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High CIB1 expression in colorectal cancer liver
metastases correlates with worse survival and the
replacement histopathological growth pattern
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To date, nearly one-quarter of colorectal cancer (CRC) patients
develop liver metastases (CRCLM), and its aggressiveness can
be correlated to defined histopathological growth patterns
(HGP). From the three main HGPs within CRCLM, the
replacement HGP emerges as particularly aggressive, charac-
terized by heightened tumor cell motility and vessel co-option.
Here, we investigated the correlation between the expression of
calcium- and integrin-binding protein 1 (CIB1), a ubiquitously
expressed gene involved in various cellular processes including
migration and adhesion, and disease-free (DFS) and overall
survival (OS) in primary CRC patients. Additionally, we
explored the correlation between CIB1 expression and different
HGPs of CRCLM. Proteomic analysis was used to evaluate
CIB1 expression in a cohort of 697 primary CRC patients.
Additionally, single-cell and spatial RNA-sequencing datasets,
along with publicly available bulk sequencing data were used to
evaluate CIB1 expression in CRCLM. In silico data were further
validated by formalin-fixed paraffin-embedded immunohisto-
chemical stainings. We observed that high CIB1 expression is
independently associated with worse DFS and OS, regardless
of Union Internationale Contre le Cancer stage, gender, or
age. Furthermore, the aggressive replacement CRCLM HGP
is significantly associated with high CIB1 expression. Our find-
ings show a correlation between CIB1 levels and the clinical
aggressiveness of CRC. Moreover, CIB1 may be a novel marker
to stratify HGP CRCLM.

INTRODUCTION

According to global cancer statistics, in 2020 colorectal cancer (CRC)
ranked third among the most prevalent tumor entities worldwide,
with rising trends in its incidence and mortality in many countries
in South America, Asia, and Eastern Europe.1 CRC patients with
localized tumors exhibit a more favorable prognosis and higher sur-
vival rates compared with individuals with metastatic disease.” To
date, nearly one-quarter of CRC patients develop liver metastases

(CRCLM), and their microscopic morphology can be used to define
their histopathological growth patterns (HGP).>* The two most prev-
alent HGPs are (1) the desmoplastic (dHGP) and (2) the replacement
(rHGP). The dHGP is characterized by a dense and fibrotic stroma
surrounding the tumor cells and is associated with angiogenesis
(new blood vessel formation). Desmoplastic CRCLMs are accompa-
nied by a hepatic inflammatory response, characterized by the forma-
tion of a fibrous tissue reaction called desmoplasia.5 In the rHGP, the
tumor cells infiltrate and replace the normal liver tissue, co-opting
pre-existing blood vessels. The rHGP is well-known for its aggressive-
ness and is associated with resistance to anti-angiogenic therapy.’
Recently, it has been shown that any percentage of non-dHGP in
CRCLMs is associated with reduced overall survival (OS) rates.”

The calcium- and integrin-binding protein 1 (CIB1) has been previ-
ously described as a predictor for the development of CRCLM, and
previous studies have shown a strong association between elevated
CIB1 gene expression and tumorigenesis across multiple tumor
types.* ' Molecularly, apart from binding soluble and transmem-
brane proteins,' > CIB1 expression has been linked to antiapoptotic ef-
fects via Sphingosein Kinase 1 and nuclear factor (NF)-kB signaling.
Furthermore, cancer cell survival is enhanced in CIB1-expressing
cells due to its interaction with the AKT and ERK pathways."” "

In this study, we assessed CIB1 protein expression levels in a cohort of
697 patients with primary CRC and examined its correlation with dis-
ease-free survival (DFS) and OS, as well as other clinical parameters,
including age, gender, Union Internationale Contre le Cancer (UICC)
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Table 1. Baseline patient characteristics

CIB1 low expression n (%)  CIB1 high expression n (%)  Total

Patients 342 355 697
Sex

Female 146 (43) 139 (39) 285
Male 196 (57) 216 (61) 412
Age

0-49 years 36 (11) 22 (6) 58
50-64 years 80 (23) 101 (28) 181
65+ years 226 (66) 232 (65) 458

Location of primary tumor

Left 174 (51) 182 (51) 356
Right 168 (49) 173 (49) 341
uICcC

1 63 (18) 62 (17) 125
il 111 (32) 104 (29) 215
111 103 (30) 102 (29) 205
v 65 (19) 87 (25) 152

stage, and primary tumor location. Additionally, we performed in sil-
ico analyses to investigate whether CIB1 expression correlates with
the observation of rHGP in CRCLM using single-cell, spatial, and
bulk RNA-sequencing datasets. Furthermore, to validate these find-
ings, we performed immunohistochemical (IHC) and immunofluo-
rescence (IF) analyses of CIB1 on paraffin-embedded CRCLM tissue
and patient-derived organoids (PDOs). Our investigation provides
evidence that a higher expression of CIB1 is linked to a more aggres-
sive behavior and with the rHGP CRCLM.

RESULTS

High CIB1 protein expression levels inversely correlate with
survival outcome in CRC patients

In this study, we investigated the relationship between CIB1 protein
expression level and survival outcomes in CRC patients. The protein
expression data utilized for this analysis was generated from untar-
geted proteomic analysis conducted on the tumor specimens ob-
tained from the cohort of 697 patients with colorectal carcinomas.
Hyper-reaction monitoring mass spectrometry technique was em-
ployed to detect and quantify proteins within the formalin-fixed
paraffin-embedded (FFPE) tissue samples. Therefore, we established
a cohort of 697 treatment-naive patients with primary CRC tumors,
accompanied by follow-up data. Additionally, we collected data on
gender, age, UICC stage, and primary tumor location (Figures S1-
S3). Subsequently, we categorized the cohort into high and low
CIB1 protein expression, with a cutoff of 21,103.8, corresponding
to a Youden index of 0.132. Patient baseline characteristics are
shown in Table I.

Following Kaplan-Meier survival analyses, we identified a significant
inverse correlation between high CIB1 protein expression and DFS, as
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well OS in CRC patients. Specifically, patients with low CIB1 expres-
sion had higher DFS and OS rates compared with those with high
CIB1 expression (Figures 1A and 1B).

Subsequently, we investigated whether this correlation persisted
across patients with different stages of CRC by performing survival
analyses of CIB1 expression with DFS and OS, according to their
pathological UICC stages (pUICC) (Figures 1C and 1D). In line
with this, patients in UICC I stage who exhibited low CIB1 expression
demonstrated significantly higher DFS and OS rates compared with
those with high CIB1 expression (Figures 1C and 1D). This trend per-
sisted across pUICC stages II, III, and IV, where high CIB1 protein
expression was associated with worse survival outcomes, although
these correlations were not statistically significant (Figures 1C
and 1D).

Overall, these findings indicate that high CIB1 protein expression cor-
relates with worse survival outcomes, and that its expression is espe-
cially important in early tumor stages.

CIB1 protein expression in right-sided tumors has prognostic
significance

Given the distinct molecular and clinical characteristics associated
with left-sided and right-sided colon cancers, exploring this corre-
lation across both subsets contributes valuable insights into the
role of CIB1 in CRC prognosis. Next, we investigated whether
the correlation of high CIB1 expression is independent from the
tumor location. Out of the total 697 CRC patients included in
this study, 356 had tumors located in the colon descendens, sig-
moid, and rectum, collectively referred as left-sided colon cancers,
and 341 patients had tumors in the cecum, colon ascending, right
flexure, and colon transverse, grouped as right-sided colon cancers
(Table 1 and Figures S1E and S1F). Although in the left-sided co-
lon cancers no significant statistical difference in survival rates was
observed (Figures 2A and 2B), DFS and OS analysis revealed that
in right-sided tumors, patients with low CIB1 expression showed
higher survival rates (Figures 2C and 2D), matching with the cur-
rent clinical knowledge that tumors prevenient from this site are

. 16
more aggressive. =

In summary, CIB1 expression levels are significantly associated with
right-sided tumor patients’ survival outcomes, with CIB1 protein
expression negatively correlating DFS and OS.

In silico CIB1 expression levels in replacement and
desmoplastic HGP CRCLM

CRC patients with liver metastases have a poorer prognosis, reflected
by a reduced 5-year survival rate of 14%.'” Moreover, only a subgroup
of patients responds to anti-angiogenic therapy through anti-vascular
endothelial growth factor (VEGF) antibody administration, as not all
metastases use sprouting angiogenesis to secure their nutrient and ox-
ygen supply.'® This specific mode of vascularization is followed by
distinct HGPs, which have proven prognostic and predictive signifi-
cance.>* Recently, we have shown that any amount of non-dHGP
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Figure 1. Correlation of CIB1 protein expression and survival outcomes in CRC patients
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(A) Kaplan-Meier curve: DFS in a cohort of 697 CRC patients stratified for high and low protein expression of CIB1. (B) Kaplan-Meier curve: OS in a cohort of 697 CRC patients
classified for high and low protein expression of CIB1. (C and D) Kaplan-Meier curves: DFS and OS in a cohort of 697 CRC patients stratified for high and low protein

expression of CIB1 classified according to their pUICC stage.

(e.g., rHGP) is associated with impaired survival rates in CRC.” CIB1,
a protein implicated in various cellular processes,” including signal
transduction and tumorigenesis, might play a role in the distinct mi-
croenvironments of the HGPs. Thus, we directed our attention to

investigating the expression of CIB1 in CRCLM on the two most
prevalent HGPs, the rHGP and the dHGP. Utilizing single-cell
RNA-sequencing dataset (E-MTAB-12022), we identified an upregu-
lation of CIB1 in cancer cells of the rHGP (Figures 3A-3C). To
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Figure 2. Correlation of CIB1 protein expression and
survival outcome in left- and right-sided CRC patients
(A and B) Kaplan-Meier curves: DFS and OS in a cohort of 697
CRC patients stratified for high and low protein expression of
CIB1 in left-sided CRC. (C and D) Kaplan-Meier curves: DFS
and OS in a cohort of 697 CRC patients stratified for high
and low protein expression of CIB1 in right-sided CRC.
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further validate our single-cell results, we performed a comparative
analysis using our publicly available spatial RNA-sequencing data
(E-MTAB-12043) and observed increased CIB1 gene expression in
regions displaying rHGP over dHGP, thereby confirming the consis-
tency of our results (Figure 3D). Additional evaluation of bulk
CRCLM RNA sequencing (GSE151165) resulted in a similar trend
in CIBI expression (Figure S4A).

In sum, across all evaluated datasets, we observed that CIBI expres-
sion was significantly elevated in rHGP CRCLM, compared with
dHGP CRCLM, with the exception of bulk CRCLM RNA where
only a trend could be found. These findings are in line with previous
studies showing a correlation between elevated levels of CIBI expres-
sion and increased tumorigenesis.*'°

Elevated CIB1 protein levels in rHGP CRCLM

First, to corroborate the in silico findings of differential CIBI expres-
sion levels between the dHGP and rHGP CRCLM groups, we per-
formed immunohistochemical staining with FFPE samples from 20
different patients (10 rHGP and 10 dHGP). In agreement with our
previous results, we observed a significant increase of CIB1 within
the replacement group (H-score 127.40) (Figures 4A, 4B, and S5).
Desmoplastic HGP samples exhibited an H-score of 60.66
(p <0.001) (Figure 4C; Table 2). Second, to further validate these find-
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derstanding of CIBls role in the context of rHGP
CRCLM across different platforms and experi-
mental setups, suggesting the potential use of
CIBl as a promising biomarker for tumor aggressiveness and
CRCLM HGP.

DISCUSSION

Despite advancements in treatment regimens, CRC remains a signif-
icant global cause of cancer-related mortality.'”*’ The clinical pro-
gression of advanced CRC varies significantly, making it challenging
to stratify patients for treatment and surveillance. Some patients
develop metastases, while others do not. Understanding the molecu-
lar markers that contribute to these differences is crucial for person-
alized treatment. Biomarkers such as genetic mutations or gene
expression patterns can offer valuable insights into disease progres-
sion and prognosis.”’ By analyzing the molecular landscape of
CRC, researchers aim to identify key biomarkers to stratify patients
into risk groups and optimize treatment strategies. Moreover, molec-
ular markers also play vital roles in monitoring treatment response
and detecting recurrences. Regular assessment of the tumor’s molec-
ular profile allows for timely adjustments to treatment plans, ulti-
mately improving patient outcomes.

Previous studies have demonstrated that CIB1, a small E-helix-loop-F
helix (EF-hand) calcium-binding protein that is expressed ubiqui-
tously within cells,*” is capable of binding soluble and transmembrane
proteins that participate in numerous cellular processes, including
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(A) t-SNE plot: unsupervised Louvain clustering of 2,541 cancer cells with cluster identification. (B) t-SNE plot: clustering of 2,541 cancer cells by HGPs. (C) Volcano plot:
differential gene expression analysis of 2,541 single cancer cells of single-cell RNA sequencing (highlighting CIB7). (D) Spatial gene visualization: differential gene expression
analysis of three dHGP vs. three rHGP cancer areas of spatial RNA sequencing (highlighting of CIBT).

calcium signaling, survival, adhesion, and apoptosis.'> Given these
functional properties of CIB1, it is not surprising that it is also impli-
cated in the development and progression of various types of
cancer."”

Notably, it has been observed that CIB1 expression levels can affect
the migration and invasive characteristics of tumor cells, which could
potentially account for CRC patients expressing high CIB1 levels be-
ing more prone to develop liver metastases.®

Therefore, we have investigated CIB1 as possible molecular marker
for CRC and CRCLM focusing on the more aggressive type of
CRCLM, the rHGP. To evaluate its potential clinical relevance, we
first performed a retrospective study on 697 CRC patients who
received treatment between 2000 and 2020. Our study found that
high CIB1 expression was linked to worse DFS and OS, particularly

in patients with early-stage CRC and right-sided tumors. Therefore,
CIB1 could be a promising early predictor for aggressive CRC tumors.
We have further evaluated other important confounders, such as sex
and age, confirming that the correlation remains consistent in every
analysis.

Subsequently, we conducted single-cell and spatial RNA-sequencing
analyses of rHGP and dHGP CRCLM, to investigate whether CIBI
expression may also be altered in patients with advanced disease,
who are already known to differ in survival prognosis. Recently,
our group demonstrated that rHGP exhibits higher malignancy
(compared with dHGP) and that the presence of any non-dHGP
is associated with decreased OS.” Remarkably, our in silico tran-
scriptome analyses demonstrated an elevated expression of CIBI
in rHGP, which was further confirmed in PDOs and FFPE from
rHGP CRCLM samples. Furthermore, the results of our vascular
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A Figure 4. High CIB1 protein expression in rHGP
CRCLM
, (A and B) IHC staining of CIB1 in either dHGP or rHGP
s _,,  CRCLM. (C) IHC quantification. Scatterplot: H-Score of
& CIB1 in dHGP and rHGP (n = 10 dHGP vs. n = 10
rHGP), unpaired t test. Data are presented as mean SD.
C 200+ (D) Representative IF analysis of CIB1 (magenta) and
CDX2 (green). Nuclei were counterstained with DAPI. (E)
F ; Scatterplot of H-score of CIB1 in PDOs, unpaired t test.
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profile analysis of CRCLM aligns with the results of Anthoula Laza-
ris et al,'® who observed similar patterns when assessing micro-
vessel density. Accordingly, we show vessel density to be higher in
the replacement group (CIB1 high) compared with the desmoplastic
group (CIB1 low), while vessel lumen size was not altered. These
findings are corroborated with the work of Ibrahim et al., who as
well show higher endothelial cell counts in replacement HGP by
using endothelial cell marker proteins such as Tie-2 and
Angiopoietin-1.>

Replacement HGP CRCLMs are known to rely on vessel co-option
to achieve their supply of oxygen and nutrients™'® and exhibit
enhanced cancer cell motility and adhesion, which might be the un-
derlying mechanisms driving this process.”** CIB1 is known for
regulating platelet integrin activity, cell adhesion, and migration
by binding to IIb3, FVIIL, Rac3, and FAK.” Integrins are a major
adhesion receptor that controls cell migration, differentiation, and
proliferation. Additionally, CIB1 interacts with the small GTPase
Rac3 to promote IIb3-mediated cell adhesion and spreading.” It
also has been suggested that CIB1 activates FAK by direct binding,
leading to Rac3 and PAKI-induced adhesion and spreading. FAK
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study imposes limitations. Although the correla-
tion suggests a potential relationship between
CIB1 expression, different HGP types, and survival outcomes, further
research is needed to establish a causal link and explore the underly-
ing mechanisms involved in these processes. Further prospective
studies are required to validate our findings and to assess the potential
utility of CIB1 expression in guiding personalized treatment strategies
for CRC patients.

MATERIALS AND METHODS

Patient cohort

In this study, we conducted a survival analysis on patients with pri-
mary and metastatic CRC, who underwent colorectal surgery at the
University Medical Center Gottingen between 2000 and 2020. Pa-
tients were stratified into two groups according to their CIB1 pro-
tein expression in the primary tumor, determined via proteomic
analysis (see below). A total of 342 patients were assigned to the
low CIB1 expression group and 355 patients were assigned to the
high expression group, computing the cutoff using SPSS statistics
software (details outlined below). For further analysis, patients
were also stratified according to their gender, age, tumor location,
and UICC classification. All patients included in the analysis were
treatment-naive.
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Table 2. Immunohistochemical CIB1 expression distribution in CRC
patients with different HGPs

Desmoplastic Replacement

Number of values 10 10
Minimum 37,4 54, 25
Maximum 89, 4 168, 6
Range 52 114, 4

Mean 60, 66 127, 4
Lower confidence limit (95%) 47,6 97, 82
Upper confidence limit (95%) 73,72 157

Follow-up survey

Data collection took place from April 2020 to January 2021 and was
performed by follow-up documentation at the University Medical
Center Gottingen and via telephone consultation with the attending
family physicians. Collected data were digitally recorded using
SecuTrial (see below). Clinicopathological parameters were initially
recorded at the time of the operation within the patient file, and later
transferred to SecuTrial. A total of 697 patients underwent a system-
atic follow-up, investigating survival, the occurrence of distant metas-
tases, and local recurrences based on the clinicopathological parame-
ters. All procedures were done under the ethical approval of the
University Medical Center Gottingen (UMG), votes Nr. 25/3/17,
Nr. 24/4720, and Nr. 23/4/22.

Data collection in SecuTrial

Data collection, handling, and processing were facilitated by the web-
based electronic data capture software SecuTrial (InterActive Sys-
tems),”” enabling standardized and secure collection of patient data
using electronic case report forms (eCRFs).

Kaplan-Meier survival analysis

Kaplan-Meier method of survival analysis®” defined DFS and OS as
the endpoints of the analysis. DFS describes the period after therapy
without progression, recurrence, or metastasis. OS refers to the period
from diagnosis to the patient’s death regardless of the diagnosis.”’ Pa-
tients withdrawing from the study or those lost to follow-up were
censored.

Proteomics

Proteomic analysis was conducted by Biognosys AG, using FFPE tis-
sue samples obtained from 697 resected CRC patients. The speci-
mens underwent processing and were subjected to hyper-reaction
monitoring mass spectrometry for untargeted proteomic analysis
as outlined in Piazza et al.”' This analysis resulted in the quantifica-
tion of 7,611 proteins, 99,822 peptides, and 179,949 peptide
variants.

Immunofluorescence

Paraffin-embedded CRCLM 2-um slide tissue sections were
initially deparaffinized using xylene and ethanol dilutions, followed
by high-pH antigen retrieval through cooking/steaming. Subse-

quently, the slides were cooled and rinsed in distilled water. A
blocking step of 30 min with blocking reagent (BR) was performed,
followed by an overnight incubation at 4°C with CDX2 (mouse)
primary antibody diluted 1:2 in BR. On the second day, the slides
underwent a series of washes with Tris-buffered saline (TBS) and
TBS-Tween (TBST), followed by a 44-min incubation with
biotin-conjugated donkey anti-mouse secondary antibody (1:200
in TNB). This was succeeded by a 30-min incubation with strepta-
vidin-horseradish peroxidase (HRP) (1:100 in TBST), a 10-min
exposure to Cy5 amplification diluent (1:50), and a subsequent
methanol-TBS wash. Then transitioned to antibody CIB1 (rabbit,
11823-1-AP, Proteintech) at a concentration of 1:50 in BR for
2 h at room temperature (RT), followed by the same series of
washes with TBS and TBST. The rabbit antibody was detected us-
ing biotin-conjugated donkey anti-rabbit secondary antibody
(1:200 in TNB), streptavidin-HRP (1:100 in TBST), and Cy5
amplification diluent (1:50). Hoechst staining (1:500 in PBS) for
30 min and a final TBS wash were conducted before covering
the slides with DAPI ProLong Gold antifade reagent and a cover
glass. The stained slides were then stored in the dark at +4°C.
Additionally, CD31 (BD Biosciences, 1:500) and CIB1 (1:50) co-
staining immunofluorescence were conducted following the same
protocol as described above.

Immunohistochemistry

IHC was performed as previously described.” Briefly, samples of
CRCLM were cut into 2-pm slides, deparaffinized in xylol, and sub-
jected to a descending series of ethanol, followed by a standard he-
matoxylin and eosin (H&E) staining protocol. Subsequently, the
slides were heated in a steamer with Tris-EDTA (pH 8.5) for
20 min. After blocking endogenous peroxidase activity and incu-
bating with 5% bovine serum albumin diluted in PBS, the samples
were washed with TBST. The primary CIB1 antibody (11823-1-
AP, Proteintech) was diluted 1:50 and incubated for 60 min at
RT. Following incubation and washing, secondary antibody anti-
rabbit peroxidase polymer concentrate was used for 30 min at RT.
After another two washes with TBST for 5 min each, the slides
were treated with 3,3’-diaminobenzidine (DAB) chromogen
(BS04-110, ImmunoLogic) at a dilution of 1:25 for 10 min at RT.
After DAB staining, the slides were rinsed with distilled water for
2 min. To visualize the nuclei, the slides were briefly incubated
with hematoxylin for 2 min, followed by a rinse with distilled water
for 5 min. Subsequently, samples were dehydrated using an
ascending ethanol series and xylol for 2 min. Finally, Vitro-Clud
was used for mounting, and a cover glass was added.

IF image analysis using QuPath

The IF image analysis was conducted using QuPath version 0.4.3.”
To assess CIBI expression in individual tumor cells, the “Positive
cell detection” command was used. Tumor cell identification relied
on CDX2, a colon cancer marker, with an 8-um expansion radius.
For scoring CIB1 expression, the algorithm categorized cells as
CIB1-negative (intensity below 64), weakly positive (intensity be-
tween 65 and 128), moderately positive (intensity between 129
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Figure 5. Evaluation of CRCLM vascular profile

(A and B) Immunofiuorescence (IF) analysis of CIB1 (green) and CD31 (red) in CRCLM samples. Nuclei were counterstained with DAPI. (C-E) Quantification of CD31*
staining, scatterplot of vessel number and vessel lumen, in CRCLM (n = 13 dHGP vs. n = 13 rHGP), unpaired t test. Data are presented as mean SD, Student’s t test;

ns =p > 0.05.

and 192), and strongly positive (intensity between 193 and 255).
The analysis script generated outputs indicating cell counts and
their distribution across high, medium, and low categories. Subse-
quently, the H-score was calculated.

IHC scoring and analysis

IHC scoring was conducted as previously described.*** THC analysis
of the tissue samples was performed in a blinded manner using stan-
dard light microscopy. For each slide, staining intensity was assessed
on a scale of 0-3 (I0, I1-3), with I0 indicating no staining, I1 indi-
cating a weak staining, I2 indicating moderate staining, and I3 indi-
cating strong staining (Figure S5). The percentage of tumor staining
at each intensity level was recorded in 5% increments, ranging from
0 to 100 (PO, P1-3). The final H-score (ranging from 0 to 300) was ob-
tained by adding the products of the intensity score and the percent-
age of tumor staining for each intensity level (H-score = I1 x P1 +
12 x P2 + I3 x P3).
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Single-cell RNA sequencing

For single-cell sequencing, resected tissue (malignant and normal he-
patic tissue) from six patients with CRCLM (3 dHGP vs. 3rHGP) was
collected. Sample preparation, library construction, and sequencing
were performed as previously described’ using chromium single-
cell gene expression technology (10X Genomics) and DNBSEQ tech-
nology (BGI). After data pre-processing with CellRanger software
(10X Genomics) and quality filtering,” a total of 22,419 cells were
included in further analyses. For single-cell and spatial sequencing,
subsequent analysis and visualization were conducted using the
UniApp (Unicle Biomedical Data Science, Belgium).

Single-cell data were auto-scaled and principal-component analysis
(PCA) was conducted to visualize the first 20 principal components
in t-distributed stochastic neighbor embedding (t-SNE). Clusters
identified by graph-based clustering (resolution = 1) were annotated
via identification of uniquely upregulated genes and expression of
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canonical marker genes in each cluster.” A total of 2,541 cancer cells
were subsequently displayed by t-SNE calculating the first 20 prin-
cipal components and subclustered at a resolution of 1.5. Cancer cells
were annotated for patient and HGP of origin. Differentially ex-
pressed genes between rHGP cancer cells and dHGP cancer cells
were visualized in a volcano plot and position of CIBl was
highlighted.

Spatial RNA sequencing

For spatial sequencing, FFPE tissue (5-pum thickness, roughly
6.5 X 6.5 mm size) from six patients with CRCLM (3 dHGP vs. 3
rHGP) was placed on a Visium spatial gene expression slide (10X Ge-
nomics, PN-2000233). All tissue slices showed tumor areas as well as
adjacent normal hepatocyte areas. Each area of the gene expression
slide is composed of 5,000 spots with a diameter of 55 pm each. Slides
were stained and imaged and a sequencing library was prepared as
previously published,” using the Visium Spatial Gene Expression
for FFPE Kit (10X Genomics, PN-1000338). Libraries were sequenced
using DNBSEQ technology (BGI) and data were pre-processed with
SpaceRanger software (10X Genomics).”
21,804 spots were included in further analyses. Data from all spots
of each patient were auto-scaled, reduced in dimensionality by
PCA, and displayed in t-SNE plots. After graph-based clustering,
clusters were annotated according to their predominant cell types
via identification of uniquely upregulated genes and expression of ca-
nonical marker genes. Biological annotation was confirmed by over-
lay on the H&E slide.” Relative expression of CIBI in each spot was
determined and spatially visualized on the H&E overlay. Differential
gene expression analysis between cancer areas of rHGP and dHGP
was performed to identify the rank of CIBI. Expression of CIBI in
cancer areas of each patient was visualized as a heatmap based on
cluster-averaged gene expression and auto-scaled for visualization.

After quality filtering,

Bulk RNA sequencing

The publicly available bulk sequencing dataset GSE151165,”* which
stratifies CRCLMs for HGP (9 dHGP vs. 6 rHGP) was chosen as a
result of NIH GEO DataSets search for the terms “Colorectal cancer
liver metastases” and “HGP.” After TMM normalization,*® conducted
using the edgeR package in Bioconductor (version 3.14),’® all samples
from normal adjacent liver were excluded. CIBI expression was eval-
uated by the number of normalized CIBI reads per sample. Differen-
tial gene expression analysis between dHGP and rHGP cancer sam-
ples was performed to identify the rank of CIBI.

SPSS statistics

The survival data were formatted for SPSS (version 26.0), including
variables such as time of observation, event occurrence (death), and
other relevant factors. Receiver operating characteristic (ROC) curve
analysis was performed using the SPSS software. In the "ROC Curve"
dialogue box, the following settings were applied: "CIB1 value" was
selected as the test outcome variable, and the "patient died or not" var-
iable was selected as the status variable, with a value of “1” indicating
death and a value of “0” indicating survival. The optimal cutoff value
was determined using the Youden index, calculated in Excel by the

following formula: sensitivity — (1 - specificity). The Youden index
values were ranked to find the best cutoff value, which was found
to be 21,103.8, corresponding to a Youden index of 0.132. The
sensitivity =0.604, and the (1 - specificity) = 0.472.

Statistical analysis

Cutoff values were calculated by IBM SPSS Statistics. Survival analysis
curves were created using GraphPad Prism 9 (GraphPad Software),
unless otherwise indicated in the figure legends; p < 0.05 was consid-
ered statistically significant. Data are presented as means and stan-
dard deviations.

DATA AND CODE AVAILABILITY

All spatial RNA-sequencing and single-cell RNA-sequencing data
(including accession codes), are available in the ArrayExpress data-
base, (http://www.ebi.ac.uk/arrayexpress) under accession number
E-MTAB-12022 (scRNA-seq) and E-MTAB-12043 (spaRNAseq).
Bulk mRNA-sequencing expression data (GSE151165) were down-
loaded from the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/).
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