MCP RESEARCH

Age-Associated Proteomic Signatures and Potential
Clinically Actionable Targets of Colorectal Cancer

Authors

Yangiu Gong, Yu Liu, Tian Wang, Zhigui Li, Li Gao, Haining Chen, Yang Shu, Yuan Li, Heng Xu,

Zongguang Zhou, and Lunzhi Dai

Correspondence

zhou767@163.com; lunzhi.dai@
scu.edu.cn

In Brief

The incidence of early-onset
colorectal cancer (CRC) has
been increasing since 1990s,
whereas the overall CRC
frequency is declining. The
underlying mechanisms of age-
related clinical differences
remain unknown. Here, we
reported the proteomic
signatures of CRC across age
groups. Lots of proteins with
adjusted intensities significantly
correlated with age. Some
proteins were verified as
potential clinically actionable
targets. This study identifies age-
associated proteomic signatures
and potential therapeutic targets
of CRC and helps to make a
precise decision on CRC
treatment.
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e The proteomic signatures of early-onset CRC are disclosed.
e Alterations of some proteins between cancerous and normal tissues are age-correlated.
e NHP2, overexpressed in tumors especially in aged patients, predicts poor prognosis.

e Potential age-dependent druggable targets and their inhibitors are summarized.
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Age-Associated Proteomic Signatures and
Potential Clinically Actionable Targets of

Colorectal Cancer

Yangiu Gong '+, Yu Liu'-*, Tian Wang®*, Zhigui Li'*, Li Gao', Haining Chen', Yang Shu'®,
Yuan Li', Heng Xu', Zongguang Zhou'", and Lunzhi Dai"

The occurrence and prevalence of colorectal cancer
(CRC) is closely associated with age. More than 90% of
patients with CRC are diagnosed after 50 years of age.
However, CRC incidence of young individuals has been
increasing since 1990s, whereas the overall CRC fre-
quency is declining. Distinct overall survival rates between
young and aged patients with CRC have been established.
Tremendous efforts have been made to clarify the under-
lying mechanisms of age-dependent clinical differences,
but it still remains elusive. Here, we performed proteomic
profiling of 50 patients with CRC and revealed proteomic
signatures of CRC across age groups. Gene set enrich-
ment analysis showed that distinct age-dependent clinical
outcomes might mainly attribute to varied MYC targets
V1/V2, E2F targets and G2M checkpoint gene sets, which
were associated with cancer cell proliferation, cell
apoptosis, tumor growth, and tumor metastasis. Multiple
linear regression analysis revealed a large number of
functional proteins, such as NOP2, CSE1L, NHP2, NOC2L
and CDK1, with adjusted expression significantly corre-
lated with age (p < 0.05). Among them, NHP2 is a core
component of the telomerase complex associated with
age. High NHP2 expression predicted poor overall sur-
vival, with a more significant correlation in aged patients
with CRC. Knockdown of NHP2 significantly suppressed
cancer cell proliferation. In addition, we revealed some
age-related potential clinically actionable targets, such as
PSEN1, TSPO, and CDK1, which might be more suitable
for patients with late-onset CRC. Collectively, this study
identifies age-associated proteomic signhatures and po-
tential therapeutic targets of CRC and may help make a
precise decision on CRC treatment.

Colorectal cancer (CRC) is the second most deadly and
the third most frequently occurring cancer worldwide (1).
Obesity and overweight, physical inactivity, low-fiber diets,
high red meat intake, suboptimal calcium intake, alcohol

use, and smoking are common risk factors that are closely
linked to the occurrence and progression of CRC (2). The
risk of CRC rises dramatically in the populations with age
over 50 years, and more than 90% of patients with CRC are
diagnosed after 50 years of age. Although an overall decline
in the incidence of CRC is observed in the past decades, a
dramatic continuing rise of CRC, particularly the left colon or
rectal cancers, happen in adolescent and young (Y) pop-
ulations younger than 50 years (3). Whether patients with
young-onset CRC have distinct biological behaviors and
less-favorable prognosis is still debatable (4). The patho-
genesis of young-onset CRC is well characterized in in-
dividuals with germline mutations. However, the
understanding of molecular mechanisms of sporadic young-
onset CRC is limited. The Y patients with CRC may have a
unique molecular profile different from that of the aged (O)
patients with CRC (5, 6).

Proteomics has recently been extensively used in eluci-
dating the molecular mechanisms of occurrence and pro-
gression of cancer, providing opportunities to understand the
inherent biology of cancer and take the precise treatments
(7-10). Large integrative proteomic and genomic analyses of
CRC have also been achieved, leading to identification of CRC
subtypes, cancer antigens, drug targets, and critical signaling
pathways associated with CRC progression (11-14). Although
the proteomic landscape of O patients with CRC has been
presented, the proteomic signatures of early-onset CRC are
still less studied. The number of Y patients with CRC (age < 40
years) recruited in previous proteomics studies is still small,
and only 4 Y patients out of 108 cases were described in
Clinical Proteomic Tumor Analysis Consortium projects
(https://proteomics.cancer.gov/programs/cptac). In this study,
we performed proteomic profiling of paired tumors (T) and
adjacent noncancerous tissues (N) from 50 patients with CRC
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and revealed distinct age-associated molecular signatures
and potential therapeutic targets of CRC.

EXPERIMENTAL PROCEDURES
Declaration of Helsinki Principles

CRC samples were collected at West China Hospital with the
approval of the research ethics committee (Permission number:
2020(374)). Informed consent was signed by the participants or fam-
ilies. Research was conducted according to the Declaration of Helsinki
ethical principles.

Sample Collection

To avoid blood interference and protein degradation, the tissues
were quickly washed with cold saline solution, frozen in liquid nitro-
gen, and then stored at —80 °C for later use. The adjacent noncan-
cerous tissues were usually about 1 to 2 cm away from the margin of
the tumors. The pathological sections of all the tissues were pro-
cessed by the Department of Pathology, a laboratory accredited by
the College of American Pathologists. The clinical information of all
patients is included in supplemental Table S1. The colon tissues for
immunohistochemical (IHC) analysis were obtained from the biobank
of West China Hospital. The cohort contained 233 tumors and 209
adjacent nontumorous tissues. The clinical characteristics including
TNM stage, grade, collection date, and lesion location, as well as the
IHC results of NHP2 are included in supplemental Table S2. Patients
with CRC suspected of Lynch syndrome or familial adenomatous
polyposis were removed.

Protein Extraction and Digestion

CRC tissues were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris
(PH = 7.5), 1% NP-40 (v/v), 0.5% sodium deoxycholate (w/v), 25 mM
nicotinamide, 10 mM sodium butyrate, 1x cocktail, 1x phosphatase
inhibitors) and homogenized by gentleMACS Dissociators (Miltenyi
Biotec GmbH) using the procedure “protein 01. 01”. Then, the crude
lysates were sonicated (model JY92-IIN, 227.5 W, 3 s on 10 s off,
5 min) and centrifuged (20,0009, 4 °C, 20 min). The concentrations of
extracted proteins were measured by the Bradford protein assay (Bio-
Rad). Fifty microgram of protein from each sample was reduced with
10 mM of tris (2-carboxyethyl) phosphine at 56 °C for 1 h, alkylated
with 20 mM of iodoacetamide for 30 min to block the free cysteine
residues, and precipitated with methanol/chloroform/water system.
The enzymatic digestion was carried out overnight with trypsin at 37
°C in a 1:50 (w/w, trypsin/protein) ratio.

Isobaric Labeling

Tandem mass tag (TMT) reagents were equilibrated to room tem-
perature (RT) and dissolved in anhydrous acetonitrile (ACN). Peptides
were labeled with 10-plex TMT reagents according to the TMT 10plex
reagents instructions (Thermo Scientific). After 1-h incubation at RT,
5% hydroxylamine was added to quench the reaction. Peptides
labeled by different TMT labels were mixed and dried using SpeedVac.
After reconstituted with 0.1% TFA, the peptides were desalted with
C18 SPE column (Phenomenex) and fractionated on HPLC.

Peptide Fractionation

Desalted TMT-labeled peptides were fractionated by HPLC (agilent-
1260, Agilent) on a 25-cm reversed-phase C18 column (HPH-C18
4 pM, 4.6 x 250 mm, Poroshell, Agilent, 40 °C column temperature,
214-nm UV detection). The separation was performed at a flow rate of
1 ml/min with mobile phase buffer A (98% water with 2% ACN, 10 mM
ammonium formate, pH = 10) and mobile phase buffer B (90% ACN

with 10% water, 10 mM ammonium formate, pH = 10). A standard
120-min LC gradient run was used: 0 to 90 min, 3% to 35% buffer B;
90 to 105 min, 35% to 60% buffer B; 105 to 115 min, 60% to 100%
buffer B; 115 to 120 min, 100% to 3% buffer B. The obtained 120
fractions were combined into 40 parts, vacuum-centrifuged to dry-
ness, and desalted with C18 ZipTip before LC-MS/MS analysis.

MS Analysis

After desalting, the peptide samples were loaded onto a 100 pm
(inner diameter) x 2 cm (length) trap column and a 75 pm (inner
diameter) x 15 cm (length) analytical column, which were packed with
C18 resin (DIKMA) in-house, and LC-MS/MS analysis was executed
using an EASY-nLC 1000 nanoflow LC instrument coupled to a Q
Exactive Plus Quadrupole-Orbitrap mass spectrometer (Thermo
Fisher Scientific). Peptide samples were analyzed with a 65-min
gradient from 6 to 95% buffer B (95% ACN and 0.1% formic acid)
at a flow rate of 300 nl/min. The data-dependent acquisition was
performed in a positive-ion mode. Survey full-scan MS spectra (from
m/z 350-1600) were acquired in the Orbitrap with resolving power of
70,000 at m/z = 200. The automatic gain control value setting was set
at 3e6, with maximum fill times of 20 ms. For MS/MS scans, the top 15
most intense parent ions were selected with a 0.6 m/z isolation win-
dow and fragmented with a normalized collision energy of 30%. The
automatic gain control value for MS/MS was set to a target value of
1e5, with a resolution of 35,000 and a maximum fill time of 100 ms.
Parent ions with a charge state of z = 1 or 8 or with unassigned charge
states were excluded for fragmentation. A dynamic exclusion period
for the data-dependent scan was 50 s.

MS Data Analysis

All the raw files were searched against the Swiss-Prot human
protein sequence database (updated on 01/2017; 20,413 protein se-
quences) by using MaxQuant (version 1.6). Searches were carried out
with a precursor peptide mass tolerance of 10 ppm and a fragment ion
mass tolerance of 0.02 Da. Quantification was filtered by min reporter
precursor intensity fraction at 75%. The minimum amino acid length
was set to 6. Two missed trypsin cleavages were allowed. Peptides
were not nested within another longer peptide. Cysteine carbamido-
methylation was set as a fixed modification. Oxidation of methionine
and protein N-terminal acetylation were set as variable modifications.
Proteins with a false discovery rate (FDR) <1% at both protein and
peptide levels, and at least two peptides were chosen for further data
processing. The MS raw data, the MaxQuant software, and the whole
txt files have been deposited into the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the iProX partner
repository (15), with a dataset identifier of PXD022714.

Experimental Design and Statistical Rationale

Fifty paired CRC samples used in our proteomics were divided into 12
TMT batches. TMT labeling information is shown in supplemental
Table S3. The proteomic data of different batches including technical
replicates are included supplemental Table S4. The total intensities of the
samples in the same batch of TMT-based quantification were first
normalized after removing the contaminant and reverse hits. Then, the
protein intensities of the tumor were normalized to the adjacent non-
tumorous tissue to get the protein ratios (T/N), which were termed
adjusted protein intensities. The adjusted protein intensities of all tumor
tissues were then combined into a larger table (supplemental Table S5).
To ensure the inference stringency of proteins quantified in our study,
proteins quantified in more than 66.7% patients with >2 peptides iden-
tified in at least one batch were used for subsequent data mining, ac-
cording to the neXtProt Unitypicity Checker (16). Proteins with ratios of T/
N >1.5 (or <0.67) and q values <0.05 (Wilcoxon rank-sum test) were
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defined as significantly differentially expressed proteins in tumors
(supplemental Table S6). Enriched processes and pathways using the
differentially expressed proteins between tumors and normal tissues are
provided in supplemental Table S7. The significantly differentially
expressed proteins between tumors and normal tissues in Y and O
groups are, respectively, shown in supplemental Table S8. Enriched
biological processes using differentially expressed proteins in Y and O
CRC groups are included in supplemental Table S9. The proteins with
adjusted intensities between Y and O patients more than 1.5-fold were
considered as age-associated proteins (Wilcoxon rank-sum test, FDR
<0.05) (supplemental Table S10). Because some patients in the validation
cohort lost to follow-up, the overall survival (OS) of the remaining 191
patients was calculated to determine the clinical significance of NHP2.
The OS was the time calculated from diagnosis to dead or censored, the
longest survival period in the validation cohort was 69 months.

Bioinformatics and Statistical Analysis

The R package Rtsne was used to visualize the outliers of all pa-
tients with CRC and separation of age-dependent groups. Gene set
enrichment analysis (GSEA) was used for hallmark pathway enrich-
ment. The reference lists of colon-specific proteins and marker pro-
teins were downloaded from the Human Protein Atlas. The reference
list of transcription factors was from the Cell article (17). Correlation of
adjusted protein intensities with age was assessed with linear models
using multiple regression (numerical variables) analysis in R. To
determine the linear correlation of adjusted protein intensities to age,
we used the following linear model:

Age ~ adjusted protein intensities + sex + lesion location + TNM stage

The variables including adjusted protein intensities, sex, lesion
location, and TNM stage were used in the regression model. The
relative abundance of immunoblots was calculated by Imaged. The
QuPath was used for IHC analysis. The other R packages including
pheatmap, ggplot2, dplyr, readxl, ggrepal, and reshape were used for
data processing and presentation. The OS was analyzed in GraphPad
Prism (V.8.0).

IHC Staining

CRC tissue microarray was obtained from West China Hospital
biobank of Sichuan University. Formalin-fixed and paraffin-embedded
tumor tissues were sliced into 4-pm sections for IHC staining. Tissue
sections were successively deparaffinized in xylene, rehydrated with
graded ethanol, and rinsed in distilled water. Antigen retrieval was
performed with Tris/EDTA at pH 9.0 and 140 °C. The sections were
blocked with 4% bovine serum albumin in PBS and incubated with
NPH2 antibody (CAT# ab180498, Abcam) at 4 °C overnight after the
treatment with 3% H,O, in methanol for 15 min at 37 °C to block
endogenous peroxidases. Then, the sections were washed, and
Image-Pro Plus 6.0 software was used for evaluating and scoring the
expression of NHP2 (supplemental Table S2).

Cell Culture and Transfection

Human CRC cell lines HT29 and HCT116 were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) (#C11995-065, Gibco). SW620
was cultured in RPMI 1640 medium (1640) (#10270-106, Gibco). The
DMEM and 1640 were supplemented with 10% (v/v) fetal bovine serum
(#SFBE, NATOCOR), 100 U/ml penicillin, and 100 pg/ml streptomycin
(#15140-122, Gibco) before use. The cell lines were cultured at 37 °C in
a humidified incubator with 5% CO,. To produce the lentivirus, lentiviral
vector of pLKO.1-derived plasmid for NHP2 and NOC2L knockdown,
packaging plasmid pCMV-dR8.2 dvpr and envelope plasmid pCMV-
VSVG were cotransfected into 293T cells (System Biosciences). The

concentration of viruses was measured by the PEG-it Virus precipitation
solution. The viruses were then used for cell infection. After 72 h, the
stable cells were selected with 2 pg/ml of puromycin.

shRNA1 for NHP2: CCGGGTCATGTGTGAGGACCGAAATCTCGA
GATTTCGGTCCTCACACATGACTTTTT.

shRNA2 for NHP2: CCGGGAAGCTCTACAAATGCATCAACTCGAG
TTGATGCATTTGTAGAGCTTCTTTTT.

shRNA1 for NOC2L: CCGGCCCTGAGATCAAACGAAGGAACT
CGAGTTCCTTCGTTTGATCTCAGGGTTTTTTG.

shBRNA2 for NOC2L: CCGGGCCTTTCATCCTGGAGATGTTCT
CGAGAACATCTCCAGGATGAAAGGCTTTTTG.

Western Blotting Analysis

CRC tissues and cultured cells were lysed with RIPA buffer (NaCl
150 mM, 50 mM Tris (pH = 7.5), NP-40 1% (v/v), sodium deoxycholate
0.5% (w/v), nicotinamide 25 mM, sodium butyrate 10 mM, 1x cocktail,
1x phosphatase inhibitors). The protein concentrations were
measured using the Bradford assay. The protein samples were then
separated in 10% SDS-PAGE and transferred onto PVDF membranes.
The membranes were blocked with 4% nonfat dry milk in PBS with
0.1% Tween 20 and incubated with NHP2 antibody (SANTA Cruz, sc-
398430) (1:2000), CDK1 antibody (ab13327, Abcam) (1:5000), NOP2
antibody (sc-398884, Santa Cruz) (1:1000), CSE1L antibody
(ab151546, Abcam) (1:2500), NOC2L antibody (ImmunoWay, YT3160)
(1:2000), or actin antibody (CAT# ET1701-80, HUABIO) (1:5000)
overnight at 4 °C. Then, the membranes were washed and incubated
with the secondary antibody at RT for 1 h. The specific bands were
detected using Immobilon Western HRP Substrate (Millipore). The
relative protein intensity was calculated by Imaged software.

MTT Assay and Colon Formation

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
was used for cell proliferation assay. About 3 x 10° cells were seeded
on 96-well plates, and the cell numbers were counted every day. The
numbers of SW620 and HT29 cells were continuously counted for
5 days and 4 days, respectively. Then, 10 pul of the MTT buffer was
added to each well and incubated for 4 h. After removing the solution,
150 pl DMSO was added and thoroughly dissolved. The absorbance
was measured at 570 nm using Synergy H1 (BioTek). Each time point
had four repeats, and the experiment was repeated for three times
under the same conditions. The data were analyzed using GraphPad
Prism 8 software. For colony-formation assay, cells were seeded on 6-
well plates in 1500 cells/well and cultured until the visualization cell
colonies appeared. The colonies were fixed by 4% paraformaldehyde
for 30 min and then stained with hematoxylin for another 30 min.

RESULTS
Proteomic Profiling

Ofthe 50 patients with CRC, 22 were Y (<41 years old), 12 were
middle aged (41-60 years old, M), and 16 were O (>60 years old)
(supplemental Table S1 and supplemental Fig. S1). Quantitative
proteomics was performed using TMT-based isobaric labeling
strategy followed by LC-MS/MS analysis (supplemental
Table S8). To evaluate the reliability of measurements, eight
pairs of tissues were analyzed in duplicate. The median CV of the
measured protein ratios (T/N) between duplicates were less than
0.1 (Fig. 1A), and the correlation between duplicates was from
0.8 to 0.9 (supplemental Fig. S2). Besides, t-distributed sto-
chastic neighbor embedding was used to display our high-
dimensional datasets of 50 patients in two dimensions, and
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respectively. C, cumulative number of identified proteins. D, Venn diagram shows the number of proteins overlapped with the identified intestinal
proteins listed in the Human Protein Atlas database. E, volcano plot shows 658 upregulated and 308 downregulated proteins in tumors (ratio(T/
N) > 1.5 or < 0.67, and Wilcoxon rank-sum test, FDR < 0.05). F, GSEA preranked hallmark analysis of 966 differentially expressed proteins. NES
represents the normalized enrichment score. G-/, top significant hallmark pathways in tumorous or nontumorous tissues. ES represents the
enrichment score. J, box plot shows the overall changes of specific and nonspecific colon signature proteins in tumors. K, the changes of
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analysis; t-SNE, t-distributed stochastic neighbor embedding.

both obvious outliers and TMT batch effect were not observed
(Fig. 1B and supplemental Fig. S3). These analyses collectively
indicate the high reliability of proteomics data.

In total, we identified 10,288 proteins with 1% FDR at both
protein and peptide levels, and 8524 proteins had more than
two peptides (Fig. 1C and supplemental Table S5). Compared
with the identified intestinal proteins mapped in Human Protein
Atlas (18), 7953 proteins overlapped (Fig. 1D). Among all iden-
tified proteins, 4413 proteins were quantified in all 50 patients,
representing the core components of proteome. 6040 proteins
quantified in more than 66% of CRC cases with at least two
peptides were used for subsequent data mining. A total number
of 966 proteins were significantly differentially expressed (Wil-
coxon rank-sum test, FDR <0.05, ratio (T/N) >1.5 or <0.67)
between paired tumorous and nontumorous tissues (Fig. 1E).
Among them, 658 proteins were upregulated and 308 proteins
were downregulated in tumors (Fig. 1E and supplemental

Table S6). GSEA showed that epithelial mesenchymal transi-
tion and MYC targets V2 were most significantly upregulated in
tumors, whereas myogenesis and oxidation phosphorylation
were significantly reduced (Fig. 1, F-/). Notably, colon-specific
proteins annotated in the Human Protein Atlas were dramati-
cally decreased (Fig. 1J), and many proteins related to intestinal
functions such as microvilli organization and digestion were lost
in tumors (Fig. 1K). For example, FABP2 is thought to be
involved in fatty acid absorption (19), and Sl plays an important
role in the final stage of carbohydrate digestion (20). The above
results indicate that the loss of colon signature proteins is an
important feature of CRC.

Age-Associated Proteomic Signatures

The normal protein levels vary greatly among individuals
and are associated with phenotypic variations (21). More
dramatic difference of protein expression between the normal
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and tumorous tissues makes the protein more likely to be a
therapeutic target. An ideal target for cancer therapy would be
a protein that is only present in tumor but not in healthy cells,
which leads to more effective therapies with less side effects
(22). To reduce the expression variations among patients and
figure out the proteins with most significant expression dif-
ference between the normal and tumor tissues, adjusted
protein intensity of the tumor, which was obtained by adding
the protein expression in the tumor to that in the corre-
sponding adjacent non-tumorous tissue, was used for the
subsequent data mining. Based on the adjusted intensities of
6040 proteins, the 50 patients with CRC were clearly sepa-
rated into age-dependent three groups using orthogonal
partial least squares-discriminant analysis algorithm (Fig. 2A).
Advanced malignant cancer stages are known to activate
certain signal pathways such as metastasis. To exclude the
influence of cancer stages on the screening of differentiating
proteins, we calculated the stage difference by the chi-square
test (supplemental Fig. S4), and no significant stage difference
among Y, M, and O subcohorts was observed, indicating that
the age-associated classification and analysis in our study
was independent on the clinical stage.

Subsequently, we examined the differences between
cancerous and adjacent nontumorous tissues in the Y and O
groups, respectively. Volcano plot of Y patients with CRC
showed that there were 190 upregulated and 257 down-
regulated proteins in tumors (ratio (T/N) >1.5 or <0.67, and
Wilcoxon rank-sum test, FDR <0.05) (supplemental Fig. S5A
and supplemental Table S8). Enrichment analysis of differen-
tially expressed proteins revealed that extracellular matrix or-
ganization, protein hydroxylation, collagen metabolic process,
and other processes were upregulated in tumors, whereas
muscle contraction as expected from normal colon histology,
biological oxidation, and metabolism-related processes were
downregulated in tumors (supplemental Fig. S5B and
supplemental Table S9). In O patients with CRC, 2046 upre-
gulated and 440 downregulated proteins were identified in
tumors (ratio (T/N) >1.5 or <0.67, and Wilcoxon rank-sum test,
FDR <0.05) (supplemental Fig. S5C and supplemental
Table S8), indicating that the protein expression differences
between cancerous and nontumorous tissues were much
larger in O patients with CRC. The 2046 upregulated proteins
were significantly enriched in rRNA processing, RNA splicing,
RNA catabolic process, and other processes related to ribo-
some biogenesis, whereas the 440 downregulated proteins
were significantly enriched in response to wounding, DNA-
templated transcription, and elongation (supplemental
Fig. S5D and supplemental Table S9).

GSEA was next performed with the adjusted intensities of
6040 proteins to reveal the proteomic differences between Y
and O patients. We found that the proteins with big differences
between tumors and normal tissues in O patients were
associated with MYC targets V1/V2, E2F target, G2M check-
point, DNA repair, unfolded protein response, and mTORCH1

signaling (Fig. 2B). In particular, SNRPD1, TRA2B, NOP16,
NHP2, HNRNPA2B1, EIF1AX, SF3B3, PRL18, and NOP2
belonging to MYC targets V1, NOP16, SERBP1, PPAN,
DCTPP1, TOCF1, HK2, and NOCA4L associated with MYC
targets V2, TRA2B, DCTPP1, CSE1L, HMGA1, CDK1,
NUP205, RBBP7, RFC3, and PNN featured in E2F targets, as
well as SNRPD1, TRA2B, HMGA1, CDK1, EWSR1, CUL4A,
and KIF11 linked to G2M checkpoint were the key molecules
with much higher adjusted intensities in O patients with CRC
(Fig. 2C). Moreover, we found that proteins belonging to
extracellular space and zinc ion binding showed bigger dif-
ferences between tumors and normal tissues in Y patients
(Fig. 2D).

We next screened the proteins with significantly different
adjusted intensities between Y and O patients. 254 proteins
with higher adjusted intensities in O patients with CRC mainly
involved in metabolism of RNA, ribosomal large subunit
biogenesis, neutrophil degranulation, translation, extracellular
matrix organization, and nuclear transport, whereas 65 pro-
teins with lower adjusted intensities in O patients with CRC
were closely related to human complement system and NABA
core matrisome (Wilcoxon rank-sum test, FDR < 0.05, and
ratio (O/Y) >1.5 or <0.67) (Fig. 2E and supplemental
Table S10). Multiple linear regression analysis of the 319
proteins revealed 208 proteins such as NOP2, CCDC51,
NOC2L, NOL7, CDK5RAP1, RRP1B, CSE1L, NHP2, PPAN,
and CDK1 significantly positively correlated with age (Wil-
coxon rank-sum test, FDR < 0.05) (Fig. 2F). In contrast, only 20
proteins with adjusted intensities significantly negatively
correlated with age (Wilcoxon rank-sum test, FDR < 0.05)
(supplemental Fig. S6). Taken together, the results indicate
that bigger proteomic difference between cancerous and
adjacent normal tissues is a feature of O patients with CRC.

Validation of Age-Associated Differentially Expressed
Proteins

We next verified the proteomic data by Western blots in the
same samples (Fig. 3, A-E). Consistent with the proteomic
data, the adjusted intensities of NOP2, NOC2L, CSE1L,
NHP2, and CDK1 was dramatically higher in tumors of O
patients (Fig. 3, F-J). NOP2 is ribosomal RNA methyl-
transferase and plays important roles in late G1 and S phases
of cell cycle to regulate the synthesis of DNA and cell division.
Higher expression of NOP2 is linked to a more rapidly prolif-
erating tumor and correlates with unfavorable prognosis (23).
CSE1L functions in the mitotic spindle checkpoint and as-
sures genomic stability during cell division. It is highly abun-
dant in proliferating cells and malignancies such as breast and
colon cancers but lowly expressed in quiescent cells (24, 25).
CDK1 is a highly conserved protein that functions as a serine/
threonine kinase. Previous studies have shown that CDK1
involves in the progression of multiple types of cancers, and
the upregulation of CDK1 is associated with reduced survival
time (26, 27). NOC2-like protein (NOC2L), which binds directly
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to the tumor suppressor p53, has been proved as an onco-
gene in pancreatic cancer (28). To our best knowledge, the
functions of NOC2L is still less understood. By knocking down
NOC2L in HCT116 cell line, we found that the clone formation
and cell viability were significantly suppressed, suggesting the
role NOC2L in promoting the cancer cell proliferation
(supplemental Fig. S7).

We further compared our proteomics data with The Cancer
Genome Atlas (TCGA) transcriptomics data, although only few
Y patients with CRC were included in TCGA database
(Fig. 3K). Multiple linear regression analysis of TCGA tran-
scriptomics data identified 64 critical genes with adjusted in-
tensities linearly correlated with age, of which 12 genes
overlapped with the proteins showing linear correlation with
age (Fig. 3L). Among the 12 genes/proteins, the adjusted
protein and mRNA intensities of EWSR1, NFYC, NOC2L,
TOE1, MEPCE, MRPL37, KHSRP, EIF4A1, and UHRF1 were
positively correlated, whereas those of METTL7B, ELOVLS5,
and MRPL46 were negatively correlated (Fig. 3M). As we
know, the protein—-RNA correlation in tumors is usually around
0.4 to 0.5 (9); our result is consistent with previous reports,
suggesting the reliability of our findings.

Clinical Significance of Telomerase Component NHP2 in
Patients With CRC Across Age Groups

Telomerase is a large ribonucleoprotein complex responsible
for extending the telomeres of chromosomes, which usually
decreases in senescence somatic normal cells (29, 30).
Restrained or shortened telomeres have been widely used for
cancer therapeutics (31, 32). NHP2 is a critical component of
telomerase (29, 30). Mutations of NHP2 may cause the pre-
mature aging syndrome dyskeratosis congenita (33). However,
the clinical significance and roles of NHP2 in cancer was
completely unknown in CRC. Proteomics results showed that
NHP2 was significantly upregulated in tumors, especially in
tumors of O patients with CRC, which was further confirmed by
Western blots (Fig. 3, D and /). To identify the clinical signifi-
cance of NHP2, another CRC cohort including 442 colon tis-
sues was used for IHC analysis. We found that NHP2 was
remarkably upregulated in the tumors (n = 233) compared with
the adjacent nontumorous tissues (n =209) (Fig. 4, Aand B). The
NHP2 levels in 131 tumors of O patients were higher than thatin
23 tumors of Y patients (Fig. 4C). Survival analysis showed that
patients with CRC with higher NHP2 expression in tumors had a
significantly lower 5-year OS (p = 0.0115) (Fig. 4D). In the O
cohort, the patients with higher NHP2 expression in tumors had
even worse prognosis (p = 0.0034) (Fig. 4E), implying that NHP2
plays critical roles in the progression of CRC in an age-
dependent manner. To further verify the role of NHP2 in CRC,
we knocked down NHP2 in two CRC cell lines (SW620 and
HT29) (Fig. 4F) and found that the cell viability and clone for-
mation were significantly suppressed (Fig. 4, J-H). The above
results collectively showed that NHP2 was an unfavorable
oncogene in CRC, especially in late-onset CRC.

Other Differentially Expressed Functional Proteins Linearly
Correlated With Age

The expression or activity of transcriptional factors is strictly
controlled under normal conditions. However, during the tumori-
genesis, many transcriptional factors, such as c-MYC and STATS,
become oncogenic and drive the occurrence and progression of
CRC (34). To date, age-associated profile of transcriptional fac-
tors in CRC has never been described. In the multiple linear
regression, we identified 28 transcriptional factors such as NOP2,
GTF2l, CUL4A, NOC3L, NOCA4L, and LRRFIP2 with adjusted in-
tensities significantly correlated with age (Fig. 5), of which CUL4A
displayed the most significant correlation with age. CUL4A is
known to promote proliferation and metastasis of CRC cells, and
high expression of CUL4A predicts poor prognosis (35). CUL4A
showed higher adjusted expression in O patients with CRC,
suggesting that CUL4A might play a more significantly role in O
patients. Besides, KIF11 (36), ACLY (37), SF3B3 (38), and UHRF1
(39) were also important factors that regulated the CRC pro-
gression. Although most transcriptional factors showed elevated
levels in tumors and higher adjusted intensities with age, we still
observed an exceptional transcriptional factor LRRFIP2 down-
regulated in CRC tumors, and the adjusted expression of
LRRFIP2 was negatively correlated with age. LRRFIP2 is an
NLRP3-associated protein and serves as an inhibitor for NLRP3
inflammasome activation (40). The activation of NLRP3 inflam-
masome drives tumorigenesis in some types of cancers, although
its role in malignant progression remains controversial (41).
LRRFIP2 showed much lower adjusted intensities in O patients
with CRC, indicating a significant role of NLRP3 inflammasome
activation during CRC progression in O patients.

Compared with the databases of oncoproteins (http://
ongene.bioinfo-minzhao.org/), and tumor suppressors
(https://bioinfo.uth.edu/TSGene/), we identified eight onco-
proteins such as CDK1, HMGA1, RFC3, and EWSR1, as well
as eight tumor suppressors such as ZNF185, SMARCA4,
CASP8, and PNN significantly correlated with age (Fig. 5).
Interestingly, we found that these “tumor suppressors” might
still have functions of oncoproteins. For example, ZNF185 is a
liver metastasis—associated factor in patients with colon
cancer, and the expression of ZNF185 is an independent in-
dicator of liver metastasis (42). PNN (pinin) could promote cell
proliferation and tumor metastasis of CRC through activating
the EGFR/ERK signaling pathway (43). The loss of CASP8 is
nonetheless a rare event in CRC, and the elevated expression
of CASP8 in tumors has been observed (44). SMARCA4 is
mostly overexpressed in tumors, and high SMARCA4
expression is associated with poor prognosis in many types of
tumors (45).

Age-Associated Potential Clinically Actionable Targets for
CRC Treatment

To investigate the clinical implications of age-associated
proteomic signatures, we focused on the proteins with
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colony formation. CRC, colorectal cancer; IHC, immunohistochemical; OS, overall survival.

adjusted intensities linearly correlated with age. By referring to
known drug targets with Food and Drug Administration—
approved drugs or candidate drugs in clinical trials, we iden-
tified 18 clinically actionable proteins whose adjusted in-
tensities were linearly correlated with age (p < 0.05) (Fig. 6), of
which eight proteins including PTGES, CDK1, CD38, PSEN1,
KIF11, HK2, ATM, and CYP51A1 were with fold changes of
median-adjusted intensities more than 1.5 between Y and O
patients with CRC (Fig. 6). PSEN1 is a subunit of y-secretases
participating in the activation of the Notch signaling pathway
(46). Dysregulation of Notch signaling might be associated
with  CRC tumorigenesis (47). As normal aging, Notch
signaling is enhanced in certain types of stem cells. Much
higher adjusted PSEN1 intensities were observed in most O
patients with CRC, indicating that PSEN1 might be a candi-
date therapeutic target for the O patients with CRC. CDK1 is a
key regulator of mammalian cell proliferation and initiates the

onset of mitosis (48). Inhibition of CDK1 significantly induced
apoptosis and reduced viability of MYC-dependent cells (49).
Our proteomic results showed that MYC targets V1/V2 genes
were highly expressed in CRC tumors, especially in the tumors
of O patients (Figs. 1F and 2D), suggesting that CDK1 might
be a candidate target for CRC treatment in the elderly. In
particular, CD38 and TSPO had Food and Drug
Administration-approved drugs (Fig. 6). Daratumumab and
Isatuximab are mAbs targeting CD38 to treat multiple
myeloma cells. By targeting CD38, Daratumumab and Isa-
tuximab inhibit cancer cell growth, survival, and adhesion and
also play a role in T-cell activation (50). High expression of
CD38 in patients with CRC, especially in O patients, probably
makes Daratumumab and Isatuximab as choices for the
treatment of CRC. TSPO is a five-transmembrane domain
protein responsible for the translocation of cholesterol. The
expression level of TSPO is a sensitive biomarker linked to
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Fic. 5. Age-associated functional proteins. The age-associated differentially expressed transcription factors, oncoproteins, and tumor
suppressors were present (Wilcoxon rank-sum test, FDR < 0.05, median ratio (O/Y) > 1.5 or < 0.667, and p < 0.05 for linear regression). The TNM
stage, lesion location, sex, and age of patients are annotated above the heatmap. The heatmap depicts the adjusted intensities of functional
proteins with log2 transformation. The bubble chart describes the coefficients with age. FDR, false discovery rate; O, aged; Y, young.

brain damage, neurodegeneration, inflammation, and reactive
gliosis (51). Alprazolam is a medication for the treatment of
anxiety and panic disorders through targeting TSPO. We
found that TSPO was also overexpressed in CRC tumors,
particularly in O patients, suggesting that Alprazolam might be
a drug candidate for CRC treatment. Besides, we also iden-
tified some targets including ROCK1, PIN1, and ANXA5 with
higher adjusted intensities in Y patients. However, the
expression differences of these proteins between tumorous
and nontumorous tissues were not dramatic, making them
less possible to be therapeutic targets for CRC treatment.
Next, we summarized the age-associated signature proteins
including DCTPP1, DHCR7, PTGES, CASP8, KIF11, PADI4,
ACLY, ACOX1, SF3B3, UHRF1, JMJD6, SMARCAD5, EIF4A1,
and SMARCA4 with known inhibitors, which have not been
evaluated in clinical trials yet (Wilcoxon rank-sum test, FDR <
0.05, median ratio (O/Y) > 1.5 or <0.67, and p value of linear
correlation <0.05) (Table 1). The proteins with higher expres-
sion in normal tissues were not shown. Interestingly, all these
proteins showed increased variations between tumors and

normal tissues in O patients, again suggesting that the mo-
lecular differences between cancer cells and healthy cells
became bigger while aging. Collectively, we identify many
hallmark proteins with distinct expression in patients with CRC
of different age groups, which may be clinically actionable
targets for precise CRC treatment.

DISCUSSION

In summary, we for the first time presented the age-
associated proteomic signatures of CRC and achieved some
important findings. First, we disclosed the hallmark pathways
of patients with CRC across age groups. MYC targets V1/V2
genes involved in cell growth, apoptosis, and metabolism
were highly expressed in O patients with CRC. Enhanced
expression of these genes usually promotes a malignant
phenotype. Second, we identified plenty of proteins such as
NOC2L, CCDC51, NOP2, NOC2L, NOL7, CDK5RAP1,
RRP1B, CSE1L, NHP2, PPAN, and CDK1 with the adjusted
intensities positively correlated with age. Higher NHP2
expression in tumors, particularly in O patients with CRC,
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Fic. 6. Age-associated clinically actionable targets with approved drugs or drugs in clinical trials. Age-associated clinically actionable
targets are summarized (Wilcoxon rank-sum test, FDR < 0.05, and p < 0.05 for linear regression). The TNM stage, lesion location, sex, and age of
patients are annotated above the heatmap. The heatmap depicts the adjusted intensities of functional proteins with log2 transformation. The
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false discovery rate.

predicts worse prognosis. Reduced NHP2 effectively arrested
the cell proliferation. Third, we revealed some potential clini-
cally actionable targets with approved drugs or drugs in clin-
ical trials such as PSEN1, TSPO, and CDK1 showing obvious
and significant expression differences between Y and O pa-
tients, as well as between tumors and the adjacent non-
tumorous tissues.

Cell division rates in healthy human tissues are consistently
and markedly slowed down with age (52). Accordingly, can-
cers also grow slower in the elderly than in the Y ones
because of a slower rate of cell development in the bodies of
O persons (53). During the tumorigenesis, cancer cells gain
more and more mutations and might compete with sur-
rounding cells and gradually cause adjacent tissues des-
tructed (54). Besides, the proteomic profiles of tumors also
gradually change and become distinct from those of normal
tissues. Huge expression difference of a target between the
cancer cells and healthy cells will help increase the efficacy

of treatment (22). In O patients with CRC, the molecular dif-
ferences, especially the expression differences of MYC tar-
gets V1/V2, E2F targets, and G2M checkpoint gene sets
associated with cancer cell proliferation and tumor metas-
tasis, between cancerous and normal tissues, are more var-
iable than that in the Y patients, indicating that targeting
these proteins might be a better choice for CRC treatment of
O patients.

Aging causes functional decline of organs and is a major
risk factor for the development of cancer. Although clinical
outcomes of patients with CRC across age groups have been
observed for long time, age-dependent precise treatment of
CRC is still less investigated. Owing to the distinct proteomic
profiles of patients with CRC of different ages, some approved
drugs might be only useful for the patients of a certain age
group. The discovery of age-associated clinically actionable
targets of CRC might help the doctors make a precision de-
cision during CRC treatment.
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TaBLE 1
Age-associated potential drug targets with known inhibitors

Number of p Values for Linear Wilcoxon

GLLOOL 02 (L20g) sowosioid 180 ION g

I~
V&S
(=4

adiNgS

. Gene ) . ) . Median-adjusted Median-adjusted Median Known
Protein ID name unique linear correlation correlation expression (Y) expression (O) rank-sum ratio (O/Y) inhibitors
peptides with age coefficient test, FDR
QOH773 DCTPPA1 5 0.0033 6.3526 1.074 2.4213 0.015 2.25 Pyrcoumin
QouUBM7 DHCR?7 5 0.0024 8.1781 1.3192 2.8202 0.0158 2.14 AY9944;
Tamoxifen
014684 PTGES 2 0.0256 6.3371 0.8577 1.4157 0.0137 1.65 Celecoxib
Q14790 CASP8 2 0.0012 11.6687 1.1975 2.1555 0.0016 1.8 Z-IETD-FMK
P52732 KIF11 6 0.1484 3.7177 1.2844 2.3489 0.0479 1.83 Monastrol;
HR22C16;
CK0106023
Q9UMO7 PADI4 2 0.0479 5.167 2.0944 3.365 0.002 1.61 GSK484
P53396 ACLY 44 0.0004 16.0588 1.1942 2.037 0.0007 1.71 NDI-091143;
MEDICA16
Q15067 ACOX1 8 0.0011 7.4954 0.8315 1.5073 0.005 1.81 10,12-Tricosadiynoic
acid
Q15393 SF3B3 34 0.0004 16.4427 1.1832 1.9397 0.0007 1.64 FR901464
Q96T88 UHRF1 9 0.0462 5.9103 1.6913 2.603 0.0417 1.54 NSC232003
060264 SMARCAS5 23 0.0059 12.648 1.2707 1.9489 0.005 1.53 ED2-AD101
P60842 EIF4A1 9 0.0024 18.8022 1.0998 1.6956 0.002 1.54 eFT226
P51532 SMARCA4 9 0.0027 14.3491 1.1898 1.8326 0.0023 1.54 PFI-3

The differentially expressed age-associated potential drug targets with known inhibitors are summarized (Wilcoxon rank-sum test, FDR < 0.05, median ratio (O/Y) >1.5 or <0.667, and

p < 0.05 for linear regression).
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