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 Background: LIM domain proteins play crucial roles in tumors by interacting with diverse proteins. However, their roles in 
the course of colorectal mucosa-adenoma-carcinoma remain unclear. This study aimed to depict their dynam-
ic expression profiles and elucidate their potential functions in this transition course.

 Material/Methods: Differentially-expressed LIM proteins (DELGs) in paired adenomas, carcinomas, and mucosae were identified us-
ing the GEO dataset (GSE 117606) and validated by immunohistochemistry using our tissue microarray. Kaplan-
Meier survival analysis, WGCNA, module-trait analysis, and KEGG enrichment were conducted. The correlation 
of DELGs expression levels with immune infiltration was assessed using the ESTIMATE package and TISCH da-
tabase. The role of DELGs of interest was validated using cell proliferation, migration, and invasion assays.

 Results: Four DELGs were identified – LMO3, FHL1, NEBL, and TGFB1I1 – all of which were of significance in progno-
sis. Module-trait correlation and KEGG enrichment revealed their involvement in cancer-related signaling. 
Immunohistochemistry showed gradual downregulation of LMO3 but upregulation of NEBL in the mucosa-ad-
enoma-carcinoma sequence. The opposite expression patterns were observed for FHL1 and TGFB1I1 in tumor 
epithelium and mesenchyme. High expression levels of the DELGs were correlated with increased infiltration 
of NK, NKT, and macrophages, except for NEBL. Importantly, LMO3 inhibited proliferation, migration, and inva-
sion of colon epithelial cells.

 Conclusions: This study identified 4 differentially-expressed LIM genes – LMO3, FHL1, TGFB1I1, and NEBL – and revealed 
they were involved in the mucosa-adenoma-carcinoma sequence via regulating cancer-related pathways, in-
fluencing epigenetic field, or affecting immune infiltration. Our findings provide new insights into the roles of 
LIM proteins in the course of mucosa-adenoma-carcinoma.
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Background

LIM domain proteins are a large family of cytoplasmic and nu-
clear proteins characterized by 2 or more tandem C-terminal 
LIM domains with or without N-terminal preLIM domains [1]. 
The LIM domain is a type of zinc finger that can interact with 
transcription factors and cytoskeleton-associated proteins, 
and thus play diverse roles in gene expression, cytoskeleton 
organization, immune function, and signal transduction [2,3]. 
Accumulating evidence shows LIM domain proteins are prom-
inent molecules involved in onset and development of a wide 
variety of human cancers [4,5]. For instance, LMO, PDZ-LIM, 
zyxin, and LIMK were related to the malignant progression of 
colorectal, pancreatic, breast, and hematological cancers [2,6,7]. 
Of special interest, several members of LIM protein family are 
promising anti-cancer targets for drug development, such as 
LIMK [8,9]. Moreover, LIM domain genes are involved in innate 
and adaptive immunity by providing abundant zinc, whose lev-
els are closely related to activity and homeostasis of immune 
cells [3]. Several recent studies have unveiled that expression 
levels of LIM domain proteins are correlated with tumor im-
mune infiltration [10,11]. In colorectal cancer, an increasing 
number of LIM genes have been revealed to involve in can-
cer progression or suppression [12,13]. However, the dynam-
ic profile and roles of LIM protein members during the adeno-
ma-carcinoma sequence of colorectal tumors remains unclear.

The normal mucosa-adenoma-carcinoma sequence is a hallmark 
of colorectal carcinogenesis [14]. It is widely accepted that most 
colorectal cancers arise from polyps or adenoma, which is often 
the result of the APC inactivation. Subsequently, genetic muta-
tions and cellular signal dysfunction correlated with cell apopto-
sis, survival, and proliferation are involved in the translation from 
adenoma to carcinoma [15]. Although multiple LIM proteins have 
been reported to promote or inhibit colorectal cancer progression, 
few studies have focused on the dynamic expression landscapes 
and roles of LIM proteins during the mucosa-adenoma-carcino-
ma sequence. To this end, we identified differentially-expressed 
LIM proteins and validated their expressions using paired sam-
ples of mucosa, adenoma, and carcinoma tissues. Furthermore, 
survival analysis, module-trait relationship and pathway enrich-
ment, and immune infiltration analysis were conducted to un-
derstand the functions of the differentially-expressed LIM pro-
teins. In vitro cell lines were used to validate the role of our LIM 
genes of interest in the adenoma-carcinoma course.

Material and Methods

Patient Samples

Retrospectively collected paired colorectal carcinoma, adeno-
ma, and paracancerous normal mucosa tissues were included 

in this study. These tissues were resected from patients who 
underwent radical removal of colorectal cancers at the First 
People’s Hospital of Huzhou between Jan 2018 and Oct 2019. 
Briefly, 51 carcinomas, 32 adenomas, and 53 normal muco-
sae were embedded and made into a tissue array. This study 
was approved by the Ethics Committee of the First People’s 
Hospital of Huzhou (No. 2020KYLL002) and in line with the 
Declaration of Helsinki (as revised in 2013). All patients pro-
vided informed consent.

Cell Culture

Human colon adenocarcinoma cell lines HCT116 and RKO and 
normal colon epithelial cell line HCoEpiC were purchased from 
the Cell Bank of the Chinese Academy of Sciences (Shanghai, 
China). HCT116 was cultured with McCoy’s 5A medium, while 
RKO and HCoEpiC were cultured in DMEM media supplement-
ed with 10% fetal bovine serum (FBS).

Identification of Differentially-Expressed LIM Genes 
(DELGs)

The transcriptome data was downloaded from the dataset 
GSE117606 (Gene Expression Omnibus, https://www.ncbi.nlm.
nih.gov/geo/) which included 69 adenomas, 74 carcinomas, 
and 65 mucosae from 70 patients. Differentially-expressed 
genes in normal mucosae, adenomas, and carcinomas were 
obtained using GEO2R (https://www.ncbi.nlm.nih.gov/geo/
geo2r/) and the thresholds were chosen as False Discovery Rate 
(FDR) <0.05 and |log2(Fold change)| ³1. Subsequently, identi-
fied genes then intersected with the LIM domain proteins [1]. 
The DELGs were presented in a heatmap by using the pheat-
map package in R, and common DELGs among groups were 
analyzed in the Venn diagram using TBtools (Version 0.665). 
For shared DELGs in Venn diagram, their RNA expressions in 
mucosae, different subtypes of adenomas, and carcinomas 
were shown and the statistical significance were determined.

Survival Analysis

For common DELGs identified in Venn diagram, survival analy-
sis was conducted using RNA expression and prognostic data 
of colorectal cancer in TCGA (The Cancer Genome Atlas, https://
tcgadata.nci.nih. gov/tcga/). The optimal cut-offs for classifying 
patients into high and low gene expression groups were au-
tomatically calculated and survival curves were drawn by em-
ploying the survival package and survminer package in R3.5.1.

Immunohistochemistry

Immunohistochemistry results for the common DELGs identi-
fied in Venn diagram were attained from the Human Protein 
Atlas database (https://www.proteinatlas.org). Additionally, 
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immunohistochemistry validation was done using sections (4-
μm) of our tissue microarray. In brief, those sections received 
microwave antigen retrieval after routine dewaxing and hydra-
tion, followed by endogenous peroxidase enzyme and antigen 
blocking using 5% goat serum. Anti-LMO3 (Bioss, Cat#bs-5938R, 
1: 25, Beijing, China), anti-FHL1 (Bioss, Cat#bs-9525R, 1: 50, 
Beijing, China), anti-NEBL (Bioss, Cat#bs-9468R, 1: 100, Beijing, 
China), and anti-TGFB1I1 (Proteintech, Cat#10565-1-AP, 1: 50, 
Wuhan, China) primary antibodies were incubated with sec-
tions at 4°C overnight, and rabbit IgG (Beyotime, Cat#A7016, 
1: 100, Shanghai, China) was used for the negative control. 
On the next day, biotin-labeled secondary antibodies, strepta-
vidin-HRP, DAB, and hematoxylin were sequentially incubated 
with the tissue sections according to the instructions of the 
Rabbit&Mouse HRP Kit (CwbioTech., Taizhou, China). Finally, 
digital immunohistochemical images were scanned on a TMA 
scanner (3D Histech, Hungary) and analyzed using the H-scores 
system. H-score=1×(% cells 1+)+2×(% cells 2+)+3×(% cells 3+).

Weighted Correlation Network Analysis (WGCNA)

The co-expression network for the common DELGs was estab-
lished using the WGCNA package in R3.5.1. The sample clus-
tering was conducted to exclude outlier samples, followed by 
scale independence and mean connectivity analysis to deter-
mine the soft threshold. A cluster dendrogram was depicted 
using default settings to generate different gene modules, and 
the eigengene adjacency heatmap was drawn.

Module-Trait Analysis

Patient age, sex, pathological subtype, and expression profiles 
of the 4 common DELGs were selected as clinical traits. Then, 
we conducted module-trait correlation analysis and the |cor-
relation index| >0.5 and p<0.05 was considered significant.

Kyoto Encyclopedia of Genes and Genomes (KEGG) 
Enrichment Analysis

The modules which were the most negatively or positively cor-
related with tissue pathology or DELGs were chosen for KEGG 
pathway enrichment analysis. The enrichment was performed 
using ClusterProfiler package in R. Significant pathways were 
identified when the FDR <0.05. The top 10 pathways and fre-
quency of related genes were visualized by ggplot2 package.

Immune Infiltration Analysis

ImmuneScore, StromalScore, and ESTIMATEScore among high- 
and low-expression groups (classified by the median value) of 
the 4 DELGs were determined using the estimate package in 
R3.5.1. Furthermore, the Spearman’s correlation analysis was 
conducted to compare the detailed infiltrated immune cells 

and the expression abundances of the 4 DELGs by using data 
from the TISCH database (http://tisch.comp-genomics.org).

Plasmid Transfection and Cell Proliferation, Migration, and 
Invasion Assay

Human LMO3 CDS was cloned into pcDNA3.4 vector to construct 
pcDNA3.4-LMO3-3×Flag. HCoEpiC, HCT116, or RKO cells were 
seeded into 6-cm dishes at 50% confluence and cultured over-
night. pcDNA3.4-LMO3-3×Flag or empty vector was transfected 
into cells using Ez-Trans reagent (Life iLAB, Shanghai, China) ac-
cording to the manufacturer’s instructions. Twenty-four hours 
after transfection, the cells were digested and seeded into E-16 
plates for cell proliferation assay, or CIM-16 plates and Transwell 
chambers (Corning, USA) for cell migration and invasion assays. 
For invasion assay, the CIM-16 plates and Transwell chambers 
were pre-coated with diluted matrigel (Corning, Dilution 1: 10, 
USA). Cell index was recorded using the Real-time Cell Analysis 
xCELLigence® system (ACEA Biosciences, USA). For Transwell as-
says, migrated and invaded cells were fixed with 4% PFA, washed 
with phosphate-buffered saline (PBS), and then stained with 
1% crystal violet solution (w/v) and observed under microscopy.

Western Blots

Forty-eight hours after plasmid transfection, cells were harvest-
ed and lysed by RIPA strong lysis buffer (Beyotime, Shanghai, 
China) supplemented with protease inhibitor on ice for 30 min. 
The supernatants were obtained by centrifugation (13 000 rpm, 
10 min) and then submitted to SDS-PAGE electrophoresis sepa-
ration, followed by transferring protein samples into PVDF mem-
branes. The membranes were subjected to 5% BSA blocking for 
1 h and then anti-LMO3 primary antibody incubation (Bioss, 
Cat#bs-5938R, 1: 1000, Beijing, China) at 4°C overnight. After 
incubation with HRP-conjugated secondary antibody (Beyotime, 
Cat#A0208, 1: 1000, Shanghai, China) for 1 h, the immunob-
lots were visualized using BeyoECL Plus Kit (Beyotime, China) 
on Tanon Gel Imaging System (Tanon 4600, China).

Statistical Analysis

Data are presented as mean±SD unless special description 
and statistical analysis was conducted in Graphpad Prism 8 
and R3.5.1 software. The unpaired t test was used to compare 
the 2 groups. P<0.05 was considered statistically significant.

Results

DELGs Along the Mucosa-Adenoma-Carcinoma Sequence

For paired mucosa, adenoma, and carcinoma specimens from 
70 patients in GSE117606, the relative mRNA expressions 
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of LIM proteins are depicted in the heatmap (Figure 1A). As 
shown in the Venn diagram, 4 differentially-expressed LIM 
genes (DELGs) – LMO3, FHL1, NEBL, and TGFB1I1 – were iden-
tified by intersecting the LIM gene list with differentially-ex-
pressed genes between adenoma vs mucosa, and carcinoma 
vs mucosa (Figure 1B). Compared with normal mucosae, LMO3, 
TGFB1I1, and FHL1 were significantly downregulated in multi-
ple types of adenomas and tumors, while NEBL was marked-
ly upregulated (Figure 1C). Importantly, LMO3 and FHL1 were 
the most common downregulated DELGs between adenoma 
vs mucosa and carcinoma vs mucosa.

Survival Analysis and Expression Validation of DELGs

We evaluated the prognostic value of the 4 DELGs using sur-
vival data from TCGA database. High expressions of LMO3, 
TGFB1I1, and FHL1 were correlated with poor survival, while 
high NEBL expression predicted long survival time (Figure 2A). 
Although the prognostic values of LMO3, TGFB1I1, and FHL1 
were incompatible with their RNA expression patterns, this 

might be due to the complex components of the tumors, which 
consist of tumor cells, stromal cells, immune cells, and others. 
Actually, the gene expression pattern in tumors is not neces-
sarily in line with its prognostic role, although it is common 
to hypothesize the consistency. For example, Ogino et al re-
vealed Cyclin D1 was overexpressed in colorectal cancers, yet 
high Cyclin D1 predicted a better prognosis [16]. The tissue 
heterogeneity and range of tumor molecular features could 
be underlying reasons.

Next, the expression profiles of the 4 DELGs were validated us-
ing immunohistochemical results from the Human Protein Atlas 
database (Figure 2B) and our tissue microarray (53 mucosae, 
32 adenomas and 51 carcinomas included). For negative control 
slides, rabbit IgG instead of primary antibodies was incubat-
ed and the results showed negative staining (Supplementary 
Figure 1). The database data showed that FHL1 and TGFB1I1 
were downregulated in COAD and READ tissues when com-
pared with unpaired normal mucosae.

Figure 1.  Identification of differentially-expressed LIM genes (DELGs) in the mucosa-adenoma-carcinoma course. (A) Expression 
levels of LIM family genes in paired mucosa, adenoma, and carcinoma samples from the GSE117606 dataset were drawn 
in a heatmap. (B) Common DELGs from adenoma vs mucosa, and tumor vs mucosa are presented in a Venn diagram. 
(C) Expression of DELGs in mucosa, different types of polyps, and tumors (R, version 3.5.1; TBtools, version0.665).
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In our microarray analysis, the expression intensity and per-
centages were assessed using H-scores and samples includ-
ed in the statistical analysis are indicated in Figure 3 (sam-
ples without target tissues on the slides were excluded). Of 
note, FHL1 and TGFB1I1 expressions were enhanced in epithe-
lial tumor cells when compared with paired mucosae or ade-
nomas in our microarray, while these 2 proteins were down-
regulated in the tumor mesenchyme (Figure 3A, 3B). In both 
the database and our microarray, NEBL expression was grad-
ually increased in the mucosa-adenoma-carcinoma sequence 
in the epithelium. LMO3 was downregulated in tumors com-
pared with adenoma and mucosa, which was in line with the 
mRNA expression profiles in GSE117606 (Figure 1C).

WGCNA and module-trait analysis

In the sample clustering, no outlier mucosa, adenoma, or car-
cinoma samples in the GSE117606 were found; thus, all sam-
ples were subjected to subsequent analysis (Figure 4A). By 

scale independence and mean connectivity analysis, the best 
b soft threshold value was automatically determined as 8 
(Figure 4A). Then, a total of 11 gene modules were obtained 
and are presented using different colors (Figure 4B). The ei-
gengene adjacency heatmap between those modules is shown 
in Figure 4C, indicating MEblack and MEgreen are clustered, 
and MEred, MEbrown, MEmagenta, and MEpurple are adjacent. 
Next, the 4 DELGs, patient age, gender, and tissue malignan-
cy grades represented by pathological subtypes were chosen 
as the traits, and their relationships with those 11 modules 
were analyzed and are presented in Figure 4D. Notably, the 
expression levels of all the 4 DELGs were closely related to 
MEyellow module (NEBL, cor=-0.62, p=7e-24; FHL1, cor=0.91, 
P=3e-81; LMO3, cor=0.84, P=6e-57; TGFb1I1, cor=0.87, P=1e-
65). NEBL also showed a strong correlation with MEblue (cor=-
0.65, P=3e-26) and MEgreen (cor=0.85, P=8e-60) modules, 
while LMO3 and FHL1 were weakly associated with those 2 
modules. Additionally, MEgreen (cor=0.75, P=3e-38), MEblack 
(cor=0.61, P=1e-22), and MEyellow (cor=0.78, P=2e-44) modules 
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were significantly correlated with tissue pathological subtypes, 
which were closely associated with tissue malignancy grades.

KEGG Enrichment for Trait-Related Modules

Next, KEGG enrichment analysis was conducted for the most 
related modules of the 4 DELGs, including MEyellow, MEblue, 
and MEgreen modules. Based on the FDR, the top 10 signif-
icantly enriched pathway terms are presented in Figure 5A. 
MEgreen was enriched with “Wnt signaling pathway” and “Cell 
cycle”, both of which were vital pathways in colorectal cancer 
development [17,18], suggesting that LMO3, NEBL, FHL1, and 
TGFB1I1 are involved in regulation of Wnt and cell cycle path-
ways. MEblue was significantly enriched in “Chemical carcino-
genesis” and multiple metabolism pathways such as “Sulfur 
metabolism” and “Drug metabolism”, suggesting the related 
NEBL and FHL1 might play a role in chemical metabolism regu-
lation. For MEyellow module, “Focal adhesion”, “ECM-receptor 
interaction”, and “Gap junction” were listed in the top 10 en-
riched pathways, which was consistent with the well-known 
roles of LIM proteins [2]. Figure 5B presents all the enriched 

pathways and the frequency of enriched genes. Of special in-
terest, MYL9 and AKT3 in MEyellow module appeared with 
high frequency, which were reported to be associated with cell 
migration and tumorigenesis in several cancers [19,20]. Drug 
metabolism genes like UGT1A6 and UGT1A8 were expressed 
7 times higher in the MEblue module, indicating the 4 DELGs 
and tissue malignancy degree may be associated with func-
tions of metabolizing enzymes. Additionally, MYC and CCND2, 
which are 2 well-known oncogenic genes [21,22], both were 
expressed 2 times higher in MEblue modules.

Correlation with immune infiltration

To assess the relationships between components in the tumor 
microenvironment (TME) and the expression abundances of the 
4 DELGs, ESTIMATE analysis was performed. ImmuneScores in 
Figure 6A revealed the positive relationships of LMO3, FHL1, 
and TGFB1I1 expression levels with the proportions of immune 
cells in TME. Similarly, high StromalScores and ESTIMATEScores 
(Supplementary Figure 2) were also significantly associated 
with high expression abundances of LMO3, FHL1, and TGFB1I1. 
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Figure 2.  Prognostic significance of the DELGs and their protein expressions in the Human Protein Atlas database. (A) The Kaplan-
Meier survival curves of the 4 DELGs in colorectal cancers are depicted. Patients were classified into “High” and “Low” 
groups based on the gene expression levels, and the median value was chosen as the cut-off. (B) The protein expression and 
cellular locations of the 4 DELGs were validated by immunohistochemical images from the Human Protein Atlas database 
(R, version 3.5.1).
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Figure 3.  Immunohistochemical validation of the 4 DELGs using mucosa, adenoma, and carcinoma tissues from colorectal cancer 
patients. (A) Immunohistochemical images. Red and yellow triangles indicate positive expression in the epithelium and 
mesenchyme, respectively. (B) The expression intensity and positive percentages of the 4 DELGs are represented using 
H-scores. Data are shown as the mean±SEM (Graphpad, version 8.0.2).
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By contrast, we observed that there was an obvious increase of 
ImmuneScore and ESTIMATEScore accompanying the decline of 
NEBL expression. Given that the 4 DELGs could influence the 
ratios of stromal and immune cells, we further investigated 
their correlations with specific immune components. The lol-
lipop chart shows that LMO3 expression was positively relat-
ed to tumor-infiltrating mast cells, NK cells, and macrophages 
(Figure 6B, Cor >0.4, P<0.01). FHL1 and TGFB1I1 expression 
levels both showed strong positive correlations with multiple 
infiltrating immune cells, including mast, macrophages, NK, 

1000

600

200

0

0.8

0.6

0.4

0.2

5 10
Soft threshold (power)

15 20Sc
ale

 fr
ee

 to
po

log
y m

od
el 

�t
, s

ign
ed

 R2

Sample clustering to detect outliers

Scale independence

Cluster dendrogram

Eigengene adjacency heatmap

700

500

300

100
0

5 10
Soft threshold (power)

15 20

M
ea

n c
on

ne
cti

vit
y

Mean connectivity

He
igh

t

1.0

0.8

0.6

0.4

1.0

0.8

0.6

0.4

0.2

0.0

Module colors

He
igh

t

A

B

C

Treg, Th1, CD4, and Tfh cells (Figure 6B, Cor >0.4, P<0.01). In 
line with the result of ESTIMATE analysis, NEBL expression was 
negatively associated with the infiltrating levels of the major-
ity of immune components in TME, such as CD56dim NK, CD8 
TEM, and MDSC cells (Figure 6B, Cor <-0.3, P<0.01). A possi-
ble explanation for the link between immune infiltration and 
LIMs is that LIM genes could alter cytokine secretion of tumor 
cells by interacting with downstream targets. It is well-estab-
lished that cytokines play an important role in regulating im-
mune function. For example, LIM domain protein LASP1 was 
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Figure 4.  WGCNA and Module-trait correlation analysis. (A) Sample clustering analysis was performed to exclude outlier samples from 
GSE117606 and the best b soft threshold was determined depending on scale-free topology and mean connectivity analysis. 
(B) A hierarchical clustering of the eigengene modules. (C)The adjacency between the eigengene modules is presented in 
the heatmap. (D) Correlations between the traits (the 4 DELGs, patient age, gender, and pathological subtypes) and the 
eigengene modules were analyzed and shown in the heatmap (R, version 3.5.1).

reported to bind to CXCR4 and influence the cytokine release 
in chronic myeloid leukanemia cells, which in turn affected im-
mune function of T lymphocytes and NK cells [23]. Additionally, 
LIMs also participate in immune-related signaling, such as IL-
15 and IL-9 signals [13].

LMO3 Inhibited Colorectal Cell Proliferation, Migration, 
and Invasion

Since the role of LMO3 in colorectal cancer is unknown, so we 
further assessed the protective role of LMO3 in the mucosa-ad-
enoma-carcinoma sequence. The cell overexpression was val-
idated by western blot (Supplementary Figure 3). Cell prolif-
eration and migration were observed using the Real-time Cell 
Analysis xCELLigence® system and Transwell assay. As pre-
sented in Figure 7A, LMO3 overexpression reduced the pro-
liferation and migration cell indices of both colon cancer cells 
(HCT116 and RKO) and normal colonic epithelial cells (HCoEpiC). 
Migrated cells stained by crystal violet further demonstrated 
that LMO3 overexpression weakened the migration potentials 
of HCT116 and HCoEpiC cells (Figure 7B). LMO3 overexpres-
sion could also inhibit cell invasion of HCT116 and RKO cells 
(Figure 7B), indicating LMO3 acts as a tumor-suppressor in the 
course of colorectal mucosa-adenoma-carcinoma progression.

Discussion

LIM proteins often consist of appropriately spaced repeats of 
LIM domains and act as prominent biosensors in cells by me-
diating protein–protein interaction [1,9,24]. Although multiple 
LIM proteins were reported to be involved in cancers, the dy-
namic changes of LIM proteins during the colorectal mucosa-
adenoma-carcinoma sequence remain obscure. In this study, 
we depicted their expression profiles and found 4 DELGs, 
namely LMO3, FHL1, TGB1I1, and NEBL. Next, prognostic sig-
nificance, module-trait relationship, KEGG enrichment, and in 
vitro experiments were conducted to comprehensively under-
stand the role of these proteins in the mucosa-adenoma-car-
cinoma transition.

LMO3 belongs to the LIM-only family and has been reported as 
an oncoprotein in several cancers, including glioma [25], lung 
cancer [26], and hepatocellular carcinoma [27], whereas its ac-
tivity in the colorectal sequence remains poorly characterized. In 
the present study, we observed a gradual decrease of LMO3 ex-
pression in the mucosa-adenoma-carcinoma sequence at mRNA 
and protein levels (Figures 1, 3). Survival analysis revealed that 
high LMO3 predicted poor patient outcomes, which was con-
sistent with its negative correlation with glioma and neuro-
blastoma prognoses [25,28]. Interestingly, our cell experiments 
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Figure 5.  KEGG pathway enrichment for significant modules. (A) Top 10 enriched pathways are listed for the significantly correlated 
modules (MEgreen, MEyellow, and MEblue) of the tissue pathological subtypes and the 4 DELGs in the module-trait 
correlation analysis. (B) All significantly enriched pathways and the frequency of correlated genes in MEgreen, MEyellow, and 
MEblue modules (R, version 3.5.1).
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Figure 6.  The 4 DELGs were correlated with immune infiltration. (A) Significantly different ImmunoScores and StromalScores in 
high- and low-expression groups of the 4 DELGs assessed by ESTIMATE package in R3.5.1. (B) Lollipop charts shows the 
correlations of 28 types of immune cells with expression levels of the 4 DELGs (R, version 3.5.1).
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showed that LMO3 could suppress carcinogenesis through in-
hibiting cell proliferation, migration, and invasion, which is op-
posite to its oncogenic role in some cancers. In consideration 
of its diverse functions as a docking site of protein complex-
es [29], it is possible that it binds with distinct proteins in dif-
ferent cancers and exerts contrasting downstream activities. 
Mechanistically, our module-trait analysis suggests LMO3 might 
be involved in Wnt and cell cycle signaling in tumors, and fu-
ture experiments are needed to elucidate the molecular mech-
anisms through which LMO3 plays a cancer-suppressive role.

FHL1, which is located in chromosome Xq26.3, was previously 
shown to be inactivated in various tumors, such as gastric [30], 
lung [31], and colon cancer [32]. Actually, our study found that 
FHL1 was silenced in the adenoma stage compared with that 
in the normal mucosa, which was far before the adenoma-car-
cinoma transition. Consistently, FHL1 methylation and silencing 
was observed in precancerous lesions of gastric cancer, such as 

Helicobacter pylori-infected lesions and non-cancerous colon-
ic mucosae [32]. Thus, FHL1 inactivation was expected to con-
tribute to the formation of an epigenetic field for cancerization, 
which was crucial in the mucosa-adenoma-carcinoma sequence. 
Meanwhile, the immunostaining demonstrated the inactiva-
tion of FHL1 was more obvious in the mesenchyme than that 
in the epithelium, suggesting FHL1 in stromal cells also is im-
portant in the sequence. In line with this, our immune infiltra-
tion analysis and a recent study both revealed that FHL1 levels 
were closely associated with immune infiltration of T cells, NK 
cells, and macrophages [13]. Thus, the role of FHL1 in TME is 
warrants further studies, although the tumor-suppressive activ-
ities of FHL1 in colorectal tumor cells are relatively well-studied.

NEBL encodes 3 isoforms – Nebulette, LASP2, and LIM-nebulette 
– and was primarily found to regulate cell adhesion and actin fil-
ament [33]. The role of NEBL in tumors is controversial and both 
oncogenic and tumor-suppressive functions have been described 
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Figure 7.  LMO3 overexpression inhibited colorectal cell proliferation, migration, and invasion. (A) Cell proliferation and migration 
indices of normal colon epithelial cells (HCoEpiC) and colon cancer cells (HCT116 and RKO) monitored by Real-time Cell 
Analysis system. For each group, at least 3 biological replicates were included in the analysis. (B) Migrated or invaded cells in 
Transwell chambers stained by 1% (w/v) crystal violet solution. For each group, at least 3 biological replicates were included 
in the analysis (Graphpad, version 8.0.2).
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[34,35]. For instance, it contributed to liver cancer progression 
by activating the MAPK/ERK pathway [36] but inhibited cervical 
cancer by suppressing TGF-b-induced epithelial-mesenchymal 
transition [35]. Even in colorectal cancer, conflicting expression 
profiles and roles were reported [33,37]. In the present study, we 
found the gradually increased expression of NEBL in the mucosa-
adenoma-carcinoma sequence for the first time. Moreover, NEBL 
presented opposite correlations with MEgreen and MEblue mod-
ules as compared with that of LMO3, FHL1, or TGFB1I1, suggest-
ing distinct functions of NEBL in Wnt and cell cycle pathways. In 
immune infiltration analysis, we observed a strong correlation 
of NEBL with CD56dim NK and CD8+ T cells, which are both vi-
tal components in immunotherapy [38], indicating that NEBL is 
involved in immune regulation. This result was supported by the 
findings from a highly homologous protein of NEBL – LASP1 – 
which influences cancer relapse by regulating chemokines [23].

TGFB1I1 (also known as Hic-5) encodes a focal adhesion scaf-
fold protein and has previously been demonstrated to contrib-
ute to cancer-associated fibroblast-governed tumor extracellu-
lar matrix (ECM) remodeling [39,40]. As the interplay between 
immune cells and cancer ECM is crucial in stromal remodeling 
[41], it is important to note the correlation between immune 
infiltration and TGFB1I1 expression. Our analysis showed that 
TGFB1I1 expression was positively related to macrophages and 
NK cells. Macrophages play a major role in upregulating syn-
thesis and assembly of collagens, especially collagen types VI, 
and inducing ECM deposition [41]. Interestingly, TGFB1I1 also 
presented strong a correlation with ECM-receptor pathway-re-
lated genes, including COL6A1/2 (collagen types VI). Thus, it is 
reasonable to hypothesize the involvement of TGFB1I1 in the 
crosstalk between infiltrated immune cells and ECM deposition.

However, there are also limitations of our study. Only 1 datas-
et was included in the identification of differentially-expressed 

LIM genes and the sample size was limited. Future experiments 
using data from different cohorts and datasets and further mo-
lecular and in vivo validations are needed to clarify the roles 
of the 4 DELGs in adenoma-carcinoma transition.

Conclusions

In summary, this study is the first to perform dynamic expres-
sion profiling of LIM family genes along the normal mucosa-
adenoma-carcinoma progression and identified 4 differential-
ly-expressed LIM genes: LMO3, FHL1, TGFB1I1, and NEBL. NEBL 
expression indicated favorable prognosis, while the other 3 
genes were correlated with poor survival. Additionally, high 
LMO3, TGFB1I1, and FHL1 were associated with increased im-
mune infiltration, but NEBL abundance suggested less infil-
tration of the majority of immune cells. Of note, we revealed 
LMO3, whose role in colorectal tumors was unknown, acts as 
a tumor-suppressor in colorectal tumorigenesis. Future exper-
imental studies are needed to reveal the detailed molecular 
mechanisms of their functionality, and more attention should 
be paid to the interplay between these 4 LIM proteins and tu-
mor microenvironment components, including immune cells.
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Supplementary Figure 2.  The correlations of EstimateScores with expression levels of LMO3, FHL1, NEBL, and TGFB1I1. *** P<0.001, 
two-tailed unpaired t test (R, version 3.5.1).
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HCoEpiC, HCT116, and RKO cells were validated by SDS – PAGE at 48 h after transfection of pcDNA3.4-LMO3-
3×Flag or empty vector (GraphPad, version 8.0.2).
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