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Proteomic profiling reveals CEACAM6 function in driving
gallbladder cancer aggressiveness through integrin receptor,

PRKCD and AKT/ERK signaling
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Gallbladder cancer (GBC) presents as an aggressive malignancy with poor patient outcome. Like other epithelial cancers, the
mechanisms of GBC cancer progression remain vague and efforts in finding targeted therapies fall below expectations. This study
combined proteomic analysis of formalin-fixed paraffin-embedded (FFPE) GBC samples, functional and molecular characterization
of potential oncogenes and identification of potential therapeutic strategies for GBC. We identified Carcinoembryonic Antigen-
related Cell Adhesion Molecule 6 (CEACAMS6) as one of the significantly most upregulated proteins in GBC. CEACAM6
overexpression has been observed in other cancer entities but the molecular function remains unclear. Our functional analyses in
vitro and in vivo mouse models revealed that CEACAMG6 supported the initial steps of cancer progression and metastasis by
decreasing cell adhesion and promoting migration and invasion of GBC cells. Conversely, CEACAM6 knockdown abolished GBC
aggressiveness by increasing cell adhesion while reducing cell migration, cell proliferation, and colony formation. BirA-BiolD
followed by mass-spectrometry revealed Integrin Beta-1 (ITGB1) and Protein Kinase C Delta (PRKCD) as direct molecular and
functional partners of CEACAM6 supporting GBC cell migration. ERK and AKT signaling and their downstream target genes were
regulated by CEACAM6 and thus the treatment with AKT inhibitor capivasertib or ERK inhibitor ulixertinib mitigated the CEACAM6-
induced migration. These findings demonstrate that CEACAMS is crucially involved in gallbladder cancer progression by promoting
migration and inhibiting cell adhesion through ERK and AKT signaling providing specific options for treatment of CEACAM6-

positive cancers.
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INTRODUCTION

Gallbladder cancer (GBC) is the most common biliary tract cancer
(BTC) and the sixth most common malignancy of the gastro-
intestinal tract [1]. Although GBC is classified as a rare cancer,
there are distinct differences in GBC around the globe reaching
epidemic levels in some regions and ethnicities [2]. The highest
incidence rates are found in South America, northern India, and
East Asia [3]. GBC 5-year survival rate is less than 20% due to
diagnosis at progressed state and resistance to chemotherapy [2].
Less than 10% of patients with GBC are resectable [4] and more
than 40% are diagnosed after cancer cells have spread to regional
lymph nodes or the liver [5]. This late diagnosis and the resistance

of GBC to standard chemotherapy accounts for the poor prognosis
of patients with GBC [3, 6].

The mechanisms of GBC metastasis and aggressiveness are
largely unknown and understudied. The molecular signaling
cascades involved in GBC progression are still unknown. Often
patients with GBC are treated with the same therapy as other BTC
diseases such as extrahepatic cholangiocarcinoma (eCCA), even
though there is growing evidence of significantly different
molecular profiles of GBC and eCCA [7]. Thus, efforts in finding
the potential targets and molecular drivers of GBC are urgently
needed and critical for the development of effective treatment
of GBC.
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Fresh frozen tissues are generally preferable for protein analysis,
yet in a rare disease such as GBC, the availability of such specimens
is a major drawback. Formalin-fixed paraffin-embedded (FFPE)
tissues are more cost-effective and widely available and new
technologies now enable untargeted quantitative proteomics of
FFPE tissues [8-10]. In addition, the recently established protein
isolation protocol used in this study facilitates quantitative
proteomic analysis despite the limited amounts of FFPE material
[9]. Consequently, the proteomics data included in this study
unveiled valuable insights into deregulated proteins in GBC.

Carcinoembryonic Antigen-related Cell Adhesion Molecule 6
(CEACAMS6), which emerged as one of the highest and most
significantly upregulated proteins in our GBC patient cohort, also
referred to as CD66¢, is one of the CEACAM family members [11].
Its overexpression correlated with reduced overall survival in
gastric cancer [12], pancreatic ductal carcinoma [13], osteosar-
coma [14], and oral squamous cell carcinoma [15]. An oncogenic
role of CEACAMG6 has been suggested in breast, thyroid, colon, and
pancreas carcinoma [16]. Thereby, CEACAM6 promoted cancer
metastasis by increasing cell migration and invasion abilities [17].
However, the role and molecular mechanism of CEACAM6 in GBC
progression remained unclear. Here, we identified CEACAM6 as a
key factor in supporting GBC aggressiveness in vitro and in vivo.
We showed that CEACAM6 directly interacted with Integrin Beta-1
(ITGB1) and Protein Kinase C Delta (PRKCD) mediating CEACAM6-
induced GBC cell migration. Furthermore, inhibition of AKT and
ERK as key nodes in CEACAM6 downstream signaling pathways
suppressed GBC cell migration. Thus, this study provides
comprehensive data on CEACAM6 molecular, functional, and
translational properties in the context of GBC.

MATERIALS AND METHODS

Patient samples

The FFPE tissue blocks of GBC tumor tissues and non-tumorous normal
gallbladder tissues were provided by the Tissue Bank of the National
Center for Tumor Diseases (NCT, Heidelberg, Germany). GBC cases were
histologically confirmed by at least two board-certified pathologists of the
Institute of Pathology at University Hospital Heidelberg. The control tissues
of non-tumor (NT) gallbladder were obtained from patients who under-
went cholecystectomy because of gallstone disease but were only
included in the study if the tissue was not strongly inflamed.

Ethics approval and consent to participate

All research was conducted in accordance with the Declarations of Helsinki
and Istanbul. The project was approved by the ethics committee of
Heidelberg University (approval codes S-206/2005 and S-519/2019) The
study was exempt from informed consent by the subjects.

Mass spectrometry from FFPE tissue

Protein samples for mass spectrometry analysis were prepared and
isolated from FFPE tissue blocks of five GBC and five NT gallbladders based
on the previously described protocol [9]. The isolated peptides were
labeled with the isobaric mass tags also referred to as TMT-10plexing and
were performed as described previously. The TMT-labelled samples were
subjected to high-pH liquid chromatography and thereby fractionated and
injected afterward into the mass spectrometer.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 83.1 for
Windows software (GraphPad Software, La Jolla, CA, USA). Data are
presented as mean + SD, as indicated. For statistical analyses, chi-square
test, ANOVA test for multiple comparisons, or Student’s t-test for
comparison of two groups were used. P values below 0.05 were considered
statistically significant.

Bioinformatic analyses
Bioinformatic analysis was done using statistical computing environment R
(version 4.0.4, http://www.R-project.org/). Gene expression data were
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plotted using ggplot2 packages. Statistical analysis between two groups
of RNAseq gene expression data was performed using the limma
package in R.

Additional “Materials and methods” are provided online in the
Supplementary Data.

RESULTS

CEACAMG is upregulated in gallbladder cancer tissue

To investigate the proteomic changes between GBC and NT
gallbladder tissue, we compared five GBC and five NT tissue
samples by quantitative mass-spectrometric analysis using Tan-
dem Mass Tag (TMT) labeling (Fig. 1A and Table S1). The
correlation plot and t-distributed Stochastic Neighbor Embedding
(t-SNE) analysis showed that samples clustered based on the
tissue type (Fig. S1A, B). A total of 4827 proteins were detected of
which 719 were significantly different between GBC and NT
tissues (fold change (FC)>|2|, adj. p<0.05, Table S2). Of the
significantly different proteins, 348 proteins were downregulated
and 371 proteins were upregulated. To select candidate proteins
for functional analysis, we focused on upregulated proteins
located in the cell membrane and excluded proteins which are
mainly secreted as these are more difficult to target therapeuti-
cally. Based on the UniProtKB database (https://www.uniprot.org/
uniprotkb), CEACAM6 and Mucin 1 (MUC1) were among the most
overexpressed proteins located in the cell membrane (Fig. 1B-D
and Table S2, FC =5.54, adj. p <0.01). As CEACAM6 has been less
studied in cancer compared to MUC1, we chose CEACAM6 for
further studies. Next, the 719 significantly different proteins were
subjected to Ingenuity Pathway Analysis (IPA) to reveal pathways
involved in GBC tumorigenesis. Several signaling pathways related
to metastasis, including mTOR signaling, regulation of actin-based
motility by Rho, and remodeling of epithelial adherens junctions,
were activated in GBC (Fig. S1C and Table S3) [18-20].

Considering that CEACAMG is one out of 12 members of the
CEACAM protein family, we also analyzed the expression of
other CEACAM family members. In our GBC proteomics cohort
besides CEACAM6, CEACAM5, CEACAM7, and CEACAM8 were
detected but not significantly altered in GBC compared to NT
samples (Fig S1D, E and Table S2). We also found that in a
patient cohort from Henan Provincial People’s Hospital, which
included multi-stage transcriptomic profiling of GBC transforma-
tion (GSE202479) [21], the CEACAM6 mRNA was exclusively
overexpressed in advanced GBC, while other CEACAM family
members were found to be perturbed in early stages of GBC
development (Fig. 1E-H and Table S4). In eCCA of an
international multicenter cohort (GSE132305) [22], CEACAM6
and CEACAM5 were significantly upregulated compared to NT
tissue, while CEACAM7 was significantly downregulated (Fig. S1F
and Table S4).

Next, we evaluated CEACAM6 expression using immunohisto-
chemical staining of tissue microarrays (TMA) including NT
(N=63) and GBC (N=111) tissue samples. CEACAM6 exhibited
low (score 1, N=19, 30.2%) or intermediate expression (score 2,
N =22, 349%) in most NT samples, whereas, GBC epithelium
showed high expression (score 3, N=44, 39.6%) in a large
proportion of cases (chi-square test p <0.001, Fig. 1, J). Interest-
ingly, in patients with low-stage GBC with UICC2, the tumor
epithelium was positive in all cases, whereas in later-stage GBC,
denoted by UICC3 and UICC4, the GBC epithelium was negative in
more than one-third of patients suggesting that CEACAM6 is early
in carcinogenesis upregulated but not required or even has
negative effects in advanced stage GBC (Fig. 1K). However,
CEACAMSG levels in GBC were not associated with overall patient
survival (Fig. S1G). Thus, our and external cohort data consistently
showed that CEACAM6 is upregulated in a subset of GBC
suggesting an important functional role in the progression of
GBC.
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CEACAM6 knockdown suppresses GBC aggressiveness

To elucidate CEACAM6’s oncogenic function in vitro, we examined
the expression levels of endogenous CEACAM6 proteins across
various GBC cell lines (Fig. STH). We conducted knockdown
experiments using two siRNAs targeting CEACAM6 (siCEACAM6#2
and siCEACAM6#3) in the GBC cell lines SNU308 and Mz-ChA-1 to
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Protein extraction
Protein precipitation
Protein digestion
Peptide clean-up

TMT-10plex™ tagging and pooling

FFPE tissues Sample preparation
B Protein Mean SD Mean SD Adj.P FC Localization
Name GBC GBC NT NT
1 SFRP4 1821 0.69 1438 1.30 0.0011 142 S
2 IFI30 16.69 0.68 1349 0.34 0.0002 9.13 S,C
3 SERPINB5 16.86 0.76 13.85 0.63 0.0007 8.05 S,C
4  HTRA3 16.57 0.80 13.67 0.55 0.0007 7.47 S
5 LAMB3 16.65 0.74 13.75 0.64 0.0007 7.46 S
6 OLFM4  17.32 130 1445 0.73 0.0045 7.28 S M
7 CTHRC1 17.92 0.92 1510 1.01 0.0032 7.08 S
8  TIMP1 19.56 0.60 16.79 0.90 0.0012 6.85 S,ER
9 THBS2 1712 0.73 1439 095 0.0020 6.60 S,C
10 LAMC2  17.18 0.85 1455 0.53 0.0011 6.20 S,C
11 THBS1 1729 082 1466 093 0.0029 6.19 S,C
12 MUC1 16.60 1.12 13.98 0.38 0.0023 6.14 S,N,CM
13 CEACAM6 1593 1.24 1346 0.78 0.0082 554 CM,S,G,ER
14 DEFA5 16.06 1.27 1369 0.32 0.0062 517 S,G
15 REG4 16.45 2.16 1413 065 0.0629 500 S
16 FER1L6 1532 1.99 13.02 0.37 0.0448 493 C
17 SFRP2  17.69 0.94 1550 0.57 0.0040 4.56 S
18 MXRA5 1725 0.36 15.07 0.50 0.0004 455 S
19 COMP 1599 0.83 1380 0.88 0.0063 455 S,C
20 PLOD2 17.84 0.81 1566 0.65 0.0032 4.54 S, ER
21 FNDC1 16.98 0.48 14.80 0.36 0.0004 4.54 S,N
22 S100P 17.16 053 15.02 0.44 0.0007 4.40 S,N
23 HAPLN3 1743 0.86 1530 0.78 0.0060 4.39 S
24 LXN 18.14 049 16.02 0.72 0.0017 4.34 S,C,N
25 HIST1H1B 18.20 0.18 16.10 0.71 0.0009 4.28 N
26 SAA4 17.75 059 1565 042 0.0009 428 S,C
27 CNPY2 18.23 0.22 16.16 0.26 0.0001 4.22 ER
28 POSTN 1647 0.36 14.39 0.38 0.0003 421 S,G
29 ASNS 15.64 0.89 1358 0.47 0.0037 4.16 C,N
30 TYMP 17.06 0.64 1503 0.36 0.0010 4.08 C,N

S = Secreted; C = Cytosol; CM = Cell Membrane; N = Nucleus

M = Mitochondria; ER = Endoplasmic Reticulum; G =Golgi Apparatus
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explore possible protumorigenic effects of CEACAM6 (Fig. 2A, B).
Cell adhesion was significantly increased in both GBC cell lines
upon siRNA-mediated CEACAM6 knockdown compared to non-
targeting control (NTC, Figs. 2C and S2A). Conversely, cell
migration was inhibited after CEACAM6 knockdown (Figs.
2D and S2B). We observed a reduction of cell proliferation based

Mass spectrometry analysis
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Fig. 1 Proteomic profiling of gallbladder cancer samples. A Study design of mass spectrometry (MS) analysis. B Table showing top 30 most
upregulated proteins in GBC compared to NT with its individual expression, standard deviation (SD) among samples, adjusted p value (Adj. P),
fold-change (FC), and subcellular localization. € Volcano plot showing the protein expression of GBC versus gallbladder non-tumor tissue (NT).
CEACAMEG is highlighted. D Dot plot of individual measurements of CEACAM6 protein expression based on MS analysis. E Volcano plots of the
GSE202479 dataset comparing patient samples of the gallbladder with chronic inflammation, F intracholecystic papillary neoplasm (ICPN,
previously named adenoma), G early GBC or H advanced GBC versus NT. | Representative images of CEACAMS6 staining in NT and GBC tissue
samples with respective intensity score in tissue microarray (TMA) analysis. The scale bar corresponds to 50 pum. J Frequency of NT (N = 63) or
GBC (N =111) tissue samples with corresponding intensity score of CEACAMG staining in TMA analysis shown in a bar graph. The frequency
distribution was analyzed with chi-square test with x> = 24.136, df = 3, and p < 0.001. K Bar graph depicting percentage of CEACAMG staining
in GBC tissue samples for each GBC stage, UICC2 (N = 13), UICC3 (N = 56), and UICC4 (N = 21). Chi-square test revealed xz =6.638, df =2 and

p = 0.0362.

on BrdU assay (Figs. 2E and S2C) and cell viability by CEACAM6
knockdown compared to NTC in both GBC cell lines (Figs.
2F and S2D). Cell cycle analyses indicated that the reduction of
cell viability is caused by cell cycle arrest in G1, significantly
reducing cell proportions in S and G2/M phases (Figs. 2G and S2E).
However, CEACAM6 knockdown did not induce apoptosis based
on Annexin V assay (Figs. 2H and S2F). Further analyses of DNA
damage marker y-H2AX by immunofluorescence showed no
differences after CEACAM6 knockdown (Figs. 2I and S2G). In
contrast to Staurosporine control, CEACAM6 knockdown did not
induce PARP cleavage suggesting that CEACAM6 did not lead to
apoptosis (Figs. 2J and S2H). Interestingly, $-galactosidase staining
furthermore revealed an induction of cellular senescence inde-
pendent of the p16 pathway as CEACAM6-knockdown did not
result in p16 induction (Figs. 2K and S2I, J) [23]. In addition,
knockdown of CEACAMG6 resulted in a significant reduction of
single-cell colony formation (Figs. 2L and S2K).

To identify the downstream signaling pathways affected by
CEACAMS6 inhibition, we performed RNA sequencing analysis of
SNU308 cells after CEACAM6 knockdown with both siRNAs
individually. The comparison of the gene expression profiles
revealed that regulation of ERK/MAPK signaling, regulation of cell
cycle, senescence pathways, and remodeling of epithelial
adherens junctions were among the most significantly perturbed
pathways based on IPA pathway analysis (Fig. 3A, B and Tables S5,
S6). Independent gPCR validation of target genes known to
regulate cell cycle and proliferation such as CCNA2, CCNB1, PCNA,
and MCM2 revealed significant reduction after CEACAM6 knock-
down, while target genes related to senescence pathways such as
ICAM1 and DLCT were significantly increased in SNU308 and Mz-
ChA-1 (Fig. 3C-E). We also found that AKT and ERK protein
phosphorylation were significantly inhibited in both cell lines as a
result of CEACAM6 knockdown (Fig. 3F-H). Overall, CEACAM6
inhibition was able to mitigate protumorigenic properties of GBC
cells, possibly through ERK and AKT as downstream signaling
pathways of CEACAM6.

CEACAMSG regulates cell adhesion and the initial steps of
cancer metastasis

Correspondingly, we established stable doxycycline (Dox)-induci-
ble overexpression of CEACAM6 or albumin (ALB) as control. GB-
d1 and TGBC1 cells were chosen for subsequent CEACAM6
overexpression studies as they possessed low expression of
endogenous CEACAM6 (Fig. STH). Successful overexpression of
CEACAM6 or ALB was confirmed by Western blots and gPCR
analysis (Figs. 4A and S3A-Q). In both cell lines, overexpression of
CEACAMS6 inhibited cell adhesion (Figs. 4B and S3D) but increased
cell migration (Figs. 4C, and S3E) and invasion (Figs. 4D and S3F).
However, cell viability remained unchanged (Fig. S3G, H)
excluding the possibility of increased migration due to cell
proliferation.

To determine CEACAM6 function in vivo, we conducted lateral
tail vein injection of GBC cells with or without CEACAM6
expression which were labeled with a GFP-Luc-fusion protein for
in vivo monitoring (Fig. 4E). Stable overexpression of CEACAM6
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protein was monitored by Western blot (Fig. S3I). In addition, FACS
analysis and luciferase assay were performed to validate compar-
able GFP and luciferase expression between GFP-Luc-Ctrl and GFP-
Luc-CEACAMS6 (Fig. S3J, K). Tumor cell growth in the mouse lungs
was monitored over a period of 4 weeks by bioluminescence
imaging. Intriguingly, CEACAM6 overexpression caused less
adhesion of tumor cells to the endothelium of pulmonary blood
vessels starting the first day after tumor cell injection (Fig. 4F).
Consistently, this effect led to reduced bioluminescence over the
observation period of 4 weeks in mice injected with CEACAM6
expressing compared to control GBC cells (Fig. 4F, G). In addition,
we observed a smaller tumor area derived from human GBC cells
in mice injected with CEACAM6-expressing cells based on
hematoxylin and eosin (HE) and Ku80 staining (Fig. 4H). The
number of Ki67-positive cells per lung area was reduced in the
CEACAMS6 expressing group due to a lower number of tumor cells
(Fig. 4H). However, within the tumor, there was no difference in
cell proliferation marker Ki67 between tumors with or without
CEACAMS6, showing that CEACAM6 overexpression did not affect
cell proliferation (Fig. 4H). Overall, the in vivo results were in
accordance with the in vitro data showing that CEACAM6
decreased tumor cell adhesion to the pulmonal blood vessels
but did not affect tumor cell viability. Thus, CEACAM6 demon-
strated a pivotal role in supporting cell migration by regulating
cell adhesion which may promote the initial steps of cancer
metastasis in vivo and in vitro.

To gain better insight into the molecular perturbations caused
by CEACAM6, we performed RNA sequencing of GB-d1 control or
CEACAM6 expressing cells (Fig. 5A and Table S7). Gene set
enrichment analysis (GSEA) and IPA revealed activation of
pathways related to cell migration and tumor metastasis such as
MAPK, PI3K/AKT, and JAK/STAT signaling. Increased signaling
related to regulation of actin cytoskeleton, cell and focal adhesion,
tumor microenvironment signaling, wound healing, and sup-
pressed inhibition of MMPs in CEACAM6 expressing GB-d1 cells
were also observed (Fig. 5B, C and Table S8). Among the
significantly upregulated genes, we validated several genes
related to cell migration and adhesion, including MMP13, CEMIP,
DESC1, ARNT2, and gap junction beta-4 protein (GJB4) by qPCR in
GB-d1 and TGBC1 (Fig. 5D, E). These findings further explained the
relevance of CEACAM6 oncogenic properties in supporting cancer
cell migration, adhesion, and metastasis.

CEACAMSG directly interacts with ITGB1 and PRKCD to regulate
cell migration

To uncover the molecular mechanisms how CEACAM6 influences
intracellular signaling leading to GBC cell metastasis, we
performed proximity labeling by biotin ligase BirA (named BiolD)
to identify CEACAMG6 interaction partners (Fig. 6A). This system
results in the biotinylation of proteins within proximity of the BirA-
fusion protein [24]. In this study, BirA-Flag was fused to the
C-terminus of CEACAM6 to detect intracellular interaction
partners. Inducible expression and correct localization of
CEACAM6-C-BirA-Flag fusion or Ctrl-BirA-Flag protein were con-
firmed by immunofluorescence and Western blot (Fig. S4A, B). The
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Fig. 2 CEACAMG6 knockdown inhibits GBC oncogenic phenotype. A CEACAM6 knockdown using two siRNAs targeting CEACAM6 (si#2 and
si#3) transiently transfected in SNU308 and Mz-ChA-1 are shown in Western blot. -Actin served as loading control. B gPCR was performed to
analyze CEACAM6 gene expression levels on SNU308 and Mz-ChA-1 cells. SRSF4 gene expression was used as internal control for
normalization. C Three days after transfection, cells were used for adhesion assay and images of adherent SNU308 cells 1 h after seeding were
captured and quantified. D Transwell migration assay of SNU308 cells was quantified by the area of migrated cells per image and
representative images of 10x microscope magnification are shown. Mean results of three independent replicates are shown. E Bar graphs
showing relative cell proliferation based on BrdU incorporation ELISA and F cell viability of SNU308 cells after 3, 4, and 5 days of CEACAM6
knockdown. G Cell cycle distribution in sub-G0, GO/G1, S, and G2/M phases of SNU308 cells after CEACAM6 knockdown is depicted. H Relative
light unit (RLU) of Annexin V apoptosis assay after CEACAM6 knockdown in SNU308 cells. I Percentage of y-H2AX positive cells and
representative immunofluorescence images of SNU308 after CEACAM6 knockdown. The scale is 10 um. Staurosporine (25 uM) treatment for
two hours was used as positive control. J Western blot image of CEACAM6 and PARP protein after CEACAM6 knockdown or after two hours of
Staurosporine (25 uM) treatment. p-Actin served as loading control. K The senescent cell area in SNU308 cells was captured based on
B-galactosidase staining with x10 magnification. Representative images are shown of three independent replicates. Inset pictures show a
detailed area and the scale bar is 20 um. L Quantification and representative images of colony area after 14 days of CEACAM6 knockdown in
SNU308 cells. Data are represented as mean + SD of three independent experiments. P values were determined by unpaired t-test (p = 0.05 ns,
<0.05 *, <0.01 **, <0.001 ***),

addition of biotin led to biotinylation of proteins in the proximity total, 224 proteins were significantly more abundant in the
of the CEACAM6-C-BirA-Flag protein and random biotinylation in CEACAM6-C-BirA-Flag group compared to the control (FC> 3.0,
Ctrl-BirA-Flag cells (Fig. S4C). Streptavidin-pulldown of biotinylated adj. p<0.05, Table S9). Among those proteins, 189 proteins are
proteins followed by mass spectrometry revealed enrichment of predominantly located in the cell membrane, endoplasmic
potential CEACAM6 interaction partners (Fig. 6B and Table S9). In reticulum (ER), or Golgi apparatus. Consistently, we found that
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Fig.3 CEACAM®6 knockdown inhibits ERK and AKT signaling. A Volcano plot of differentially expressed genes revealed by RNA sequencing
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deregulated signaling pathways based on IPA. C qPCR analysis of genes related to cell cycle, D cell proliferation, and E senescence in SNU308
and Mz-ChA-1 cells after CEACAM6 knockdown (N=4). SRSF4 gene expression was used as internal control for normalization.
F Representative images of Western blots after CEACAM6 knockdown by transient transfection of two siRNAs showing protein levels of
PAKT, AKT, pERK, and ERK in SNU308 and Mz-ChA-1 cells. -Actin served as loading control. G Western blot signal quantification of pAKT and
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endogenous and overexpressed CEACAM6 localized to these
subcellular locations (Fig. S5A-H). We further categorized the
interaction partner candidates based on their gene ontology
terms associated with cell migration, adhesion, and cell motility.
Integrin Alpha-2 (ITGA2, FC=5.23, adj. p <0.01), Integrin Beta-1
(ITGB1, FC=19.91, adj. p<0.01) and Protein Kinase C Delta

Cell Death and Disease (2024)15:780
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(PRKCD, FC=12.94, adj. p <0.01) were among the top enriched
proteins and were found to co-localize with both endogenous and
overexpressed CEACAM6 (Figs. 6B, S6A-H and Table S9).

We then validated the protein-protein interactions through
proximity ligation assay (PLA) and co-immunoprecipitation (co-IP)
experiments. Confocal imaging of PLA showed a significantly
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Fig. 4 CEACAM®6 regulates cell adhesion and the initial step of cancer metastasis. A Western blots of CEACAM6 overexpression in GB-d1
cells. ALB and CEACAM6 were overexpressed using inducible viral transduction with 2 pg/mL Doxycycline (Dox) treatment. Overexpression of
ALB was used as a negative control. 3-Actin served as loading control. B Quantification and images of GB-d1 adherent cells 1 h after seeding
with or without ALB or CEACAM6 overexpression. C Transwell migration and D invasion assays of GB-d1 were quantified and representative
x10 magnification images are shown. E Study design of in vivo assay using lateral tail vein injection, created with Biorender.com.
F Representative images of in vivo bioluminescence imaging on day 1 and day 28 after lateral tail vein injection. G Tumor growth in the lung
was evaluated by total flux (log,) using the same region of interest (ROI) for every mouse and every measurement of mice injected with
control (Ctrl, N=11) or CEACAMG6 (N = 11) expressing Gb-d1-GFP-Luc cells at different time points, as indicated. P values were determined by
Mann-Whitney U-test (p = 0.05 ns, <0.05 *, <0.01 *¥, <0.001 ***), H Representative images of lungs from the Ctrl and CEACAM6 group stained
with HE, Ku80, or Ki67. Bar graphs indicating the percentage of tumor area based on HE staining, number of Ku80 positive cells per mm?,
number of Ki67 positive cells per mm? and percentage of Ki67 positive cells. Each dot represents one mouse of the control (Ctrl, N=11) or
CEACAMG6 (N = 11) group. Error bars depict SD and p values were determined by unpaired t-test (p > 0.05 ns, <0.05 *, <0.01 **, <0.001 ***), The
scale bar shown in the images is 100 pm.
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Fig. 5 CEACAMG6 regulates gene expression related to cell adhesion and migration. A Volcano plot of gene expression of GB-d1-CEACAM6
cells with or without CEACAMG6 overexpression induced by Dox (2 ug/mL) based on RNA sequencing. B Gene Set Enrichment Analysis (GSEA)
and C Ingenuity Pathways Analysis (IPA) displaying significant signaling pathways activated or inhibited by CEACAM6. D qPCR validation of
MMP13, CEMIP, DESC1, ARNT2, and GJB4 as upregulated genes regulated by CEACAM6 based on RNA sequencing analysis in GB-d1-CEACAM6
and E TGBC1-CEACAM6 cells with or without Dox (2 ug/mL) to induce CEACAM6 expression. SRSF4 was used as internal control for gene
normalization. Error bars depict SD and p values were determined by unpaired t-test (p > 0.05 ns, <0.05 *, <0.01 **, <0.001 **¥),
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increased number of PLA interaction signals upon CEACAM6
induction for ITGA2 (Fig. 6C), ITGB1 (Fig. 6D), and PRKCD (Fig. 6E).
We also found that interaction of endogenous ITGB1 and PRKCD
protein was further enhanced by CEACAM6 overexpression shown
by the increase of PLA signals (Fig. 6F). The CEACAM®6-Flag
pulldown in co-IP experiments demonstrated positive direct

R.N. Sugiyanto et al.

interactions between CEACAM6 and ITGA2 (Fig. 6G), ITGB1 (Fig.
6H) and PRKCD (Fig. 6l). Furthermore, ITGB1 and PRKCD were
pulled down together with CEACAM6 in co-IP (Fig. 6J). The
interaction between CEACAM6 with ITGA2, ITGB1, and PRKCD as
well as between ITGB1 and PRKCD were also observed endogen-
ously in SNU308 and Mz-ChA-1 cells by PLA (Fig. S7A-H).
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10

Fig. 6 BirA-BiolD and validation of CEACAM6 interacting proteins. A Overview of the BirA-BiolD approach illustrated with Biorender.com.
B Volcano plot of biotinylated proteins in CEACAM6-C-BirA-Flag versus Ctrl-BirA-Flag reveals Integrin Alpha-2 (ITGA2, FC = 5.23, adj. p < 0.01),
Integrin Beta-1 (ITGB1, FC=19.91, adj. p <0.01) and Protein Kinase C Delta (PRKCD, FC=12.94, adj. p <0.01) as interacting partners of
CEACAMBG. C Proximity ligation assay (PLA) revealed direct interaction of CEACAM6 with ITGA2, D ITGB1, E PRKCD, and F interaction of ITGB1
with PRKCD. PLA images and quantification of PLA signals per cell of GB-d1-CEACAM6-C-BirA-Flag with or without Dox (2 ug/mL) treatment
from two independent replicates and 10 different image areas with 60x microscope magnification each are displayed. Error bars depict SD
and p values were determined by Mann-Whitney U-test (p < 0.001 ***). The scale bar in the PLA picture is 10 um. G Co-immunoprecipitation
(co-IP) experiments were performed in HEK cells with transient overexpression of CEACAM6 and its interacting partner proteins further

validated the direct interaction of CEACAM6 with ITGA2, H ITGB1, | PRKCD and J ITGB1/PRKCD complex interaction.
<

Next, we explored the functional relevance of these protein-
protein interactions in regard to cell migration. To answer this
question, we performed transwell migration assays combining
CEACAMG6 overexpression with transfection of RNAi pools contain-
ing 30 different siRNAs targeting ITGA2, ITGB1, or PRKCD,
respectively. As observed before, Dox-induced CEACAM6 expres-
sion increased cell migration, however, silTGA2 reduced cell
migration but failed to rescue the effect of CEACAM6 in two
different GBC cell lines (Figs. 7A and S8A). In contrast, inhibition of
ITGB1 by silTGB1 prevented the CEACAM6-induced cell migration
by reducing the cell migration to levels comparable to the control
(Figs. 7B and S8B). The combined inhibition of ITGB1 and ITGA2
had effects comparable to ITGB1 alone suggesting that only ITGB1
inhibition is effective although ITGB1 and ITGA2 have been shown
to directly interact as a heterodimer (Fig. 7C and S8C) [25].
CEACAM6 migratory effect also showed dependency on PRKCD
expression with PRKCD knockdown abrogating the CEACAM6-
induced migration phenotype (Figs. 7D and S8D). Thus, CEACAM6
directly interacted with ITGB1, ITGA2, and PRKCD and CEACAM6's
migratory phenotype depended on ITGB1 and PRKCD.

AKT and ERK inhibitors interfere with CEACAM6-driven
molecular functions in GBC cells

Intrigued by the finding that AKT and ERK signaling pathways
were reduced by CEACAM6 knockdown (Fig. 3F-H), we asked
whether AKT and ERK inhibition could effectively reduce
CEACAM6-driven oncogenic function. To this end, we treated
GB-d1 and TGBC1 cells with 25 and 50 uM of AKT inhibitor
capivasertib or the ERK inhibitor ulixertinib. Capivasertib blocked
CEACAM6-induced cell migration in both cell lines (Figs.
8A and S9A). Similar to the inhibition of AKT, ulixertinib effectively
inhibited the CEACAM6-induced migration phenotype (Figs.
8B and S9B). Both capivasertib and ulixertinib did not significantly
influence cell viability after 24h of treatment (Fig. S9C, D).
Consistent with previous studies, capivasertib reduced AKT
protein expression and increased phosphorylation of AKT at
S473 (pAKT) as a feedback mechanism after AKT inhibition (Figs.
8C, D and S9E, F) [26]. The AKT inhibition led to reduced
phosphorylation of S6 at S235 and 5236 (pS6, Figs. 8C, D and
S9E, F). Ulixertinib also reduced ERK total protein and showed
accumulation of pERK (T202/Y204) as a feedback mechanism
compatible with the modes of action of ERK inhibitors (Figs.
8E, F and S9G, H) [27, 28]. As a result, phosphorylation of RSK at
$380, downstream of the ERK signaling pathway, was abrogated
(pRSK, Figs. 8E, F and S9G, H). To further dissect the effect of AKT
and ERK inhibition on GBC cells, we analyzed low-dose treatment
of capivasertib and ulixertinib in all four cell lines. The assessment
of capivasertib and ulixertinib at concentrations of 0.1, 1, and
10 uM revealed that AKT and ERK protein inhibition was partially
achieved at 1 uM, whereas inhibition at 10 uM was comparable to
that observed at 25 and 50 uM for both treatments (Fig. ST0A, B).
Next, we evaluated the effect of 1 and 10 uM of capivasertib or
ulixertinib on cell migration and cell invasion (Fig. S11). We
observed that CEACAMG significantly increased cell migration and
invasion and 10 uM of capivasertib or ulixertinib was functionally
effective to inhibit CEACAM6-driven migration and invasion in GB-
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d1-CEACAM6 and TGBC1-CEACAMG cells (Fig. S11A-H). Therefore,
the AKT inhibitor capivasertib and the ERK inhibitor ulixertinib
effectively inhibited the CEACAM6-induced cell migration and
invasion. To further support the hypothesis that inhibition of
CEACAM6 and AKT or ERK signaling may be an effective strategy,
we performed CEACAM6 knockdown with or without capivasertib
or ulixertinib treatment. As observed before, siRNA-mediated
inhibition of CEACAM6 reduced colony formation (Fig. 8G, H). In
addition, the combination of CEACAM6 knockdown and capiva-
sertib or ulixertinib treatment showed additive effects to further
inhibit colony formation (Fig. 8G, H). Thus, the inhibition of AKT
and ERK may serve as an effective strategy to counteract
CEACAM®6-driven oncogenic functions (Fig. 8l).

DISCUSSION

Similar to most other epithelial cancer entities, carcinomas of the
biliary tree are very heterogeneous, and treatment options are
limited. Despite recent advances in the understanding of
molecular alterations in BTC, most research focused on CCA and
the relatively low numbers of patients with GBC included in these
studies limits the findings regarding GBC [3]. Due to late diagnosis,
a disproportionally high recurrence rate after resection, and the
lack of targeted therapies, patient overall survival is still very
dismal [2, 3]. Adjuvant therapies using gemcitabine in combina-
tion with platinum-based compounds such as oxaliplatin and
cisplatin are the first-line therapy for unresectable GBC, but overall
survival is only minimally extended [29]. Genetic analyses revealed
that GBC rarely harbor microsatellite instability and the most
observed mutations, such as TP53, ARID1, ARID2, ELF3, and KRAS,
are not targetable [30, 31]. In addition, GBC are considered to be
immune cold tumors and unfortunately, only few patients with
GBC show response to immunotherapy [32, 33]. ERBB2/ERBB3
amplifications and mutations have been identified in a subset of
patients with GBC and first clinical trials showed promising results
[30, 34-36]. Interestingly, ERBB2/ERBB3 mutations promote PD-L1-
mediated immune escape suggesting that combination therapies
of pan-HER inhibition and immunotherapy may be effective in
patients with ERBB2/ERBB3 alteration [37, 38].

Although genetic profiling is crucial, proteins reflect the
pathophysiology of a disease and are ideal predictors of disease
progression and the major active therapeutic targets [39]. Thus,
we performed shotgun mass-spectrometric analysis and identified
a large number of proteins differentially expressed in GBC which
were involved in pathways promoting progression. Among the
most significantly upregulated proteins, we selected CEACAM6 as
it is localized in the cell membrane and little was known about its
function in GBC. We demonstrated that (1) CEACAM6 promoted
GBC aggressiveness in vitro and in in vivo mouse models, (2)
CEACAMG6 directly interacted with ITGB1 and PRKCD mediating
CEACAM6-induced GBC cell migration and (3) inhibition of AKT
and ERK as key nodes in CEACAM6 downstream signaling
pathways may be effective therapeutic approaches in GBC. We
also shed light on the complex landscape of the CEACAM protein
family in the context of GBC. Contradicting reports about the
molecular function of the CEACAM protein family exist. For
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instance, CEACAM1 has been reported to be downregulated in
many patients of prostate, colon, and breast cancer suggesting its
tumor-suppressing properties [40]. In contrast, CEACAMS5 expres-
sion is high in patients with lung adenocarcinoma [41], gastric
cancer [42], and colorectal cancer [11, 43] and correlated with

SPRINGER NATURE

poor clinical outcomes and overall survival [44, 45]. Here, we
detected CEACAM6, CEACAM5, CEACAM7, and CEACAMB8 by mass-
spectrometry which are structurally similar (Fig. S12A). We also
performed immunohistochemical analysis of CEACAM5 and found
that CEACAM5 was upregulated in the GBC epithelium compared
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Fig. 8 CEACAMSG function is inhibited by ERK and AKT inhibitors. A Cell migration transwell assay of GB-d1-CEACAM®6 cells with or without
CEACAMG6 overexpression and capivasertib or B ulixertinib treatment for 24 h. Data are represented as mean +SD of three independent
experiments. P values were determined by ANOVA two-way followed by Sidak’s multiple comparisons test (p >0.05 ns, <0.05 *, <0.01 *¥,
<0.001 ***). C Representative Western blot images of CEACAM6, AKT, pAKT (S473), S6, and pS6 (5235/5236) with or without CEACAM6
overexpression and capivasertib treatment for 24 h in GB-d1-CEACAM6 cells. D Western blot quantification of AKT and pS6 normalized to
B-Actin which served as loading control. E Protein expression of CEACAM6, ERK, pERK (T202/Y204), RSK, and pRSK (S380) are shown in
representative Western blot images of GB-d1-CEACAM6 cells with or without CEACAMG6 overexpression and ulixertinib treatment for 24 h.
F Quantification of ERK and pRSK normalized to f-Actin. Error bars depict SD and p values were determined by unpaired t-test (p = 0.05 ns,
<0.05 *, <0.01 **, <0.001 ***), G Quantification and representative images of colony forming area of CEACAM6 knockdown with or without
capivasertib or H ulixertinib treatment in SNU308 cells. Data are represented as mean + SD of three independent experiments. P values were
determined by unpaired t-test (p 2 0.05 ns, <0.05 *, <0.01 *¥, <0.001 **¥), | Schematic model of CEACAM6 molecular function and mechanism
in the regulation of GBC aggressiveness. CEACAM6 overexpression in GBC leads to increased interaction between CEACAMSG, the integrin
ITGA2: ITGB1 receptor, and PRKCD. This protein-protein interaction regulates ERK and AKT downstream target genes related to cell migration
such as MMP13, CEMIP, DESC1, ARNT2, and GJB4. Inhibition of ERK and AKT through molecular inhibitors or CEACAM6 knockdown decreased

CEACAM6-induced GBC aggressiveness. This schematic model was illustrated with Biorender.com.

to the normal gallbladder epithelium, however, the CEACAM5
expression was not associated with patient outcome (Fig. S12B-E).
The lack of association of CEACAM5 and CEACAM6 with patient
survival may be explained by the overall poor outcome and
aggressiveness of GBC. Furthermore, CEACAM6 was functionally
involved in the initial steps of cancer progression and metastasis
and may not be required for late-stage metastasis. This is further
supported by the notion that all cases with early-stage GBC were
positive for CEACAMS6, whereas in later-stage GBC more than one-
third of patients were negative for CEACAM6 suggesting that
CEACAMES is early in carcinogenesis upregulated but not required
or even had negative effects in advanced stage GBC. CEACAM5
knockdown similarly to CEACAMG resulted in reduced migration of
GBC cells suggesting similar roles for CEACAM5 and CEACAM6
(Fig. S12F-I). This finding also suggested that CEACAM5 and
CEACAM6 do not compensate each other which is possibly due to
their differential expression patterns, protein structure, and
downstream effects [46]. It is important to note that CEACAM5
protein was highly expressed in immune cells of the gallbladder
(NT tissue, Fig. S12C) explaining why CEACAMS5 was not
differentially expressed in our mass-spectrometry analysis. In
addition, the expression of CEACAM5 in immune cells prevents
the therapeutic use of CEACAM5 inhibitors. Therefore,
CEACAMSG stands out as potential therapeutic target.

CEACAM6 reduced GBC cell adhesion while promoting cell
migration and invasion without affecting cell proliferation. This
finding mirrors the nature of advanced GBC which invades the
gallbladder wall and metastasizes to regional lymph nodes, liver,
pancreas, or duodenum [1, 3]. The knockdown of CEACAM6 did
not only inhibit cancer cell migration by increasing cell adhesive-
ness but also reduced overall cell vitality, increased senescence,
and led to a block in cell cycle progression. CEACAM6 knockdown
did not induce apoptosis, PARP cleavage, or p16 consistent with
our findings of reduced cells proportions in S phase [23]. We also
translated our findings to the in vivo situation in a xenograft
mouse model, in which we validated CEACAM6's role in the
metastasis process. We found that GBC cells with CEACAM6
overexpression had a lower ability to adhere to the lung when
injected via the tail vein of mice, showing reduced adhesion,
which is essential for cell migration. Most of the CEACAM proteins,
including CEACAMG, are expressed only in humans but absent in
mice [47]. Thus, the xenograft model provides an attractive in vivo
model to study CEACAM6 in human GBC. Future studies using
mouse gallbladder organoids to functionally validate CEACAM6
may be useful to further study therapeutic approaches [48].

Furthermore, untargeted mass-spectrometric  BirA-BiolD
revealed CEACAM6 interaction partners. Among the CEACAM6
binding proteins, we further studied the two integrin subunits,
ITGB1 and ITGA2, and PRKCD. Interestingly, CEACAM6 has been
previously shown to co-localize with integrin in myoblasts [49].
Overexpression of ITGB1 and ITGA2 is linked to carcinogenesis in
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epithelial cells increasing migration and invasion and contributing
to EMT [50]. ITGA2 exclusively forms a dimer with ITGB1 as an
integrin a2B1 heterodimer, but ITGB1 can form a heterodimer
with at least 12 different a subunits [25]. This could explain our
finding that the CEACAM6 migratory function is partially
dependent on CEACAM6-ITGB1 interaction, but not on
CEACAMG6-ITGA2 interaction. We also showed that the absence
of PRKCD abrogated CEACAM6-induced migration. PRKCD is a
member of the Protein Kinase C protein family which requires
allosteric lipid activation [51]. PRKCD links integrin to its down-
stream effectors, such as phospholipase D, to activate actin
cytoskeletal rearrangement and support integrin-mediated cell
migration [52]. We consistently demonstrated the interaction
between PRKCD and ITGB1 in GBC. Given that CEACAM6 has no
intracellular domain, it is tempting to speculate that CEACAMS,
ITGB1, and PRKCD interact through the formation of a complex
within lipid rafts [53]. The ITGB1/PRKCD/CEACAM6 complex
appears to be indispensable for the oncogenic effects of
CEACAMES6, particularly in cell migration.

We also identified that CEACAM6 oncogenic properties in
supporting cell migration may act through regulation of ERK and
AKT signaling and their downstream gene effectors. Among the
validated genes were MMP13, CEMIP, DESC1, ARNT2, and GJBA4.
MMP13, CEMIP, and DESC1 encode proteins important for
degradation of extracellular matrixes, expressed in the tumor
invasion front, and are reported to increase cell migration and
tumor cell extravasation [54-56]. ARNT2 is a transcription factor
contributing to the regulation of angiogenesis, hypoxic responses,
and xenobiotics metabolism through its interaction with HIF-1q,
AHR, and other basic helix-loop-helix transcription factors [57, 58].
Furthermore, GJB4 has been shown to be correlated with AKT
pathway activation inducing cell proliferation and metastasis [59].
Thus, CEACAM6 activated ERK and AKT signaling leading to the
expression of metastasis-promoting genes.

When treated with AKT and ERK inhibitors, GBC cell migration
was abrogated in cells with high CEACAMG6 expression levels. This
finding opens the door to further evaluate ERK and AKT inhibitors
as potential treatment options for GBC. Interestingly, previous
studies utilized CEACAM6-targeted antibodies to deliver antic-
ancer drugs such as maytansinoid (DM1) [60] and gemcitabine
[61] for PDAC therapy or to deliver doxorubicin in NSCLC [62] and
paclitaxel [61] in lung cancer. Further investigation to coupled AKT
and ERK inhibitors with anti-CEACAM6 antibodies may offer an
intriguing approach for GBC targeted therapy. Therefore, our
approach to select the overexpressed cell membrane protein
CEACAM6 for further analysis may guide the development of
antibody-drug conjugate therapy for GBC to overcome the high
toxicity of the first-line chemotherapies currently used.

Taken together, our study provided untargeted quantitative
mass-spectrometry-based proteomics of GBC and led to the
identification of the protumorigenic cell membrane protein
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CEACAM6. We demonstrated that CEACAM6-inhibition greatly
reduced GBC aggressiveness. Furthermore, AKT and ERK inhibitors
effectively inhibited the CEACAM6-induced phenotype suggesting
that combination therapies or CEACAM6-antibody drug conjugate
therapies may offer a promising strategy in GBC therapy. Taken
together, these findings provide a foundation for further studies of
CEACAM6 and potential avenues for therapeutic developments in
the fight against GBC aggressiveness.

DATA AVAILABILITY

The datasets generated in this study are available in the GEO repository with
accession number GSE243306.

REFERENCES

1

20.

. Wistuba I, Gazdar AF. Gallbladder cancer: lessons from a rare tumour. Nat Rev

Cancer. 2004;4:695-706.

. Hundal R, Shaffer EA. Gallbladder cancer: epidemiology and outcome. Clin Epi-

demiol. 2014;6:99-109.

. Roa JC, Garcia P, Kapoor VK, Maithel SK, Javle M, Koshiol J. Gallbladder cancer. Nat

Rev Dis Prim. 2022;8:69.

. Bergquist A, von Seth E. Epidemiology of cholangiocarcinoma. Best Pract Res Clin

Gastroenterol. 2015;29:221-32.

. Henley SJ, Weir HK, Jim MA, Watson M, Richardson LC. Gallbladder cancer inci-

dence and mortality, United States 1999-2011. Cancer Epidemiol Biomark Prev.
2015;24:1319-26.

. Miranda-Filho A, Pineros M, Ferreccio C, Adsay V, Soerjomataram |, Bray F, et al.

Gallbladder and extrahepatic bile duct cancers in the Americas: Incidence and
mortality patterns and trends. Int J Cancer. 2020;147:978-89.

. Valle JW, Lamarca A, Goyal L, Barriuso J, Zhu AX. New horizons for precision

medicine in biliary tract cancers. Cancer Discov. 2017;7:943-62.

. O'Rourke MB, Padula MP. Analysis of formalin-fixed, paraffin-embedded (FFPE)

tissue via proteomic techniques and misconceptions of antigen retrieval. Bio-
techniques. 2016;60:229-38.

. Buczak K, Kirkpatrick JM, Truckenmueller F, Santinha D, Ferreira L, Roessler S, et al.

Spatially resolved analysis of FFPE tissue proteomes by quantitative mass spec-
trometry. Nat Protoc. 2020;15:2956-79.

. Buczak K, Ori A, Kirkpatrick JM, Holzer K, Dauch D, Roessler S, et al. Spatial tissue

proteomics quantifies inter- and intratumor heterogeneity in hepatocellular
carcinoma (HCC). Mol Cell Proteomics. 2018;17:810-25.

. Chan CH, Camacho-Leal P, Stanners CP. Colorectal hyperplasia and dysplasia due

to human carcinoembryonic antigen (CEA) family member expression in trans-
genic mice. PLoS ONE. 2007;2:e1353.

. Ru GQ, Han Y, Wang W, Chen Y, Wang HJ, Xu WJ, et al. CEACAM6 is a prognostic

biomarker and potential therapeutic target for gastric carcinoma. Oncotarget.
2017;8:83673-83.

. Pandey R, Zhou M, Islam S, Chen B, Barker NK, Langlais P, et al. Carcinoembryonic

antigen cell adhesion molecule 6 (CEACAM®6) in pancreatic ductal adenocarci-
noma (PDA): an integrative analysis of a novel therapeutic target. Sci Rep.
2019;9:18347.

. Wang Z, Luo C, Wang H, Yan X, Liu W, Meng Z. CEACAM6 is associated with

osteosarcoma metastasis and facilitates epithelial-mesenchymal transition in
osteosarcoma cells. Onco Targets Ther. 2018;11:3159-66.

. Chiang WF, Cheng TM, Chang CC, Pan SH, Changou CA, Chang TH, et al. Carci-

noembryonic antigen-related cell adhesion molecule 6 (CEACAM6) promotes EGF
receptor signaling of oral squamous cell carcinoma metastasis via the complex
N-glycosylation. Oncogene. 2018;37:116-27.

. Johnson B, Mahadevan D. Emerging role and targeting of carcinoembryonic

antigen-related cell adhesion molecule 6 (CEACAM®6) in human malignancies. Clin
Cancer Drugs. 2015;2:100-11.

. Rizeq B, Zakaria Z, Ouhtit A. Towards understanding the mechanisms of actions

of carcinoembryonic antigen-related cell adhesion molecule 6 in cancer pro-
gression. Cancer Sci. 2018;109:33-42.

. Roa JC, Leal P, Weber H, Garcia P, Sandoval A, Buchegger K, et al. mTOR/P70S6K

signaling pathway as a potential target for advanced gallbladder cancer therapy.
J Clin Oncol. 2014;32:242-242.

. Bian R, Dang W, Song X, Liu L, Jiang C, Yang Y, et al. Rac GTPase activating protein

1 promotes gallbladder cancer via binding DNA ligase 3 to reduce apoptosis. Int J
Biol Sci. 2021;17:2167-80.

Xu S, Zhan M, Wang J. Epithelial-to-mesenchymal transition in gallbladder cancer:
from clinical evidence to cellular regulatory networks. Cell Death Discov.
2017;3:17069.

SPRINGER NATURE

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Yang S, Qin L, Wu P, Liu Y, Zhang Y, Mao B, et al. RNA sequencing revealed the
multi-stage transcriptome transformations during the development of gall-
bladder cancer associated with chronic inflammation. PLoS ONE.
2023;18:¢0283770.

Montal R, Sia D, Montironi C, Leow WQ, Esteban-Fabro R, Pinyol R, et al. Molecular
classification and therapeutic targets in extrahepatic cholangiocarcinoma. J
Hepatol. 2020,73:315-27.

Prieur A, Besnard E, Babled A, Lemaitre JM. p53 and p16(INK4A) independent
induction of senescence by chromatin-dependent alteration of S-phase pro-
gression. Nat Commun. 2011;2:473.

Roux KJ, Kim DI, Raida M, Burke B. A promiscuous biotin ligase fusion protein
identifies proximal and interacting proteins in mammalian cells. J Cell Biol.
2012;196:801-10.

Adorno-Cruz V, Liu H. Regulation and functions of integrin alpha2 in cell adhesion
and disease. Genes Dis. 2019;6:16-24.

Chandarlapaty S, Sawai A, Scaltriti M, Rodrik-Outmezguine V, Grbovic-Huezo O,
Serra V, et al. AKT inhibition relieves feedback suppression of receptor tyrosine
kinase expression and activity. Cancer Cell. 2011;19:58-71.

Winkler M, Friedrich J, Boedicker C, Dolgikh N. Co-targeting MCL-1 and ERK1/2
kinase induces mitochondrial apoptosis in rhabdomyosarcoma cells. Transl
Oncol. 2022;16:101313.

Germann UA, Furey BF, Markland W, Hoover RR, Aronov AM, Roix JJ, et al. Tar-
geting the MAPK signaling pathway in cancer: promising preclinical activity with
the novel selective ERK1/2 inhibitor BVD-523 (Ulixertinib). Mol Cancer Ther.
2017;16:2351-63.

Adeva J, Sangro B, Salati M, Edeline J, La Casta A, Bittoni A, et al. Medical
treatment for cholangiocarcinoma. Liver Int. 2019;39:123-42.

Pandey A, Stawiski EW, Durinck S, Gowda H, Goldstein LD, Barbhuiya MA, et al.
Integrated genomic analysis reveals mutated ELF3 as a potential gallbladder
cancer vaccine candidate. Nat Commun. 2020;11:4225.

Nepal C, Zhu B, O'Rourke CJ, Bhatt DK, Lee D, Song L, et al. Integrative molecular
characterisation of gallbladder cancer reveals micro-environment-associated
subtypes. J Hepatol. 2021;74:1132-44.

Goeppert B, Frauenschuh L, Zucknick M, Stenzinger A, Andrulis M, Klauschen F,
et al. Prognostic impact of tumour-infiltrating immune cells on biliary tract
cancer. Br J Cancer. 2013;109:2665-74.

Oh DY, Lee KH, Lee DW, Yoon J, Kim TY, Bang JH, et al. Gemcitabine and cisplatin
plus durvalumab with or without tremelimumab in chemotherapy-naive patients
with advanced biliary tract cancer: an open-label, single-centre, phase 2 study.
Lancet Gastroenterol Hepatol. 2022;7:522-32.

Albrecht T, Rausch M, Roessler S, Geissler V, Albrecht M, Halske C, et al. HER2 gene
(ERBB2) amplification is a low-frequency driver with potential predictive value in
gallbladder carcinoma. Virchows Arch. 2020;476:871-80.

Harding JJ, Piha-Paul SA, Shah RH, Murphy JJ, Cleary JM, Shapiro GI, et al. Anti-
tumour activity of neratinib in patients with HER2-mutant advanced biliary tract
cancers. Nat Commun. 2023;14:630.

Li M, Zhang Z, Li X, Ye J, Wu X, Tan Z, et al. Whole-exome and targeted gene
sequencing of gallbladder carcinoma identifies recurrent mutations in the ErbB
pathway. Nat Genet. 2014;46:872-6.

Li M, Liu F, Zhang F, Zhou W, Jiang X, Yang Y, et al. Genomic ERBB2/ERBB3
mutations promote PD-L1-mediated immune escape in gallbladder cancer: a
whole-exome sequencing analysis. Gut. 2019;68:1024-33.

Zhang Y, Zuo C, Liu L, Hu Y, Yang B, Qiu S, et al. Single-cell RNA-sequencing atlas
reveals an MDK-dependent immunosuppressive environment in ErbB pathway-
mutated gallbladder cancer. J Hepatol. 2021;75:1128-41.

Macklin A, Khan S, Kislinger T. Recent advances in mass spectrometry based
clinical proteomics: applications to cancer research. Clin Proteom. 2020;17:17.
Kirshner J, Chen CJ, Liu P, Huang J, Shively JE. CEACAM1-4S, a cell-cell adhesion
molecule, mediates apoptosis and reverts mammary carcinoma cells to a normal
morphogenic phenotype in a 3D culture. Proc Natl Acad Sci USA. 2003;100:521-6.
Woodard GA, Ding V, Cho C, Brand NR, Kratz JR, Jones KD, et al. Comparative
genomics between matched solid and lepidic portions of semi-solid lung ade-
nocarcinomas. Lung Cancer. 2023;180:107211.

Zhang L, Zhang C, Liu N. CEACAM5 targeted by miR-498 promotes cell pro-
liferation, migration and epithelial to mesenchymal transition in gastric cancer.
Transl Oncol. 2022;24:101491.

Gisina A, Novikova S, Kim Y, Sidorov D, Bykasov S, Volchenko N, et al. CEACAM5
overexpression is a reliable characteristic of CD133-positive colorectal cancer
stem cells. Cancer Biomark. 2021;32:85-98.

Shi H, Tsang Y, Yang Y. Identification of CEACAMS5 as a stemness-related inhibi-
tory immune checkpoint in pancreatic cancer. BMC Cancer. 2022;22:1291.

Lee JS, Park S, Park JM, Cho JH, Kim SI, Park BW. Elevated levels of serum tumor
markers CA 15-3 and CEA are prognostic factors for diagnosis of metastatic
breast cancers. Breast Cancer Res Treat. 2013;141:477-84.

Cell Death and Disease (2024)15:780


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE243306

46. Thomas J, Klebanov A, John S, Miller LS, Vegesna A, Amdur RL, et al. CEACAMS 1,
5, and 6 in disease and cancer: interactions with pathogens. Genes Cancer.
2023;14:12-29.

47. Chan CH, Stanners CP. Recent advances in the tumour biology of the GPI-
anchored carcinoembryonic antigen family members CEACAM5 and CEACAM6.
Curr Oncol. 2007;14:70-73.

48. Erlangga Z, Wolff K, Poth T, Peltzer A, Nahnsen S, Spielberg S, et al. Potent
antitumor activity of liposomal irinotecan in an organoid- and CRISPR-Cas9-based
murine model of gallbladder cancer. Cancers. 2019;11:1904.

49. Ordonez C, Zhai AB, Camacho-Leal P, Demarte L, Fan MM, Stanners CP. GPI-
anchored CEA family glycoproteins CEA and CEACAM6 mediate their biological
effects through enhanced integrin alpha5betal-fibronectin interaction. J Cell
Physiol. 2007;210:757-65.

50. Hamidi H, Ivaska J. Every step of the way: integrins in cancer progression and

metastasis. Nat Rev Cancer. 2018;18:533-48.

Steinberg SF. Structural basis of protein kinase C isoform function. Physiol Rev.

2008;88:1341-78.

52. Chae YC, Kim KL, Ha SH, Kim J, Suh PG, Ryu SH. Protein kinase Cdelta-mediated
phosphorylation of phospholipase D controls integrin-mediated cell spreading.
Mol Cell Biol. 2010;30:5086-98.

53. Wang R, Bi J, Ampah KK, Ba X, Liu W, Zeng X. Lipid rafts control human melanoma
cell migration by regulating focal adhesion disassembly. Biochim Biophys Acta.
2013;1833:3195-205.

54. Beliveau F, Desilets A, Leduc R. Probing the substrate specificities of matriptase,
matriptase-2, hepsin, and DESC1 with internally quenched fluorescent peptides.
FEBS J. 2009;276:2213-26.

55. Zhang P, Song Y, Sun Y, Li X, Chen L, Yang L, et al. AMPK/GSK3beta/beta-catenin
cascade-triggered overexpression of CEMIP promotes migration and invasion in
anoikis-resistant prostate cancer cells by enhancing metabolic reprogramming.
FASEB J. 2018;32:3924-35.

56. Mendonsa AM, VanSaun MN, Ustione A, Piston DW, Fingleton BM, Gorden DL.
Host and tumor derived MMP13 regulate extravasation and establishment of
colorectal metastases in the liver. Mol Cancer. 2015;14:49.

57. Ohtake F, Takeyama K, Matsumoto T, Kitagawa H, Yamamoto Y, Nohara K, et al.
Modulation of oestrogen receptor signalling by association with the activated
dioxin receptor. Nature. 2003;423:545-50.

58. Keith B, Adelman DM, Simon MC. Targeted mutation of the murine aryl hydro-
carbon receptor nuclear translocator 2 (Arnt2) gene reveals partial redundancy
with Arnt. Proc Natl Acad Sci USA. 2001;98:6692-7.

59. Muramatsu J, Arihara Y, Yoshida M, Kubo T, Nakamura H, Ishikawa K, et al. Gap
junction beta-4 accelerates cell cycle progression and metastasis through MET-
AKT activation in pancreatic cancer. Cancer Sci. 2024;115:1564-75.

60. Strickland LA, Ross J, Williams S, Ross S, Romero M, Spencer S, et al. Preclinical
evaluation of carcinoembryonic cell adhesion molecule (CEACAM) 6 as potential
therapy target for pancreatic adenocarcinoma. J Pathol. 2009;218:380-90.

61. Riley CJ, Engelhardt KP, Saldanha JW, Qi W, Cooke LS, Zhu Y, et al. Design and
activity of a murine and humanized anti-CEACAM6 single-chain variable frag-
ment in the treatment of pancreatic cancer. Cancer Res. 2009;69:1933-40.

62. Wu SJ, Arundhathi A, Wang HC, Chen CY, Cheng TM, Yuan SF, et al. Migration and
invasion of NSCLC suppressed by the downregulation of Src/focal adhesion
kinase using single, double, and tetra domain anti- CEACAM6 antibodies. Transl
Oncol. 2021;14:101057.

51.

ACKNOWLEDGEMENTS

Tissue samples were provided by the tissue bank of the National Center for Tumor
Diseases (NCT, Heidelberg, Germany) under the regulations of the tissue bank and
the approval of the Ethics Committee of Heidelberg University. We thank Fabio
Tabone (NCT tissue bank, Heidelberg) and Jutta Scheuerer of the Center for Model
System and Comparative Pathology (CMCP, Institute of Pathology Heidelberg) for

Cell Death and Disease (2024)15:780

R.N. Sugiyanto et al.

technical support. We would like to thank Dr. Thomas Ruppert and Sabine Merker
from the Core Facility for Mass Spectrometry and Proteomics (CFMP) of the Zentrum
fur Molekulare Biologie der Universitat Heidelberg (ZMBH) for help with BiolD mass
spectrometry analysis. We also thank Dr. Christian Ackermann (Nikon Imaging Center
Heidelberg), Ulrike Gartner (Interfakultére Biomedizinische Forschungseinrichtung,
Heidelberg University) and Dr. Monika Langlotz (ZMBH, Flow Cytometry & FACS Core
Facility) for assistance.

AUTHOR CONTRIBUTIONS

RS and SR designed research; RS, CM, Al, FT, KG, EE, TH, AF, IH, and JK performed
research; SP, TA, BG, and AM contributed new reagents, clinical data, or tissue
samples; RS, CM, FT, CS, and SR analyzed data or tissue samples; RS and SR wrote the
manuscript; all authors read and commented on the manuscript.

FUNDING

This work was supported by the German Research Foundation (DFG) project ID
314905040, 469332207, and 493697503, by the German Cancer Aid (Deutsche
Krebshilfe) project no. 70113922 and by Wilhelm Sander Foundation project no.
2015.111.1. Open Access funding enabled and organized by Projekt DEAL.

COMPETING INTERESTS
PS: Grant, boards, and presentations from Novartis and Incyte. All other authors
declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541419-024-07171-x.

Correspondence and requests for materials should be addressed to
Stephanie Roessler.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

SPRINGER NATURE

15


https://doi.org/10.1038/s41419-024-07171-x
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Proteomic profiling reveals CEACAM6 function in driving gallbladder cancer aggressiveness through integrin receptor, PRKCD and AKT/ERK signaling
	Introduction
	Materials and methods
	Patient samples
	Ethics approval and consent to participate
	Mass spectrometry from FFPE tissue
	Statistical analyses
	Bioinformatic analyses

	Results
	CEACAM6 is upregulated in gallbladder cancer tissue
	CEACAM6 knockdown suppresses GBC aggressiveness
	CEACAM6 regulates cell adhesion and the initial steps of cancer metastasis
	CEACAM6 directly interacts with ITGB1 and PRKCD to regulate cell migration
	AKT and ERK inhibitors interfere with CEACAM6-driven molecular functions in GBC cells

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




