical analyses were
performed using IBM SPSS Statistics for Windows, version 19.0.
(IBM Corporation, Armonk, NY, USA) and GraphPad Prism 7.0
software (GraphPad Software, Inc., San Diego, CA, USA).
Cumulative survival time was calculated by the Kaplan-Meier
method and analyzed with the log-rank test. Univariate and
multivariate analyses were based on the Cox proportional hazards
regression model. The Pearson ” test and Student’s ¢-test were used
for comparisons between groups. All data are presented as the
mean + standard deviation of three independent experiments. A
probability (p) value less than 0.05 was considered statistically
significant (*p < 0.05; **p < 0.01; **p < 0.001).

RESULTS

Clinical Information of the Studied

CRC Patients

CRC arises through a stepwise progression from normal colon
epithelial tissue to adenoma and then to CRC. Triplicate tissue

samples (primary CRC, adjacent normal tissue, and adenoma;
n = 15) were collected from five patients with CRC prior to
treatment. The expression profiles of target genes during CRC
formation were assessed by RNAseq. The clinical characteristics
of the five patients are summarized in Table S1. Basic
information of RNA sequencing is summarized in Table S2.
Because CRC is a heterogeneous disease, recurrence cannot be
accurately predicted based solely on the tumor-node-metastasis
staging system (31). Therefore, a comprehensive molecular
classification system was established to stratify CRC patients
according to the expression profiles of target genes. The results of
the CMS classifier showed that all adenomas belonged to CMS3
regardless of the use of the random forests algorithm or the single
sample prediction classifier, and they developed into different
carcinoma CMSs (Table S1). The results of pathological analysis
indicated that all collected adenomas were either tubular or
tubulovillous with low-grade intraepithelial neoplasia (Table
S1). Only 10% of polyps develop into carcinoma. Therefore, an
adenoma in patients with malignancy as opposed to those
without malignancy has greater potential to differentiate into
an adenocarcinoma (32). All adenoma specimens in the present
study were from patients with malignancy. GSEA of all genes
between any two of the three tissue types was performed in
reference to the GRADE_COLON_AND_RECTAL_CANCER_
UP data set to determine the malignancy status of adenoma
based on significantly enriched genes (Figure S1).

Identification of DEGs During

CRC Formation

DEGs between two tissue types were identified using an FDR <
0.05 and absolute log2 (fold change) > 1. In total, 2294 DEGs
were identified by comparing adenoma with normal colon
tissues (AN), whereas 1477 DEGs were identified by
comparing primary tumors with adenoma tissues (TA),
suggesting that adenoma is more similar to cancerous tissue
than to normal tissue (Table S3). Further comparisons of normal
colon vs. primary tumor tissues (TN) identified 4585 DEGs
(Table S3). Comparisons of all three tissue types (ANT) by
LRT (DEseq2) identified 4177 DEGs with FDR-adjusted p values
less than 0.05 (Table S4). The overlapping DEGs between
normal colon, adenoma, and primary tumor tissues are shown
in Figure 1A. Although comparisons between any two tissue
types identified DEGs showing relative upregulation or
downregulation, changes in expression patterns during the
adenoma-carcinoma sequence were difficult to determine.

Early and Late Stage of CRC Onset Are
Associated With Three Hallmarks
Reprogramming energy metabolism and evading immune detection
are important biological properties of cancer cells (33). Early CRC
research indicated that mutations to the APC gene that drive the
upregulation of the Wnt pathway are an initiating event that gives
rise to the adenoma-carcinoma sequence (34). However, the roles of
other cancer-associated pathways in tumor onset remain unclear.
Changes to pathways associated with metabolism and the immune
response have been characterized in different CRC subtypes (9, 33),
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FIGURE 1 | Identification of differentially expressed genes (DEGs) and molecular characteristics of colorectal cancer (CRC) formation by comparison of the
transcriptome profiles at three stages of tumor formation. N, normal tissue; A, adenoma tissue; T, tumor tissue; AN, adenoma vs. normal colon tissues; TA, primary
cancer vs. adenoma tissues; TN, normal colon vs. malignant tissues; ANT, three tissue types. (A) Venn diagram showing the overlap of DEGs identified by AN (blue),
TA (yellow), TN (green), and ANT (purple) comparisons. (B) GSEA heatmap showing significant changes in the comparison of two stages of CRC formation with
canonical pathway activity, metabolism, and immune processes data set. (C) Immune and stromal infiltration status of each sample, **P < 0.01, *P < 0.05, Student’s
t-test. (D) Infiltration percentage of B cells, CD4+ T cells, CD8+ T cells, macrophages, endothelial cells and cancer associated fibroblasts in each sample by EPIC.

whereas dynamic patterns characteristic of the adenoma-carcinoma
sequence remain unknown. GSEA was performed to compare the
transcriptome profiles of any two of the three tissue types.
Previously reported gene sets involved in canonical pathway
activities and metabolic and immune processes were analyzed (9,
33), and enriched genes sets (p < 0.05) were selected to generate
heatmaps (Figure 1B).

The stages of tumor formation are generally classified as early
stage (normal to adenoma transition) or late stage (adenoma to
carcinoma transition). During the transition from normal colon
epithelium to adenoma and then to carcinoma, most canonical
pathways were activated, but only the integrin-B3, Jak-stat, and
EMT pathways were downregulated during normal to adenoma
transition. The proteasome, cell cycle, and translation activities,
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as well as the Wnt, NOTCH, and Myc pathways were activated
early during normal to adenoma transition, whereas the MAPK,
Src, JAK-STAT, EMT, p53, and TGFB1 pathways were activated
late during adenoma to carcinomas transition (Figure 1B and
Table S5).

Dysregulation of metabolic activity is a characteristic of
tumor formation. GSEA revealed that the activities of most
metabolism-associated pathways were decreased during tumor
formation. Notably, glutamine anaplerosis was increased during
normal to adenoma transition, whereas lysophospholipid
metabolism was increased during adenoma to carcinoma
transition (Figure 1B and Table S5). Glutamine is a major
anaplerotic substrate in the tricarboxylic acid cycle and a feature
of the metabolism of cancer cells (35). Lysophospholipids,
including lysophosphatidic acid and sphingosine-1-phosphate,
are major mediators of intercellular communication involved in
the regulation of tumor cell growth and the modulation of the
immune response (36).

The immune system plays important roles in tumor onset and
progression. Immune responses associated with tumoricidal
activities, including complement activation, leukocyte-mediated
cytotoxicity, and the activation of natural killer cells, were
repressed during normal to adenoma transition and activated
during adenoma to carcinoma transition (Figure 1B and Table
S5). By contrast, regulatory immune pathways, except PD1
signaling, were activated, including T helper 2 and 17 cells in
normal to adenoma transition and regulatory T cells in adenoma
to carcinoma transition.

To determine the effect of the tumor microenvironment, the
infiltration of immune cells and stromal cells in the three tissue
types was investigated using the ESTIMATE algorithm (37)
Immune cell infiltration was significantly lower in adenomas
and carcinomas than in normal tissues, whereas stromal cell
infiltration was lower in adenomas than in normal and
carcinoma tissues (Figure 1C). Analysis of infiltrating immune
cells and stromal cells in the different tissues showed that the
percentage of B and CD4+ T cells was decreased during tumor
formation, the percentage of CD8+ T cells was decreased in
malignant tissues, and macrophage infiltration was decreased in
adenoma tissues but increased in malignant tissues (Figure 1D).

GSEA revealed that changes in canonical pathways,
metabolism, and immune responses were not consistent during
the normal adenoma-carcinoma sequence. Some changes were
initiated during normal to adenoma transition, whereas others
were triggered during adenoma to carcinoma transition, and
there were various changes to some pathways in different
transitions. To clarify these results, we further explored the
expression patterns of DEGs during tumor formation.

Identification of Dynamic Expression
Patterns in the Adenoma-Carcinoma
Sequence of CRC

To understand the dynamic changes of DEGs at three stages of
CRC formation, unsupervised hierarchical clustering was
performed based on the DEGs identified by comparisons of the
three tissue types, and a heatmap of 4,177 DEGs in the 15

samples was created. As shown in Figure 2A, clusters of genes
with different expression levels were enriched in different tissue
types. To analyze the dynamic expression patterns of DEGs
during the onset of CRC, the 4177 DEGs were classified into six
patterns (clusters 1 to 6) using Mfuzz (Figure 2B, Table $6). The
expression patterns of genes in clusters 1 and 4 changed
significantly in the late period of tumor formation, whereas
up- or downregulation of DEGs occurred only during
adenoma to malignant transition. The expression patterns of
DEGs in clusters 2 and 3 changed significantly in the early stage
of tumor formation, whereas up- or downregulation of DEGs
occurred only during normal to adenoma transition. DEGs in
clusters 5 and 6 were continuously and monotonically
downregulated or upregulated during the transition from
normal tissue to malignant tissue (Figure 2B). The
relationships between the six dynamic expression patterns and
canonical pathways, metabolism, and immune responses remain
to be elucidated. To validate the expression patterns existing
universally in the adenoma-carcinoma sequence, patient-
matched microarray data (GSE117606) were soft clustered into
9 expression patterns which contained the six specific patterns
identified by our analysis above (Figure S2).

Pathways Associated With Dynamic
Expression Patterns

We hypothesized that genes with different expression patterns
have different functions during CRC formation. GO and KEGG
analyses of the six clusters revealed unique characteristics of
genes in three of the six clusters. Genes in cluster 3, which were
downregulated during normal to adenoma transition, were
mainly associated with the immune response (GO terms
included innate immune response, inflammatory response,
adaptive immune response, immunological synapse formation,
and regulation of immune response; Figure 2C). KEGG
analysis indicated that genes in cluster 3 were involved in
pathways associated with the immune response, especially
innate immunity, including infectious immunity, primary
immunodeficiency, natural killer cell-mediated cytotoxicity, the
complement and coagulation cascades, and graft-versus-host
disease, among others (Figure 2C). Genes in cluster 4, which
were upregulated during adenoma to carcinoma transition, were
mainly involved in canonical pathways associated with cancer,
including the TNF, Toll-like receptor, Ras, MAPK, and Hippo
signaling pathways, among others (Figure 2D). GO analysis
revealed that genes in cluster 5, which were monotonously
downregulated during the adenoma-carcinoma sequence, were
associated with the BPs of metabolism, including beta oxidation
of fatty acids, the oxidation-reduction process, response to
glucose, xenobiotic metabolism, the insulin receptor signaling
pathway, tyrosine catabolism, and the cell surface receptor
signaling pathway (Figure 2E). Similar results were obtained
by KEGG analysis, which showed that genes were mainly
involved in metabolic pathways, including tryptophan
metabolism, sulfur metabolism, steroid hormone biosynthesis,
oxidative phosphorylation, non-alcoholic fatty liver disease, the
insulin signaling pathway, fatty acid degradation, and butanoate

Frontiers in Oncology | www.frontiersin.org

August 2021 | Volume 11 | Article 704531


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hong et al. Transcriptomic Characteristics of Adenoma-Carcinoma Sequence

Membership
1
i
Cluster 1 Cluster 2 Cluster 3 g:g
i
o o X
- - gg
c < < 3
% .g .g 0.1
¢ g 3 g 3 °
s s s
£ = 3
w W o i o
T T 1 o T 1 !
N A T N A T N A T
Status Status Status
Cluster 4 Cluster 5 Cluster 6
o o
e T e
2 9
2 o 2 2
8 o 8 o
2 g
U o U o
T T 1 o T 1 T 1
N A T N A T N A T
Status Status Status
Cc DAVID GOTERM_Cluster3 Top10 D DAVID GOTERM_Cluser4 Top10
immune response extracellular matrix organization
signal transduction cell adhesion
cell adhesion collagen catabolic process
. Count Count
innate immune response collagen fibril organization
inflammatory response 75 angiogenesis &738
ive i 50
adaptive immune response inflammatory response 50
cell surface receptor signaling pathway 25 . . . 40
positive regulation of gene expression 30
immunological synapse formation 5
extracellular matrix disassembly
T cell costimulation
) . positive regulation of cell proliferation
regulation of immune response
cell-cell signaling
10 10(P I20
oa10(P value) 0 10 20 30
CcAMP 5’9”6""%&‘%“‘% [ ] N Tubercuos -log10(P value)
uberculosis { '@
Type | "'ab?‘u%se'gﬁ’l;‘“s ° (] Transcriptional misregulation in cancer [}
Transcr\guonal m\sregu\auon in cancer { @ Toll-like receptor signaling pathway °
stemic lupts erythematosus [] TNF signaling pathway )
taphylocagciis aureys niection [} Salmonella infection °
Rheumaloid arthritis . 0 Rheumatoid arthritis o
Retrograde endocannabinoid si na\m% ° Regulation of actin cytoskeleton {@
rion diSease: . Count Ras signaling pathway {@
Primary |mmunodeﬁclency (] Rap1 signaling pathway 4@
Pha e L] e 10 Proteoglycans in cancer ° Count
Pancreatic secretion H 0 15 Protein digestion and absorption Y
Osteoclast differentiation ‘ Prion diseases - ® w0
ek 3\'\"3“%353 ‘%'c‘%{aﬁ“% o, @ 20 Platelet activation | @ o
F\ ‘ € g}”{'gﬂ 0 @2 F'h'apgo(som_e Y ®
ertussis
Leukocyte (ransengmhehadIa rre(eras(:gz o : Pathways in cancer y @ e 8-
¥ ration L] ° oat0(Pyal PI3K-AKt signaling pathway ® CE)
Intestinal immune network for I%A producuan ° -log10(P.value) Osteoclast differentiation 1
Inflammatory bowel \Iseasef I‘BD 0 Malaria Y
s simplex infection -
Hema‘?opm i £ sllnesce o ° 75 MAPK signalngpahvay {@ wog:.;{:»vslue)
Graft- versus hosl dlsease U 0 Legionellosis °
Fard lutamater orgic symapse 0 50 Inflammatory bowel disease (IBD) ° 00
at digestion and at é;’,{g o 0 Hypertrophic cardiomyopathy (HCM) ° 75
Cytokine-cytokine receplo interaction [) 25 Hippo signaling pathway Y 50
Complement andégagu lation cascades [) Glycosphmgohp\d biosynthesis - globo series .
dan entrainment L] inoglycan bi sulfate / dermatan sulfate . 25
e Sonas ey | @® Focal adhesion °
Chagas dseass maisent ‘n’r an som\ams’j o EQN-receplar neracion °
Cell adhesmn molecules (CAMs) (] Dilated cardiomyopathy °
Autoimmune thyroid dAs&ase L] N Cytokme cy(okme receptor interaction [ ]
Arachidonic acid metabolism . Chemokine signaling pathway | @
Antigen processing nd pr sentation 0 Cell adhesion molecules (CAMs){ @
Ald lated aftrejecton . Bladder cancer °
losterone-regulated so 'Um '93 sorption o Arrhythmogenic right ventricular cardiomyopathy (ARVC) °
3 4 5 Amoebiasis [
Fold.Enrichment 2 3 N 5
E DAVID GOTERM_BP_Cluster 5 Top10 Fold.Enrichment
fatty acid beta-oxidation Valine, leucine and ‘so'ﬁl:gg:ﬁedemg%taaiﬂllgnm” .
fatty acid beta-oxidation using acyl-CoA dehydrogenase Tryptospl‘;fan metagoilsm L Count
ur metabolism ol
oxidation-reduction process Steroid hormone biosynthesis ° ® 20
Count etinol énetabohsm : @ 40
metabolic process eroxisome
30 Parkinson's disease 1@ @ 60
response to glucose 20 Oxldatlv?l phﬁslphorylatlon
n-small cell lung cancer
xenobiotic metabolic process ' 4 Non-alcoholic fatty liver dussalse |/ﬁFLD) -log10 (P.value)
Metabolic pathways
insulin receptor signaling pathway Maturity onlset dllabeles Ioﬁhe ){ﬁung 5
ulin signaling pathway g
tyrosine catabolic process Fat(t:y aé)ld degtradal ion 50
arbon metabolism .
positive regulation of insulin secretion involved in cellular response to glucose stimulus Bi Buttf-xhnome rf"et?’uo"tsm
iosynthesis of antibiotics 25
cell surface receptor signaling pathway Arginine and proline metabolism
Alzheimer's disease
-regulated sodium i

? 10(2P I3 ) 5 10
~lo value)
9 Fold.Enrichment

FIGURE 2 | Identification of dynamic expression patterns and molecular characteristics of 4177 DEGs from the ANT comparison. (A) Heatmap and hierarchical
clustering of 4177 DEGs from the ANT comparison. PN, normal patient tissues; PA, adenomas tissues; PT, carcinoma tissues. (B) The series of diagrams illustrates
the patterns of dynamic changes in DEGs during the formation of CRC determined using Mfuzz. (C) GO analysis of biologic processes and KEGG analysis of the
genes in cluster 3. (D) GO analysis of biologic processes and KEGG analysis of the genes in cluster 4. (E) GO analysis of biologic processes and KEGG analysis of
the genes in cluster 5.
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metabolism (Figure 2E). The results of GO and KEGG analyses
of the other clusters are shown in Figure S3.

The biologic characteristics of the three clusters were
validated with the GSE117606 data set. The genes associated
with immune response (TNFRSFIA, CMKLRI, CTSG, CD22,
SECTM1) had similar expression patterns in cluster 3 (Figure
S4A), while those associated with the canonical cancer pathway
(MMP14, NOTCH3, TGFB3, TGFBRI, VEGFA) share expression
patterns with cluster 4 (Figure S4B) and those associated with
metabolism (ACACB, GALNTI12, MAOA, PLCD1, SMPD3) had
similar expression patterns in cluster 5 (Figure S4C).

Dynamic Expression Patterns Associated
With Pathological Phenotype in the
Adenoma-Carcinoma Sequence

To understand the relationship between DEGs and the pathology
of tissues, WGCNA was applied to 32,682 genes with an
expression of at least 0.1 FPKM, which yielded 66 modules of
highly co-expressed genes with a median of approximately 150

genes. DEGs in two of the modules were highly associated with
tissue phenotype. DEGs in the brown module were highly
associated with malignancy (cor = 0.86, p = 4e-05), whereas
those in the purple module were associated with normal tissues
(cor = 0.94, p = 1e-07) (Figure S5). Most DEGs in the brown
module were involved in tumor progression or metastasis
(module membership >0, cor = 0.83, p < 2.2e-16), including
NOTCH3, VEGFA, SNALI, TGFBRI1, and MMP14 (Figure 3A),
thereby confirming the correlation of some DEGs with
phenotypes. DEGs in the purple module (module membership
<0) were negatively correlated with normal tissues and positively
associated with adenoma and malignant tissues. Several of these
DEGs were associated with CRC, including MET, CEMIP,
KRT80, MMP7, MEST, and CDH3 (Figure 3B). DEGs in these
two modules had dynamic expression patterns. DEGs in the
brown module that were associated with malignant tissues were
enriched in clusters 4 (464/989) and 6 (31/989) (Figure 3C). The
genes that were not associated with normal tissues in the purple
module were enriched in clusters 6 (140/337), 2 (94/337), and 4

Brown modular cor=0.8366341 p-value < 2.2e-16
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FIGURE 3 | Association of genes with tissue status by weighted gene co-expression network analysis WGCNA. (A) Connectivity between genes within the purple
module is plotted against the module’s first principal component (module gene expression). (B) Connectivity between genes within the brown module is plotted
against the module’s first principal component. (C) Distribution of positive genes in the brown module in six dynamic expression patterns. (D) Distribution of negative
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(8/337) (Figure 3D). The DEGs in cluster 4 may be important
for the ultimate deterioration of tissues, whereas those in cluster
6, which were associated with abnormal conditions, may be
involved in key early events of tumor formation.

The functions of DEGs in cluster 6 remain unclear because of
limited data. GO and KEGG analyses indicated that these DEGs
were involved in relatively few pathways compared with those in
other clusters. Nonetheless, KEGG analysis revealed that these
DEGs were associated with three of four DNA damage repair
pathways, including nucleotide excision repair, non-homologous
end-joining, and base excision repair (Figures S2C). Repair of
damaged DNA is crucial for tumor survival. Loss of DNA
mismatch repair causes instability of colon cancer microsatellites,
which is a known mechanism of CRC. The biological functions of
the other three DNA repair pathways in CRC are unknown. DEGs
in cluster 6 with continuous and monotonic expression patterns
were not associated with normal tissues. However, the data on the
BPs associated with these DEGs were insufficient.

High Expression of TPD52L1 Is Associated
With a Poor Prognosis in CRC

Among the six dynamic expression patterns, the characteristics
of genes in clusters 5 and 6 are usually concealed and the
monotonous changes following the formation of CRC
indicated that these genes may be suitable as specific tracking
biomarkers or driving factors. DEGs in cluster 6 were selected for
further analysis as markers of CRC formation. Kaplan-Meier
analysis was performed to estimate the probability of OS and the
log-rank test was used to compare groups with different
expression levels of the 717 genes in cluster 6 based on TCGA
data set (Figure S6). The 16 genes with p < 0.05 were analyzed
using a Cox proportional hazard model, which showed that high
expression levels of TPD52L1 (hazard ratio [HR] = 3.218),
DNAJB6 (HR = 2.37), OSBPL3 (HR = 2.128), GOLTIB (HR =
1.974), TRIM27 (HR = 1.993), PHF19 (HR = 1.965), and FNTA
(HR = 1.912) were associated with a poor prognosis of CRC
patients (Figure 4A). Seven genes were associated with
phenotypes, as determined by WGCNA. TPD52L1 was highly
negatively correlated (—0.81) with DEGs in the purple module,
which are associated with normal tissues, suggesting that
TPD52L1 is a potential marker of non-normal phenotypes
involved in tumor formation (Figure 3B).

Although the clinical information of 485 patients from the
COAD data set (TCGA) indicated that high mRNA level of
TPD52L1 was associated with a lower OS rate (p = 0.001) and
poor prognosis (Figure 4B). Tissues from 95 patients were
collected and the expression levels of hD53, the protein
encoded by TPD52LI, were assessed in primary CRC and
matched non-tumor tissues by IHC (Figure 4C) to
independently verify the prognostic significance of TPD52LI.
The clinical characteristics of the patients are shown in Table 1.
hD53 was seldom detected in the normal colon epithelium,
whereas positive expression was detected in COAD tissues
(Figure 4C). Expression of hD53 was detected in 95/95 (100%)
of COAD tumor tissues compared with the corresponding
peritumor tissues. Based on a median immune score of 6 as

the cutoff value for hD53 staining, COAD tissues were divided
into two groups: a high expression group (immune score >6, n =
52) and a low expression group (immune score <6, n = 43). The
results of the chi-square test revealed that high hD53 expression
was significantly associated with lymph node metastasis (p =
0.011), distant metastasis (p = 0.033), and advanced clinical stage
(p = 0.009) (Table 1). Kaplan-Meier survival curve analysis
indicated that high hD53 expression was associated with a lower
OS rate (log-rank test, p < 0.05, Figure 4D). TPD52L1 is
downregulated in post-chemotherapy ovarian tumors (38) and
in recurrent nasopharyngeal cancer after the first course of
radiotherapy (39), suggesting that TPD52L1 expression is
associated with tumor recurrence and responses to current
therapeutic drugs against CRC. DFS analysis of TCGA data
indicated that high TPD52LI expression was associated with
significantly earlier relapse (p = 0.0032) (Figure 4E).

We next analyzed whether TPD52L1 is associated with the
TNM stages of colon cancer. RNAseq data of TCGA database
showed that expression of TPD52L1 was higher in CRC tissues at
all stages as compared to normal colon tissues (Figure S7),
whereas there was no significant difference between TNM stages.

Taken together, these findings indicate that the TPD52LI
gene is continuously and monotonically upregulated during
tumor formation and highly associated with the non-normal
phenotype, suggesting a potential role in tumor formation. High
expression of TPD52L1 is thus a potential biomarker associated
with poor prognosis and earlier relapse in CRC.

TPD52L1 Promoted Oncologic Behavior of
Cancer Cells

The 10 hallmarks of cancer, including sustained proliferative
signaling, evasion of growth suppressors, resistance to cell death,
enabling of replicative immortality, induction of angiogenesis,
activation of invasion and metastasis, deregulation of cellular
energetics and metabolism, and avoidance of immune
destruction (33), provide a solid basis to understand the
biology of cancer. To explore the role of TPD52L1 in CRC,
gain-of-function and loss-of-function studies were designed to
detect the effects of TPD52L1 on the oncologic behaviors of CRC
including cell proliferation, migration, invasion, and colony
formation ability.

To determine appropriate cell models for function studies of
TPD52L1, the RNAseq data of seven common CRC cell lines
from the Cancer Cell Line Encyclopedia were investigated
(Figure S6A). The results showed that TPD52L1 was expressed
in all CRC cell lines at different levels. Expression of TPD52L1
was validated in the cell lines in our lab by qRT-PCR (Figure
S$8B) and Western blotting (Figure S8C). FHC, a normal fetal
epithelial cell line, did not express TPD52L1 (delta ct >40, no
band on Western blot), suggesting that TPD52L1 is associated
with CRC formation. Given that RKO cells have relatively low
protein levels of hD53 and HCT116 cells are more metastatic
than HT29, these cell lines were used for hD53 overexpression
and knockdown studies, respectively.

hD53 fused with the FLAG protein was successfully expressed
in RKO cells at both the mRNA (Figure 5A) and protein
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FIGURE 4 | Clinical implications of TPD52L1 expression in CRC. (A) Forest diagram showing the hazard ratio and 95% confidence interval according to the Cox
regression analysis of 16 genes in cluster 6 with p <0.05; (B) Kaplan-Meier survival curves with 95% confidence intervals (dashed lines) of OS stratified by low (149)
vs. high TPD52L1 (149) mRNA levels in primary colon cancer tissues from TCGA data set. (C) Representative TPD52L expression in the normal colon epithelium and
CRC tumor tissues detected by immunostaining with anti-TPD52L1 antibody (brown). The slide was counterstained with hematoxylin. Scale bar, 100 um.
(D) Kaplan-Meier survival curves of OS stratified by low (score<8, blue curve) vs. high (score >6, red curve) TPD52L1 expression levels (low, 43 patients; high, 52
patients) in primary colon cancer tissues from Zhongshan Hospital. (E) Kaplan-Meier survival curves with 95% confidence intervals (dashed lines) of disease-free
survival stratified by low (149) vs. high (149) TPD52L1 mRNA levels in colon cancer tissues from TCGA data set.
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TABLE 1 | Clinicopathological correlation of TPD52L1 high in CRC.

Clinical features Cases TPD52L1 expression P value

Low group High group

(%) (%)

Age (years old) 0.152
<59 52 27 (51.9%) 25 (48.1%)
>59 43 16 (37.2%) 27 (62.8%)
Sex 0.752
Male 58 27 (46.6%) 31 (63.4%)
Female 37 16 (43.2%) 21 (566.8%)
Location 0.797
Right 30 13 (43.3%) 17 (56.7%)
Left 65 30 (46.2%) 35 (563.8%)
LN metastasis 0.011
NO 46 27 (68.7%) 19 (41.3%)
N1 49 16 (32.7%) 33 (67.3%)
Distant metastasis 0.033
MO 46 26 (56.5%) 20 (43.5%)
M1 49 17 (34.7%) 32 (65.3%)
Clinical stage 0.009
Early (I-1l) 29 19 (65.5%) 10 (34.5%)
Advanced (llI-1V) 66 24 (36.4%) 42 (63.6%)

Statistical significance (P < 0.05) is shown in bold emphasis.

(Figure 5B) levels. Immunofluorescence staining showed that
FLAG-tagged hD53 localized mainly to the cytoplasm, with a
small amount expressed in the nucleus, which was consistent
with the expression pattern of the endogenous protein (Figure
§9). The transfection efficacy of three different shRNAs in
HCT116 cells was assessed by qRT-PCR (Figure 5C) and
Western blotting (Figure 5D). Among the three shRNAs,
2#shRNA showed the highest knockdown efficacy and was
therefore selected for subsequent experiments in HCT116 cells.

The results of the cell proliferation assay demonstrated that
lentiviral-mediated exogenous hD53 expression significantly
promoted the growth of RKO cells (Figure 5E), whereas
knockdown of endogenous hD53 by RNA interference
inhibited HCT116 cell proliferation (Figure 5F). The results of
the cell colony formation assay indicated that hD53
overexpression increased the colony formation abilities of RKO
cells (Figure 5G), whereas hD53 downregulation decreased
colony formation in HCT116 cells (Figure 5H). The results of
cell migration and invasion assays showed that hD53
overexpression increased the migration and invasion abilities
of RKO cells as compared with those of control cells (Figures 51,
J, respectively), whereas TPD52L1 knockdown had the opposite
effect on the metastatic ability of HCT116 cells (Figures 5K, L).

TPD52L1-Associated Proteins and

Involved Pathways

To explore the mechanism of TPD52L1 in cancer cell lines, the 70
proteins interacted with TPD52L1 were identified by comparing
the proteomics results of IP from the TPD52L1-3XFLAG and
3xFLAG-only groups with FDR < 0.05 and log2 (fold change) > 2
(Table S7). Among the 70 proteins, members of the D52-like
protein family (TPD52, TPD52L2, and TPD52L1) and members of
the 14-3-3 protein family (YWHAH and YWHAG), which are

known partners for hD53 (40-43). According to proteomics
results, TPD52L1 and its 70 interacting proteins were
constructed into a TPD52L1-centred network. In this network,
the edges were weighted by log2 fold-change of abundance and the
nodes were weighted according to the row-scaled transformed
data of gene expression (FPKM) across the three time points
during the tumor formation (Figure 6A).

Most of these 70 proteins were slightly up-regulated along
with TPD52L1 during the formation of CRC, and the expression
patterns of 10 differential genes are consistent with TPD52L1
(TPD52L1, DNAJB6, YWHAG, NUP07, NUP93, XPOT,
MAD2LI, CTPS1, SLC7A5, and MYOI1B; Figure 6A). Because
research of the hD53 protein is limited, the pathways of
interacting proteins may offer hints of the mechanism of
TPD52L1. KEGG analysis revealed that the 70 interacting
proteins were involved in 110 pathways which were mainly
associated with immunity (36/110), canonical pathways (25/
110), cellular processes (12/110), and metabolism (10/110)
(Figure 6B; Table S8). Among the canonical pathways,
YWHAG was associated with the cell cycle, Hippo, and PI3K-
AKT pathways. Based on above information, cell cycle analysis
revealed that TPD52L1 overexpression increased the number of
RKO cells in the S and G2/M phases (Figure 6C), whereas
TPD52L1 knockdown in HCT116 cells caused cell cycle arrest in
the S phase (Figure 6D). These results suggest that influencing
the cell cycle by binding 14-3-3 proteins may be one of pathways
that TPD52L1 affects tumor behavior.

DISCUSSION

Early studies analyzing the cumulative mutation and activation
of oncogenes, inactivation of tumor-suppressor genes, and
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FIGURE 5 | Effect of TPD52L1 on tumor behavior in vitro. (A) TPD52L1 mRNA levels detected by qRT-PCR in the RKO cell line (control and overexpression);
GAPDH was used as negative and endogenous control, “P < 0.05, Student’s t-test. (B) Western blot analysis of TPD52L1 protein levels in RKO cells (control and
overexpression). B-actin was used as the loading control. (C) Three shRNAs (2#sh, 3#sh, and 4#sh) against TPD52L1 effectively decreased TPD52L1 expression as
detected by gRT-PCR. Negative control (1# scramble) and GAPDH were used as negative and endogenous controls, respectively, “*p < 0.001, Student’s t-test.

(D) Three shRNAs (2#sh, 3#sh, and 4#sh) against TPD52L1 effectively decreased TPD52L1 expression as detected by Western blotting. Negative control (1#
scramble) and B-actin were used as negative and endogenous controls, respectively. (E) TPD52L1 overexpression increased the proliferation ability of RKO cells,
P < 0.001, Student’s t-test. (F) TPD52L1 knockdown decreased the proliferation ability of HCT116 cells, **p < 0.01, Student’s t-test. (G) TPD52L1 overexpression
increased the colony formation ability of RKO cells, **p < 0.001, Student’s t-test. (H) TPD52L1 knockdown suppressed the colony formation ability of HCT116 cells,
**p < 0.01, Student’s t-test. () TPD52L1 overexpression increased the invasion ability of RKO cells, *p < 0.05, Student’s t-test. (J) TPD52L1 overexpression
increased the migration ability of RKO cells, ***P < 0.001, Student’s t-test. (K) TPD52L1 knockdown decreased the invasion ability of HCT116 cells, *p < 0.05,
Student’s t-test. (L) TPD52L1 knockdown decreased the migration ability of HCT116 cells, o < 0.01, Student’s t-test.
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deletion of genes associated with CRC carcinogenesis provideda =~ CRC may shed new light on the mechanisms underlying the
partial interpretation of the genetic alterations that occur during ~ onset of CRC. A recent study identified 336 DEGs related to
CRC development (34, 44-46). Analysis of the transcriptome  tumor formation at different stages of CRC, including seven that
profiles during the mucosal adenoma-carcinoma sequence in  were associated with the prognosis of CRC patients (47).
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However, the results may have been influenced by differences in
patient characteristics. RNAseq data obtained from patient-
matched samples of the adenoma-carcinoma sequence in CRC,
as performed in the present study, can reduce the effect of
differences among patients by the LTR test. Heatmaps of the
six dynamic expression patterns showed differences in patient
characteristics had no effect on the clustering results (Figure
§10). Although the sample size was limited because of the
difficulty of collecting patients, the results were verified with
the use of a public data set. This analysis clarified differences in
the features of these genes between two tissue types, which are
concealed by RNAseq analysis in other studies.

In the present study, all adenoma samples were classified as
CMS3, consistent with an earlier study (9). The CMS3
classification is characterized by normal gene expression levels
(11). Adenomas of the CMS3 subtype develop into tumors of
different CMSs, implying that the molecular characteristics of
CRC are acquired during adenoma to carcinoma transition.
Among the six dynamic expression patterns, genes in cluster 4,
which changed only during adenoma to carcinoma transition,
were enriched in the canonical cancer pathways. Genes in cluster
4 associated with cancer tissue (0.83) included many oncogenes:
NOTCHS3 signaling promotes tumor growth in CRC (48),
whereas MMP14 and VEGFA are correlated with poor
prognosis (49, 50). Any gene following the dynamic expression
patterns of cluster 4 during tumor formation may play a critical
role in malignant transformation. This pattern may help reduce
the workload of screening DEGs as new targets of
malignant transition.

Our analysis of the tumor microenvironment showed that
immune infiltration was decreased in the earlier stages of tumor
formation, which is inconsistent with the results of IHC and
qRT-PCR analyses of the pro-inflammatory environment of
adenomas (51). However, immune infiltration of CRC tissues
occurs in parallel with antagonistic suppression of pro-
inflammatory immune responses (52, 53). Infiltration of CD4+
T cells is suppressed by Wnt signaling in CRC (54), whereas
infiltration of CD8+ T cells decreases progressively and that of
regulatory T cells increases gradually during CRC onset (55). The
percentage of infiltrating macrophages decreased during tumor
onset and increased during tumor progression (Figure 1D),
which may explain the functional shift of macrophages from
tumoricidal to tumorigenic activities (56). Alternatively, there
could be two groups of macrophages. The percentages of
infiltrating endothelial cells and cancer-associated fibroblasts
were estimated. Fibroblasts, which are highly abundant and
play a role in CRC, are divided into normal mucosal
fibroblasts, cancer-associated fibroblasts, and metastasis-
associated fibroblasts (57, 58). Fibroblasts in the normal
colorectal mucosa evolve into carcinoma-associated fibroblasts
during adenoma to carcinoma transition. GO and KEGG
pathway analyses of DEGs in the six dynamic expression
patterns revealed immune deregulation occurred early during
the normal mucosa to adenoma transition. These immune
pathways are mainly associated with innate immunity. Over
the last decade, oncological immune studies have overlooked the

contribution of innate immunity compared with that of adaptive
immunity. Increasing evidence also suggests that innate
immunity may play an important role in the carcinogenesis of
intestinal cancers (59). Thus, harnessing the adaptive and innate
immune systems is an important strategy for the treatment of
CRC (60).

RNAseq analysis of a public database led to the selection of
TPD52L1 as a research target. The TPD52L1 gene is located on
chromosome 6q22-23 and consists of eight exons. Transcripts
containing exon 6, which includes a 14-3-3 binding motif, are
most widely expressed (40). The TPD52L1 gene encodes the
tumor protein D53, which was first identified in a human breast
carcinoma cDNA library and shows 52% identity to hD52 (42).
The soluble cytoplasmic protein hD53 consists of 204 amino
acids and contains a coiled-coil domain, an overlapped PEST
domain, and 14 phosphorylation sites (42).

The results of the present study suggest that TPD52LI
tracking during CRC formation is clinically valuable. Clinical
information from TCGA showed that high TPD52L1 expression
was associated with poor prognosis, a higher probability of
tumor relapse, and a partial response to current therapeutic
regimens (Figure S11). The reduced OS and DFS rates may be
the result of a partial response to therapy; however, the variability
in the responses suggests that current regimens for the treatment
of CRC should be further scrutinized. FOLFOX (folinic acid, 5-
FU, oxaliplatin) and FOLFIRI (folinic acid, 5-FU, irinotecan) are
currently the two most common regimes for the treatment of
CRC. A partial response to these two regimens may be due to one
of the drugs alone or the combination of multiple drugs. The
expression level of TPD52L1 in tumor tissues has clinical
significance as a marker of poor prognosis and relapse, as well
as implications regarding the efficacy of anti-cancer drugs.

The involvement of TPD52L1 in various cancers was reported
previously. Significantly high TPD52L1 transcript levels (p =
0.007) in primary breast cancers at the time of surgical removal is
a potential biomarker of lymph node metastasis (61). Ulcerative
colitis (UC) increases the risk for CRC, and TPD52L1 expression
increases progressively from controls, to nondysplastic UC, to
UC with neoplasia (62). In a hepatocellular carcinoma study,
TPD52L1 was one of eight mRNA biomarkers identified as
independent risk factors and was used to develop a prognostic
model of OS (63). In non-small-cell lung carcinoma, patients
with the TPD52L1-ROS1 fusion variant [i.e., fusion of the coiled-
coil domain of TPD52L1 and kinase domain of ROS1 (64)] could
benefit from treatment regimens incorporating a ROS1
inhibitor (65).

Although further research is necessary to clarify the
underlying mechanism, the partners of hD53 were identified
by proteomics as an important complement to the limited
research of TPD52L1. YWHAG is an oncogene that encodes
the 14-3-3y protein and consistent with the expression pattern of
TPD52L1 during the mucosal adenoma-carcinoma sequence.
The 14-3-3y protein is involved in many pathways, including
the cell cycle, PI3K, and MAPK pathways (66, 67). hD53
expression is regulated by the cell cycle in breast cancer (13).
hD53 was found to bind to 14-3-3 proteins by experimental
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phosphorylation of the 14-3-3 binding motif (41). 14-3-3
proteins play important roles in the cell cycle (68) and
targeting YWHAH (14-3-3 eta) to enhance mitotic cell death
presents a potential therapeutic strategy to overcome
radioresistance in glioblastoma (69). It is possible that
TPD52L1 promotes tumor development by interaction with the
14-3-37 protein.

Overall, the present RNAseq data provide important
information to complement patient-matched transcriptomic
profiles of the adenoma-carcinoma sequence. The detailed and
comprehensive analysis provides information on the genetic
features of the adenoma-carcinoma sequence, including
canonical pathways, metabolism, and immune activities. Six
specific dynamic expression patterns of DEGs associated with
the time course of tumor formation were identified. Functional
analysis of genes with different expression patterns revealed that
suppression of the immune system occurred early during normal
to adenoma transition, whereas activation of canonical pathways
associated with cancer occurred during adenoma to carcinoma
transition, and metabolic dysregulation was consistent
throughout the transition process. Taken together with the
results of WGCNA, these data indicate that genes with
dynamic expression patterns were associated with tissue traits.
DEGs in cluster 4 were highly associated with carcinoma traits
and included many oncogenes, whereas DEGs in cluster 6 were
highly associated with the traits of non-normal tissues, although
these data were limited. RNAseq data combined with clinical
information led to the selection of TPD52L1 a prognostic factor
for OS and DFS. Overexpression of TPD52L1 promoted
oncologic behaviors, including proliferation, colony formation,
migration, and invasion. Consistently, TPD52L1 downregulation
inhibited tumor-associated behaviors. The proteomics results
identified 70 proteins as the potential partners of TPD52L1 in
CRC. The pathways of the interacting proteins may help to
clarify the mechanism of TPD52LI in tumor formation. These
results suggest that the TPD52L1 gene plays a key role in
tumor formation.

DATA AVAILABILITY STATEMENT

The datasets generated in this study were upload to the Gene
Expression Omnibus (GEO) under accession ID GSE164541. The
datasets analyzed in this study are available in the GEO at https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117606/.

REFERENCES

1. Bray F, Ferlay ], Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global
Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68
(6):394-424. doi: 10.3322/caac.21492

2. Kuipers EJ, Grady WM, Lieberman D, Seufferlein T, Sung JJ, Boelens PG, et al.
Colorectal Cancer. Nat Rev Dis Primers (2015) 1:15065. doi: 10.1038/
nrdp.2015.65

3. Morson B. President’s Address. The Polyp-Cancer Sequence in the Large Bowel.
Proc R Soc Med (1974) 67(6 Pt 1):451-7. doi: 10.1177/00359157740676P115

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of Zhongshan Hospital
affiliated with the Shanghai Medical College of Fudan
University. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

QH and BW conceived the project. QH designed experiments,
analyzed the data, and drafted the manuscript. QH and ZL
conducted the experiments. SC collected clinical samples. BL
conducted the THC analysis and collected clinical information.
XC reviewed the manuscript. BW and YZ supervised the project.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by grants from the National Key R&D
Program of China (grants 2018 YFC1315000 and 2018YFC1315005)
and the National Natural Science Foundation of China (grants
81672329 and 81861168036).

ACKNOWLEDGMENTS

We thank the members of the Wen lab for their suggestions and
support, especially for help with confocal microscope operation
and article review by YZ, YW, and L], the Gu lab for Countstar
device support, and the Liu lab for computer server support. The
results are partly based on data generated by TCGA Research
Network: https://www.cancer.gov/tcga and CCLE: https://
portals.broadinstitute.org/ccle.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2021.704531/
full#supplementary-material

4. Fearon ER, Vogelstein B. A Genetic Model for Colorectal Tumorigenesis. Cell
(1990) 61(5):759-67. doi: 10.1016/0092-8674(90)90186-i

5. Pino MS, Chung DC. The Chromosomal Instability Pathway in Colon Cancer.
Gastroenterology (2010) 138(6):2059-72. doi: 10.1053/j.gastro.2009.12.065

6. Nazemalhosseini Mojarad E, Kuppen PJ, Aghdaei HA, Zali MR. The CpG
Island Methylator Phenotype (CIMP) in Colorectal Cancer. Gastroenterol
Hepatol Bed Bench (2013) 6(3):120-8.

7. Nojadeh JN, Behrouz Sharif S, Sakhinia E. Microsatellite Instability in
Colorectal Cancer. EXCLI ] (2018) 17:159-68. doi: 10.17179/excli2017-948

8. Cancer Genome Atlas N. Comprehensive Molecular Characterization of Human
Colon and Rectal Cancer. Nature (2012) 487(7407):330-7. doi: 10.1038/nature11252

Frontiers in Oncology | www.frontiersin.org

August 2021 | Volume 11 | Article 704531


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117606
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE117606
https://www.cancer.gov/tcga
https://portals.broadinstitute.org/ccle
https://portals.broadinstitute.org/ccle
https://www.frontiersin.org/articles/10.3389/fonc.2021.704531/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.704531/full#supplementary-material
https://doi.org/10.3322/caac.21492
https://doi.org/10.1038/nrdp.2015.65
https://doi.org/10.1038/nrdp.2015.65
https://doi.org/10.1177/00359157740676P115
https://doi.org/10.1016/0092-8674(90)90186-i
https://doi.org/10.1053/j.gastro.2009.12.065
https://doi.org/10.17179/excli2017-948
https://doi.org/10.1038/nature11252
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hong et al.

Transcriptomic Characteristics of Adenoma-Carcinoma Sequence

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Guinney J, Dienstmann R, Wang X, de Reynies A, Schlicker A, Soneson C,

et al. The Consensus Molecular Subtypes of Colorectal Cancer. Nat Med
(2015) 21(11):1350-6. doi: 10.1038/nm.3967

Kamal Y, Schmit SL, Hoehn HJ, Amos CI, Frost HR. Transcriptomic
Differences Between Primary Colorectal Adenocarcinomas and Distant
Metastases Reveal Metastatic Colorectal Cancer Subtypes. Cancer Res
(2019) 79(16):4227-41. doi: 10.1158/0008-5472.CAN-18-3945

Komor MA, Bosch L], Bounova G, Bolijn AS, Delis-van Diemen PM, Rausch
C, et al. Consensus Molecular Subtype Classification of Colorectal Adenomas.
J Pathol (2018) 246(3):266-76. doi: 10.1002/path.5129

Chang K, Willis JA, Reumers J, Taggart MW, San Lucas FA, Thirumurthi S,
et al. Colorectal Premalignancy Is Associated With Consensus Molecular
Subtypes 1 and 2. Ann Oncol (2018) 29(10):2061-7. doi: 10.1093/annonc/
mdy337

Boutros R, Byrne JA. D53 (TPD52L1) is a Cell Cycle-Regulated Protein
Maximally Expressed at the G2-M Transition in Breast Cancer Cells. Exp Cell
Res (2005) 310(1):152-65. doi: 10.1016/j.yexcr.2005.07.009

Gao S, Cao C, Dai Q, Chen J, Tu J. miR-202 Acts as a Potential Tumor
Suppressor in Breast Cancer. Oncol Lett (2018) 16(1):1155-62. doi: 10.3892/
0l.2018.8726

Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-Level
Expression Analysis of RNA-Seq Experiments With HISAT, StringTie and
Ballgown. Nat Protoc (2016) 11(9):1650-67. doi: 10.1038/nprot.2016.095
Anders S, Pyl PT, Huber W. HTSeq-a Python Framework to Work With
High-Throughput Sequencing Data. Bioinformatics (2015) 31(2):166-9.
doi: 10.1093/bioinformatics/btu638

Love MI, Huber W, Anders S. Moderated Estimation of Fold Change and
Dispersion for RNA-Seq Data With Deseq2. Genome Biol (2014) 15(12):550.
doi: 10.1186/s13059-014-0550-8

Leek JT, Johnson WE, Parker HS, Jaffe AE, Storey JD. The Sva Package for
Removing Batch Effects and Other Unwanted Variation in High-Throughput
Experiments. Bioinformatics (2012) 28(6):882-3. doi: 10.1093/bioinformatics/
bts034

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA,
et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for
Interpreting Genome-Wide Expression Profiles. Proc Natl Acad Sci USA
(2005) 102(43):15545-50. doi: 10.1073/pnas.0506580102

Godec J, Tan Y, Liberzon A, Tamayo P, Bhattacharya S, Butte AJ, et al.
Compendium of Immune Signatures Identifies Conserved and Species-
Specific Biology in Response to Inflammation. Immunity (2016) 44(1):194—
206. doi: 10.1016/j.immuni.2015.12.006

Futschik ME, Carlisle B. Noise-Robust Soft Clustering of Gene Expression
Time-Course Data. ] Bioinform Comput Biol (2005) 3(4):965-88. doi: 10.1142/
50219720005001375

Kumar L, EF M. Mfuzz: A Software Package for Soft Clustering of Microarray
Data. Bioinformation (2007) 2(1):5-7. doi: 10.6026/97320630002005
Bergmann JH, Li J, Eckersley-Maslin MA, Rigo F, Freier SM, Spector DL.
Regulation of the ESC Transcriptome by Nuclear Long Noncoding RNAs.
Genome Res (2015) 25(9):1336-46. doi: 10.1101/gr.189027.114

Langfelder P, Horvath S. WGCNA: An R Package for Weighted Correlation
Network Analysis. BMC Bioinf (2008) 9:559. doi: 10.1186/1471-2105-9-559
Terry M, Therneau PMG. Modeling Survival Data: Extending the Cox Model.
New York: Springer (2000).

Biecek P, K A, K M. Survminer: Drawing Survival Curves Using ‘Ggplot2.
(2019). Available at: https://rpkgs.datanovia.com/survminer/index.html.

Fan H, Lv P, Huo X, Wu ], Wang Q, Cheng L, et al. The Nuclear Matrix
Protein HNRNPU Maintains 3D Genome Architecture Globally in Mouse
Hepatocytes. Genorme Res (2018) 28(2):192-202. doi: 10.1101/gr.224576.117
Dennis GJr., Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, et al.
DAVID: Database for Annotation, Visualization, and Integrated Discovery.
Genome Biol (2003) 4(5):P3. doi: 10.1186/gb-2003-4-5-p3

Kanehisa M, Goto S. KEGG: Kyoto Encyclopedia of Genes and Genomes.
Nucleic Acids Res (2000) 28(1):27-30. doi: 10.1093/nar/28.1.27

ten Have S, Boulon S, Ahmad Y, Lamond AI. Mass Spectrometry-Based
Immuno-Precipitation Proteomics - the User’s Guide. Proteomics (2011) 11
(6):1153-9. doi: 10.1002/pmic.201000548

Marisa L, de Reynies A, Duval A, Selves J, Gaub MP, Vescovo L, et al. Gene
Expression Classification of Colon Cancer Into Molecular Subtypes:

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Characterization, Validation, and Prognostic Value. PloS Med (2013) 10(5):
€1001453. doi: 10.1371/journal.pmed.1001453

Druliner BR, Wang P, Bae T, Baheti S, Slettedahl S, Mahoney D, et al.
Molecular Characterization of Colorectal Adenomas With and Without
Malignancy Reveals Distinguishing Genome, Transcriptome and
Methylome Alterations. Sci Rep (2018) 8(1):3161. doi: 10.1038/s41598-018-
21525-4

Hanahan D, Weinberg RA. Hallmarks of Cancer: The Next Generation. Cell
(2011) 144(5):646-74. doi: 10.1016/j.cell.2011.02.013

Sparks AB, Morin PJ, Vogelstein B, Kinzler KW. Mutational Analysis of the
APC/beta-Catenin/Tcf Pathway in Colorectal Cancer. Cancer Res (1998) 58
(6):1130-4.

Cluntun AA, Lukey MJ, Cerione RA, Locasale JW. Glutamine Metabolism in
Cancer: Understanding the Heterogeneity. Trends Cancer (2017) 3(3):169-80.
doi: 10.1016/j.trecan.2017.01.005

Rolin J, Maghazachi AA. Effects of Lysophospholipids on Tumor
Microenvironment. Cancer Microenviron (2011) 4(3):393-403.
doi: 10.1007/s12307-011-0088-1

Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R, Kim H, Torres-
Garcia W, et al. Inferring Tumour Purity and Stromal and Immune Cell
Admixture From Expression Data. Nat Commun (2013) 4:2612. doi: 10.1038/
ncomms3612

L’Esperance S, Popa I, Bachvarova M, Plante M, Patten N, Wu L, et al. Gene
Expression Profiling of Paired Ovarian Tumors Obtained Prior to and
Following Adjuvant Chemotherapy: Molecular Signatures of
Chemoresistant Tumors. Int ] Oncol (2006) 29(1):5-24. doi: 10.3892/ij0.29.1.5
Huang Z, Li W, Lin S, Fang X, Zhang C, Liao Z. Identification of Novel Tumor
Suppressor Genes Down-Regulated in Recurrent Nasopharyngeal Cancer by
DNA Microarray. Indian ] Otolaryngol Head Neck Surg (2014) 66(Suppl
1):120-5. doi: 10.1007/s12070-011-0359-7

Byrne JA, Nourse CR, Basset P, Gunning P. Identification of Homo- and
Heteromeric Interactions Between Members of the Breast Carcinoma-
Associated D52 Protein Family Using the Yeast Two-Hybrid System.
Oncogene (1998) 16(7):873-81. doi: 10.1038/sj.onc.1201604

Boutros R, Bailey AM, Wilson SH, Byrne JA. Alternative Splicing as a
Mechanism for Regulating 14-3-3 Binding: Interactions Between Hd53
(TPD52L1) and 14-3-3 Proteins. ] Mol Biol (2003) 332(3):675-87.
doi: 10.1016/50022-2836(03)00944-6

Byrne JA, Mattei MG, Basset P. Definition of the Tumor Protein D52 (TPD52)
Gene Family Through Cloning of D52 Homologues in Human (Hd53) and
Mouse (Md52). Genomics (1996) 35(3):523-32. doi: 10.1006/geno.1996.0393
Cao Q, Chen J, Zhu L, Liu Y, Zhou Z, Sha J, et al. A Testis-Specific and Testis
Developmentally Regulated Tumor Protein D52 (TPD52)-Like Protein
TPD52L3/hD55 Interacts With TPD52 Family Proteins. Biochem Biophys
Res Commun (2006) 344(3):798-806. doi: 10.1016/j.bbrc.2006.03.208
Al-Kuraya KS. KRAS and TP53 Mutations in Colorectal Carcinoma. Saudi J
Gastroenterol (2009) 15(4):217-9. doi: 10.4103/1319-3767.56087

Fleming NI, Jorissen RN, Mouradov D, Christie M, Sakthianandeswaren A,
Palmieri M, et al. SMAD2, SMAD3 and SMAD4 Mutations in Colorectal
Cancer. Cancer Res (2013) 73(2):725-35. doi: 10.1158/0008-5472.CAN-12-2706
Rad R, Cadinanos J, Rad L, Varela I, Strong A, Kriegl L, et al. A Genetic
Progression Model of Braf(V600E)-Induced Intestinal Tumorigenesis Reveals
Targets for Therapeutic Intervention. Cancer Cell (2013) 24(1):15-29.
doi: 10.1016/j.ccr.2013.05.014

Wu Z, Liu Z, Ge W, Shou ], You L, Pan H, et al. Analysis of Potential Genes
and Pathways Associated With the Colorectal Normal Mucosa-Adenoma-
Carcinoma Sequence. Cancer Med (2018) 7(6):2555-66. doi: 10.1002/
cam4.1484

Serafin V, Persano L, Moserle L, Esposito G, Ghisi M, Curtarello M, et al.
Notch3 Signalling Promotes Tumour Growth in Colorectal Cancer. ] Pathol
(2011) 224(4):448-60. doi: 10.1002/path.2895

Martins SF, Garcia EA, Luz MA, Pardal F, Rodrigues M, Filho AL.
Clinicopathological Correlation and Prognostic Significance of VEGF-A,
VEGEF-C, VEGFR-2 and VEGFR-3 Expression in Colorectal Cancer. Cancer
Genomics Proteomics (2013) 10(2):55-67.

Cui G, Cai F, Ding Z, Gao L. MMP14 Predicts a Poor Prognosis in Patients
With Colorectal Cancer. Hum Pathol (2019) 83:36-42. doi: 10.1016/
j.humpath.2018.03.030

Frontiers in Oncology | www.frontiersin.org

August 2021 | Volume 11 | Article 704531


https://doi.org/10.1038/nm.3967
https://doi.org/10.1158/0008-5472.CAN-18-3945
https://doi.org/10.1002/path.5129
https://doi.org/10.1093/annonc/mdy337
https://doi.org/10.1093/annonc/mdy337
https://doi.org/10.1016/j.yexcr.2005.07.009
https://doi.org/10.3892/ol.2018.8726
https://doi.org/10.3892/ol.2018.8726
https://doi.org/10.1038/nprot.2016.095
https://doi.org/10.1093/bioinformatics/btu638
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/bioinformatics/bts034
https://doi.org/10.1093/bioinformatics/bts034
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1016/j.immuni.2015.12.006
https://doi.org/10.1142/s0219720005001375
https://doi.org/10.1142/s0219720005001375
https://doi.org/10.6026/97320630002005
https://doi.org/10.1101/gr.189027.114
https://doi.org/10.1186/1471-2105-9-559
https://rpkgs.datanovia.com/survminer/index.html
https://doi.org/10.1101/gr.224576.117
https://doi.org/10.1186/gb-2003-4-5-p3
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1002/pmic.201000548
https://doi.org/10.1371/journal.pmed.1001453
https://doi.org/10.1038/s41598-018-21525-4
https://doi.org/10.1038/s41598-018-21525-4
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.trecan.2017.01.005
https://doi.org/10.1007/s12307-011-0088-1
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1038/ncomms3612
https://doi.org/10.3892/ijo.29.1.5
https://doi.org/10.1007/s12070-011-0359-7
https://doi.org/10.1038/sj.onc.1201604
https://doi.org/10.1016/s0022-2836(03)00944-6
https://doi.org/10.1006/geno.1996.0393
https://doi.org/10.1016/j.bbrc.2006.03.208
https://doi.org/10.4103/1319-3767.56087
https://doi.org/10.1158/0008-5472.CAN-12-2706
https://doi.org/10.1016/j.ccr.2013.05.014
https://doi.org/10.1002/cam4.1484
https://doi.org/10.1002/cam4.1484
https://doi.org/10.1002/path.2895
https://doi.org/10.1016/j.humpath.2018.03.030
https://doi.org/10.1016/j.humpath.2018.03.030
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Hong et al.

Transcriptomic Characteristics of Adenoma-Carcinoma Sequence

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

McLean MH, Murray GI, Stewart KN, Norrie G, Mayer C, Hold GL, et al. The
Inflammatory Microenvironment in Colorectal Neoplasia. PloS One (2011) 6
(1):e15366. doi: 10.1371/journal.pone.0015366

Strasser K, Birnleitner H, Beer A, Pils D, Gerner MC, Schmetterer KG, et al.
Immunological Differences Between Colorectal Cancer and Normal Mucosa
Uncover a Prognostically Relevant Immune Cell Profile. Oncoimmunology
(2019) 8(2):e1537693. doi: 10.1080/2162402X.2018.1537693

Ge P, Wang W, Li L, Zhang G, Gao Z, Tang Z, et al. Profiles of Immune Cell
Infiltration and Immune-Related Genes in the Tumor Microenvironment of
Colorectal Cancer. BioMed Pharmacother (2019) 118:109228. doi: 10.1016/
j.biopha.2019.109228

Sun X, Liu S, Wang D, Zhang Y, Li W, Guo Y, et al. Colorectal Cancer Cells
Suppress CD4+ T Cells Immunity Through Canonical Wnt Signaling.
Oncotarget (2017) 8(9):15168-81. doi: 10.18632/oncotarget.14834

Jang TJ. Progressive Increase of Regulatory T Cells and Decrease of CD8+ T Cells and
CD8+ T Cells/Regulatory T Cells Ratio During Colorectal Cancer Development.
Korean ] Pathol (2013) 47(5):443-51. doi: 10.4132/Korean]Pathol.2013.47.5.443
Ramanathan S, J N. Tumor Associated Macrophage: A R Eview on the P
Henotypes, T Raits and F Unctions. Iran | Cancer Prev (2014) 7(1):1-8.
Mrazek A, Carmical J, Wood T, Hellmich M, Eltorky M, Chao C. Colorectal
Cancer-Associated Fibroblasts are Genotypically Distinct. Curr Cancer Ther
Rev (2014) 10(2):97-218. doi: 10.2174/157339471002141124123103
Tommelein J, Verset L, Boterberg T, Demetter P, Bracke M, De Wever O.
Cancer-Associated Fibroblasts Connect Metastasis-Promoting Communication
in Colorectal Cancer. Front Oncol (2015) 5:63. doi: 10.3389/fonc.2015.00063
Huang Q, Cao W, Mielke LA, Seillet C, Belz GT, Jacquelot N. Innate
Lymphoid Cells in Colorectal Cancers: A Double-Edged Sword. Front
Immunol (2019) 10:3080. doi: 10.3389/fimmu.2019.03080

Kather JN, Halama N. Harnessing the Innate Immune System and Local
Immunological Microenvironment to Treat Colorectal Cancer. Br | Cancer
(2019) 120(9):871-82. doi: 10.1038/s41416-019-0441-6

Abba MC, Sun H, Hawkins KA, Drake JA, Hu Y, Nunez MI, et al. Breast Cancer
Molecular Signatures as Determined by SAGE: Correlation With Lymph Node
Status. Mol Cancer Res (2007) 5(9):881-90. doi: 10.1158/1541-7786.MCR-07-0055
Pekow J, Dougherty U, Huang Y, Gometz E, Nathanson ], Cohen G, et al.
Gene Signature Distinguishes Patients With Chronic Ulcerative Colitis
Harboring Remote Neoplastic Lesions. Inflamm Bowel Dis (2013) 19
(3):461-70. doi: 10.1097/MIB.0b013e3182802bac

Zhang Z, Li ], He T, Ouyang Y, Huang Y, Liu Q, et al. The Competitive
Endogenous RNA Regulatory Network Reveals Potential Prognostic
Biomarkers for Overall Survival in Hepatocellular Carcinoma. Cancer Sci
(2019) 110(9):2905-23. doi: 10.1111/cas.14138

64. Zhu VW, Upadhyay D, Schrock AB, Gowen K, Ali SM, Ou SH. TPD52L1-
ROS1, a New ROS1 Fusion Variant in Lung Adenosquamous Cell Carcinoma
Identified by Comprehensive Genomic Profiling. Lung Cancer (2016) 97:48—
50. doi: 10.1016/j.lungcan.2016.04.013

Roskoski R Jr. ROS1 Protein-Tyrosine Kinase Inhibitors in the Treatment of
ROS1 Fusion Protein-Driven Non-Small Cell Lung Cancers. Pharmacol Res
(2017) 121:202-12. doi: 10.1016/j.phrs.2017.04.022

Zhao H, Jiang S. MiR-204-5p Performs a Protective Effect on Cerulein-
Induced Rat Pancreatic Acinar Cell AR42] Cell Damage by Targeting
Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activation
Protein Gamma and Regulating PI3K/Hippo Pathways. Pancreas (2021) 50
(2):243-50. doi: 10.1097/MPA.0000000000001748

Radhakrishnan VM, Putnam CW, Martinez JD. Activation of
Phosphatidylinositol 3-Kinase (PI3K) and Mitogen-Activated Protein
Kinase (MAPK) Signaling and the Consequent Induction of
Transformation by Overexpressed 14-3-3gamma Protein Require Specific
Amino Acids Within 14-3-3gamma N-Terminal Variable Region II. ] Biol
Chem (2012) 287(52):43300-11. doi: 10.1074/jbc.M112.397877

Dar A, Wu D, Lee N, Shibata E, Dutta A. 14-3-3 Proteins Play a Role in the
Cell Cycle by Shielding Cdt2 From Ubiquitin-Mediated Degradation. Mol Cell
Biol (2014) 34(21):4049-61. doi: 10.1128/MCB.00838-14

Park GY, Han JY, Han YK, Kim SD, Kim JS, Jo WS, et al. 14-3-3 Eta Depletion
Sensitizes Glioblastoma Cells to Irradiation Due to Enhanced Mitotic Cell
Death. Cancer Gene Ther (2014) 21(4):158-63. doi: 10.1038/cgt.2014.11

65.

66.

67.

68.

69.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The handling editor declared a shared affiliation with the authors at time of review.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Hong, Li, Cai, Lv, Cai, Zhong and Wen. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

August 2021 | Volume 11 | Article 704531


https://doi.org/10.1371/journal.pone.0015366
https://doi.org/10.1080/2162402X.2018.1537693
https://doi.org/10.1016/j.biopha.2019.109228
https://doi.org/10.1016/j.biopha.2019.109228
https://doi.org/10.18632/oncotarget.14834
https://doi.org/10.4132/KoreanJPathol.2013.47.5.443
https://doi.org/10.2174/157339471002141124123103
https://doi.org/10.3389/fonc.2015.00063
https://doi.org/10.3389/fimmu.2019.03080
https://doi.org/10.1038/s41416-019-0441-6
https://doi.org/10.1158/1541-7786.MCR-07-0055
https://doi.org/10.1097/MIB.0b013e3182802bac
https://doi.org/10.1111/cas.14138
https://doi.org/10.1016/j.lungcan.2016.04.013
https://doi.org/10.1016/j.phrs.2017.04.022
https://doi.org/10.1097/MPA.0000000000001748
https://doi.org/10.1074/jbc.M112.397877
https://doi.org/10.1128/MCB.00838-14
https://doi.org/10.1038/cgt.2014.11
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Transcriptomic Analyses of the Adenoma-Carcinoma Sequence Identify Hallmarks Associated With the Onset of Colorectal Cancer
	Introduction
	Materials and Methods
	Antibodies and Primers
	Cell Lines
	Patients and Tissue Samples
	RNA-Seq and Data Analysis
	Consensus Molecular Subtype Analysis
	Gene Set Enrichment Analysis
	Dynamic Expression Model Analysis
	Weighted Gene Co-Expression Network Analysis (WGCNA)
	OS Analysis and Disease-Free Survival Analysis
	Knockdown and Overexpression Experiments
	Cell Proliferation Assay
	Colony Formation Assay
	Wound Healing Scratch Assay
	Transwell Invasion Assay
	GO and KEGG Analyses
	Mass Spectrometry-Based Immuno-Precipitation Proteomics
	Flow Cytometry Analysis
	Immunofluorescence Staining
	Immunohistochemical Analysis
	Statistical Analysis

	Results
	Clinical Information of the Studied CRC Patients
	Identification of DEGs During CRC Formation
	Early and Late Stage of CRC Onset Are Associated With Three Hallmarks
	Identification of Dynamic Expression Patterns in the Adenoma-Carcinoma Sequence of CRC
	Pathways Associated With Dynamic Expression Patterns
	Dynamic Expression Patterns Associated With Pathological Phenotype in the Adenoma-Carcinoma Sequence
	High Expression of TPD52L1 Is Associated With a Poor Prognosis in CRC
	TPD52L1 Promoted Oncologic Behavior of Cancer Cells
	TPD52L1-Associated Proteins and Involved Pathways

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


