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ALCAM contributes to brain metastasis formation in 
non-small-cell lung cancer through interaction with the 
vascular endothelium
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Abstract
Background.  Brain metastasis (BM) in non-small-cell lung cancer (NSCLC) has a very poor prognosis. Recent 
studies have demonstrated the importance of cell adhesion molecules in tumor metastasis. The aim of our 
study was to investigate the role of activated leukocyte cell adhesion molecule (ALCAM) in BM formation in 
NSCLC.
Methods.  Immunohistochemical analysis was performed on 143 NSCLC primary tumors and BM. A correlation be-
tween clinicopathological parameters and survival was developed. Biological properties of ALCAM were assessed 
in vitro by gene ablation using CRISPR/Cas9 technology in the NCI-H460 NSCLC cell line and in vivo by intracranial 
and intracardial cell injection of NCI-H460 cells in NMRI-Foxn1nu/nu mice.
Results.  ALCAM expression was significantly upregulated in NSCLC brain metastasis (P = 0.023) with a de novo 
expression of ALCAM in 31.2% of BM. Moderate/strong ALCAM expression in both primary NSCLC and brain me-
tastasis was associated with shortened survival. Functional analysis of an ALCAM knock-out (KO) cell line showed 
a significantly decreased cell adhesion capacity to human brain endothelial cells by 38% (P = 0.045). In vivo studies 
showed significantly lower tumor cell dissemination in mice injected with ALCAM-KO cells in both mouse models, 
and both the number and size of BM were significantly diminished in ALCAM depleted tumors.
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Importance of the Study

Lung cancer patients with brain metastasis have a very 
poor prognosis. Recent studies have demonstrated the 
importance of cell adhesion molecules in the tumor cell 
dissemination and metastasis process. The brain is a 
unique site of metastasis, since it is protected by the 
blood–brain barrier. We have identified the expression 
of cell adhesion molecule ALCAM to be upregulated in 
BM of lung cancer patients, which is furthermore as-
sociated with poor outcome. Importantly, our results 

indicate that ALCAM is directly involved in brain metas-
tasis formation by promoting adherence to the cerebro-
vascular endothelium. As ALCAM inhibition is currently 
being evaluated in an ongoing phase II study for treat-
ment of solid tumors, future evaluation of ALCAM ex-
pression may better stratify patients for optimized 
treatment. Additionally, our study is the first showing 
that ALCAM contributes to brain metastasis formation 
in NSCLC and could be a potential therapeutic target.

Conclusions.  Our findings suggest that elevated levels of ALCAM expression promote BM formation 
in NSCLC through increased tumor cell dissemination and interaction with the brain endothelial cells. 
Therefore, ALCAM could be targeted to reduce the occurrence of BM.

Key Points

1. �ALCAM expression associates with poor prognosis and brain metastasis in NSCLC.

2. �ALCAM mediates interaction of NSCLC tumor cells with brain vascular 
endothelium.

3. �ALCAM might represent a novel preventive target to reduce the occurrence of BM 
in NSCLC.

Lung cancer is the most common cause of cancer-related 
death, accounting for about 27% of all cancer deaths.1,2 
Despite new treatment, the 5-year survival rate of non-small-
cell lung cancer (NSCLC) remains only around 15% in devel-
oped countries, with most cases being diagnosed in advanced 
stages with very poor outcome.3 Brain metastases (BM) are 
a frequent complication in lung cancer patients, presenting 
in approximately 40% of patients with advanced adenocarci-
noma and 50% with small-cell lung cancer.4,5 Around 10% of 
adenocarcinoma patients present with brain metastasis at the 
time of initial diagnosis6 and in 50% the brain is the only site 
of tumor relapse (oligo-metastasis).7 Patients with BM have a 
very poor prognosis, with a 5-year survival rate of 2.9% and a 
high burden of neurological symptoms.8–10 One of the main 
problems for treatment of BM is the blood–brain barrier (BBB). 
The endothelial cells (ECs) of the BBB are nonfenestrated and 
reinforced by the basal membrane and the end-feet of astro-
cytes, tightly regulating the movement of molecules, ions, 
and cells across the BBB, thus creating a substantial barrier for 
drug delivery to the central nervous system.11,12

In the context of the “seed and soil” hypothesis, the suc-
cessful colonization of brain metastatic cells depends on 
specific properties of tumor cells to both access and sur-
vive in the brain.13,14 Circulating tumor cells (CTCs) are 
the seeds of metastases, and detection of CTCs in NSCLC 
patients negatively correlates with clinical outcome.15 

Interestingly, we and others have shown that CTCs from 
brain metastatic patients commonly are negative for epi-
thelial cell adhesion molecule and thus display mesen-
chymal and stem cell traits.16,17 CTCs from breast cancer 
patients with BM were shown to commonly express cluster 
of differentiation 44 (CD44), a protein involved in cell-cell 
interactions and cell adhesion.16 Different cell adhesion 
molecules (CAMs) have been shown to be involved in the 
process of metastasis. A deregulation of CAMs contributes 
to the detachment of cells from the primary mass leading 
to tumor progression and to metastasis to distant sites.18,19 
In breast cancer BM, L1CAM has been shown to mediate 
the vascular co-option of tumor cells to brain-related mi-
crovascular endothelium, thereby promoting BM forma-
tion.20,21 Other CAMs have also been implicated to play 
an important role in BM formation of different tumor 
entities,22 including activated leukocyte cell adhesion mol-
ecule (ALCAM) in early stages of breast cancer metastasis 
seeding to the brain and vascular CAM-1 promoting adhe-
sion of prostate carcinoma cells to brain ECs.23,24

In this study, we investigated the role of ALCAM in 
NSCLC brain metastasis formation. Both primary NSCLC 
tumor tissue as well as brain metastatic tissue were inves-
tigated. ALCAM expression was found to be significantly 
associated with BM and thus its functional role was investi-
gated in both in vitro and mouse models.

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article/22/7/955/5737760 by U

.S. D
epartm

ent of Justice user on 17 August 2022



957Münsterberg et al. ALCAM contributes to brain metastasis formation
N

eu
ro-

O
n

colog
y

Materials and Methods

Patient Materials

Tissue microarrays of formalin-fixed, paraffin-embedded 
tissues including tissue from 51 primary lung tumors, 15 
lymph node metastases, and 76 lung cancer BM were exam-
ined. Additionally, whole sections of 16 matched pairs of 
primary lung tumor tissue and corresponding BM were ana-
lyzed. Furthermore, serum ALCAM levels were measured in 
120 NSCLC patients, including 62 early stage non-metastatic 
patients, 34 multi-metastatic patients, and 24 oligo-BM pa-
tients. All patients had undergone surgery of both primary 
tumor and BM at the University Medical Center Hamburg-
Eppendorf between 1998 and 2015. Ethical approval for this 
study was granted by the institutional review board Ethical 
Review Board of Hamburg analyses of human materials 
(PV4954). See also Supplementary Material.

Immunohistochemistry

For immunohistochemistry, ALCAM antibody (1:400, Vector 
Laboratories, VP-C375) was visualized by the Dako REAL 
Detection System (Peroxidase/DAB+, K5001) according to 
manufacturer’s protocol and counterstained with hema-
toxylin. See also Supplementary Material.

Detection of Circulating Tumor Cells 

Thirty-seven metastatic NSCLC patients were screened 
for CTCs using a microfluidic device (Parsortix, Angle).25 
Collected in EDTA tubes was 7.5 mL of peripheral blood, 
which was processed immediately by the Parsortix de-
vice, followed by a cytocentrifugation of the obtained 
cells onto slides. The cells were visualized by immuno-
fluorescence staining using antibodies against human 
keratins (1:100, clone AE1/AE3, eBioscience), ALCAM 
(1:150, clone 3A6, Biolegend), and CD45 (1:150; clone 
HI30, Biolegend). CTCs were defined as keratin+/4′,6′-
diamidino-2-phenylindole positive (DAPI+)/CD45−. See 
also Supplementary Material.

ALCAM ELISA

A sandwich enzyme-linked immunosorbent assay (ELISA) 
was used to quantify peripheral blood serum levels of 
secreted ALCAM (sALCAM) using the DuoSet ELISA 
Development kit (R&D Systems, DY656) according to the 
manufacturer’s protocol. The probes were analyzed in 
96-well microtiter plates as duplicates using a microplate 
reader set to 450 nm (Infinite M200Pro, Tecan NanoQuant).

Generation of ALCAM-KO Cell Line

Human NCI-H460 (hereafter H460) was obtained from 
American Type Culture Collection. To establish ALCAM-KO 
cells, we used clustered regularly interspaced short pal-
indromic repeat (CRISPR)/CRISPR-associated nuclease 9 

(Cas9) technology. Successful ALCAM-KO was verified by 
immunoblot analysis and Sanger sequencing of individual 
expanded cell clones. Finally, a pool of 5 individually ex-
panded H460 ALCAM-KO cell clones was used for all fur-
ther experiments. See also Supplementary Material.

Proliferation, Migration, and Colony Formation

Cellular proliferation was assessed by MTT assay. For mi-
gration, a Boyden-chamber assay was used and colony 
formation was evaluated in soft agar assays. Adhesion ca-
pacity on human ECs was evaluated by using a static ad-
hesion test as well as under dynamic conditions. See also 
Supplementary Material.

Scanning Electron Microscopy

Parental and ALCAM-KO H460 cells were plated individ-
ually or as a mixture (1:1) with brain ECs (HBEC-5i) and 
grown on 0.5% gelatin-coated coverslips for 2  days. 
Thereafter, samples were fixed in 2% glutaraldehyde 
for 1  h at room temperature and then overnight at 4°C. 
Following a 16 h post-fixation in 1% OsO4 at 4°C, they were 
dehydrated in an acetone gradient (25–100%) and critical 
point dried in a CO2 system (Critical Point Dryer, Leica 
Microsystems, EM CPD 300). Samples were then sputter 
coated with gold (sputter coating device SCD 050, BAL-
TEC) and examined at a 5-kV accelerating voltage in a field 
emission-scanning electron microscope (Jeol JSM 7500F).

Animal Experiments

All mice experiments were performed in accordance with 
the guidelines of animal welfare of the University Medical 
Center Hamburg-Eppendorf and the local authorities 
(the Social, Health, and Consumer Protection Agency, 
Hamburg, Germany). Mice were kept on a 12:12 light-to-
dark cycle with ad libitum access to food and water.

Two different mouse models were used. Parental and 
ALCAM-KO H460 cells were injected either intracranially 
in the right striatum (n =  5 per group) or intracardially 
into the left ventricle (n = 10 per group) of 12-week-old 
female NMRI-Foxn1nu/nu mice, respectively. Based on 
pilot experiments, mice were sacrificed 10  days after 
intracranial injection or by reaching a weight loss of 
more than 10% after intracardial injection (between 
days 17 and 21). One mouse injected intracranially with 
H460 ALCAM-KO cells did not show any signs of a brain 
tumor, most likely due to a faulty injection, and was 
thus excluded from further analysis. Similarly, in the 
intracardial injection model, one mouse in each group 
was excluded due to probably failed injection and there-
fore no tumor formation. Blood was collected from the 
eye vein, bone marrow was isolated from the left femur 
and tibia, and whole brain and peripheral organs were 
paraffin embedded. Brain tumor growth was calculated 
as Vt  =  (

√
(max. cross − sectional area))3 as described 

by Kunkel et  al.26 The metastases in the ventricles in 
the intracranial model were not considered for tumor 
volume calculation. CD34+ blood vessels were counted 
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as described in Kunkel et al.26 In brief, blood vessels per 
cross-sectional area were counted in 10 high powered 
fields for intracranial injected tumors. As brain tumors 
induced through intracardial injection were smaller in 
size, blood vessels per total cross-sectional area were 
counted. Liquid biopsy analysis for CTC and dissemin-
ated tumor cell (DTC) number in mouse blood and bone 
marrow was performed and visualized by immunofluo-
rescence staining for human pan-keratin (1:100, clone 
AE1/AE3, eBioscience) and mouse CD45 (1:150, clone 
30-F11, BD Pharmingen). For automatic cell identifica-
tion, the Xcyto Quantitative Cell Imager (Chemometec) 
was used.27 Histology and micro–computed tomography 
(µCT) analyses of the spines and the right femora were 
performed as described in Supplementary Material.

Statistics

Data are presented as group averages  ±  standard devi-
ation (SD) or median  ±  intraquartile range. Statistical 
analysis of patient samples was performed using SPSS 
23.0. The correlation of clinical and pathological variables 
with the staining was examined using the chi-square test 
or Fisher’s exact test. Kaplan–Meier survival curves were 
compared with the log-rank test. Statistical analysis of 
mice samples was performed using GraphPad Prism 8.0. 

For simple comparison, Student’s t-test or Mann–Whitney 
test was performed. P < 0.05 was accepted as significant.

Further information is provided in the Supplementary 
Material.

Results

ALCAM Protein Expression in NSCLC Primary 
Tumors and Metastases

Immunohistochemical staining was performed for ALCAM 
on tissue microarrays. ALCAM protein expression data 
were obtained from 47 primary tumors, 15 lymph node me-
tastases, and 71 BM samples. ALCAM expression was sig-
nificantly increased in BM compared with primary tumor 
tissue (P = 0.023; Fig. 1A–D) as well as in lymph node me-
tastases compared with primary tumor tissue (P = 0.041). 
ALCAM expression was strong in 50.7% of BM compared 
with 46.6% of lymph node metastases and 27.7% of pri-
mary tumors. In order to evaluate the change in ALCAM 
expression from the primary tumor tissue to the brain met-
astatic tissue, 16 whole sections of matched pairs were 
analyzed—37.5% (n =  6) of the primary tumors showed 
no ALCAM expression, whereas only one specimen of 
the matched brain metastasis was negative for ALCAM, 
indicating a de novo expression of ALCAM in 31.2% of 
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Fig. 1  ALCAM expression in primary tumor and metastatic tissue from NSCLC patients. ALCAM protein expression in (A) primary tumor (PT) 
and (B, C) 2 different BM from a NSCLC patient. (D) Frequency of ALCAM expression in PT, lymph node metastases (LN), and BM tissue (PT – BM 
P = 0.023, PT – LN P = 0.04). Survival analysis by Kaplan–Meier showing a significantly shortened OS for patients with positive ALCAM protein 
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was determined using the log-rank test. Scale bar 20 μm.
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BM. In one patient, 2 BM diagnosed and operated one 
year apart showed very strong ALCAM expression in com-
parison to the negative primary tumor tissue (Fig. 1A–C). 
Additionally, 25% (n = 4) of samples showed an increase 
from moderate to strong ALCAM expression.

ALCAM Expression in Correlation with 
Clinicopathological Parameters and  
Prognosis

Correlation between the ALCAM protein expression pat-
tern and clinicopathological parameters was assessed. 
A  strong ALCAM expression in primary NSCLC tumors 
was only significantly correlated with a positive lymph 
node status (P = 0.019) (Table 1), whereas in brain meta-
static tissue we found ALCAM to be correlated with both an 
oligo–brain metastatic status (brain as only site of metas-
tasis, P = 0.046) as well as the presence of BM at initial di-
agnosis (P = 0.034). Survival analysis showed a correlation 
between ALCAM expression and overall survival (OS) in 
both primary tumors as well as BM samples. Patients with 
strong ALCAM expression in their primary tumors showed 
a significantly shortened OS compared with tumors with 
less ALCAM expression (P  =  0.017; Fig.  1E). Likewise, a 
strong or moderate ALCAM expression in BM correlated 
with a shorter brain-specific OS (P = 0.035; Fig. 1F).

ALCAM Expression on Circulating Tumor Cells 
and Matched Brain Metastases

As we detected a de novo expression of ALCAM in a sub-
stantial number of BM, we investigated whether this de 
novo expression occurred during dissemination or rather 
during outgrowth of the metastasis in the brain. To this 
end, we analyzed the ALCAM expression on CTCs isolated 
by Parsortix (Fig. 2A) and matched BM (Fig. 2B). Keratin-
positive CTCs were found in 4 out of 37 NSCLC patients 
with BM. In all these patients, we found congruent expres-
sion patterns of ALCAM on both CTCs and the matched BM 
tissue (Fig. 2C). Sadly no matching primary tumor tissue 
was available for these patients.

Secreted ALCAM in Plasma Levels of NSCLC 
Patients

ALCAM exists both as a transmembrane as well as a secreted 
protein (sALCAM).28 To analyze if also sALCAM is associ-
ated with BM, sALCAM was quantified in peripheral blood 
plasma samples using a sandwich ELISA. One hundred 
twenty NSCLC patients with early-staged (n = 62), advanced 
multi metastatic (n = 34), or oligo-BM (n = 24) disease were 
analyzed. Levels of sALCAM were significantly elevated in 
the serum of multi-metastatic NSCLC patients (Fig.  2D, n 
= 34; mean 2338 pg/mL) compared with non-metastatic pa-
tients (n = 62; mean 1772 pg/mL; P = 0.001). The sALCAM 
serum levels of multi-metastatic NSCLC patients were also 
significantly elevated compared with oligo-BM patients (n 
= 24; mean 1700 pg/mL; P = 0.02). We defined the median 
sALCAM value as a cutoff value for the categorical analysis 
of sALCAM data in association with histopathological data. 

An elevated sALCAM level showed a significant correlation 
neither with any histopathological data nor with patient sur-
vival, indicating that the cellular ALCAM is more important 
for BM formation than the secreted form.

In Vitro Model of ALCAM Function in NSCLC

To elucidate a role of ALCAM in the formation of BM in 
lung cancer, we established an in vitro model by using 
the NSCLC cell line NCI-H460. This cell line, derived from 
a pleural effusion of an NSCLC patient, has been shown 
to be able to metastasize to the brain and other organs.21 
Using CRISPR/Cas9 technology, a targeting plasmid for 
ALCAM inactivation was introduced in these cells and 
ALCAM absence was confirmed after cell expansion by 
immunoblot and immunofluorescence labeling (Fig.  3A, 
Supplementary Fig. 1A, B). Assays were performed to test 
whether the absence of ALCAM influenced basic cell func-
tions. We observed no effect on proliferation (Fig. 3B), mi-
gration (Fig. 3C), and colony formation (Fig. 3D).

As ALCAM is an adhesion molecule, the effect of 
ALCAM inactivation on adhesion on different surfaces 
was assessed. A static adhesion assay in co-culture with 
brain ECs (hCMEC/D3) was performed. Fluorescence in-
tensity of green fluorescent protein was measured after 
washing using Infinite M200 (Tecan). The adhesion of 
H460 ALCAM-KO cells to brain ECs was significantly de-
creased by 29% (P ≤ 0.001) compared with H460 parental 
cells (Fig.  3E). To further assess this interaction, adhe-
sion under flow conditions, mimicking the blood stream 
in microvessels, was performed.29 Adhesion of both 
parental and ALCAM-KO H460 cells is impaired under 
shear stress—however, to a different extent: 38% of H460 
ALCAM-KO cells compared with 19% of H460 parental cells 
(P = 0.045) detached from the EC monolayer under shear 
stress (Fig. 3F), indicating that ALCAM plays a role in cell 
adhesion to brain ECs.

As the adhesion of ALCAM-KO cells on brain ECs was 
significantly decreased, we assessed the interaction more 
closely using a scanning electron microscope. When the 
cells were grown on gelatin, the H460 parental cells showed 
a more flattened shape and had numerous cell ruffles on 
the cell surface (Fig. 3G, H). In contrast, the ALCAM-KO cells 
showed a rounder shape, possibly indicating a lower attach-
ment to the surface. Interestingly, the ALCAM-KO cells did not 
have many ruffles on the surface but instead displayed more 
microvilli (Fig.  3J, K). When grown together with human 
brain ECs, both the parental and ALCAM-KO cells inter-
acted with the ECs. However, the contact was much more 
pronounced in the parental cells (Fig.  3M) compared with 
a contact via the microvilli in the ALCAM-KO cells (Fig. 3N). 
Immunofluorescence staining of CD9, a known interaction 
partner of ALCAM,30,31 revealed localization to the membrane 
ruffles in parental cells, whereas it relocalized in microvillar-
like structures in ALCAM-KO cells (Supplementary Fig. 1C–F).

In Vivo ALCAM Model

We injected the parental and ALCAM-KO H460 cells either 
intracranially or intracardially in nude mice to determine 
if inactivation of ALCAM affected tumor outgrowth in the 
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Table 1  ALCAM protein expression in correlation to clinical parameters in primary NSCLC and NSCLC brain metastasis

 
 

total n ALCAM 

negative + weak moderate strong P

% % % value

Brain metastases      

Total 71 14.1 35.2 50.7  

Histology     n.s.

Adeno-CA 54 9.3 35.2 55.6  

SCC 9 22.2 33.3 44.4  

other 5 40.0 40.0 20.0  

Oligometastasis     0.046

no 13 30.8 38.5 30.8  

yes 36 5.6 38.8 55.6  

BM at diagnosis     0.034

no 30 20.0 43.3 36.7  

yes 21 0.0 33.3 66.7  

Oligo-BM at diagnosis     0.006

no 30 16.7 56.7 26.7  

yes 18 0.0 27.8 72.2  

Sex     n.s.

female 27 22.2 37.0 40.7  

male 44 9.1 34.1 56.8  

UICC stage     n.s.

I+II 3 66.7 0.0 33.3  

III+IV 29 13.8 37.9 48.3  

Primary tumors      

Total 47 10.6 61.7 27.7  

Histology     n.s.

Adeno-CA 21 9.5 71.4 20.0  

SCC 17 11.1 61.1 27.8  

Tumor stage     n.s.

pT1 + 2 35 8.6 62.9 28.6  

pT3 + 4 12 16.7 58.3 25.0  

Grade     n.s.

I+II 24 8.3 62.5 29.2  

III+IV 23 13.0 60.9 26.1  

Lymph node status     0.019

negative 22 9.1 81.8 9.1  

positive 25 12.0 44.0 44.0  

Metastasis     n.s.

M0 43 11.6 60.5 27.9  

M1 4 0.0 75.0 25.0  

UICC stage     n.s.

1 + 2 27 11.1 74.1 14.8  

3 + 4 19 10.5 47.4 42.1  

Age     n.s.

<63.1 y 24 16.7 58.3 25.0  

≥63.1 y 23 4.3 65.2 30.4  
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brain or dissemination. In the intracranial model, at time 
of sacrifice large tumors were detected in the brain but no 
overt tumors (serial sectioning) were seen outside the brain. 
However, a significant difference in the number of CTCs was 
detected. Twenty-nine CTCs per 1 million peripheral blood 
mononuclear cells (PBMCs) were found in mice injected 
with H460 parental cells, whereas no CTCs were found in 
the H460 ALCAM-KO injected mice (Fig.  4B). Similarly, 

analysis for DTCs in the bone marrow revealed 44% fewer 
DTCs (20 DTCs per 1 million PBMCs) in H460 ALCAM-KO 
injected mice compared with H460 parental injected ones 
(36 DTCs per 1 million PBMCs) (Fig. 4E). Although the me-
dian size of brain tumors was lower in H460 ALCAM-KO 
injected animals, the difference did not reach significance 
(parental 140.1, range 80.2–237.1 mm3, ALCAM-KO 67, range 
28.7–160.4 mm3, P = 0.1905; Fig. 5A, B, D). Interestingly, a 
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Sex     n.s.

female 16 18.8 50.0 31.3  

male 31 6.5 67.7 25.8  

Course of disease     n.s.

dead 33 9.1 63.6 27.3  

alive 13 15.4 53.8 30.8  

n.s. = not significant. SCC = squamous cell carcinoma. UICC = Union internationale contre le cancer.
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tumor growth could be found in the lateral ventricles of all 
mice injected with ALCAM-KO H460 cells, which was not 
observed in any of the parental H460 injected animals (0/5; 
Fig. 5C). Due to the location of the injection site (tracking of 
needle path), we believe that the cells were not injected in 
the ventricle, rather that the cells migrated there. To analyze 
whether the induced tumors are differentially vascularized, 
immunohistochemical staining for the endothelial cell ad-
hesion molecule CD34 was performed with no difference 
observed between the 2 groups in terms of number, size, or 
form of vessels (Supplementary Fig. 2A–C). Finally, as bone 
is the most common site of metastases in cancer patients, 
we searched bone remodeling in the vertebral bodies and 
femur by sections and µCT, respectively. No signs of oste-
olytic lesions or bone remodeling, neither in spine nor in 
femora, assessed by µCT were observed (Supplementary 
Fig. 2E, F, I–L).

To assess the involvement of ALCAM in the dissemi-
nation to the brain, we performed intracardiac injection 
of parental and ALCAM-KO H460 cells. At time of sacri-
fice, mice injected with H460 parental cells had signif-
icantly more BM compared with ALCAM-KO injected 
mice (parental 24, range 16–45, ALCAM-KO 14, range 
1–18, P = 0.0004; Fig. 5E, F, G) and showed a significantly 
higher total tumor load throughout the brain (parental 
8.93, range 1.3–23.2  mm3, ALCAM-KO 2.08, range 0.1–
7.6 mm3, P = 0.0078; Fig. 5H). None of the mice showed 
signs of metastasis in the ventricles. No differences 
in the form and number of blood vessels were found 
(Supplementary Fig. 2D). Similarly to the intracranial 
model, CTC analysis revealed 68% less CTCs per 1 mil-
lion PBMCs in mice injected with H460 ALCAM-KO cells 
compared with H460 parental injected ones (parental 
85 CTCs per 1 million PBMCs, ALCAM-KO 27 CTCs per 1 
million PBMCs; Fig. 4C). Analysis of undecalcified verte-
bral body sections revealed metastases in the spine and 
femur of both groups, which was independent of ALCAM 
(Supplementary Fig. 2G, H, M–P). However, we could ob-
serve a decrease in bone mineral density of the femora 
in H460 parental injected mice (parental 793.3  ±  25.9, 
ALCAM-KO 828.4 ± 12.7; Supplementary Fig. 2Q).

Discussion

Cell adhesion is essential for cell communication and cell 
architecture. In tumor progression a change of cell archi-
tecture contributes to dissemination and metastasis.18,32 
ALCAM has previously been shown to be involved in tumor 
progression and metastasis,18,33–35 but the potential impact 
of this protein on BM formation is currently unknown. In 
this study we analyzed the protein expression of ALCAM in 
primary tumors, CTCs, and BM and assessed its functional 
role in tumor dissemination, adhesion, and BM formation 
in in vitro and in vivo models.

In our analysis, ALCAM expression was found to be sig-
nificantly elevated in BM compared with primary tumors. 
Specifically, in matched tissue an ALCAM upregulation 
from the primary tumors to BM in one third of cases 
was found, suggesting an important role in BM. Positive 
ALCAM status in primary NSCLC tumors has previously 
been linked to poor prognosis.31 Here we show that it is 
particularly connected to NSCLC BM as well as to lymph 
node metastasis. Importantly, an elevated level of ALCAM 
expression in both the primary tissue and BM was associ-
ated with a shorter OS (both P < 0.05). In order to assess 
at which stage ALCAM upregulation might take place, 
matched CTCs and BM were analyzed for ALCAM ex-
pression. Although of clinical relevance, CTCs are rare in 
oligo-BM NSCLC36 and therefore the ALCAM expression 
could be assessed in CTCs from only 4 patients. CTCs and 
BM samples showed in all cases a congruent ALCAM ex-
pression, suggesting that ALCAM expression of CTCs in 
the peripheral blood might represent the ALCAM status 
of the BM. However, further studies would need to be per-
formed, especially on patients before they develop overt 
BM detectable by imaging in order to assess the CTCs with 
“true brain metastasis seed.”

We further analyzed whether the secreted sALCAM form 
in blood serum could serve as an additional non-invasive 
biomarker. Secreted ALCAM is formed through shed-
ding of its ectodomain by the metalloprotease ADAM17/
TACE,28 and high levels have been associated with a more 
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aggressive tumor type in epithelial ovarian cancer.36 We 
found sALCAM serum levels significantly elevated in multi-
metastatic NSCLC patients compared with non-metastatic 
tumor patients and oligo-BM patients. As in other tumor 
entities, sALCAM might function as a general marker for dy-
namic tumor progression; in NSCLC it can be discussed as 
an overall prognostic factor not specifically linked to BM.36–38

Based on these observations we assumed that ALCAM ex-
pression might in particular affect BM formation of NSCLC 
cells. Hence we sought to test our hypothesis in an ALCAM-
depleted NSCLC cell line model. ALCAM is known to pro-
mote cell migration associated with tumor progression and 
metastasis in other tumor entities.34,39–42 Importantly, ALCAM 
has been shown to be crucial for leukocyte transendothelial 
migration through the BBB.43–45 Our functional analysis of 
H460 ALCAM-depleted cells showed no changes in cell vi-
ability but a significant decrease in cell adhesion. By using 
both, a static assay and under flow condition mimicking the 
blood stream in microvessels, we showed that the adhesion 
capacity of ALCAM-depleted cells to brain endothelial cells 
was significantly reduced. This effect is similar to L1CAM, 
which promotes breast cancer BM formation by vascular 

co-option of brain vascular endothelium.20 We assume that 
ALCAM might be important for facilitating the extravasa-
tion of lung tumor cells through the BBB by mediating ad-
hesion by both heterophilic (ALCAM-CD9) and homophilic 
(ALCAM-ALCAM) cell adhesion.30,46 Brain ECs express 
high levels of ALCAM,43 facilitating a strong cell contact be-
tween tumor cells expressing ALCAM and ECs. Further as-
sessment using a scanning electron microscope showed 
an altered shape of ALCAM-depleted cells, indicating a cell 
architecture disruption and adhesion deficiency both at the 
apical (ruffles vs microvilli) and lateral (cell shape) sides 
of the cells. Although both cells (parental and ALCAM-KO) 
seem to interact with the brain ECs, a stronger contact is 
mediated through the ruffles in the parental cells, whereas 
ALCAM-KO cells were less strongly connected to the ECs via 
the microvilli. Interestingly, silencing ALCAM promoted an 
upregulation of its interacting partner CD9 that transforms 
the cellular morphology and eventually their migration. This 
hypothesis is supported by the study by Rappa et al, who 
showed that the knockdown of CD9 in breast cancer cells 
promoted the formation of membrane ruffles instead of 
microvilli.47
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In order to assess if ALCAM is involved in both the tumor 
cell dissemination across the BBB as well as outgrowth in 
the brain, we used 2 different in vivo mouse models. We 
could show that intracardially injected H460 ALCAM-KO 
cells lead to fewer BM with less total tumor load compared 
with the parental cell line. In contrast, tumor outgrowth 
was unaffected by ALCAM status in the intracranial model. 
These data support our hypothesis that ALCAM is rather in-
volved in tumor dissemination than metastatic outgrowth. 
Moreover, in the intracranial model, no CTCs could be de-
tected in the mice injected with ALCAM-KO cells. Similarly, 
also the intracardial injection model showed a significant de-
crease (68%) in CTCs when ALCAM-KO cells were injected 
compared with parental cells. It has been shown that CTCs 
from primary brain tumors can exit the brain to the circula-
tion.48,49 This indicates that the BBB is not an unpassable bar-
rier for CTCs. Accordingly, we identified fewer CTCs in the 
intracranial model of parental H460 ALCAM cells compared 
with the cardiac injection. The lack of CTCs in the intracranial 
ALCAM-KO model could indicate a problem in passing the 
BBB due to impaired adhesion of the tumor cells to brain en-
dothelial cells, as shown by our in vitro data. However, the 
intracardiac model indicates that ALCAM might also give 
the tumor cells a survival advantage in the blood circulation. 
Thus, ALCAM might be involved in metastasis formation 
through different mechanisms.

We couldn’t find any differences in either the vessel 
counts between the models indicating no significant 
impact of ALCAM on angiogenesis or in the formation 
of bone metastases. Obviously, these data of ALCAM-
associated differential dissemination and metastatic 
patterns need to be verified using different models 
prospectively.

In summary, we demonstrated elevated ALCAM ex-
pression levels in human NSCLC BM. We showed that an 
ALCAM-positive status is correlated with poor outcome 
in lung cancer patients in both primary tumor setting as 
well as among brain metastatic patients. Further in vitro 
and in vivo findings support a role for ALCAM in brain 
dissemination and outgrowth, most likely via the inter-
action with brain ECs. Currently the first phase II trial 
is ongoing in which an ALCAM-directed probody drug 
conjugate is being tested on different primary cancer 
entities.50 This emphasizes the potential clinical use of 
ALCAM as a novel therapeutic target. Our results sug-
gest that in addition, ALCAM might represent a novel 
preventive target to reduce the occurrence of BM in 
NSCLC.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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