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Introduction

Cell cycle related genes up-regulated in human colorectal
development predict the overall survival of late-stage colorectal
cancer patientst

Ning An," Xue Yang,”™ Yueming Zhang,"® Xiaoyu Shi,® Xuexin Yu,® Shujun Cheng,” Kaitai Zhang
and Guigi Wang b

|

A tumor can be perceived as a special “organ” that undergoes aberrant and poorly regulated organogenesis. Embryonic
development and carcinogenesis share striking similarities in their cellular behavior and underlying molecular mechanisms.
This intimate association makes embryonic development a viable reference model for studying cancer thereby
circumventing the potentially misleading complexity of tumor heterogeneity. Therefore, on the basis of global expression
profile, the genes simultaneously activated (up-regulated in terms of expression profile) or suppressed (down-regulated) in
both embryonic development and cancer stage, probably contain profound information upon the molecular mechanism of
cancer. In this study, the Affymetrix expression profile of 1593 colorectal cancer samples was downloaded from Gene
Expression Omnibus. The 1396 differentially expressed probes were robustly obtained using 660 colorectal normal and
cancer samples, of which the expression pattern was analyzed in our human colorectal developmental data. All these 1396
probes were classified into 27 distinct patterns based on their expression patterns during the developmental process. By
means of gene set enrichment analysis, we collected 393 V probes simultaneously up-regulated in both development and
carcinogenesis and 207 A probes down-regulated in both. Functional enrichment analysis indicated that V probes were
significantly related to cell cycle regulation. Notably, 28 cell-cycle related probes within V probe group were found to be
significantly associated with overall survival of Stage IlI/IV patients (GSE17536 cross validation, n=96, p=5.70e-03;
GSE29621, n=36, p=1.70e-03; GSE39084, n=38, p=0.05; GSE39582, n=264, p=0.047; GSE17537, n=36, p=5.90e-03).

chromatin structure® and cellular signaling7. Important molecules
were reported to play substantial roles in both embryonic

Although remarkable progress has been made, understanding
the intricate molecular mechanism of colorectal cancer (CRC)
was enormously hindered by tumor heterogeneityl. Therefore,
some novel model similar with cancer in terms of cell-
behavioral and molecular attributes, but intrinsically more
organized, is urgently needed.

Emerging studies reported the cellular behavioral similarity
between ontogenesis and carcinogenesis, for instance, in the
process of  epithelial-to-mesenchymal transition (EMT)Z,
mesenchymal-to-epithelial  transition (MET)3 and immune-
surveillance evasion®. The molecular resemblances have been
documented between certain malignant tumors and developing
tissues on the basis of transcription factor activitys, regulation of
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development and carcinogenesis: Ptchl is a key regulator of
embryonic development, whose overexpression could drive skin
carcinogenesiss. Developmental animal models were used to
uncover the complicated molecular mechanisms of carcinogenesis,
and a variety of novel and pivotal molecules, pathways and
biomarkers were discovered” ™. For instance, Notchl-signaling
pathway, greatly activated during development, is proven to be
reactivated in the process of carcinogenesislz’ B n addition, there
were some pioneering works discovering that mRNA and microRNA
expression profile of cancer could recapitulate the expression

10, 14-17
. Based on

pattern of embryonic development samples
aforementioned abundant evidences, it is sensibly convincing that a
tumor can be viewed as an aberrant organ which acquired the
capacity for indefinite proliferation through accumulated strikes,
and if it is so, then the principles of embryonic development could
be exquisitely explored in order to scoop up exclusive information
about cancer’®, Thus, genes activated (up-regulated comparing to
normal tissue in respect to expression profile) or suppressed (down-
regulated) simultaneously in both development and cancer stage,
probably hold meaningful explanation for the underlying
mechanisms of carcinogenesis, and might be intimately associated
with clinicopathological parameters.

J. Name., 2013, 00,1-3 | 1
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Table 1 Colorectal cancer microarray datasets included in the study.
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Characteristics GSE17536 GSE17537 GSE39582 GSE29621 GSE39084
Number 177 55 566 65 70
Year 2009 2009 2013 2014 2014
Country American American France American France
Gender

Male 96 26 310 40 35

Female 81 29 256 25 35
Age

MeantSD (years) 65.5+13.1 62.3+14.4 63.0+19.0 NR 59.2+18.3
T status

T1+T2 NR NR 57 8 13

T3+T4 NR NR 486 57 57
N status

NO NR NR 302 32 35

N1 NR NR 134 25 20

N2 NR NR 104 7 15
M status

MO NR NR 482 46 48

M1 NR NR 61 18 22
AJCC stage

Stage I+l 81 19 297 29 31

Stage IlI+IV 96 36 265 36 38
Pathologic grade

G1 16 8 NR 4 NR

G2 134 25 NR 51 NR

G3 27 3 NR 10 NR
AdjCTX

Yes NR NR 233 38 NR

No NR NR 316 27 NR

Note: SD, standard deviation; AdjCTX, whether adjuvant chemotherapy was used; NR, not reported.
However, there are conspicuous limitations of above- constructed. In accordance with the principles of

mentioned researches concerning the relation between embryonic
development and carcinogenesis. First, all of these researches used
mouse model to simulate the developing process of human being.
However, because humans and rodents diverge from each other
more than 70 million years ago on the basis of evolutionary
historylg, the structural and molecular differences between mice
and human are surely not negligible, and the time-point to time-
point projection from mouse developing time axis to human’s
cannot be exactly dovetailed. For example, the regulatory
mechanism of human pre-implantation development is not
completely the same as mice based on expression profilezo.
Secondly, there are some studies about the transcriptomic analysis
of early human embryou’ 22 however, the expression profile of
specific developing organ was not available, and the transcriptomic
comparison between embryonic development and cancer was not
investigated, until our team’s study upon the expression profile of
human lung developmental and adenocarcinoma tissues®.

Our research team dedicated ourselves in discovering the
association between embryonic  development  and
carcinogenesis, and the transcriptome of rhesus macaques
developing organs were constructed in the previous studies
since rhesus macaques are more genetically related to human
than mice®” 2. In this study, we used meta-analysis to find
robust differentially expressed probes (DEPs) in 8 public
Affymetrix microarray data sets, and the global expression
profile of human embryonic colorectal tissues was then

2| J. Name., 2012, 00, 1-3

gastrointestinal developmental biologyzs, the appearance of a
primitive stratified epithelium was established in from about 8
to 10 postovulatory weeks (PWs); the conversion of this
epithelium to a villus architecture with developing crypts was
completed after 14 PWs. Therefore, the expression profile of
human colorectal development was composed of four critical
time points: whole embryos (Bud, the start point of any organ)
at 3 to 5 PWs, early embryonic colons (EarlyColon,
establishment of primitive stratified epithelium) at 8 to 10 PWs
and middle embryonic colons (MiddleColon, completion of
epithelium conversion) at 14 to 22 PWs, and normal adult
colorectal mucosal tissue (end point of human colorectal
development). In the transition from development to normal
tissue to cancer, we collected Affymetrix probes with the
expression pattern shaped like “V” (termed as “V probes”, up-
regulated in both development and cancer tissues) or “A”
(termed as “A probes”, down-regulated in both) according to
their expression pattern. Their association with overall survival
(OS) was thoroughly investigated in 5 independent Affymetrix
microarray data sets.

Results

DEP collection and its transcriptomic features in colorectal
development data

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (A) Heatmap of 1396 DEPs in NC superset. Rows represented DEPs, and columns represented CRC patients. UCA was conducted to cluster
samples and probes. (B) Heatmap of 1123 DEGs (mapped from 1274 DEPs) in our human colorectal development samples. UCA was used to
cluster DEGs with similar expression pattern during colorectal development. (C) Screeplot of the PCA. PCA was performed with 1123 DEGs in 4
sequential stages of human colorectal development, and the screeplot showed the variances against the number of the principal component. (D)
PCA plot of human colorectal development samples with 1123 DEGs. The colorectal developmental samples clustered tightly within each
developmental stage, whereas the different stages were distinctly separate. Note: UCA represents unsupervised clustering algorithm; PCA
represents principle component analysis.
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Fig. 2 Clustering 1274 DEPs into 27 modules based on their expression pattern during colorectal development. The time points in the transition
from Bud (referred to as B) to EarlyColon (referred to as E) to MiddleColon (referred to as M) to Normal (referred to as N) stages during
development were plotted on the x-axis, and the normalized gene expression level in every module was plotted on the y-axis. Note: each gene is
depicted with a grey dot line, and general pattern in each module was highlighted with red line and blue points, calculated by averaging gene

expression in each time point.

Through manual searching of online literatures, 13 Affymetrix
datasets were obtained from Gene Expression Omnibus (GEO)
database (Fig. S1, ESIT). We used NC superset (8 independent
data sets containing colorectal cancer and normal samples,
n=660; Table S1) to collect 1396 robust DEPs, including 887 up-
regulated DEPs and 509 down-regulated DEPs (Fig. 1A). In our
colorectal development data, 1123 differentially expressed
genes (DEGs) could be mapped from 1274 DEPs (the genes
mapped from the remaining 122 DEPs did not exist in
development data). It is visually perceivable that DEGs hold
great variance across the samples within distinct
developmental stages (Fig. 1B). In addition, principle
component analysis (PCA) of 1123 DEGs in development data
indicated that the transcriptomic features of colorectal
ontogenesis are arranged in a sequential order according to

4| J. Name., 2012, 00, 1-3

the time axis of development, and the trajectory could be
recapitulated by genes which were differentially expressed
during carcinogenesis (Fig. 1C-D). Samples clustered tightly
within each developmental stage, whereas the different stages
were distinctly separated. Thus, the DEGs dysregulated in
cancer varied considerably during embryonic development,
and could recapitulate the developing trajectory of human
colorectal development based on PCA analysis, implying the
association between the two processes in terms of gene
expression profile.

V and A differential pattern existed in human CRC scenario in
the transition from development to normal to cancer

All 1274 DEPs (the DEPs which could be mapped to
aforementioned 1123 DEGs) were further divided into 27

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 (A) GO analysis in terms of biological process of V probes, and
the bar represents the —log10 transformed FDR value. (B) GO analysis
in terms of biological process of A probes. (C) KEGG pathway

enrichment analysis of V probes.

modules (PTN_1 ~ PTN_27) based on their distinct expression
pattern between successive time points during colorectal
development (Fig. 2), and 7 developmental down-regulating
modules (DDMs; gradually down-regulating along the
developmental time axis, i.e. up-regulated in development
samples in comparison to normal samples) and 7 development
up-regulating modules (DUMs, containing the probes with
expression pattern opposite to DDMs) were collected. The
number of DEPs in each DDM or DUM varied within the range
between 21 (PTN_23) and 127 (PTN_2). Among DEPs in each

This journal is © The Royal Society of Chemistry 20xx
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DDM or DUM, the percentages of cancer up-regulated DEPs
and down-regulated DEPs were calculated, respectively.
Percentage analysis indicated DEPs up-regulated in cancer
were inclined to be contained in DDMs (up-regulated in
development stage), while DEPs down-regulated in cancer
tended to be within DUMs (Fig. 3). Gene set enrichment
analysis (GSEA) statistically confirmed our former speculation
in NC superset (Fig. S2-15, ESIt). In order to exclude a minority
of exceptions, DDMs and DUMs which were not significantly
enriched in NC superset were discarded from further analysis
[false discovery rate (FDR) > 0.001]. Therefore, significant
DDMs were composed of PTN_1, PTN_2, PTN_4, PTN_5,
PTN_10 and PTN_11; significant DUMs included PTN_17,
PTN_18, PTN_26, and PTN_27 (Fig. S2-15, ESIt). Therefore, V
probes were defined as the 393 probes (contained in 6
significant DDMs) up-regulated in cancer, and A probes were
207 probes (contained in 4 significant DUMs) down-regulated
in cancer. In this way, probes both elevated (V probes) and
decreased (A probes) in colorectal embryonic development
and carcinogenesis were identified and used for further
analysis.

Cell cycle probes differentially expressed in cancer were
greatly enriched in V probe group

Gene ontology (GO) biological process and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis
of V probes and A probes were carried out via the DAVID
bioinformatics tool (http://david.abcc.ncifcrf.gov, Fig. 4A-C).
GO analysis indicated the probes in V group were greatly
related to cell cycle (the first rank, FDR = 5.54e-18), mitosis,
cell division, and DNA repair (Fig. 4A). A very small number of
GO terms were weakly enriched with A probes (Fig. 4B),
including oxidation reduction, fatty acid metabolic process and
ion transport, and the FDR values were very close to the verge
of insignificance (with the criterion FDR=0.05). KEGG analysis
of V probes (Fig. 4C) showed pathway cell cycle (“hsa04110”)
was most significantly enriched (FDR=6.94e-13), far ahead
from the pathway in the second rank (“splicesome”,
FDR=0.042), while there was no pathway significantly enriched
with A probes. The result of enrichment analysis indicated that
V probes, instead of A probes, showed enormous functional
concentration upon cell cycle regulation, suggesting prognostic
probes might be identified within V probe group.

V probes and cell cycle probes in V group were intimately
associated with clinicopathological variables

We downloaded 124 genes involved in “Cell Cycle” pathway in
KEGG database. There were 23 genes in cell cycle pathway
which could be mapped from 28 V probes (termed as V cycle
probes). Logistic regression analysis was applied to assess the
correlations between 3 probe groups (A probes, V probes, and
V cycle probes) and 8 clinicopathological variables. As show in
Table S2 (ESIT), A probes showed no significant association
with any of the 8 variables (p<0.01). However, V probes and V
cycle probes both showed significant clinical association with
American Joint Committee on Cancer (AJCC) stage, AdjCTX
(whether adjuvant chemotherapy was used), pathological

J. Name., 2013, 00, 1-3 | §
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Fig. 5 Kaplan—Meier survival analysis of 28 V cycle probes with Stage 111/IV patients in 5 independent data sets of Clinicinfo superset. Survival
analysis was performed to discriminate OS between risk score assigned groups in training cohort with 10-fold cross validation, remaining 4
testing cohorts, and pooled samples. Note: in Kaplan—Meier survival analysis, red curve represents the subgroup with higher risk score, and black
curve represents lower risk score.
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Fig. 6 Forest plot of 28 V cycle probes with fixed-effect and random-effect model in Stage Ill/IV patients. Meta-analysis of 28 V cycle probes in 5
independent data set of Clinicinfo superset was conducted, and HR, 95% Cl, and corresponding p value of each probe and risk score were
calculated and plotted in the forest plot for Stage 111/1V samples. Note: HR represents hazard ratio; Cl represents confidence interval.
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Table 2 Univariate and multivariate analyses of overall survival (Cox regression model) in 121 Stage IlI/IV patients.

Factors Univariate Cox regression Multivariate Cox regression
HR (95% CI) P HR (95% Cl) P
Age 1.021 (1.002~1.041) 0.030 1.015 (0.994~1.038) 0.166
Gender (Male/Female) 1.101 (0.680~1.782) 0.696 - -
Stage (IV/111) 3.688 (2.244~6.063) 2.091e-07 3.579 (2.109~6.072) 2.285e-06
Grade (I11/11+1) 1.858 (1.058~3.265) 0.042 2.300 (1.280~4.135) 0.005
Risk score 1.311(1.212~1.419) 7.245e-08 1.231(1.134~1.336) 6.737e-07

Note: In Clinicinfo superset, 121 Stage Ill/IV CRC patients with definite information of age, gender, AJCC stage, pathological grade and OS information were
used in univariate and multivariate Cox regression analyses to evaluate the independence of 28 V cycle probes. Significant p values were in bold (p<0.05).

grade, tumor size and lymph node invasion, whereas V cycle
probes were also significantly related to distant metastasis.
Notably, the strong association between V cycle probes and
clinicopathological variables indicated that these 28 probes
could probably monitor the continuous deterioration of CRC,
and hold profound prognostic information.

Validation of 28 V cycle probes’ prognostic value via Cox
regression model

The Clinicinfo superset (containing 5 Affymetrix CRC datasets
with OS information, n=933, Table 1) was used to evaluate the
OS predicting ability of these 28 V cycle probes. We used
GSE17536 as training cohort to train Cox regression model
with 28 V cycle probes, and then used the constructed model
to evaluate the risk score of patients in test cohorts. Kaplan—
Meier survival analysis indicated the risk score calculated in
Stage I/Il patients was not significantly associated with OS in
both self-cross validation and 4 individual test cohorts (Fig. S16,
ESIT), while patients with higher risk score in Stage IlI/IV
patient groups tended to live significantly shorter than those
with lower risk score (GSE17536 cross validation, n=96,
p=5.70e-03; GSE29621, n=36, p=1.70e-03; GSE39084, n=38,
p=0.05; GSE39582, n=264, p=0.047; GSE17537, n=36, p=5.90e-
03; Fig. 5). The ability of risk score to discriminate OS was
satisfactory in all stage samples except in GSE39582 and
GSE17537 (GSE17536 cross validation, n=177, p=0.03;
GSE29621, n=65, p=5.20e-04; GSE39084, n=70, p=0.011;
GSE39582, n=562, p=0.99; GSE17537, n=55, p=0.22; Fig. S17,
ESIT), which is probably caused by the disturbance of early-
stage portion. We then pooled all the samples whose OS
information were available within Clinicinfo superset (n=929),
and survival analysis (Fig. 5; Fig. S16-17, ESIT) also implied that
the expression of V cycle probes could predict OS in Stage III/IV
samples (n=470, p=2.50e-09, Fig. 5), rather than Stage /Il
samples (n=454, p=0.095, Fig. S16, ESIT). Meta-analysis of 28 V
cycle probes and risk score in 5 Clinicinfo datasets also
confirmed the result of survival analysis with both fixed-effect
model and random-effect model (Fig. 6; Fig. S18-19, ESIt).
Additionally, we collected 121 Stage IlI/IV patients in Clinicinfo
superset with definite information of OS, age, gender, stage
and grade to evaluate the independence of the prognostic
factors with Cox regression analysis (Table 2). The result
indicated that the risk score was an independent prognostic
factor for Stage IlI/IV patients [hazard ratio (HR): 1.231; 95%
confidence interval (Cl): 1.134~1.336; p=6.737e-07]. Based on

This journal is © The Royal Society of Chemistry 20xx

aforementioned analyses, these 28 V cycle probes were
significantly associated with the OS of late-stage (Stage IlI/IV)
CRC patients, rather than early-stage (Stage I/1l) patients.

Discussion

In the last decade, high throughput technologies greatly
facilitated numerous researches upon cancer etiology. Recent
expression profiling datasets are in lack of consistent results
between the studies due to different technological platforms
and lab protoco|527' % which could probably compromise the
accuracy and robustness of the whole meta-analysis. In
addition, the relatively small number of sample size and
noisiness of microarray data might cause the inconsistency of
biological conclusions. To address these challenges, we
collected 13 microarray data sets (n=1593) from GEO database
with 22,277 common probes to discover robust DEPs and their
significant clinical relevance.

The reason why so many
transcriptomic features are shared by embryonic development
and carcinogenesis intrigues worldwide heated debates.
Generally speaking, there are two kinds of voices. Cancer may
regain the power of excessive territorial expansion, migration
and invasion via mutational and epigenetic changes, and these
properties are also highly characterized during normal
developmental stage29'31. The second guess is that tumors
originate in either tissue stem cells or their immediate progeny
through diverging from tightly regulated normal developing
pathway, and thereby tumors possess characteristics shared
with embryonic cells®. The existence of cancer stem cell has
been seemingly proven, especially in hematopoietic and
colorectal system33' 3, Although the definite reason is still
unclear, what we do know is that the expression of certain
pivotal genes shows synchronized differentiation pattern in
embryonic development and carcinogenesis. For example, the
activity of ENAH, a very important molecule in breast cancer
transformation and invasiveness, decreases during mammary
gland development, yet reloaded in breast tumors®>. VICKZ
was thought to be essential to generate and stabilize the
transformed phenotype. Its expression disappears from
virtually all tissues soon after birth; however, it is expressed or
amplified in at least 12 different kinds of cancers®®. Therefore,
the genes up-regulated or down-regulated simultaneously in
both cancer and development tissues are probably functionally
core genes promoting the process of tumor formation.

cellular behaviors and
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In this study, we were aiming to identify Affymetrix
expression probes significantly associated with OS, instead of
summarized genes. The probe is the most direct unit to
measure gene expression value (acting as an expression ruler);
however, the summarization process might introduce certain
signal noise due to the different transcription level of different
probes. Therefore, measuring the expression level of specific
prognostic probes is surely a more direct and accurate way to
facilitate future clinical implementation, and this strategy was
also adopted in previous studies®” *. The limitation of this
study is that the human development data was generated with
Agilent platform in our previous investigationgg, thus mapping
DEPs into 27 patterns could only be achieved by Agilent probe
summarization, since Agilent CRC data is quite limited in GEO
database.

8 | J. Name., 2012, 00, 1-3

Meta-analysis was used to discover 1394 robust DEPs in NC
superset. The expression of the genes differentially expressed
in CRC could depict the trajectory of human colorectal
development, suggesting that the genes important for
carcinogenesis might also play substantial roles in embryonic
colorectal development. We further investigated the
differential direction of expression profiles in development
and CRC samples. Notably, in most circumstances, genes up-
regulated in cancer were generally being down regulated along
the development time axis (up-regulated in developmental
state comparing with normal stage); genes down-regulated in
cancer stage were generally being up regulated along the
development time axis (down-regulated in developmental
state), which is concordant with our previous investigation
upon lung cancer23, implying that cancer probably hijacks the

This journal is © The Royal Society of Chemistry 20xx
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programs essential for embryonic development to acquire the
power of tumor initiation and promotion.

Among 1396 DEPs, there were 32 DEPs which could be
mapped to cell cycle genes, and 28 of 32 DEPs belonged to V
probe group. The majority of these cell cycle probes
dysregulated in cancer consistently show the same expression
pattern in development, indicating bouncing the activity of cell
cycle genes back to embryonic development status probably
plays a very important role in carcinogenesis. These 28 cell-
cycle probes (mapping to 23 cell cycle genes, Fig. 7), closely
related to a variety of clinicopathological variables, performed
exceedingly satisfactory in predicting CRC Stage IlI/IV patient’s
Os.

According to AJCC staging system (7th edition)40, the lesion
of early stage CRC (Stage I/Il) is relatively contained with
neither lymph node invasion nor distant metastasis; when
tumor advance to late stage (Stage IllI/IV), the involved area is
greatly increased; lymph node is invaded (Stage IlI/IV), and
distant organs might be afflicted via distant metastasis (Stage
IV). Because of the small size of tumor involvement, Stage |
patients only need to receive radical surgery treatment; Stage
Il patients also need to undertake radical surgery treatment
following adjuvant chemotherapy (patients with risk factors)
or not (patients without risk factors), to defuse the peril
caused by molecularly chaotic tumors™. Stage Ill patients
principally should be treated with neoadjuvant hemoradiation
therapy followed by surgery with or without adjuvant
chemotherapy, and patients with Stage IV CRC are primarily
treated with chemotherapy although a selected group of
patients can be cured with metastasectomy“. Surgical
resection of the primary tumor is not beneficial for most of
Stage IV patients43’ a4 Prognostic genes have the ability to
predict patient’s survival status, probably by means of exerting
influence on or reflecting tumor encroachment in the patients.
Suppose the tumor is completely removed from the patient,
then the expression of these genes might not continue to
precisely predict OS, since the persistent influence of the
tumor is terminated along with the tumor excision. On account
of the massive tumor involvement and potential metastasis of
Stage IlI/IV CRC, surgical excision in late stage patients might
not remove the tumor with extensive molecular dysregulation
as completely as in early stage patients. Therefore, these
prognostic genes might continue manifesting the interaction
between the residual neoplasms (or secondary recurrence)
and CRC patients, probably explaining the reason why these 28
V cycle probes were only significantly associated with the OS
of late stage CRC patients.

Many researches used feature selection algorithms to
generate prognostic gene signatures™ . However, we
collected these 28 V cycle probes only based on their
expression pattern in embryonic development and cancer
samples, and its prognostic value was confirmed in 5
independent microarray analyses. This phenomenon was also
reported in our previous study upon lung adenocarcinoma®.
Our present study indicated that this phenomenon might
extensively exist across many types of cancer.

This journal is © The Royal Society of Chemistry 20xx

Materials and methods
Data collection, preprocessing, and normalization
The expression profile of human colorectal developmental
data was constructed in our previous study39. Developing
colon was obtained from 20 cases of abortion in Maternal &
Child Health Care Hospital of Hai Dian. The samples included
whole embryos (Bud) at 3 to 5 PWs, early embryonic colons
(EarlyColon) at 8 to 10 PWs and middle embryonic colons
(MiddleColon) at 14 to 22 PWs. Twelve normal colorectal
mucosae samples were collected from patients with
hemorrhoids who received surgical excision in the Department
of Colon and Rectal Surgery of Beijing Shi Ji Tan Hospital.
Purified RNA samples were labeled and hybridized to Agilent
4*44K Whole Human Genome Oligo Microarrays (G4112F)
according to the manufacturer’s protocol. Raw data were
normalized with the GeneSpring GX software, version 11.5
(Silicon Genetics, USA). A total of 41,091 single probes were
obtained according to GeneSpring’s default setting. The
expression value for a particular gene was determined as the
median value of all the probes which could be mapped to this
gene. Eventually, the expression values of 18,986 genes were
obtained. The raw and processed data have been deposited in
GEO database with the series accession number GSE71187.
The raw data for 13 human CRC mRNA microarray studies
were downloaded from GEO database. The combined data set
contained a total of 1593 samples hybridized to probe sets
present on both the Affymetrix HG-U133A (with GEO accession
number GPL96) and the HG-U133A Plus2 (GPL570) platform.
Eight data sets (NC superset, n=660, including 234 normal
samples and 426 cancer samples), with accession numbers
GSE20916, GSE21510, GSE22598, GSE23878, GSE24514,
GSE32323, GSE37364 and GSE41258, were used for identifying
DEPs between colorectal cancer and normal tissues; the
remaining 5 data sets (Clinicinfo superset, n=933, 929 samples
with clear OS information), with accession numbers GSE39582,
GSE17536, GSE29621, GSE39084 and GSE17537, contained OS
and 8 other types of clinical information, including age,
gender, AJCC stage, pathological grade, tumor size, lymph
node invasion, distant metastasis and AdjCTX, which were
used for the assessment of the clinical relevance of identified
probes. In total, 22,277 probes were common in all data sets,
and whose expression values were retrieved via robust multi-
array average (RMA) algorithm and further quantile
normalized using the “affy” Bioconductor package. The
ComBat algorithm was utilized to eliminate potential batch. All
clinical information was extracted from the original
publications.

Identification of DEPs using meta-analysis

In NC superset, meta-analysis was used to identify DEPs
between colorectal cancer and normal tissues. In order to
collect DEPs with consistent result, Heterogeneity test was
conducted to calculate corresponding p value. Inverse variance
weighting is used for pooling; fixed-effect estimates and
corresponding p values were calculated for meta-analyses.
Considering the potential influence of single large experiment
on the meta-analysis results, leave-one-disease-out cross
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validation was performed. One dataset within NC superset at a
time was excluded and aforementioned meta-analysis method
was then applied to the remaining datasets. Only probes with
heterogeneity p value > 0.1 and fixed-effect p value < 1e-10 in
both overall result and 8 leave-one-disease-out cross
validations were considered as robust DEPs.

Divide DEGs in to 27 modules by expression pattern

DEGs were retrieved through mapping Affymetrix DEPs to
gene Entrez identifiers. Gene expression pattern during
colorectal development was defined as the direction of
differential expression of a particular gene identified with
unpaired Student’s t-test (p<0.05) between consecutive
colorectal development stages (Bud, EarlyColon, MiddleColon
and Normal stage). There were three transitions among four
time points, and for each transition, there were three
scenarios [up-regulation (u), down-regulation (d), and no
significant change (n)]. Therefore, all the DEGs could be
assigned to 3*3 = 27 modules based on their corresponding
differential expression pattern. For instance, DEGs with
expression pattern “d, d, d” were assigned to the first pattern
(hereafter referred to as “PTN_1"), and DEGs with expression
pattern “u, u, u” were assigned to PTN_27. The same
clustering method was also adopted in our previous research
upon lung development sample523.

”

Collection of V and A probe sets

Among 27 modules, modules with contradictory differential
expressions (“u” and “d” coexisted, like PTN_3 with expression
pattern “d, d, u”) and PTN_14 (expression pattern “n, n, n”)
were ruled out from further analysis. As for the remaining 14
modules, modules with at least one “d” were designated as
DDMs, and modules with at least one “u” were designated as
DUMs. Therefore, 7 DDMs and 7 DUMs were preliminarily
collected, containing corresponding DEPs mapped from DEGs
in each DDM or DUM. GSEA analysis was conducted for the 14
module DEPs in NC superset, and module DEP sets could not
show statistically significant and concordant differences
between normal and cancer samples were excluded
(FDR<0.001). Thus, DEPs up-regulated in cancer and belonging
to GSEA-significant DDMs were termed as “V” probes, since
the trajectory from Bud to normal to cancer is similar with the
letter “V”; DEPs down-regulated in cancer and belonging to
GSEA-significant DUMs were termed as “A” probes.

Assessment of the association of gene expression with
clinicopathological variables

The potential associations between gene groups and 8
clinicopathological variables (age, gender, stage, grade, tumor
size, lymph node invasion, distant metastasis and AdjCTX)
were evaluated in 933 CRC samples of Clinicinfo superset. As
for a given variable, samples with clear description of the
variable were pooled, and thus a single-column vector called
the module eigengene (ME) was calculated by the first
principal component following PCA analysis of probe
expression level across corresponding samples. As ME
captures the majority of total variance, it represents a
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summary measure for the overall expression status of the
whole gene group. Samples with the given variable
information were further divided by the median of ME, and
logistic regression analyses were conducted between each
variable values and ME assigned sample groups.

Validation of gene signature’s prognostic value in Clinicinfo
superset

In order to assess the prognostic value of the gene signature
we obtained (suppose the signature contained n genes), the
risk score formula for predicting OS was developed based on a
linear combination of the expression level (x;, X, ..., x,) of a
given patient weighted by the regression coefficients derived
from the Cox regression analysis. GSE17536 was used as
training cohort for Cox regression model construction and the
remaining 5 Clinicinfo data sets were treated as testing
cohorts. The regression coefficient 8 was calculated with
training cohort and the same coefficient was further applied to
testing cohorts. The risk score r for Patient j was calculated as

follows:
n
rj=Zﬁi Xij
i=1

Ten-fold cross validation was also conducted within training
cohort to strengthen the validity of the test. We then divided
patients into high-risk and low-risk groups using the median
gene signature risk score. Patients with higher risk scores are
expected to have significantly poor OS status if the gene
signature is closely related to OS. Kaplan—Meier survival
analysis and log-rank test were performed to evaluate the
prognostic difference between the two risk score assigned
groups both in 5 independent data sets and in pooled data set.

Conclusions

In summary, we conducted meta-analysis in NC superset
containing 8 microarray data sets to collect robust DEPs in
CRC. The expression profile of human colorectal developing
tissues in 4 sequential stages was accomplished, and V probes
and A probes were obtained based on differential expression
patterns during embryonic development and carcinogenesis.
Cell-cycle related probes were greatly enriched in V probe
group, and they were strongly associated with OS and other
clinicopathological variables, suggesting that they held
enormous information for clinical practice.
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