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Chemotherapy is considered the nonsurgical treatment of
choice for colon cancer patients. However, no precise molecular
markers are available to determine which patients can actually
benefit from it. In this study, we identified 55 chemotherapy-
specific long non-coding RNAs (lncRNAs) of colon cancer pa-
tients through a systematic assessment of lncRNA expression
profiles from a public database. These were taken from multi-
ple cohorts of colon cancer patients who had received chemo-
therapy, or not. Based on these data, a chemoresistance lncRNA
signature, named CRLSig, was constructed and successfully
applied to divide chemotherapy patients into two groups with
different recurrence-free survival (RFS) rates. Gene set enrich-
ment analysis revealed that patients with low CRLSig had more
infiltrating CD8+ T cells and macrophages, while those with
high CRLSig had more infiltrating natural killer T cells.
KEGG pathway analysis revealed that the low CRLSig group
had more activated metabolic pathways compared with those
in the high CRLSig group, indicating better response to chemo-
therapy. Single-cell sequencing analysis revealed that stromal
cells and epithelial cells had higher CRLSig. Thus, we have
constructed an auxiliary prognostic tool, CRLSig, able to
discriminate patients at high risk of RFS, despite having
received standard adjuvant chemotherapy treatment.

INTRODUCTION
Colon cancer is one of the most common malignancies of the gastro-
intestinal tract; it ranks third in terms of incidence, while second in
terms of mortality, worldwide.1 Currently, colectomy, when com-
bined with adjuvant chemotherapy and radiotherapy, is recognized
as the standard treatment for colon cancer. In addition, biologics
and immunotherapy are reported to benefit patients with metastatic
colon cancer, such as anti-VEGF monoclonal antibody targeting
angiogenesis, anti-EGFR therapies, PD-1 blockade, and CTLA-4 in-
hibitor.2–6 Although chemotherapy is beneficial, outcomes vary
widely. Moreover, no clinical predictors have been developed to
determine which colon cancer patients will benefit from chemo-
therapy, indicating the importance of proper patient stratification.
This is an open access article under the CC BY-NC-
Based on current guidelines, stage II colon cancer patients with
high-level microsatellite instability (MSI-H) or defective DNA
mismatch repair (dMMR) are not likely to have successful chemo-
therapeutic outcomes in clinical practice.7,8 Consequently, MMR
checks are routinely performed in the clinic. However, the practice
is imprecise because of the large gap between microsatellite status
and accurate identification of patients who will benefit from adjuvant
chemotherapy in primary colon cancer.9 In addition, tumor-tissue
DNA mutation profiling and blood-derived circulating tumor
DNA, as well as the expression profiles of protein-coding genes,
have all been reported as predictors of chemotherapy response.10–12

Here, we focus on long non-coding RNAs (lncRNAs) as a predictor
of chemotherapy in colon cancer patients to address these gaps and
provide better patient stratification resulting in personalized chemo-
therapy treatment that is more effective and less futile.

The lncRNAs belong to a class of transcripts that are not translated
into functional proteins and that are longer than 200 nucleotides.13,14

They can modulate gene expression on pre-transcriptional, transcrip-
tional, and post-transcriptional levels by interacting with DNA,
mRNA, and proteins.15,16 In addition, as competitive endogenous
RNAs of microRNAs (miRNAs), lncRNAs can also modulate gene
expression by regulating miRNAs to target mRNAs.17,18 In recent
years, lncRNAs have been associated with the development and pro-
gression of cancer.19 For colon cancer, several lncRNAs have been
associated with cell proliferation and apoptosis, cell metastasis and
invasion, epithelial-mesenchymal transition, drug resistance, and
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Figure 1. Workflow for constructing CRLSig in this study
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cancer stem cell regulation.20 Nowadays, accumulating evidence has
shown that the construction of an lncRNA expression profile signa-
ture could effectively predict overall survival (OS) and determine
the recurrence risk of patients with colon cancer. For example,
Zhou et al.21 identified a six-lncRNA signature to determine the post-
operative recurrence risk of colon cancer. In addition, another nine-
lncRNA signature was revealed to predict OS of patients with colon
cancer.22 However, the expression characteristics of lncRNA in rela-
tion to chemotherapy resistance have still not been established.

Herein, we systematically evaluate lncRNA expression profiles from
public datasets. These consisted of multiple cohorts of colon cancer
patients with and without chemotherapy. In total, 55 chemo-
428 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
therapy-specific lncRNAs were identified in our study. Furthermore,
based on these data, a chemoresistance lncRNA signature (CRLSig)
was constructed to predict the clinical outcomes of chemotherapy
patients. This novel tool provides reliable and effective prognosis in
colon cancer patients with chemotherapy, differentiating those
patients most likely to benefit from chemotherapy treatment from
those less likely.

RESULTS
Identification of chemotherapy-related lncRNAs in colon cancer

patients using systematic meta-analysis

Our study flowchart is shown in Figure 1. Clinical data with bulk
sequence of colon cancer from three Gene Expression Omnibus
(GEO) cohorts, GSE103479, GSE39582, and GSE72970, and a
TCGA_COAD (colon adenocarcinoma) cohort, are listed in Tables
1 and S1. Colon cancer patients were divided into two groups accord-
ing to chemotherapy treatments. Comparison of the prognosis of
colon cancer patients, with or without chemotherapy in these three
cohorts, shows significant difference (Figure S1, p < 0.05).

Notably, our study has two phages: discovery (training) and valida-
tion. First, by matching GENCODE (release 25) and RefSeq (release
79), we obtained a total of 2,456 unique lncRNAs from these micro-
array and sequence data from patients included in GSE103479,
GSE39582, and GSE72970. Then, we performed Cox proportional-
hazards regression analysis to detect recurrence-free survival (RFS)-
related hazard ratios (HRs) with 95% CI of 2,456 lncRNAs, adjusted
by TNM stage of patients with or without chemotherapy in these pop-
ulations, respectively. To retain stable RFS-related lncRNAs in
patients with chemotherapy, we used the fixed-effect model of sys-
tematic meta-analysis to pool the HR values of 2,456 lncRNAs in
the subgroup population with chemotherapy (3 cohorts of 383 colon
cancer patients with chemotherapy from GSE39582 [n = 240],
GSE72970 [n = 83], and GSE103479 [n = 60]) and the other subgroup
population without chemotherapy (2 cohorts of 396 patients without
chemotherapy from GSE39582 [n = 326] and GSE103479 [n = 70]).
Among them, 177 lncRNAs were significantly related to RFS in pa-
tients without chemotherapy (Figure 2A, p < 0.05), and 268 lncRNAs
were significantly related to RFS in patients with chemotherapy (Fig-
ure 2A, p < 0.05). However, 49 lncRNAs were significantly related to
RFS in patients with and without chemotherapy (Figure 2A, p < 0.05).
Finally, 55 lncRNAs were recognized as stable chemotherapy-resis-
tant lncRNAs in colon cancer patients who had undergone chemo-
therapy (meta-HR > 1, p < 0.001).

Among these 55 lncRNAs, we found significant positive relationships
in patients with chemotherapy (Figure 2B; Table S2, p < 0.0001). Both
prognostic values and b coefficients of chemotherapy-related
lncRNAs calculated by the meta-analysis are shown in Figure 2C
and Table S3.

Construction and validation of CRLSig

Next, based on the Cox regression formula, as described in Materials
and methods, and the b values, we initially established the CRLSig for



Table 1. Clinical features of colon cancer patients with chemotherapy of four cohorts

Clinical variables Level GSE39582 (n = 240) GSE72970 (n = 83) GSE103479 (n = 60) TCGA_COAD (n = 71) p value

Age, mean (SD) 62.98 (11.88) 61.89 (11.51) 62.89 (9.95) 63.15 (12.35) 0.872

Sex (%) female 107 (44.6) 35 (42.2) 28 (46.7) 34 (47.9) 0.937

male 133 (55.4) 48 (57.8) 32 (53.3) 37 (52.1)

T (%) T1 3 (1.2) 0 (0.0) 1 (1.7) 0 (0.0) <0.001

T2 10 (4.2) 3 (3.6) 2 (3.3) 5 (7.0)

T3 166 (69.2) 36 (43.4) 44 (73.3) 50 (70.4)

T4 51 (21.2) 29 (34.9) 13 (21.7) 16 (22.5)

TX 10 (4.2) 15 (18.1) 0 (0.0) 0 (0.0)

N (%) N0 66 (27.5) 10 (12.0) 24 (40.0) 16 (22.5) <0.001

N1 91 (37.9) 20 (24.1) 27 (45.0) 33 (46.5)

N2 68 (28.3) 38 (45.8) 9 (15.0) 22 (31.0)

N3 5 (2.1) 0 (0.0) 0 (0.0) 0 (0.0)

NX 10 (4.2) 15 (18.1) 0 (0.0) 0 (0.0)

M (%) M0 198 (82.5) 12 (14.5) 35 (58.3) 44 (62.0) <0.001

M1 31 (12.9) 71 (85.5) 0 (0.0) 17 (23.9)

Mx 11 (4.6) 0 (0.0) 25 (41.7) 10 (14.1)

TNM stage (%) I 0 (0.0) 1 (1.2) 0 (0.0) 0 (0.0) <0.001

II 58 (24.2) 3 (3.6) 24 (40.0) 15 (21.1)

III 152 (63.3) 8 (9.6) 36 (60.0) 39 (54.9)

IV 30 (12.5) 71 (85.5) 0 (0.0) 17 (23.9)

MMR/MSI status (%) dMMR 15 (6.2) NA NA 3 (4.2) NA

pMMR 210 (87.5) NA NA 7 (9.9)

NA 15 (6.2) 83 (100.0) 60 (100.0) 61 (85.9)

OS (%) alive 164 (68.3) 22 (26.5) 45 (75.0) 54 (76.1) <0.001

death 76 (31.7) 61 (73.5) 15 (25.0) 17 (23.9)

RFS (%) no 148 (61.7) 7 (8.4) 40 (66.7) 51 (71.8) <0.001

RE 91 (37.9) 76 (91.6) 20 (33.3) 20 (28.2)

NA 1 (0.4)

MMR, mismatch repair; MSI, microsatellite instability; OS, overall survival; RFS, recurrence-free survival.
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all colon cancer patients. The distributions of CRLSig were not signif-
icantly different between patients with and without chemotherapy in
these cohorts (Figure S2). The CRLSig values of all patients with
chemotherapy from four cohorts were listed in Table S4. We set the
median values as the cutoff for CRLSig to divide two groups of pa-
tients (chemotherapy and no chemotherapy) into three independent
cohorts, namely 1.2, 1.2, and 1.5, respectively. Prognosis analysis
showed that the RFS rate of colon cancer patients in the chemo-
therapy group could be significantly distinguished by CRLSig in these
cohorts (Figures 3A–3C), including GSE39582 (p < 0.001), GSE72970
(p = 0.004), and GSE103479 (p = 0.033). Furthermore, in the valida-
tion set, the significant difference between high CRLSig and low
CRLSig groups could also be observed (Figure 3D, TCGA_COAD,
n = 71, p = 0.005). To evaluate the prognostic performance of CRLSig
in patients without chemotherapy, we also performed the log rank test
and found that CRLSig failed to divide patients into two groups with
different RFS rate in both training and validation sets (Figure S3). In
addition, because CRLSig could differentiate between high and low
groups, this tool could be used identify patients with better prognosis
by undergoing chemotherapy or patients with high risk of RFS,
despite receiving the standard adjuvant chemotherapy treatment in
these cohorts (Figure S4). By using time-receiver operating character-
istic (ROC) analysis, CRLSig showed a range of AUCs (GSE39582
[0.58–0.65], GSE72790 [0.73–0.75], GSE103479 [0.46–0.65], and
TCGA_COAD [0.71–0.83]) for predicting the prognosis of colon
cancer patients with chemotherapy in these cohorts (Figures 3E–
3H). A histogram showing the status of recurrence along with
increasing CRLSig of the patients with chemotherapy also revealed
the same significant trend (Figures 3I–3L).

Subgroup analysis of CRLSig in colon cancer patients with

chemotherapy

Here, we further tested the prognosis values of CRLSig at different
TNM stages in the GSE39582, GSE72970 and TCGA_COAD
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Figure 2. Identification of chemotherapy-related lncRNAs of patients with colon cancer by using systematic meta-analysis

(A) Identification of prognostic lncRNAs in colon cancer patients with chemotherapy and non-chemotherapy to obtain chemotherapy-related lncRNAs by using systematic

meta-analysis. (B) Relationships among 55 chemotherapy-related lncRNAs in patients with chemotherapy of the GSE39582 cohort. Left square (27 lncRNAs) and right

square (28 lncRNAs) were identified by meta-analysis in two and three frequencies, respectively. (C) Detailed prognostic value of 55 chemotherapy-related lncRNAs.
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cohorts (patients of GSE103479 were all stage II + III, no stage IV)
to evaluate the accuracy and effectiveness of CRLSig, although we
had constructed CRLSig based on the adjustment for TNM stage.
We found significant differences in RFS rate between high and
low CRLSig groups in patients with stage II + III or stage IV in
both training cohorts (GSE72970 and GSE39582) and validation
cohort (TCGA_COAD) (Figures 4A–4F). In addition, chemo-
therapy is currently recommended according to MMR status at
different stages. We tested the prognosis values of MMR status at
different TNM stages. In contrast, MMR status could not distin-
guish between patients with stage II and stage III relative to chemo-
therapy prognosis (Figure S5).

Prediction of CRLSig for treatment response in chemotherapy

Since the 55 lncRNAs may reduce the effectiveness of chemo-
therapy, we validated the prediction value of CRLSig for the treat-
ment responses of the patients in The Cancer Genome Atlas
430 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
(TCGA) cohort (n = 71). The bar plot shows the CRLSig score as
increasing along with the incidence of SD/PD in response to chemo-
therapy (Figure 5A). Chi-square test of the histogram also found a
significant association between CRLSig and chemotherapy response
(Figure 5B, p < 0.05). The CRLSig score of chemotherapy patients
with SD/PD status was higher than that of patients with PR/CR sta-
tus (Figure 5C, p = 0.01). ROC analysis showed that the AUC with
95% CI of CRLSig to predict the PR/CR was 0.731 (0.554–0.878)
(Figure 5D).

Pathway enrichment analysis between low and high CRLSig in

TCGA_COAD

According to Liebermeister et al.,23 proteome quantitative data can
be visualized using the graphical tool Proteomaps, which shows
“the composition of proteomes with a focus on protein abun-
dances and functions.” In Proteomaps, each protein is shown as a
polygon-shaped tile, with an area representing protein abundance.



Figure 3. CRLSig was associated with clinical outcome in three training sets and one validation set

(A–D) Kaplan-Meier survival curves of recurrence-free survival (RFS) probability between patients with high CRLSig and low CRLSig. (E–H) Time-dependent receiver

operating characteristic curve of CRLSig for predicting the prognosis of the colon cancer patients with chemotherapy. (I–L) The histogram of recurrence status along with the

increasing CRLSig score of the patients with chemotherapy from GSE39582, GSE72970, GSE103479, and TCGA_COAD cohorts.
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Functionally related proteins appear in adjacent regions. Here, we
performed the online Proteomaps (https://bionic-vis.biologie.uni-
greifswald.de/) to observe dynamic change in the proportion of their
Kyoto Encyclopedia Genes and Genomes (KEGG) pathway between
different patient groups. Patients who responded to chemotherapy
had a higher proportion of metabolic genes, according to KEGG
pathway analysis, than unresponsive patients (Figures 5E and 5F).
Also, according to KEGG pathway analysis, patients with low CRLSig
showed a proportion of metabolic genes similar to patients who re-
sponded to chemotherapy (Figures 5G and 5H). Thus, in either the
responsive group or the low CRLSig group, higher levels of metabolic
RNAs dominated.

To observe the metabolic characteristics of these groups, we further
collected 113 metabolic pathways from a previous study24 and per-
formed gene set variation analysis (GSVA) for TCGA_COAD pa-
tients with chemotherapy in our study. By comparing high/low
CRLSig groups or CR, PR/PD, and SD groups among patients with
chemotherapy, we found that 27 and 25 metabolic pathways were
activated in patients with PR/CR and patients with low CRLSig,
respectively (Tables S5 and S6). Among them, 17 metabolic pathways,
such as urea cycle, pyruvate metabolism, lipoic acid metabolism, and
others, were activated both in PR/CR and low CRLSig groups (Figures
5I and 5J).

Independence of CRLSig from other clinicopathological factors

and its clinical features

To determine whether the prognostic value of CRLSig is independent
of other clinicopathological factors in the training and validation co-
horts, we used univariate Cox regression analysis to test the perfor-
mance of CRLSig, and Table S7 shows the results. Then, multivariate
Cox regression analysis showed that CRLSig was significantly related
to RFS in the training cohorts (GSE103479: HR = 2.626; 95% CI,
1.007–6.852; GSE72970: HR = 1.928; 95% CI, 1.217–3.056;
GSE39582: HR = 2.129; 95% CI, 1.386–3.271) and the validation
cohort (TCGA_COAD: HR = 3.95; 95% CI, 1.418–11.003), respec-
tively (Figure 6A). We also tested the relationship between CRLSig
and other clinicopathological factors in TCGA cohort. Besides OS
and RFS, CRLSig was also significantly related to TNM stage in colon
cancer patients with chemotherapy (Figure 6B, TCGA_COAD).
CRLSig also significantly distinguished the OS rate by the log rank
test in TCGA validation cohort (Figure 6C).
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 431
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Figure 4. Subgroup analysis of Kaplan-Meier survival curves of CRLSig in predicting RFS prognosis of colon cancer patients after chemotherapy

(A) GSE39582 stage II + III; (B) GSE39582 stage IV; (C) GSE72970 stage II + III; (D) GSE72970 stage IV; (E) TCGA_COAD stage II + III; (F) TCGA_COAD stage IV.
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Figure 5. Prediction of CRLSig for treatment response and Proteomaps pathway analysis of chemotherapy patients

(A–C) The relationship between CRLSig and disease state in response to chemotherapy are shown as a bar plot, a histogram, and a boxplot. (D) Receiver operating

characteristic curve of CRLSig for predicting the PR/CR status in response to chemotherapy. (E–H) Online Proteomaps pathway analysis of patients responding to

chemotherapy (top left) and not responding to chemotherapy (top right). Low CRLSig (bottom-left) and high CRLSig (bottom right). Each small polygon corresponds to a

single KEGG pathway, and the size correlates with the ratio between responder or low CRLSig (left) and non-responder or high CRLSig (right) subgroups. (I–J) Metabolism

pathways activated in the patients with PR/CR to chemotherapy and the patients with low CRLSig, respectively.
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Pan-cancer analysis for CRLSig in 18 TCGA cohorts with

chemotherapy

To validate the application value of CRLSig in other cancer patients
undergoing chemotherapy, we performed the Cox regression analysis
for CRLSig in 18 types of pan-cancer patients with chemotherapy, all
of whomwere selected according to treatment data, including COAD.
Patients with PAAD (pancreatic adenocarcinoma) (HR = 2.13; 95%
CI, 1.04–4.37) and STAD (stomach adenocarcinoma) (HR = 2.86;
95% CI, 1.21–6.76) could also be divided into two groups with signif-
icantly different prognosis by CRLSig, respectively (Figures S6A–
S6C). The prognostic values of CRLSig of patients from pan-cancer
cohorts are shown in Tables S8 and S9.

Microenvironment characteristics for CRLSig

We applied the xCell R package to TCGA cohort and generated an
abundance of immune-infiltrating cells of colon cancer patients
with chemotherapy. Natural killer T (NKT) cells were significantly
related to CRLSig (logFC > 1, p < 0.05). Other immune cells, including
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 433
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Figure 6. Independence of CRLSig from other clinicopathological factors and its clinical features

(A) The prognostic value of CRLSig and TNM stage in these cohorts. (B) The relationship of CRLSig with other clinicopathological factors in the TGCA cohort. (C) Kaplan-Meier

survival curves of overall survival probability of CRLSig in TCGA validation cohort. (D–E) Gene set enrichment analysis for immune-infiltrating cells, chemokines, and cytokines

of colon cancer chemotherapy patients with low and high CRLSig in TCGA cohort. (F–G) Single-cell sequencing analysis for CRLSig in different cell types (GSE132465).

(H) Consensus molecular subtypes (CMS) subtypes analysis of colon cancer in tumor epithelial cells (GSE132465).
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macrophages, CD8+ naive T cells, CD8+ T cells, and CD8+ Tcm
were negatively related with CRLSig (logFC < �1, p < 0.05) (Fig-
ure 6D). Some chemokine and cytokine receptor genes, such as
CSF2RB, CXCL14, and CXCL9, were also negatively related to
CRLSig (Figure 6E, logFC < �0.5, p < 0.05). Detailed results were
shown in Table S10.
434 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
Furthermore, we calculated the CRLSig in 65,362 cells in the single-
cell sequencing data from GSE132465 and found that CRLSig values
were higher in stromal cells compared with other cells (Figures 6F and
6G). Consensus molecular subtypes (CMS) provided a biologically
rational stratification. To explore the relationships between CRLSig
with CMS subtypes in single-cell levels, we used the previous
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scRNA-seq data25 to find that the CMS1 and CMS4 subtypes had
higher CRLSig than other CMS groups in tumor epithelial cells
(Figure 6H).

DISCUSSION
The standard of colon cancer care for most patients currently consists
of surgery followed by systemic chemotherapy. In recent years, owing
to the rapid development of high-throughput technology, the number
of molecular characteristics correlated to patients with colon cancer
has continuously increased. At the same time, a parallel increase in
the application of molecular biomarkers to guide prognostication
and clinical strategies management has occurred, including MSI,
BRAF mutations, RAS mutations, HER2 overexpression, and kinase
fusions.9 The complexity of molecular profiles is challenging for the
stratification of patients and biomarker-guided therapy. To solve
the current dilemma of molecular biomarkers guiding patients’ prog-
nosis for receiving chemotherapy, we identified and constructed the
expression profiles of chemotherapy-related lncRNAs in patients
with colon cancer. In addition, we established an auxiliary prognostic
tool, named CRLSig, and constructed a risk scoring system. Further-
more, we found that chemotherapy patients with high CRLSig scores
had a poor prognosis compared with patients with low scores, which
indicated that chemotherapy patients with high scores did not really
benefit from chemotherapy. In fact, these patients may undertake
additional physical and economic burdens. The construction of
CRLSig may identify a patient subset that manifests high risk of
RFS, despite completing standard adjuvant chemotherapy treatment,
thus providing clinicians with strategies for the precise screening of
patients able to benefit from the delivery of personalized cancer
medicine. Our novel CRLSig tool uses lncRNA data to predict
chemotherapy outcomes for precise optimization of drug selection
and treatment regimen for colon cancer patients.

Consequently, in our study, we identified and validated an lncRNA
signature, consisting of 55 lncRNAs that could distinguish between
high- and low-risk groups in colon cancer patients with adjuvant
chemotherapy. First, we integrated three GEO training datasets to
determine the prognostic lncRNAs of patients with and without adju-
vant chemotherapy using meta-analysis. Second, we further recog-
nized prognostic lncRNAs only identified in patients with adjuvant
chemotherapy as candidate chemotherapy-related lncRNAs. Then,
CRLSig was constructed to identify patients who would benefit
from adjuvant chemotherapy based on the 55 chemotherapy-related
lncRNAs. Finally, we validated the prognostic value of CRLSig in
TCGA cohort and compared it with other clinicopathological factors
and MSI status.

Owing to a low risk of recurrence and a lack of treatment benefit, co-
lon cancer patients with stage II and MSI-H or dMMR were not
recommend for administration of 5-FU-based adjuvant chemo-
therapy.7,8 At the same time, for patients with proficient DNA
mismatch repair (pMMR) and stage II, a study performed by Sargent
et al. revealed that no treatment benefit was present for surgery com-
bined with adjuvant chemotherapy versus surgery alone.26 In addi-
tion, with the higher risk of recurrence, patients with stage III should
receive adjuvant chemotherapy regardless of MSI status. Previous
studies revealed a significant benefit from chemotherapy for MSS tu-
mors,26–28 while no clear conclusion was reached for MSI tumors
owing to a substantial degree of heterogeneity.29 However, owing to
the heterogeneity of patients, all MSS or MSI patients have good
and poor prognosis after chemotherapy. Unfortunately, few studies
have been performed to identify the prognostic molecular character-
istics of chemoresistance among patients with chemotherapy based
on microsatellite status. Our study revealed that no significant prog-
nostic difference was observed between pMMR and dMMR chemo-
therapy patients with stage III, while CRLSig could effectively stratify
these patients. Patients with high CRLSig had a high risk of recur-
rence, while patients with low CRLSig had a prolonged RFS. For pa-
tients with stage II, neither MMR status nor CRLSig could identify
them as having good prognosis following chemotherapy. When
analyzing patients with stage II–III, we could achieve the same results
as those with stage III patients. The above results suggested that
CRLSig was superior to microsatellite status relative to the prediction
of chemotherapy prognosis. In addition, our multivariate Cox anal-
ysis revealed that CRLSig was independent of other clinicopatholog-
ical factors.

The lncRNA, as a regulator, can modulate gene expression on multi-
ple levels and play a crucial role in cancer prognosis and tumorigen-
esis,30 showing the possibility for building a prognostic signature in
patients with colon cancer. Although emerging research has identified
a substantial fraction of functional lncRNAs, a huge number of
lncRNAs still have unknown functions.31 Among 55 lncRNAs used
to build CRLSig, 17 were demonstrated to be related to various can-
cers. Furthermore, 5 lncRNAs, including KCNQ1OT1, BLACAT1,
HAGLR, HOXB-AS3, and RUNX1-IT1, had been previously reported
to be linked with colon cancer. Li et al.32 reported that KCNQ1OT1
could directly combine with miR-34a, thereby upregulating the
expression of Atg4B and enhancing the chemoresistance of oxalipla-
tin in colon cancer. A previous study found that BLACAT1, as a cell-
cycle regulator, could repress p15 expression by binding to EZH2 and
further contribute to the cell proliferation of colorectal cancer.33

HAGLR (Hoxd antisense growth-associated lncRNA) was reported
to play a crucial role in gut development.34 Moreover, Sun et al.35 re-
ported that HAGLR could sponge miR-185-5p and activate CDK4
and CDK6 to promote the growth, invasion, and migration of colon
cancer. Interestingly, previous research found that the lncRNA
HOXB-AS3 could encode a conserved 53-amino acid peptide and
that the loss of this peptide played a critical role in oncogenic events
and metabolic reprogramming in patients with colon cancer.36 Shi
et al.37 found that RUNX1-IT1 played a tumor-suppressive role by in-
hibiting proliferation and migration and promoting apoptosis of
colorectal cancer cells.

Gene set enrichment analysis for immune cells revealed that low
CRLSig had more infiltrating CD8+ T cells and macrophages, while
high CRLSig had more infiltrating NKT cells. In addition, chemokine
and cytokine receptors, such as CXCL14, CXCL9, and CSF2RB, were
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 435
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mainly expressed in patients with low CRLSig. 5-FU-based chemo-
therapeutics have a greater effect on tumor cells in a state of high
metabolism and proliferation. Similarly, pathway analysis revealed
that the low CRLSig group hadmore activation of metabolism-related
pathways compared with the high CRLSig group, indicating a better
response to chemotherapy. CMS defined four groups of colorectal
cancers: CMS1-MSI/immune; CMS2-epithelial/canonical; CMS3-
epithelial/metabolic; and CMS4-mesenchymal/stromal.9 Single-cell
sequencing analysis revealed that stromal cells had the highest
CRLSig compared with other cell types and that higher CRLSig was
associated with CMS1-MSI/immune and CMS4-mesenchymal/stro-
mal cells, all indicating the possible pathogenic role of stromal cells
in chemotherapy resistance. Furthermore, the CMS2-epithelial/
canonical and CMS3-epithelial/metabolic groups of colon cancers
related to metabolic pathways had low CRLSig and, thus, might
lead to low risk of recurrence and better response to chemotherapy.

Limitations presented in our study should be considered. First, as our
study was performed based on public datasets, some clinical informa-
tion of patients was unavailable and thus could have led to potential
bias. Second, owing to the discrepancy and limitation of the
sequencing platform, the lncRNA signature identified in training
datasets may not exactly match the validation set, potentially leading
to inevitable evaluation bias. Finally, as mentioned above, the identi-
fied lncRNAs still required experimental verification and further
validation in more cohorts.

In conclusion, we constructed a CRLSig to provide reliable and effec-
tive prognosis in colon cancer patients and guidance for clinical
decision making with respect to patients benefiting the most from
adjuvant chemotherapy. Moreover, CRLSig is an independent predic-
tive marker of RFS and showed superior predictive ability compared
with that of microsatellite status. In the future, more patients would
benefit from the clinical use of CRLSig.

MATERIALS AND METHODS
Study design and main outcome

In brief, to construct the CRLSig of patients with colon cancer we per-
formed a two-phase design. For the initial phase of lncRNAs identi-
fication, we systematically used the fixed-model of meta-analysis to
confirm the relationships of lncRNAs expression with the prognosis
of the colon cancer patients with or without chemotherapy from
multicenter cohorts. Then we obtained two prognostic lncRNA
expression sets, one in patients with chemotherapy and the other in
patients without chemotherapy, respectively. Next, we performed a
cross-selection process whereby we selected significantly poor prog-
nostic lncRNAs identified in patients with chemotherapy, but not
in non-chemotherapy patients. Based on these data, we constructed
CRLSig to differentiate between chemoresistant and chemosensitive
populations among colon cancer patients with chemotherapy. A vali-
dation phase followed in which we applied CRLSig to validate predic-
tive ability in the validation set. To feature the grouped patients, we
also matched and compared using characteristics of other clinico-
pathological factors, such as microsatellite status, immune cells, and
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some specific expression of chemokine or cytokine receptors. RFS
rate was regarded as the main outcome in our study.

Data collection

All transcription profiles and detailed clinical information were
downloaded from TCGA (https://portal.gdc.cancer.gov) and GEO
(http://www.ncbi.nlm.nih.gov/geo), using the following selection
criteria: (1) have the overall/RFS data of each cohort; (2) have the in-
formation of chemotherapy and other therapies of each cohort; (3)
have sample size of more than 50 patients; and (4) have clinical
data, such as AJCC TNM stage, age, and sex. A total of 1,171 patients
with colon cancer were enrolled in our study, including 715 patients
without chemotherapy and 456 patients with chemotherapy by
filtering. Patients with chemotherapy from GSE103479 (n = 60),
GSE39582 (n = 240), and GSE72970 (n = 83) were selected as the
training cohorts to identify the prognostic lncRNAs of chemotherapy.
Then, 71 patients with only chemotherapy from the TCGA_COAD
cohort were recruited as the external validation cohort. Patients
without chemotherapy from GSE103479 (n = 70), GSE39582 (n =
326), and TCGA_COAD (n = 319) were used as comparison groups.
The pan-TCGA cohorts were downloaded from the UCSC Xena web-
site (https://xenabrowser.net/), and all the chemotherapy patients
were selected according to the treatment information of their clinical
features. In addition, the 65,362 cells with single-cell sequencing data
of the SMC cohort (GSE132465) in colon cancer were analyzed by the
“Seurat” packages in R. The CMS subtypes for epithelial cells in
scRNA-seq data also obtained from SMC cohort.25 All data generated
or analyzed during this study are freely available in previous publica-
tions or the public domain.

Preprocessing of extraction of lncRNAs from the transcription

profiles

All transcripts of microarray datasets from different platforms were
matched with each GPL annotation file. For GSE39582 and
GSE72970 the probes were from the Affymetrix HG-U133_Plus 2.0
microarray, while for GSE103479 the probes were from the Almac Di-
agnostics Custom Xcel array. Finally, by matching the GENCODE
(release 25) and the RefSeq (release 79), we obtained a total of 2,456
unique lncRNAs in the GEO and TCGA cohorts, which were similar
to those in the previous publication.38 For the GEO cohort, expression
of all lncRNAs was log2-transformed for further analysis. For TCGA
cohort, we used the FPKM format of the sequenced lncRNA expres-
sion profiles (Illumina HiSeq platform) on TCGA website.

Construction of CRLSig

To better distinguish among chemoresistant populations, we con-
structed CRLSig based on the coefficients of each chemotherapy-
related lncRNA identified in our study, as

CRLSig =
Xj

i

bi � exp i;

where i and j represent the sequence and total number of chemo-
therapy-related lncRNAs, bi is the coefficient of corresponding

https://portal.gdc.cancer.gov
http://www.ncbi.nlm.nih.gov/geo
https://xenabrowser.net/
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lncRNA, and expi is the normalized expression of the lncRNA in the
corresponding cohort.
Gene set enrichment analysis for immune cells

To evaluate microenvironment of immune-infiltrating cells of
patients with colon cancer, gene set enrichment analysis was carried
out with a total of 10,783 genes, called “xCell,” to assess 24 tumor-
infiltrating cell types in the specific cohort, according to normalized
data.

Pathway enrichment analysis and Proteomaps visualization

Significant differentially expressed genes (DEGs) were calculated us-
ing the “limma” package in R with adjusted p values between the two
groups in our study. Here, Proteomaps, a bionic visualization method
of all bulk pathways forHomo sapiens (https://bionic-vis.biologie.uni-
greifswald.de/), was generated by DEGs. Then, we set up Proteomaps
for different groups in our study, such as the high/low CRLSig group
and the CR/PD group to assess the dynamic change of pathways. The
Proteomaps could be divided into six parts, including “Genetic infor-
mation processing,” “Metabolism,” “Organismal systems,” “Environ-
mental information processing,” “Human Disease,” and “Cellular
processes,” presenting different proportions of each part of specific
patients. We further collected 113 metabolic pathways from a previ-
ous study24 and performed GSVA for them in specific patients.

Statistical analysis

Statistical analysis of all clinical data was performed in R 4.0. Standard
tests included Student’s t test, Wilcoxon rank-sum test, and Fisher’s
exact test. The Benjamini-Hochberg method (FDR) was used to
adjust the p values for multiple comparisons. The relationship be-
tween CRLSig and other continuous variables was calculated using
the Spearmanmethod. The log rank test, and univariate andmultivar-
iate Cox proportional-hazards regression were used to analyze any
related independent predictors of prognosis in colon cancer. Time-
dependent ROC curve and ROC analysis were used to detect the prog-
nostic value and the chemoresistance of CRLSig for colon cancer pa-
tients with chemotherapy. All reported p values were two-sided, and
statistical significance was set at 0.05.
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