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In this study we analyzed expression of CD24 in a cohort of colorectal cancer patients using immuno-
histochemistry staining of CD24. We found a significant association between absence or low expression
of CD24 (10% of membranous and 55% of cytoplasmic staining) and shortened patient survival. Protein
localization played a crucial role in the prognosis: membranous form was the major and prognostic one
in primary tumors, while cytoplasmic expression was elevated in liver metastases compared to the
primary tumors and contained prognostic information. Then, using The Cancer Genome Atlas Colon
Adenocarcinoma (TCGA-COAD) RNA-seq data, we showed that CD24 mRNA level was two-fold decreased
in primary colorectal cancers compared to adjacent normal mucosa. Like the protein staining data, ten
percent of patients with the lowest mRNA expression levels of CD24 in primary tumors had reduced
survival compared to the ones with higher expression. To explain these findings mechanistically, shRNA-
mediated CD24 knockdown was performed in HT-29 colorectal cancer cells. It resulted in the increase of
cell migration in vitro, no changes in proliferation and apoptosis, and a slight decrease in cell invasion. As
increased cell migration is a hallmark of metastasis formation, this finding corroborates the association of
a decreased CD24 expression with poor prognosis. Differential gene expression analysis revealed upre-
gulation of genes involved in cell migration in the group of patients with low CD24 expression, including
integrin subunit a3 and a3, b3 subunits of laminin 332. Further co-expression analysis identified SPI1,
STAT1 and IRF1 transcription factors as putative master-regulators in this group.

© 2021 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction

CD24 is a small GPI-anchored cell surface glycoprotein with
diverse roles in several malignancies. Initially, this protein was
found to be a ligand for P-selectin expressed on tumor cells [1],
otechnology, HSE University,
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while more recent studies suggest that CD24 is a stem cell surface
marker in many cancer entities [2] and plays a crucial role in tumor
cells immune evasion via interactions with Siglec-10 [3,4]. Many
authors showed that high protein expression levels of CD24 were
associated with shortened patient overall survival and disease-free
survival in breast [5,6], ovarian [7,8], colorectal [9,10] and other
cancers [11,12]. In contrast, clinical and experimental studies
showed that low or even absent CD24 expression is related to
increasedmetastasis formation in breast [13,14] and pancreatic [15]
cancers.
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The existing studies of CD24 expression and its association to
clinicopathological features of colorectal cancer are contradictive:
there are several reports showing an association of poor survival
with either high [9,10] or low [16,17] CD24 expression. To address
this scientific question, we evaluated CD24 protein expression in
formalin-fixed tissue microarrays (TMAs) of the primary tumors
and liver metastases of colorectal carcinoma patients. The expres-
sion was scored both for apical membrane staining and intra-
cytoplasmic staining to assess the role of CD24 protein localization
on patient overall survival. In addition, we carried out bioinfor-
matics analysis to study the distribution of CD24 mRNA expression
in primary colorectal tumors and adjacent normal tissues, as well as
to detect possible associations of CD24 expression with patients
survival using RNA sequencing data from The Cancer Genome Atlas
Colon Adenocarcinoma (TCGA-COAD) [18]. Finally, we performed
shRNA-mediated knockdown of CD24 in human HT-29 colorectal
cancer cells to study phenotypic effects related to downregulated
CD24 expression.

2. Materials and methods

2.1. RNA sequencing data processing

Bulk RNA sequencing profiles of colorectal cancers and adjacent
normal tissues from TCGA-COAD cohort were downloaded from
GDC Data Portal (https://portal.gdc.cancer.gov) in format of count
matrices. Raw FASTQ files corresponding to five matched primary
tumors and liver metastases were downloaded from Sequence
Read Archive (SRA) under SRP060016 accession number [19]. Reads
were mapped to the reference genome (GENCODE GRCh38.p13)
with STAR 2.7.5b [20]. GENCODE genome annotation (release 34)
[21] was used to generate the count matrix.

RNA-seq library sizes were normalized with the Trimmed Mean
of M-values (TMM) algorithm implemented in edgeR v3.30.3
package [22], default filtering of genes with near-zero read counts
was applied. The same edgeR package was used to generate TMM-
normalized Fragments Per Kilobase of transcript per Million map-
ped reads (TMM-FPKM) matrices, obtained values were log2-
transformed. Low expressed genes were detected using the first
quartile of TMM-FPKM medians distribution and were removed
from the downstream analysis.

2.2. Differential gene expression and enrichment analyses

Differential expression analysis was conducted with the use of
DESeq2 v1.28.1 [23], p-values were adjusted by the Benjamini-
Hochberg procedure. Shrinkage of logarithmic fold changes was
performed using apeglm method available in DESeq2 [24], default
0.005 threshold was set on s-values and 0.5 threshold was set on
absolute values of log2 fold changes (examples of the similar
standard fold change threshold could be found, e.g., in
Refs. [25,26]). Sets of differentially expressed genes were uploaded
to DAVID v6.8 [27] for Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways enrichment analysis.

2.3. Survival analysis

TCGA-COAD cohort was randomly split into equal-sized training
and validation sets with a stratification by outcome and survival
time (either date of death or date of the last follow-up). Threshold
for determination of CD24low and CD24high groups was selected by
the search over a grid of quantile levels (0.1, 0.2, …, 0.9) with
minimization of logrank test p-value on the training patients cohort
(all patients with CD24 expression level below the threshold were
marked as CD24low, while the rest of patients were classified as
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CD24high). Lifelines implementations of logrank test and Kaplan-
Meier estimation were used (https://doi.org/10.5281/zenodo.
805993).

2.4. Transcription factor analysis

JASPAR 2020 database [28] was used to download a complete
list of human transcription factors (TFs). Identification of TFs
regulating CD24 expression was conducted with hTFtarget web
application [29] (http://bioinfo.life.hust.edu.cn/hTFtarget#!/).

2.5. Cell cultures

The human colon adenocarcinoma cell line HT-29 was pur-
chased from the European Cell Culture Collection (Porton Down,
Wiltshire, UK). Cells were grown in RPMI 1640 þ L-Glutamine
(Gibco, Thermo Fisher Scientific, MA, USA) supplemented with 10%
fetal calf serum (Gibco), 1% penicillin and streptomycin (Gibco) and
cultured under standard cell culture conditions (37 �C,100% relative
humidity, 5% CO2). The HT-29 cells were additionally tested for
mycoplasma contamination.

2.6. ShRNA-mediated CD24 knockdown

CD24 knockdown in HT-29 cells was achieved by a shRNA-
mediated approach: a 65 bp DNA oligomer containing a 19 bp
anti-CD24 sequence (AGGCCAAGAAACGTCTTCT) was inserted into
the pLVX-Puro vector (Clontech, Takara Bio Europe, Saint-Germain-
en-Laye, France). The anti-CD24 sequence was checked for poten-
tial off-target effects using NCBI BLAST (plus/plus and plus/minus
strands down to an E value of 170, see Ref. [30]) and no off-target
sequences were found. The same vector containing a sequence
against firefly luciferase was used to generate a transduced control
cell line (HT-29 shLuc). Viral particles were produced as cell-free
supernatants by transient transfection of HEK-293T packaging
cells as described [31]. In brief, lentiviral vectors based on pLVX-
shRNA1 were packaged using the second-generation packaging
plasmid psPAX2 (Addgene #12260, Addgene, Teddington, UK) and
phCMV-VSV-G [32] expressing the envelope protein of vesicular
stomatitis virus. The supernatant was harvested 24 h after trans-
fection, 0.45 mm filtered and stored at �80 �C. Target cells were
plated at 5 � 104 cells in 0.5 mL medium in each well of a 24 well
plate. After addition of viral particles containing supernatant to the
cells, the mediumwas replaced next day and puromycinwas added
the second day after transduction at a concentration of 1 mg/mL.
The puromycin selection was carried out for at least one week. For
MACS sorting, cells were trypsinized and resuspended in the MACS
buffer. 8 ml of mouse anti-human PE-labeled CD24 (clone SN3 A5-
2H10, eBioscience™, Fisher Scientific, Schwerte, Germany) were
added and incubated on ice for 10 min. After washing, cells were
incubated with anti-PE MicroBeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). Cells were then separated on a MACS sepa-
rator, using LD columns (Miltenyi Biotec), and collected in 6-well
plates (Sarstedt, Nümbrecht, Germany). The efficiency of CD24
knockdown was confirmed by fluorescence-activated cell sorting
(FACS).

2.7. Flow cytometry

For verification of the CD24 knockdown, 5 � 104 - 1 � 106 cells
were incubated with PE-labeled anti-CD24 (mAB mouse anti-
human CD24, clone SN3 A5-2H10, eBioscience™, Fisher Scientific,
Schwerte, Germany) or corresponding isotype control (mouse
IgG1-PE, eBioscience™) diluted in PBS with 1% BSA in a final con-
centration of 1 mg/mL at 4 �C. For the integrin flow cytometry
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analysis, 5 � 104 HT-29 shLuc and shCD24 cells were incubated
with FITC-labeled anti-CD49C (1:50; Integrin a3, clone REA360,
Miltenyi Biotec, Bergisch-Gladbach, Germany). As isotype control,
the recombinant human IgG1 antibody (1:50; clone REA293, Mil-
tenyi Biotec) was used. All measurements were compensated.
Labeled cells were subjected to fluorescence assisted flow cytom-
etry on the MACSQuant Analyzer 10 (Miltenyi Biotec, Bergisch-
Gladbach, Germany). Files were analyzed with the FlowLogic
Software (Innovai, Sydney, Australia).

2.8. Migration, invasion and proliferation in vitro assays

For the migration assay, the Oris Platypus Universal Cell
Migration Kit (Platypus Technologies LLC, Fitchburg, WI, USA) was
used in accordance with the manufacturer's instructions. A cell-
seeding stopper (d ¼ 2 mm2) was positioned in each well on the
surface of the 96-well plate. 5 � 104 HT-29 shLuc and shCD24 cells
(Sarstedt, Nümbrecht, Germany) were seeded in a volume of 200 ml
per well (in supplemented 1640 RPMI medium) on the outer
annular region of the stopper. Cells were allowed to adhere at 37 �C
under 5% CO2 for 24 h. After 24 h the stoppers were removed to
permit cell migration into the detection zone. Cell migration was
photographed daily on the microscope (Axio, Zeiss; AxioCam
ERc5s, Zeiss), over a period of four days. Migration was further
analyzed as percent closure by determining the area of the detec-
tion zone after migration (96 h) compared to pre-migration (0 h),
using the ImageJ software (http://rsb.info.nih.gov/ij/). For the
analysis, 12 replicates were carried out for both shLuc and shCD24.

As an additional migration assay, the Corning® FluoroBlok™
Transwell Migration Assay (Corning USA, NY) was used. HT-29
shLuc and shCD24 cells were harvested and diluted in the appro-
priate serum-free media (without supplements) to a concentration
of 5 � 104 cells/mL. 500 ml of cell suspension were seeded in each
well of the 24-Multiwell Insert Plate. 750 ml of supplementedmedia
were placed in the lower wells. The FluoroBlok plates containing
media and cells were incubated for 22 h at 37 �C. The next day, the
lower plate was replaced with a new one. 500 ml of HBSS (Gibco)
and 2 ml Calcein AM fluorescent dye (BD Pharmingen™ #564061,
NJ, USA) were added to each well, followed by incubation of the
cells for 1 h at 37 �C. Labeled migratory cells were measured in a
fluorescence microplate reader (TECAN GENios™ plate reader,
Tecan Trading AG, Switzerland) at wavelengths 485 nm and
535 nm. Five replicates were done per cell line.

Invasion test was performed using a Corning® BioCoat™ Tumor
Invasion 24-well Plate (Corning, #354166, MA, USA). Before use, the
plate was rehydrated with PBS for 2 h at 37 �C in a non-CO2 envi-
ronment. The BioCoat FluoroBlok invasion system was incubated
for 22 h at 37 �C and 5% CO2. Fluorescence of invaded cells was
measured in a fluorescence microplate reader (TECAN GENios™
plate reader) at wavelengths 485 nm and 535 nm. The rest of the
protocol was completely similar to the one described in the pre-
vious paragraph, except the use of 4 mg/mL Calcein AM fluorescent
dye. As in case of Transwell Migration Assay, five replicates were
done per cell line.

Proliferation of HT-29 shLuc and shCD24 cells was assayed using
the CellTrace CFSE kit (Thermo Fisher Scientific, #C34554, MA,
USA). The cell pellets were resuspended in 2 mL of CellTrace CFSE
staining solution supplemented with 0.1% FCS and incubated for
20 min at 37 �C using the MACSmix™ tube rotator (Miltenyi Biotec,
Bergisch-Gladbach, Germany). After centrifugation (1500 rpm,
5 min), cell pellets were resuspended in 2 mL RPMI 1640 without
supplements. 6 � 104 cells were seeded in a volume of 1000 ml (in
RPMI 1640 medium without supplements) in a 12-well plate (Sar-
stedt, Nümbrecht, Germany). Cells were allowed to adhere at 37 �C
under 5% CO2 for 24 h and proliferation was measured every day
3

over a period of three days using the MACSQuant Analyzer 10
(Miltenyi Biotec). All measurements were compensated. Files were
analyzed with the FlowLogic Software.

2.9. Apoptosis assay

For the detection and discrimination of apoptotic, necrotic and
dead cells, the Annexin V-FITC kit (Miltenyi Biotec, #130-092-052)
was used according to manufacturer's instructions. 106 cells were
washed in 1� Binding Buffer and centrifuged at 300�g for 10 min.
For gating of dead cells, 106 cells were heated at 95 �C for 10 min.
The pellets of all samples were resuspended in 100 ml of 1� Binding
Buffer and stained with 10 ml of Annexin V-FITC, followed by in-
cubation for 15min at RT. After washingwith 1� Binding Buffer and
centrifugation at 300�g for 10 min, the cells were resuspended in
100 ml of 1� Binding Buffer and analyzed using the MACSQuant
Analyzer 10 (Miltenyi Biotec). Dead cells were positively stained
with propidium iodide (100 mg/mL).

2.10. QRT-PCR and primers used

For cDNA synthesis, purified RNA of HT-29 shLuc and
shCD24 cells was reverse transcribed with the RT2 First Strand Kit
(Qiagen, Hilden, Germany). Real-time PCR amplification of genes
was performed on 96-well plates in a LightCycler® 480 Real-Time
PCR System (Roche, Basel, Switzerland). QRT-PCR was performed
according to manufacturer's instructions using the SYBR Green I
Master kit. 60 ng of cDNA were applied per reaction. The samples
were run in triplicate following the MIQE guidelines [33]. A no-
template control with RNase-free water instead of cDNA was
included. Expression levels were calculated as relative values using
the mean of both reference genes GAPDH and ACTB. The difference
of the CT-values (DCT) from the target gene and the mean of the CT-
values from both reference genes were determined to quantify the
target gene expression. Expression levels were further related
(DDCT) to control samples using the difference of the DCT -value
from the sample (DCT sample) as well as the DCT -value from the
control (DCT control) and the relative values were calculated as the
2�DDC

T according to Livak and Schmittgen [34]. Oligonucleotide
sequences of primers are listed in Supplementary Table 1.

2.11. Patient samples and immunohistochemistry

Formalin-fixed tissue microarray (TMA) sections from colorectal
carcinoma patients were used for immunohistochemical analysis.
These were retrospectively collected samples of cases where pri-
mary tumor tissue as well as tissue of resected liver metastases was
available from the University Medical Center, G€ottingen, Germany.
TMAs were generated with a core needle diameter of 1 mm and
according to the approval by the local ethics committee (applica-
tion number 21/3/11). ThemAB SWA11 (kindly provided by Prof. Dr.
Peter Altevogt) specifically reacts with the LAP amino acid motif in
the protein core to human CD24 [35]. Deparaffinized freshly cut
sections of TMAs were rehydrated, followed by antigen retrieval
with Fast Enzyme (BIOZOL, Eching, Germany) for 5 min at RT. The
primary antibody mAB SWA11 was diluted with the Antibody
Diluent (Dako #S3022, Agilent Technologies, CA, USA) to a final
concentration of 28 mg/mL and incubated for 1 h at RT. In parallel,
control sections were incubated with isotype control mouse IgG2a
(1:3; Dako #X0943, Agilent Technologies, CA, USA). The secondary
antibody (biotinylated goat anti-mouse, Agilent #E0433) was used
in a final concentration of 3,25 mg/mL and incubated for 30 min at
RT. The immunohistochemical reaction was visualized using the
detection system ABC-AP (Vectastain® #AK-5000, Vector Labora-
tories, CA, USA) for 30 min at RT, followed by Permanent Red (up to
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15 min at RT; Dako #K0640, Agilent Technologies, CA, USA) and
counterstaining of nuclei with hemalum staining (5e10 s; Mayer's
hemalum solution #109249, Merck, Darmstadt, Germany).
Expression intensity was examined in a semiquantitative manner
(score 0: no staining, score 1: weak, score 2: moderate and score 3:
strong staining).

2.12. Statistical analysis

Comparisons of migration, invasion, proliferation, apoptosis,
FACS and qRT-PCR data between HT-29 shLuc and shCD24 cells
were performed with Student's t-test. Intensities of CD24 protein
expression levels quantified by immunohistochemical analyses
were compared between primary tumors and matched liver me-
tastases with Wilcoxon's signed-rank test. All code for the statis-
tical analysis was written in Python programming language with
the use of SciPy stats module [36].

3. Results

Decreased CD24 protein expression in apical membrane of pri-
mary tumor and cytoplasm of liver metastases as well as total
mRNA expression is associated with poor survival in colorectal
cancer.

Formalin-fixed tissue microarrays (TMAs) of primary tumors
and liver metastases of colorectal carcinoma patients were evalu-
ated for CD24 protein expression (clinicopathological data of the
study cohort are presented in Table 1 and Supplementary Table 2).
As CD24 showed a cytoplasmic and apical membrane staining, we
scored both staining qualities and classified them into negative (0),
weakly (1), moderately (2) or strongly (3) immunoreactive. Inter-
estingly, we observed a clear and statistically significant decrease of
CD24 immunoreactivity in apical tumor cell membranes of liver
metastases compared to matched primary tumors (p ¼ 0.0256,
Fig. 1AeC) and an increase of cytoplasmic CD24 immunoreactivity
in liver metastases (p ¼ 3.10 � 10�3, Fig. 1DeF).

For both cytoplasmic and apical membrane staining, the
absence or weak expression of CD24 were associated with a
Table 1
Clinicopathological data of the study cohort of colorectal cancer patients.

Total Apical membra

CD24 low (n¼ 6

Age of diagnosis, completed years, median (Q25eQ75) 61.5 (55
e65.75)

59 (53.25e67)

Age
�60 27 3 (50%)
>60 31 3 (50%)
Gender
Male 43 4 (66.7%)
Female 15 2 (33.3%)
Sample type
Primary tumor 38 3 (50%)
Liver metastases 20 3 (50%)
Lymph node metastases
No 21 0 (0%)
Yes 37 6 (100%)
Clinical stage
I, II 11 0 (0%)
III, IV 47 6 (100%)
Resection status
R0 56 5 (83.3%)
R1 2 1 (16.7%)

Feature percentages were compared between low and high CD24 expression classes wit
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statistically significant decrease in survival of patients: logrank test
p ¼ 3.93 � 10�3 for apical membrane staining (low expression
group was 10.3% of total cases, Fig. 2A) and p ¼ 0.0198 for cyto-
plasm (55.2% of total cases were from the low expression group,
Fig. 2B). Then, the same analysis was separately performed for
primary tumor and metastasis samples. In the case of primary tu-
mors apical membrane CD24 expression was prognostic (7.9% of
tumors, p¼ 2.23� 10�6, Fig. 2C), while cytoplasmic expression had
not resulted in a statistically significant divergence of Kaplan-Meier
curves (p ¼ 0.534, Fig. 2D). To the contrary, cytoplasmic expression
was the prognostic one for liver metastases (p ¼ 0.0258, Fig. 2F)
unlike the membrane staining (p ¼ 0.172, Fig. 2E). These data fully
matched the one presented in the previous paragraph: prognostic
information was concentrated in the majorly expressed CD24 form
(membranous for primary tumors and cytoplasmic for liver
metastases).

Aside from our immunohistochemistry analyses, we assessed
mRNA expression levels of CD24 in 429 primary tumors and 38
adjacent normal tissues of patients from The Cancer Genome Atlas
Colon Adenocarcinoma (TCGA-COAD). As a result, we identified
decreased CD24 expression in cancer (1.9 folds compared to the
adjacent normal mucosa, p ¼ 1.78 � 10�6) without any significant
differences between stages of cancer (Fig. 3). To study the role of
CD24 mRNA expression in colorectal cancer prognosis, we identi-
fied a threshold for defining classes of low and high CD24 expres-
sion (from here onwards we refer to these classes as CD24low and
CD24high), which minimized logrank test p-value associated with
separation of CD24low and CD24high classes on the training set. The
best divergence of Kaplan-Meier curves on the training set was
observed when CD24low class was defined by taking 10% of primary
tumors with the lowest expression estimates (p ¼ 0.0118). At the
same time, separation was also statistically significant for the
validation set (p ¼ 4.03 � 10�4), confirming the association be-
tween low CD24 expression and poor prognosis on the transcrip-
tional level (Fig. 4). Notably, the percentage of tumors with low
CD24 expression (approximately 10%) matched between our
immunohistochemical staining and TCGA transcriptomics data.

Finally, we compared expression patterns of CD24 mRNA
ne Cytoplasm

) CD24 high (n¼ 52) p-
value

CD24 low (n¼ 32) CD24 high (n¼ 26) p-value

61.5 (56.5e65.25) 0.918 61.5 (56.25e66.5) 61.5 (55e64) 0.567

24 (46.1%) 1 15 (46.9%) 12 (46.2%) 1
28 (53.9%) 1 17 (53.1%) 14 (53.8%) 1

39 (75%) 0.643 21 (66%) 22 (84.6%) 0.136
13 (25%) 0.643 11 (34%) 4 (15.4%) 0.136

35 (67.3%) 0.405 27 (84.4%) 11 (42.3%) 1.84 £ 10¡3

17 (32.7%) 0.405 5 (15.6%) 15 (57.7%) 1.84 £ 10¡3

21 (40.4%) 0.0774 12 (37.5%) 9 (34.6%) 1
31 (59.6%) 0.0774 20 (62.5%) 17 (65.4%) 1

11 (21.1%) 0.583 6 (18.7%) 5 (19.2%) 1
41 (78.9%) 0.583 26 (81.3%) 21 (80.8%) 1

51 (98.1%) 0.198 30 (93.7%) 26 (100%) 0.497
1 (1.9%) 0.198 2 (6.3%) 0 (0%) 0.497

h Fisher's exact test. Bold values indicate p-value < 0.05.



Fig. 1. CD24 protein levels are decreased in apical membranes and increased in cytoplasm of liver metastases compared to primary tumors of analyzed TMAs from colon
carcinoma patients. (AeC) CD24 expression was decreased at the apical membrane of liver metastases (C) compared to primary tumor (B), as shown for the immunohistochemical
staining for CD24 (p ¼ 0.0256). (DeF) In the cytoplasm of liver metastases (F), a significant increase of CD24 expression was noted compared to the primary tumor (E;
p ¼ 3.10 � 10�3).
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between primary tumors and matched liver metastases. Bulk RNA-
seq data of five primary tumors and matched metastases samples
generated by Lee et al. [19] were processed. CD24 expression was
found to be 2.3-fold downregulated in liver metastases
(p ¼ 0.00137). Apical membrane/cytoplasm staining patterns,
together with the decrease of total mRNA expression in metastases,
uncover complex pathways involving not only transcriptional
regulation, but also the independent regulation of CD24 protein
sorting within the cancer cells.

3.1. Knockdown of CD24 from HT-29 cells results in increased cell
migration

To uncover the possible mechanisms underlying decreased
survival associated with CD24 down-regulation, we performed
shRNA-mediated knockdown of CD24 in HT-29 human colorectal
adenocarcinoma cells. Knockdownwas confirmed by FACS analysis
showing a 98% decrease in CD24 expression (Fig. 5A). The func-
tional role of CD24 for human colorectal cancer cell migration was
further determined by Platypus and Transwell migration assays.
The Platypus assay was used to analyze the extent of migration into
the detection zone over time. In the shCD24 group, the relative
migration (in %) of the central cell-free detection zone was signif-
icantly increased after 96 h of documentation as compared to the
control (shLuc) group (p ¼ 8.12 � 10�10; Fig. 6AB). The increased
motility of HT-29 shCD24 cells was further confirmed by the
Transwell migration assay (p ¼ 7.87 � 10�5; Fig. 6C). Thus, the
observed differences in survival can be due to the increased
5

migration of cancer cells with the lowest expression levels of CD24.
In addition to migration, we also performed invasion, prolifer-

ation and apoptosis tests. With the use of Transwell invasion assay
we observed a very slight (though statistically significant) decrease
of cell invasion upon CD24 knockdown (p¼ 0.0282, Supplementary
Fig. 1A). While cell migration and invasion are usually co-regulated,
there exist well described examples of uncoupled migratory/inva-
sive phenotypes in cancer [37]. The proliferation index measured
by CFSE assay showed no statistically significant differences be-
tween HT-29 shLuc and shCD24 cells (Supplementary Fig. 1B).
Apoptopic HT-29 cells, grown as 3D culture, were measured by an
Annexin V-FITC staining. No statistically significant differences in
apoptosis were detected between shLuc and shCD24 cells
(Supplementary Fig. 2).

3.2. Genes involved in cell migration and adhesion are upregulated
in CD24low group

Using differential expression analysis, we assessed differences
in transcriptomic landscapes of CD24low and CD24high primary tu-
mors from TCGA-COAD in order to discover possible mechanisms
and pathways responsible for decreased survival and increased
migration associated with low CD24 expression. As a result, we
identified 604 differentially expressed genes (DEGs) and applied
enrichment analysis to detect pathways associated with these
genes.

Focal adhesion and extracellular matrix-receptor (ECM-recep-
tor) interaction pathways were highly enriched in the list of DEGs



Fig. 2. Low levels of CD24 protein abundance in apical membrane of primary tumors and cytoplasm of liver metastases are unfavorable markers for colorectal cancer patients.
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(Table 2). Interestingly, most of such genes (19 out of 21) were
upregulated in the CD24low group. We paid special attention to
upregulation of ITGA3, LAMA3 and LAMB3 genes encoding integrin
subunit a3 and a3, b3 subunits of laminin 332, since the direct
interaction between these two common adhesion molecules could
serve as an explanation for increasedmigration related to low CD24
expression. Notably, integrin subunit a3 protein expression level
measured by FACS was 1.5-fold increased upon CD24 knockdown in
HT-29 cells (p ¼ 0.0287, Fig. 5B). Thus, the negative correlation
between CD24 and ITGA3 expression levels in TCGA-COAD was also
observed in vitro.
3.3. SPI1 transcription factor is a potential master-regulator in
CD24low colorectal cancer

To identify potential transcription regulators in the CD24low

group, we quantified the number of genes co-expressed with
known transcription factors (TFs). For this analysis, we selected TF-
gene pairs with strong correlation in the TCGA-COAD dataset
(different thresholds for Spearman correlation coefficient were
6

used). Next, for each differentially expressed TF we calculated the
number of co-expressed DEGs as well as the total number of co-
expressed genes. Finally, we ranked the list of TFs according to
the enrichment of their co-expressed DEGs in the CD24low group
using hypergeometric test.

As a result, we identified several TFs with a highly over-
represented number of co-expressed CD24low DEGs (Table 3).
Interestingly, while for some TFs (such as SPI1 or STAT1) the ab-
solute number of co-expressed DEGs was high for medium corre-
lation cutoff (0.5), more stringent cutoff (0.7) resulted in especially
high percentage of co-expressed DEGs. Most genes co-expressed
with SPI1 (71%), STAT1 (90%) and IRF1 (88%) were deregulated in
the CD24low colon cancer. A statistically significant increase of STAT1
(2.1 folds, p ¼ 7.43 � 10�3) and IRF1 (1.5 folds, p ¼ 8.03 � 10�3)
mRNA expression levels was detected upon CD24 knockdown in
HT-29 cells by qRT-PCR, while SPI1 was not expressed in the
considered cell lines. Since the analysis of TFs and co-expressed
genes was conducted in the set of DEGs, distribution of calculated
correlation coefficients could be highly biased from the random
background level: if two genes appear to be deregulated in the



Fig. 3. Distribution of CD24 mRNA expression levels in primary tumors and adjacent normal tissues from TCGA-COAD.

Fig. 4. Low levels of CD24 mRNA expression are associated with poor prognosis in TCGA-COAD patients. (A) Training set (p ¼ 0.0118). (B) Validation set (p ¼ 4.03 � 10�4).
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CD24low group, it is highly probable to observe significant correla-
tion between their expression levels. To take a possibility of such
bias into account, we performed the same procedure for non-TF
DEGs. It turned out that SPI1 was co-expressed with the
maximum number of genes compared both to TFs and non-TFs
(p ¼ 0.00171). Thus, SPI1 is a hub TF potentially responsible for
transcriptomic changes in the CD24low colon cancer.

Finally, we searched for possible transcription regulators of
CD24. Notably, CD24was predicted to be a direct target of SPI1 both
by analysis of TF binding motif and ChIP-seq data (according to
hTFtarget database). Thus, SPI1 can be considered not only as a hub
in the CD24low group, but also as a possible direct regulator of CD24
mRNA expression.
7

4. Discussion

In this contribution we demonstrate the association between
low protein and mRNA expression levels of CD24 and poor prog-
nosis of colorectal cancer using immunohistochemical staining in
patient material from our own cohort and RNA-seq data from
TCGA-COAD. These data were collected as multiple existing reports
contain contradictory information on the role of CD24 expression in
colorectal cancer. Specifically, some authors demonstrate an asso-
ciation between high CD24 expression and shortened patients
survival and an increase in the metastatic load [9,10], while others
show no significant prognostic value [16] or inverse association
[17].

CD24 protein expression was separately evaluated for apical
membranous and intracytoplasmic staining, which allowed us to
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Fig. 5. FACS analysis of CD24 and ITGA3 proteins after CD24 knockdown. (A) The CD24 knockdown efficiency was evaluated by FACS and determined as 98% decrease in
expression. (B) Protein expression level of integrin subunit a3 was increased upon CD24 knockdown (representative replicate).

Fig. 6. CD24 knockdown leads to increased migration of HT-29 cells. (A) Representatives of the pre-migration (0 h) and post-migration (96 h) images of the Platypus assay are
shown for HT-29 shLuc and shCD24. White polygons indicate the central cell-free zone that was covered by stoppers before cell migration. Migrated areas were determined as the
percentage of migration area of HT-29 shCD24 compared to control (shLuc) cells. (B) A significant increase of migration (%) was determined upon CD24 knockdown in the Platypus
assay at 96 h (p ¼ 8.12 � 10�10). (C) The increase in migration was validated by the Transwell migration assay (p ¼ 7.87 � 10�5).

S. Nersisyan, A.-K. Ahlers, T. Lange et al. Biochimie xxx (xxxx) xxx
get insights on the role of CD24 localizationwithin different cellular
compartments. It turned out that CD24 expression was decreased
in apical membranes and significantly increased in cytoplasm site
of liver metastases compared to the primary tumors. Concordantly,
membranous CD24 expression was prognostic in primary tumors,
while cytoplasmic form had the prognostic ability in liver metas-
tases. The absence of CD24 on the apical membrane in the liver
metastasis is of interest as only those CD24 molecules which are
present on the cell surface and carry P-selectin binding sites can
serve as P-selectin ligands on the endothelium. Hence this finding
indicates either that P-selectin sites are irrelevant for liver metas-
tasis formation or that CD24 can be up or down regulated during
epithelial mesenchymal transition. As CD24 is highly expressed in
cells of the immune system and hence mesenchymal, the down-
regulation of CD24 within liver metastases may indicate a reversal
towards a more epithelial phenotype, the so calledmesenchymal to
epithelial transition.

The information about the cytoplasmic CD24 as a prognostic
marker in colorectal cancer is also conflictive. It was shown that the
strong cytoplasmic CD24 expression significantly correlated with
shortened patient survival in the cohort of patients without distant
8

metastases [9]. However, Choi with co-authors did not detect any
positive correlation between CD24 expression and patient survival,
nodal status [38]. In the recent report, upregulation of cytoplasmic
CD24 expression was connected to malignant transformation but
favorable prognosis of colorectal adenocarcinoma [39]. To the best
of our knowledge, therewere no studies with the comparison of the
expression levels of cytoplasmic CD24 in primary tumors and
matched liver metastases. In addition, there is no consensus on
molecular mechanisms of membranous/cytoplasmic CD24 regula-
tion; understanding these mechanisms can uncover new roles of
CD24 in colorectal cancer.

Knockdown of CD24 in HT-29 colorectal cancer cell lines
resulted in a significant increase of cell migration, a process which
is integral to metastasis formation and as such for a poor prognosis
of a patient. Increased migration can thus serve as a possible
explanation of poor prognosis associated with low CD24 expres-
sion. Moreover, analysis of TCGA-COAD patient transcriptomes
revealed the increase in integrin subunit a3 and a3, b3 subunits of
laminin 332, as well as other genes directly involved in cell adhe-
sion and migration (Table 2). FACS analysis of integrin subunit a3
revealed a significant upregulation of protein expression level upon
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Table 2
Differentially expressed genes (CD24low vs CD24high) involved in focal adhesion (KEGG hsa04510) and ECM-receptor interaction (KEGG hsa04512) pathways.

Gene CD24high mean expression (TMM-FPKM) Fold change Adjusted p-value

BIRC3 4.2 1.8 5.98 � 10�6

CAV1 7.7 1.6 5.54 � 10�4

CAV2 2.1 1.9 3.43 � 10�7

COL1A1 169.4 1.7 0.00170
COL1A2 98.5 1.5 0.00565
COL3A1 168.8 1.6 0.00113
COL5A3 2.6 1.7 3.33 � 10�5

COL6A1 43.7 1.9 8.40 � 10�7

COL6A2 56.1 1.5 0.00157
FN1 32.3 1.6 0.00679
ITGA3 13.2 1.5 7.72 � 10�5

ITGA5 7.6 1.8 6.10 � 10�5

JUN 74.2 �1.4 8.08 � 10�5

LAMA3 5.2 1.8 1.75 � 10�5

LAMB2 12.2 1.5 7.75 � 10�5

LAMB3 37.7 1.6 9.34 � 10�6

RAC2 14.3 1.6 6.74 � 10�6

RAC3 3.1 1.6 2.30 � 10�4

TNC 7.8 2.4 0.0282
VAV3 8.6 �2.8 8.10 � 10�12

VWF 8.1 1.4 0.00292

Positive and negative fold changes indicate increase and decrease in mRNA expression in the CD24low group, respectively. Benjamini-Hochberg procedure was used to
adjust p-values.

Table 3
Co-expression analysis of transcription factors and differentially expressed genes (CD24low vs CD24high).

TF Medium correlation cutoff (|r| > 0.5) Stringent correlation cutoff (|r| > 0.7)

Number of co-expressed CD24low

DEGs
Total number of co-expressed
genes

p-value Number of co-expressed CD24low

DEGs
Total number of co-expressed
genes

p-value

SPI1 184 483 1.83 £ 10¡110 95 134 2.86 £ 10¡89

STAT1 89 124 2.47 £ 10¡84 9 10 5.35 £ 10¡11

IRF1 73 103 2.26 £ 10¡68 7 8 1.37 £ 10¡8

RUNX3 58 81 9.21 £ 10¡55 0 0 1
BCL6 43 89 2.40 £ 10¡30 0 0 1
NFKB2 39 113 4.49 £ 10¡21 0 0 1
ETV5 21 30 4.08 £ 10¡20 0 0 1
FOXD2 24 63 1.46 £ 10¡14 0 0 1
PLAGL2 43 245 2.09 £ 10¡11 4 21 0.0282
CDX2 25 95 5.33 £ 10¡11 0 0 1
ISX 14 34 1.45 £ 10¡9 0 0 1
ETS1 97 938 2.06 £ 10¡9 12 42 2.24 £ 10¡6

PPARG 13 30 2.64 £ 10¡9 0 0 1
CEBPA 22 95 1.04 £ 10¡8 0 0 1
SOX13 6 9 2.33 £ 10¡6 0 0 1
BATF 3 3 1.80 £ 10¡4 0 0 1
FOSL1 1 14 0.558 0 0 1
HNF1B 0 13 1 0 0 1
JUN 0 3 1 0 0 1
MYB 0 7 1 0 0 1

Bold values indicate p-value < 0.05.
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CD24 knockdown, confirming the finding from TCGA-COAD RNA
sequencing data. Several studies already showed the crucial role of
integrin subunit a3 [40,41] as well as laminin 332 and integrin a3b1
interaction in cancer cell migration and metastasis [42,43]. Thus,
reduced expression of CD24 might turn on compensatory mecha-
nisms promoting metastases of colon cancer. The obtained results
uncover new possible roles of CD24 in colorectal cancer patho-
genesis in addition to already known functions such as P-selectin
[1] and Siglec-10 [4] interactions.

Gene co-expression analysis revealed the transcription factor
SPI1 as a potential master-regulator in CD24low colorectal cancer. It
turned out that SPI1 is upregulated in CD24low colorectal cancer,
and most genes co-expressed with SPI1 fell into the group of genes
exhibiting differential expression in CD24low patients compared to
9

CD24high ones. Furthermore, bioinformatics studies (motif search
and ChIP-seq data analysis) suggests that SPI1 can be a direct in-
hibitor of CD24 expression. Though the role of SPI1 in colorectal
cancer is not well-studied, few reports contain information on the
poor prognosis of patients with high SPI1 expression levels [44]. It
is, however, interesting to note that SPI1 is a “critical regulator of
cellular communication in the immune system” [45] and that
interaction of circulating tumor cells with the endothelium of the
target organ depends on molecules of the leukocyte adhesion
cascade, which are also of importance for leukocyte trafficking [46].
While expression of SPI1 was not detectable in HT-29 cells, two
other TFs (STAT1 and IRF1) were also major regulators in CD24low

colorectal cancer andwere significantly upregulated onmRNA level
upon knockdown of CD24 in vitro. Consistently with these findings,



S. Nersisyan, A.-K. Ahlers, T. Lange et al. Biochimie xxx (xxxx) xxx
in a recent study Tanaka with co-authors showed that high cyto-
plasmic expression of STAT1 was unfavorable marker for colorectal
cancer [47].

We note several limitations of our work. First, in vivo experi-
ments with CD24-deficient colorectal cancer cells should be carried
out to study the mechanisms underlying our findings more deeply.
Special attention should be paid to the method of CD24 silencing:
while shRNAs are widely used, there is no guarantee that they will
result in sufficiently strong downregulation of CD24 which is
required for the decreased survival (based on our results, this is
applicable only for the 10% of tumors with the lowest CD24 protein
or mRNA expression levels). Thus, we believe that CRISPR/Cas9-
mediated CD24 knockout is a preferable strategy for these aims.
Finally, one should consider the use of multiple colorectal cancer
cell lines, since the expression of some CD24-related molecules
could be specific to HT-29 cells.
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