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Abstract

Background: Perineural invasion (PNI) is known as a pathological 
indicator of aggressive tumor behavior and is associated with poor 
survival in colorectal cancer (CRC). Although individual biological 
features associated with PNI have been reported, the relationship 
between PNI and neural cell attraction and stromal features within 
the tumor microenvironment remains incompletely understood. We 
aimed to characterize the clinical, genomic, immune, stromal, vascu-
lar, and neural features associated with PNI-positive CRC.

Methods: Clinical and transcriptomic data from 179 CRC patients 
in The Cancer Genome Atlas (TCGA) were analyzed. PNI status was 
morphologically determined from pathological records, yidlding 45 
PNI-positive and 134 PNI-negative cases. Gene set enrichment anal-
ysis (GSEA) using Hallmark gene sets characterized transcriptomic 
differences. Genomic features, immune cell composition, consensus 
molecular subtypes (CMS), stromal and vascular features, and neural 

features were compared between groups.

Results: PNI-positive CRC was associated with advanced T catego-
ry, distant metastasis, advanced stage, and worse progression-free 
survival. There was the enrichment of proliferation-related path-
ways, including E2F targets, the G2M checkpoint and MYC tar-
get pathways, in PNI-positive CRC. However, genomic differences 
were limited, with higher homologous recombination deficiency 
and TP53 mutation frequency in PNI-positive CRC. PNI was not 
associated with broad changes in xCell immune scores but showed 
reduced interferon-α and interferon-γ responses. PNI-positive CRC 
was enriched in the mesenchymal consensus molecular subtype 4 
(CMS4) and showed increased stromal fraction and extracellular 
matrix gene expression. Vascular features were also increased, in-
cluding endothelial cells and lymphatic endothelial cells, together 
with enrichment of angiogenesis and increased transforming growth 
factor (TGF)-β-related features. Notably, PNI-positive CRC showed 
increased Schwann cell and neuron projection guidance scores and 
higher expression of axon guidance genes. These findings identified 
concurrent stromal, vascular, and neural features associated with 
PNI-positive CRC.

Conclusions: PNI-positive CRC is characterized by a coordinated 
mesenchymal and stromal phenotype accompanied by angiogenic and 
neural features, with relatively limited genomic and immune differ-
ences. These findings provide a biological framework that may help 
explain the aggressive clinical behavior of PNI-positive CRC.

Keywords: Colorectal cancer; Perineural invasion; Tumor microen-
vironment; Stromal remodeling; CMS4; Angiogenesis; Neural devel-
opment

Introduction

Perineural invasion (PNI) is defined as cancer cell invasion 
into, around, or through nerves [1]. PNI is a common route of 
cancer cell spread and a marker of aggressive cancer behavior 
in many solid malignancies [2–4]. In colorectal cancer (CRC), 
PNI is an independent adverse prognostic factor [2–4] and is 
associated with worse overall survival (OS), disease-free sur-
vival, cancer-specific survival, local recurrence, and distant 
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metastasis [4–6]. PNI is associated with an increased risk of 
recurrence [4] and is recognized as a high-risk pathological 
feature, which is considered in postoperative risk assessment 
and adjuvant treatment decisions [7]. Despite its clinical sig-
nificance, the biological features associated with PNI in CRC 
remain incompletely understood.

There has been a rapid increase in the number of reports 
on the role of nerves within the tumor microenvironment in 
promoting cancer growth, invasion and progression [8–11]. 
Cancer cells can also recruit neural projections through neu-
rotrophic factors [12] and axon-guidance molecules [13, 14]. 
Our group recently found that a neuron projection guidance 
(NPG) signature is associated with immune-cold tumor micro-
environment and poor outcomes in breast cancer [15]. These 
findings raise the question of whether PNI reflects cancer cell 
invasion along nerves alone or is also associated with neural 
recruitment toward the cancer.

Recent studies have linked PNI in CRC to stromal fea-
tures, including extracellular matrix remodeling mediated by 
cancer-associated fibroblast [16, 17]. CMS4, the mesenchymal 
subtype of CRC, is also characterized by prominent stromal 
features, including a higher tumor-stroma ratio [16]. Studies in 
other cancers have associated PNI with increased cancer cell 
proliferation [18, 19], whereas genomic and immune features 
associated with PNI in CRC have only recently begun to be 
characterized [10, 20, 21]. The detailed combinations of these 
biological features have not been characterized together in 
PNI-positive CRC.

We sought to investigate the clinical and biological fea-
tures associated with morphologically determined PNI in pa-
tients with CRC in The Cancer Genome Atlas (TCGA) cohort. 
We aimed to identify the biological features associated with 
PNI in CRC through comprehensive transcriptomic, genomic, 
and tumor microenvironmental analyses. We hypothesized that 
PNI would be associated with stromal remodeling and neu-
ral projection guidance. We integrated clinicopathologic data 
with transcriptomic profiling and gene set enrichment analysis 

(GSEA) [22] to comprehensively characterize the biological 
features associated with PNI in CRC.

Materials and Methods

Data acquisition

Clinicopathological and gene expression data were obtained 
from TCGA CRC cohort through cBioportal and UCSC Xena. 
Among 594 TCGA CRC cases with both clinical and RNA 
sequencing data available, PNI status was available for 179 
cases. A total of 174 cases were obtained from clinical data 
through UCSC Xena, and the remaining five cases were from 
pathological text reports converted into text format by Kefeli 
et al [23] (Fig. 1). The data were searched for the terms “peri-
neural invasion” and “PNI” and were classified as PNI-posi-
tive or PNI-negative when the descriptions explicitly indicated 
the presence or absence of PNI, respectively. Ambiguous de-
scriptions were manually reviewed, and cases without a clear 
description of PNI status were classified as unavailable rather 
than automatically considered PNI-negative. The final analyti-
cal cohort consisted of 45 PNI-positive and 134 PNI-negative 
cases and was integrated with TCGA clinical and transcrip-
tomic data for analysis. Figure 1 is a flow diagram showing 
how the 179 cases with available PNI data were selected from 
the TCGA cohort. Because TCGA is a publicly available, dei-
dentified database, this study was exempt from Institutional 
Review Board review. The declaration of ethical compliance 
with human study was not applicable.

Cell composition, cytolytic activity (CYT) score, and 
immune-related scores

To estimate the infiltration levels of immune cell populations 

Figure 1. Patient selection and identification of perineural invasion (PNI) status in the TCGA colorectal cancer cohort. Among 594 
patients with both clinical and RNA-sequencing data, PNI status was available for 179 patients. PNI status was obtained from 
clinical data available through UCSC Xena for 174 patients and from pathological reports for the remaining five patients. CRC: 
colorectal cancer; TCGA: The Cancer Genome Atlas.
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within the tumor microenvironment, we applied the xCell 
algorithm [24] as we have previously reported [25, 26]. The 
CYT score was calculated using granzyme A (GZMA) and 
PRF1 expression as previously described by Rooney et al [27] 
and as we have previously reported [26, 28]. For the assess-
ment of tumor immunogenicity and proliferative activity in the 
TCGA cohort, we used the precomputed scores reported by 
Thorsson et al [29].

GSEA

Functional enrichment analysis was performed using GSEA 
based on differentially expressed genes (DEGs), with the Hall-
mark gene set collection from the Molecular Signatures Data-
base (MSigDB) [30]. Statistical significance was defined as 
a false discovery rate (FDR) < 0.25, and enrichment strength 
was evaluated using the normalized enrichment score (NES). 
A positive NES indicates enrichment in PNI-positive CRCs, 
whereas a negative NES indicates enrichment in PNI-negative 
CRCs. Also, additional gene expressions and GSEA analyses 
were performed using pathological stage as a covariate to ac-
count for differences in tumor stage between groups.

Statistical analysis

All statistical analyses and data visualization were performed 
using R software. Continuous variables were compared be-
tween two independent groups using the Mann–Whitney U 
test, while categorical variables were compared using Fisher’s 
exact test. The Kruskal–Wallis test was used for comparisons 
of continuous variables among three or more independent 
groups, where applicable. To account for potential confound-
ing by stage, stage-adjusted linear regression analyses were 
performed for gene expression and pathway, immune, stro-
mal, vascular, and neural-related scores. For the stage-adjusted 
analyses, multiple comparisons were corrected using the Ben-
jamini–Hochberg procedure to control the FDR. Continuous 
variables were standardized to Z-scores, and associations with 
PNI were reported as standardized β coefficients, 95% con-
fidence intervals (CIs), and P values. Multivariable Cox re-
gression analyses were performed for OS and progression-free 
survival (PFS), adjusting for age and pathological stage. Haz-
ard ratios (HRs), 95% CIs, and P values were reported. A two-
sided P value < 0.05 was considered statistically significant.

Results

PNI was associated with CRC progression and worse 
survival

PNI is recognized as an adverse prognostic feature in CRC [2, 
3]. Therefore, we first investigated clinicopathological factors 
and survival outcomes by morphologically determined PNI 
in TCGA CRC cohort to examine whether this cohort shows 
similar phenotype. Baseline clinical and pathological charac-

teristics of the overall TCGA CRC cohort and the subset of 
patients with available PNI status are summarized in Table 1. 
Patient IDs and corresponding PNI status are provided (Sup-
plementary Material 1, wjon.elmerpub.com). The proportion 
of PNI positivity was roughly correlated with T categories, 
with T4 being the highest (P < 0.05) (Fig. 2a). Similarly, in the 
M-category, PNI positivity was significantly higher in M1 (P 
< 0.05). PNI positivity was also significantly correlated with 
stage, with stage 4 being the highest (P < 0.05). There was no 
statistical significance in N-category, although PNI positivity 
was higher in N1 than N0 (P = 0.17). PNI-positive CRC was 
associated with significantly worse PFS (P < 0.05) (Fig. 2b), 
whereas OS did not reach statistical significance (HR, 2.00; 
95% CI, 0.99–4.05; P = 0.05) which may be due to the limited 
sample size. To assess whether the association between PNI 
and survival rate was independent of stage and age, we per-
formed a multivariable Cox proportional hazards regression 
analysis. After adjustment for age and stage, PNI positivity 
was not significantly associated with PFS (HR, 1.59; 95% CI, 
0.83–3.04; P = 0.165). In contrast, stage was independently 
associated with PFS (HR, 2.21; 95% CI, 1.53–3.18; P < 0.001) 
(Supplementary Material 2, wjon.elmerpub.com).

PNI-positive CRC exhibited minor genomic alterations 
and cell proliferation

To investigate potential mechanisms underlying the worse 
prognosis of PNI-positive CRC, we compared genomic insta-
bility-related indices and mutation frequencies between PNI-
positive and PNI-negative patients (Fig. 3a). Surprisingly, only 
homologous recombination deficiency (HRD) was significant-
ly higher in PNI-positive patients (P < 0.05) (Fig. 3a) and no 
other genomic alterations including tumor mutational burden 
(TMB), intratumor heterogeneity, altered fraction, non-silent 
mutation rate, silent mutation rate, SNV-derived neoantigens, 
indel-derived neoantigens (Fig. 3a), microsatellite instabil-
ity (MSI) (Fig. 3b), or KRAS and BRAF mutation frequencies 
(Fig. 3c), showed any differences. TP53 mutations alone were 
significantly more frequent in PNI-positive CRC (P < 0.05) 
(Fig. 3c). These findings suggest that PNI-positive CRC is 
characterized by limited genomic alterations rather than wide-
spread genomic instability.

Given previous reports that PNI is associated with in-
creased cancer cell proliferation [18, 19], proliferative activity 
was assessed using GSEA and cell proliferation markers. Most 
Hallmark cell-proliferation-related gene sets, E2F targets, G2M 
checkpoint and MYC targets v1/v2, showed significant enrich-
ment in PNI-positive cancers (FDR < 0.25) (Fig. 3d). However, 
PNI-positive CRC was not associated with an increased pro-
liferation scores or increased expression of MKI67, PCNA or 
TOP2A (Fig. 3e). We further investigated whether the associa-
tions between PNI and proliferation-related features were inde-
pendent of tumor stage. After adjustment for tumor stage, most 
proliferation-related features, except for mitotic spindle, MKI67, 
and TOP2A, showed negative associations with PNI, although 
most associations did not reach statistical significance (Table 2; 
Supplementary Material 3, wjon.elmerpub.com).

https://wjon.elmerpub.com
https://wjon.elmerpub.com
https://wjon.elmerpub.com
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Table 1.  Clinicopathological Characteristics of the Overall TCGA CRC Cohort

Characteristic All cases  
(n = 594)a

PNI available  
(n = 179)a

PNI positive  
(n = 45)a

PNI negative  
(n = 134)a P valueb

Age 66 (13) 64 (13) 63 (15) 64 (13) 0.7
    Unknown 2
Sex 0.052
    Female 280/592 (47) 94/179 (53) 18/45 (40) 76/134 (57)
    Male 312/592 (53) 85/179 (47) 27/45 (60) 58/134 (43)
    Unknown 2
Subtype 0.2
    MSI 63/459 (13.7) 36/174 (21) 7/44 (16) 29/130 (22)
Site 0.6
    Cecum 104/432 (24) 52/174 (30) 15/45 (33) 37/129 (29)
    Ascending colon 84/432 (19) 30/174 (17) 8/45 (18) 22/129 (17)
    Hepatic flexure 27/432 (6.3) 11/174 (6.3) 2/45 (4.4) 9/129 (7.0)
    Transverse colon 38/432 (8.8) 18/174 (10) 7/45 (16) 11/129 (8.5)
    Splenic flexure 7/432 (1.6) 2/174 (1.1) 0/45 (0) 2/129 (1.6)
    Descending colon 19/432 (4.4) 8/174 (4.6) 1/45 (2.2) 7/129 (5.4)
    Sigmoid colon 141/432 (33) 49/174 (28) 10/45 (22) 39/129 (30)
    Rectosigmoid junction 1/432 (0.2) 1/174 (0.6) 0/45 (0) 1/129 (0.8)
    Unknown 162 5 0 5
T stage < 0.001
    TIS 1/592 (0.2) 1/179 (0.6) 0/45 (0) 1/134 (0.7)
    1 20/592 (3.4) 7/179 (3.9) 1/45 (2.2) 6/134 (4.5)
    2 103/592 (17) 33/179 (18) 1/45 (2.2) 32/134 (24)
    3 401/592 (68) 111/179 (62) 31/45 (69) 80/134 (60)
    4 67/592 (11) 27/179 (15) 12/45 (27) 15/134 (11)
    Unknown 2
N stage 0.2
    0 341/591 (58) 101/179 (56) 20/45 (44) 81/134 (60)
    1 141/591 (24) 50/179 (28) 16/45 (36) 34/134 (25)
    2 109/591 (18) 28/179 (16) 9/45 (20) 19/134 (14)
    Unknown 3
M stage 0.013
    0 440/523 (84) 112/138 (81) 25/37 (68) 87/101 (86)
    1 83/523 (16) 26/138 (19) 12/37 (32) 14/101 (14)
    Unknown 71 41 8 33
Stage 0.003
    1 104/580 (18%) 36/177 (20) 2/44 (4.5) 34/133 (26)
    2 220/580 (38%) 62/177 (35) 15/44 (34) 47/133 (35)
    3 170/580 (29%) 53/177 (30) 15/44 (34) 38/133 (29)
    4 86/580 (15%) 26/177 (15) 12/44 (27) 14/133 (11)
    Unknown 14 2 1 1
LVI < 0.001
    Negative 239/394 (61%) 124/174 (71) 22/45 (49) 102/129 (79)
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Figure 2. PNI association with disease progression and survival. (a) Bar plots showing the percentages of PNI-positive cases 
across T-category, N-category, M-category, and stage in the TCGA cohort. (b) Kaplan–Meier survival curves for progression-free 
survival (PFS) and overall survival (OS) comparing PNI-positive (Pos) and PNI-negative (Neg) patients from the TCGA. Blue 
line represents the PNI-negative and the red line represents the PNI-positive patients. Hazard ratios (HRs) with 95% confidence 
intervals (CIs) and log-rank test P values are displayed. Below each plot are the numbers at risk. PNI: perineural invasion; TCGA: 
The Cancer Genome Atlas.

Characteristic All cases  
(n = 594)a

PNI available  
(n = 179)a

PNI positive  
(n = 45)a

PNI negative  
(n = 134)a P valueb

    Positive 155/394 (39%) 50/174 (29) 23/45 (51) 27/129 (21)
    Unknown 200 5 0 5
Residual 0.3
    R0 315/367 (86%) 145/163 (89) 34/38 (89) 111/125 (89)
    R1 4/367 (1.1%) 3/163 (1.8) 1/38 (2.6) 2/125 (1.6)
    R2 23/367 (6.3%) 1/163 (0.6) 1/38 (2.6) 0/125 (0)
    Rx 25/367 (6.8%) 14/163 (8.6) 2/38 (5.3) 12/125 (9.6)
    Unknown 227 16 7 9

Overall represents all patients of TCGA CRC cohort. PNI-positive and PNI-negative indicate the presence and absence of perineural invasion, re-
spectively. Site indicates the anatomical location of the primary tumor; stage indicates colorectal cancer stage at diagnosis. aData are presented as 
median (interquartile range), mean ± standard deviation, or n/n (%), as appropriate. bP values were calculated using the Wilcoxon rank-sum test, 
Pearson’s chi-squared test, or Fisher’s exact test, as appropriate. CRC: colorectal cancer; TCGA: The Cancer Genome Atlas; PNI: perineural inva-
sion; MSI: microsatellite instability; LVI: lymphovascular invasion; TIS: tumor in situ; Rx: an unclear resection margin (R) status.

Table 1.  Clinicopathological Characteristics of the Overall TCGA CRC Cohort - (continued)
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PNI was associated with lower interferon-α and 
interferon-γ responses but showed no differences in xCell 
scores

Given that immune suppression is one of the key factors that 
promote CRC progression [31], we investigated whether PNI 
is associated with fewer immune cells inferred by xCell scores. 
We compared immune cell composition and immune-related 
pathway activity between PNI-positive and PNI-negative 
CRCs (Fig. 4). Among the immune cell populations examined, 
M1 macrophage infiltration was significantly higher in PNI-
positive cancers (P < 0.05), and no other cells including B cells 
(P = 0.47), CD4+ T cells (P = 0.06), CD8+ T cells (P = 0.56), 
regulatory T cells (P = 0.91), Th1 cells (P = 0.09), Th2 cells (P 
= 0.42), natural killer (NK) cells (P = 0.54), dendritic cells (P 
= 0.27), M2 macrophages (P = 0.76), showed any difference in 
infiltration by PNI (Fig. 4a). Further, there was no suppression 
in the immune score (P = 0.92), and CYT score (P = 0.95) by 
PNI (Fig. 4b).

On the other hand, immune activation-related pathways 
such as allograft rejection, interferon-α, and interferon-γ re-
sponses, were significantly less enriched in PNI-positive 
cancers, whereas inflammatory response, interleukin (IL)-2 
signaling, and IL-6 signaling pathways showed little differ-
ence between the two groups (Fig. 4c). Taken together, these 
findings suggest that although PNI-positive CRCs exhibit se-
lective suppression of some immune-related pathways, it is 
not associated with xCell scores. After adjustment for tumor 
stage, several immune-related signatures remained positively 
associated with PNI, including IL-2 signaling, IL-6 signaling, 
inflammatory response, and interferon-γ responses. Associa-
tions with allograft rejection and interferon-α response did not 
reach statistical significance (Table 2; Supplementary Material 
4, wjon.elmerpub.com).

PNI-positive CRC was enriched in mesenchymal CMS4 
features

To understand the tumor microenvironment associated with 
PNI better, we investigated the consensus molecular subtypes 
(CMS) by PNI status (Fig 5a). Among the subtypes, PNI-posi-
tive CRC was significantly more frequent in CMS4 (48.8% vs. 
25.4%, P < 0.05) and was significantly less frequent in CMS3 
(9.3% vs. 23.7%, P < 0.05), compared with PNI-negative can-
cers. No significant differences were observed in the propor-
tions of CMS1 (P = 1.00) or CMS2 (P = 0.32) by PNI.

Because CMS4 represents the mesenchymal subtype of 
CRC [32, 33], we next investigated mesenchymal and stromal 
features by PNI. GSEA demonstrated significant enrichment of 
Hallmark epithelial-mesenchymal transition (EMT) pathway 
in PNI-positive cancers (FDR < 0.001) (Fig. 5b). Consistent 
with this finding, stromal fraction was significantly higher in 
PNI-positive cancers (P < 0.05), although fibroblast scores were 
comparable between the two groups (P = 0.76) (Fig. 5c). Further-
more, extracellular matrix-related genes, including COL1A1, 
FN1, and POSTN, were significantly upregulated in PNI-posi-
tive cancers (all P < 0.05) (Fig. 5d). These findings suggest that 
PNI-positive CRC preferentially exhibits mesenchymal CMS4 
features characterized by stromal remodeling and extracellular 
matrix activation. Also, the associations between PNI and EMT 
pathway and relevant gene expressions remained positive with 
statistical significance in additional analysis adjusted for tumor 
stage (Table 2; Supplementary Material 5, wjon.elmerpub.com).

PNI was associated with angiogenesis and transforming 
growth factor (TGF)-β-related features

Since nerves and blood vessels share developmental pathways 

Figure 3. PNI association with genomic features and cell proliferation. (a) Box plots showing TMB, intratumor heterogeneity, 
altered fraction, homologous recombination deficiency (HRD), non-silent and silent mutation burdens, and neoantigen load 
(SNV- and indel-derived) comparing PNI-negative and PNI-positive CRCs. (b) Bar plot comparing the proportion of MSI-high 
tumors between PNI-negative and PNI-positive cases. (c) Bar plots comparing the mutation frequencies of TP53, BRAF, and 
KRAS between PNI-negative and PNI-positive CRCs. (d) GSEA enrichment plots for proliferation-related pathways (E2F targets, 
G2M checkpoint, mitotic spindle, MYC targets v1/v2). NES and FDR are shown for each pathway. (e) Box plots showing expres-
sion levels of MKI67, PCNA, TOP2A, and MCM2 in PNI-negative and PNI-positive CRCs. CRC: colorectal cancer; FDR: false 
discovery rate; NES: normalized enrichment score; PNI: perineural invasion; TMB: tumor mutational burden; GSEA: gene set 
enrichment analysis; MSI: microsatellite instability.

https://wjon.elmerpub.com
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that contribute to neural and vascular networks within the tu-
mor microenvironment [34], and TGF-β signaling is a major 
driver of the mesenchymal features in cancer [35, 36], we next 
investigated vascular cell populations, TGF-β-related features, 
and pathway activity according to PNI status (Fig. 6). Lym-
phovascular invasion (LVI) was significantly more frequent in 
PNI-positive cancers than in PNI-negative cancers (Fig. 6a). 
Consistent with this finding, endothelial cells, lymphatic en-
dothelial cells, and pericyte scores were significantly higher in 
PNI-positive cancers (all P < 0.05) (Fig. 6b). Furthermore, both 
the TGF-β score and TGF-β response score were significantly 
higher in PNI-positive cancers (both P < 0.05) (Fig. 6c), and 
the expressions of TGF-β1, TGF-β2, and TGF-β3 were sig-
nificantly increased in PNI-positive cancers, whereas SMAD4 
expression did not differ between the two groups (Fig. 6d). 
GSEA also suggested enrichment of the angiogenesis pathway 

in PNI-positive cancers (FDR = 0.24), whereas lymphangi-
ogenesis and TGF-β signaling pathways were not significantly 
enriched (Fig. 6e). The associations between PNI and angio-
genesis and TGF-β pathways and relevant gene expressions 
remained positive with statistical significance in additional 
analysis adjusted for tumor stage (Table 2; Supplementary Ma-
terial 6, wjon.elmerpub.com).

PNI positive CRC was associated with abundant nerve 
fibers and with signals that attract neural projection

Because PNI involves interactions between cancer cells and 
peripheral nerves [37], we investigated whether PNI reflects 
cancer cell invasion around nerves alone or whether cancer 
cells are associated with neural projection toward the tumor 

Table 2.  Stage-Adjusted Associations of Pathways and Genes in PNI-Positive Versus PNI-Negative CRC

Feature N PNI positive Adjusted β CI (upper to lower) P value FDR
E2F targets 177 44 –0.22 0.13 to –0.58 0.21 0.48
G2M checkpoint 177 44 –0.15 0.20 to –0.51 0.39 0.59
Mitotic spindle 177 44 0.23 0.58 to –0.13 0.21 0.48
MKI67 177 44 0.09 0.44 to –0.27 0.63 0.63
MYC targets_V1 177 44 –0.28 0.07 to –0.63 0.12 0.48
MYC targets_V2 177 44 –0.41 –0.06 to –0.77 0.02 0.20
PCNA 177 44 –0.18 0.17 to –0.53 0.32 0.57
TOP2A 177 44 0.13 0.49 to –0.23 0.48 0.62
Allograft rejection 169 42 0.32 0.68 to –0.04 0.08 0.08
IL2/STAT5 signaling 169 42 0.49 0.85 to 0.13 0.01 0.04
IL6/JAK/STAT3 signaling 169 42 0.40 0.76 to 0.04 0.03 0.04
Inflammatory response 169 42 0.44 0.80 to 0.08 0.02 0.04
Interferon-α response 177 44 0.34 0.69 to –0.02 0.06 0.08
Interferon-γ response 177 44 0.40 0.75 to 0.04 0.03 0.04
COL1A1 177 44 0.50 0.84 to 0.16 0.00 0.00
Epithelial mesenchymal transition 177 44 0.50 0.85 to 0.16 0.00 0.00
FN1 177 44 0.52 0.87 to 0.18 0.00 0.00
POSTN 177 44 0.49 0.83 to 0.15 0.00 0.00
Angiogenesis 177 44 0.51 0.85 to 0.16 0.00 0.01
SMAD4 177 44 0.26 0.61 to –0.09 0.14 0.14
TGFB1 177 44 0.49 0.84 to 0.14 0.01 0.01
TGFB2 177 44 0.41 0.76 to 0.06 0.02 0.03
TGFB3 177 44 0.47 0.82 to 0.12 0.01 0.01
TGF-β signaling 177 44 0.49 0.84 to 0.14 0.01 0.01
NRP1 177 44 0.48 0.82 to 0.13 0.01 0.01
NRP2 177 44 0.44 0.78 to 0.09 0.01 0.01
ROBO1 177 44 0.48 0.83 to 0.12 0.01 0.01
SLIT2 177 44 0.45 0.80 to 0.10 0.01 0.01

CIs, P values, and FDR are reported for associations adjusted for tumor stage. CRC: colorectal cancer; N: number of patients analyzed; CI: confi-
dence interval; PNI: perineural invasion; FDR: false discovery rate; TGF: transforming growth factor.
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microenvironment. To this end, we compared neuron-related 
scores and the expression of representative genes related to 
axon guidance according to PNI status (Fig. 7). PNI-positive 

cancers had significantly higher Schwann cell scores, which 
may reflect the presence of nerve fibers, and higher NPG score 
[15], which reflects the expression of genes involved in nerve 

Figure 4. Association of PNI with immune-related activities and cell composition. (a) Box plots showing xCell-derived deconvolu-
tion scores for B cells, CD4+ T cells, CD8+ T cells, Tregs, Th1/Th2 cells, NK cells, dendritic cells (DCs), and macrophages (M1/
M2) in PNI-negative and PNI-positive CRCs. (b) Box plots showing immune score and CYT score in PNI-negative and PNI-
positive CRCs. (c) GSEA enrichment plots for immune-related pathways (allograft rejection, inflammatory response, interferon-α 
response, interferon-γ response, IL-2, and IL-6). NES and FDR are shown for each pathway. A positive normalized enrichment 
score (NES) indicates enrichment in the PNI-positive group, whereas a negative NES indicates enrichment in the PNI-negative 
group. CRC: colorectal cancer; FDR: false discovery rate; PNI: perineural invasion; CYT: cytolytic activity; GSEA: gene set en-
richment analysis; IL: interleukin; NK: natural killer.

Figure 5. PNI association with CMS4 and stromal features. (a) Bar plots showing CMS1, CMS2, CMS3, and CMS4 displaying 
the percentages of PNI-negative and PNI-positive cases. (b) Gene set enrichment analysis (GSEA) enrichment plots for the 
epithelial-mesenchymal transition pathway. Normalized enrichment score (NES) and false discovery rate (FDR) are shown in the 
plot. (c) Box plots showing xCell-derived deconvolution scores for fibroblasts and stromal fraction according to PNI status. (d) 
Box plots showing expression levels of COL1A1, FN1, and POSTN according to PNI status. P values were calculated using the 
Wilcoxon rank-sum test and error bars indicate the 95% confidence intervals; center lines in boxes indicate the median, and box 
limits indicate the 25th and 75th percentiles. CMS4: consensus molecular subtype 4; PNI: perineural invasion.
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Figure 6. PNI association with angiogenesis and lymphangiogenesis. (a) Bar plot comparing the proportion of PNI-positive cases 
among LVI-negative and LVI-positive cases. (b) Box plots showing xCell-derived scores of stromal cell populations, including en-
dothelial cell, ly/mv endothelial cells, and pericytes, according to PNI status. (c) Box plot showing TGF-β signaling scores accord-
ing to PNI status. (d) Box plots showing expression levels of TGFB1 and SMAD4 according to PNI status. (e) GSEA enrichment 
plots of angiogenesis, lymphangiogenesis, and TGF-β signaling pathways. NES and FDR are shown for each pathway. FDR: 
false discovery rate; GSEA: gene set enrichment analysis; LVI: Lymphovascular invasion; NES: normalized enrichment score; 
PNI: perineural invasion; TGF: transforming growth factor; ly/mv: lymphovascular/microvascular.

Figure 7. Association of PNI with neural-related features. (a) Box plots showing xCell-derived neuron score and signature-based 
Schwann cell and neuron projection guidance scores according to PNI status. (b) Box plots showing expression levels of axon 
guidance-related genes, including NRP1, NRP2, ROBO1, and SLIT2 according to PNI status. PNI: perineural invasion.
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growth and guidance, than PNI-negative cancers (both P < 
0.05) (Fig. 7a). The genes used to calculate these scores are 
listed (Supplementary Material 7, 8, wjon.elmerpub.com), re-
spectively. Consistent with these findings, the expression of 
genes related to neural guidance and remodeling [38, 39], in-
cluding NRP1, NRP2, ROBO1, and SLIT2, were significantly 
higher in PNI-positive cancers (all P < 0.05) (Fig. 7b). Those 
associations remained positive with statistical significance in 
the analysis adjusted for tumor stage (Table 2; Supplementary 
Material 9, wjon.elmerpub.com).

Discussion

PNI is a well-known histopathologic feature of CRC and is as-
sociated with aggressive tumor behavior and adverse clinical 
outcomes [2, 3]. Despite its clinical importance, the biological 
differences between PNI-positive and PNI-negative CRC re-
main incompletely characterized. In this study, we performed 
an integrated transcriptomic and genomic analysis using the 
TCGA cohort to characterize the biological features associated 
with PNI-positive CRC. PNI was associated with CRC pro-
gression and worse survival, with the association remaining 
significant after adjusted for stage. PNI-positive CRC exhibited 
limited genomic differences compared to PNI-negative CRC. 
There was no increase in proliferation markers in the PNI-
positive group despite the enrichment of proliferation-related 
pathways, suggesting that differences between PNI-positive 
and PNI-negative CRC were observed at the pathway level but 
were not reflected in the expression of individual markers. PNI 
was not associated with few immune cells inferred by xCell 
scores, but with lower interferon-α and interferon-γ response. 
PNI-positive CRC was enriched in the mesenchymal CMS4 
subtype and showed stromal remodeling, angiogenic features, 
and TGF-β-related features. We found that PNI-positive CRC 
also showed increased Schwann cell and NPG scores, as well 
as higher expression of axon guidance-related genes.

One notable finding was that nearly half of PNI-positive 
CRCs were classified as the mesenchymal CMS4 subtype. 
This observation was supported by concordant transcriptomic 
and stromal features, including Hallmark EMT enrichment, in-
creased stromal fraction, and extracellular matrix gene expres-
sion. Interestingly fibroblast was not significantly infiltrated 
in the PNI-positive tumors, however, this may suggest the fact 
that the biological features of mesenchymal subtype may not 
be a simple reflection of fibroblast infiltration. PNI-positive 
CRCs also showed angiogenic features. CMS4 is the mesen-
chymal subtype of CRC [32] and is characterized by stromal 
features [40], TGF-β activation, and poor prognosis [32, 33, 
41]. Several components of CMS4 biology, including cancer-
associated fibroblasts, extracellular matrix remodeling, and 
TGF-β signaling, have also been associated with PNI [18]. 
Although Hallmark EMT was enriched in PNI-positive CRC, 
EMT enrichment in bulk transcriptomic data may partly reflect 
increased stromal contribution rather than EMT in cancer cells 
alone. Although SMAD4 expression did not differ between the 
two groups, this finding does not necessarily contradict the 
enrichment of TGF-β-related features, as SMAD4 expression 

alone does not fully capture pathway activity. The observed 
TGF-β-related features may also reflect contributions from 
stromal and other cellular compartments in the tumor microen-
vironment. Our findings showed that these mesenchymal and 
stromal features occurred together with angiogenic and neural 
developmental programs. Thus, these findings may represent 
a coordinated transcriptomic phenotype associated with PNI.

Alterations in immune cell infiltration are often ob-
served in aggressive cancers [26, 28]. However, the relevant 
xCell scores were not altered in PNI-positive CRC. Only M1 
macrophages differed significantly between groups, whereas 
most immune cell populations and immune scores were com-
parable. This isolated difference should be interpreted cau-
tiously, particularly given the lack of adjustment for multi-
ple comparisons. Allograft rejection, interferon-α response 
and interferon-γ response were less enriched in PNI-positive 
CRC despite no changes in immune cell abundance. Previ-
ous experimental work has suggested that neural-associated 
molecules may also influence the tumor immune microenvi-
ronment. In pancreatic cancer, Minegishi et al reported that 
CRMP4 promoted tumor growth in mice and was associated 
with increased M2 macrophages and myeloid-derived suppres-
sor cells [42]. In our study, however, PNI-positive CRC did 
not show broad changes in xCell scores. These findings sug-
gest that PNI-positive CRC may involve changes in immune 
activity rather than broad remodeling of the immune microen-
vironment. However, localized immune alterations associated 
with PNI cannot be determined from bulk transcriptomic data. 
Furthermore, because multiple comparisons across immune 
cell populations and signatures were not adjusted for multiple 
testing, these findings should be interpreted cautiously. Future 
studies using spatial transcriptomics or single-cell sequencing, 
with appropriate correction for multiple comparisons, may 
better define immune changes surrounding nerves.

Previous experimental studies have shown that Schwann 
cells can promote cancer cell migration and invasion toward 
nerves [9]. Similar effects have also been reported in CRC 
[11]. Cancer cells may also induce neural growth and remod-
eling, while neural signaling can further promote cancer pro-
gression [37]. These findings suggest reciprocal interactions 
between cancer cells and nerves. However, whether these neu-
ral processes are associated with PNI in CRC and how they 
relate to other features of the tumor microenvironment remain 
unclear. In our study, PNI-positive CRC showed increased 
Schwann cell and NPG score, together with higher expres-
sion of NRP1, NRP2, ROBO1, and SLIT2. While NPG score is 
exploratory in CRC, those findings suggest that PNI-positive 
CRCs are associated with neural guidance-related activities. 
Of note, these findings are derived from bulk transcriptomic 
analyses and do not directly demonstrate active nerve recruit-
ment or a causal mechanism, thus we expect our results to be 
hypothesis-generating.

As another limitation, we were unable to validate nor per-
form sensitivity analysis of ascertainment of PNI since we did 
not have access to the pathology slides of the TCGA patients. 
Furthermore, the PNI information available for this study did 
not distinguish intramural from extramural PNI [43, 44]; how-
ever, this distinction could provide further insight into the bio-
logical heterogeneity of PNI in CRC [43, 44]. Future studies 
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incorporating detailed pathological annotations of PNI loca-
tion may help identify distinct transcriptomic features associ-
ated with this difference.

In addition to these neural features, PNI-positive CRC 
showed more frequent LVI. Previous clinical studies have 
similarly shown that PNI and LVI are associated with ad-
vanced CRC and lymph node involvement, supporting a re-
lationship between these two invasive phenotypes [45, 46]. In 
a transcriptomic study of pancreatic ductal adenocarcinoma, 
LVI-positive cancers were also more frequently associated 
with PNI and showed enrichment of several pathways related 
to aggressive tumor behavior [46]. In our study, PNI-positive 
CRC also showed increased endothelial cells, lymphatic en-
dothelial cells, and pericyte scores, as well as enrichment of 
angiogenesis. These findings suggest that vascular features are 
part of the biological phenotype associated with PNI. Together, 
these findings suggest that PNI-positive CRC shows changes 
involving both neural and vascular components of the tumor 
microenvironment.

These neural and vascular features occurred together with 
CMS4 enrichment and stromal remodeling, whereas broad im-
mune remodeling and genomic alterations were limited. Our 
findings therefore show that PNI-positive CRC is associated 
with a broader biological pattern involving neural, stromal, 
mesenchymal, and angiogenic features. This integrated char-
acterization provides a biological framework for understand-
ing the aggressive behavior of PNI-positive CRC. Although 
we cannot establish causal relationships from the present 
study, interactions among cancer cells, nerves, and vascular 
components may contribute to PNI and cancer progression. 
Further studies are warranted to determine how these stromal, 
vascular, and neural features interact and contribute to PNI and 
cancer progression.

Stage-adjusted analyses provided further insight into the 
biological features associated with PNI. Proliferation-related 
features showed reversed directions or attenuated strength of 
association after adjustment for tumor stage, with most asso-
ciations not reaching statistical significance. In contrast, stro-
mal, angiogenesis-related, neural, and several immune-related 
features remained positively associated with PNI after adjust-
ment. These findings suggest that the associations between 
PNI and the tumor microenvironment may extend beyond dif-
ferences attributable to tumor stage. Given the established as-
sociation between PNI and poor prognosis, these features may 
provide insights into the biological context of PNI-positive 
CRC, although their independent prognostic significance re-
quires further investigation.

Clinical implications of our finding for treatment decisions 
also need further investigation. In patients with early-stage CRC 
following local or endoscopic excision, PNI is among the patho-
logical risk features considered when planning completion sur-
gery [47]. In stage II colon cancer, PNI is also recognized as a 
high-risk feature that may inform discussions regarding adjuvant 
chemotherapy [48]. Although the transcriptomic associations do 
not establish the benefit of additional surgery or adjuvant thera-
py, further studies are needed to evaluate whether the molecular 
features associated with PNI can improve risk stratification and 
inform clinical decision-making.

Several limitations should be acknowledged. First, this 

study was retrospective and based on the TCGA cohort, for 
which information on neoadjuvant therapy was unavailable. 
Second, because bulk RNA sequencing analyzes whole tumor 
tissue, cell type-specific transcriptional changes and spatial 
interactions among cancer cells, stromal cells, immune cells, 
and nerves could not be directly evaluated. Third, PNI status 
was determined from pathological records without informa-
tion regarding the extent or anatomical distribution of neural 
invasion. Additionally, some exploring analysis including im-
mune-related and neuronal features and lack of external vali-
dation require cautious interpretation for the relevant results 
and further validation in independent cohorts with appropriate 
correction for multiple comparisons. Finally, transcriptomic 
analyses cannot establish causality, and functional studies will 
be required to determine the mechanisms linking stromal re-
modeling, vascular and neural developmental programs, and 
aggressive tumor behavior in PNI-positive CRC.

Conclusions

PNI is an adverse prognostic feature of CRC with unclear biol-
ogy. Using TCGA transcriptomic data, we found that PNI in 
CRC is characterized by CMS4 enrichment, stromal remode-
ling, angiogenic features, and neural developmental programs, 
with relatively limited genomic and immune differences. 
These findings provide a biological framework that may help 
explain the aggressive clinical behavior of PNI-positive CRC. 
Future studies are needed to clarify how cancer cells, stromal 
cells, and nerves interact during the development and progres-
sion of PNI.
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