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Abstract
Purpose Medulloblastoma (MB) is the most common malignant paediatric brain tumour. Current
treatment modalities are not completely effective and can lead to severe neurological and cognitive
adverse effects. In addition to urgently needing better treatment approaches, new diagnostic and
prognostic biomarkers are required to improve the therapy outcomes of MB patients. The RNA binding
proteins, LIN28A and LIN28B, are known to regulate invasive phenotypes in many different cancer types.
However, the expression and function of these proteins in MB had not been studied to date.

Methods This study identified the expression of LIN28A and LIN28B in MB patient samples and cell lines
and assessed the effect of LIN28 inhibition on MB cell growth, metabolism and stemness.

Results LIN28B expression was significantly upregulated in MB tissues compared to normal brain
tissues. This upregulation, which was not observed in other brain tumours, was specific for the
aggressive MB subgroups and correlated with patient survival and metastasis rates. Functionally,
pharmacological inhibition of LIN28 activity concentration dependently reduced LIN28B expression, as
well as the growth of D283 MB cells. While, LIN28 inhibition did not affect the levels of intracellular ATP, it
reduced the expression of the stemness marker CD133 in D283 cells, and sphere formation of CHLA-01R
cells. LIN28B, which is highly expressed in human cerebellum during the first few months after birth,
subsequently decreased with age.

Conclusion The results of this study highlight the potential of LIN28B as a diagnostic and prognostic
marker for MB and opens the possibility to utilise LIN28 as a pharmacological target to suppress MB cell
growth and stemness.

1 Introduction
Medulloblastoma (MB) is an embryonal, malignant, cerebellar brain tumour, considered the most
common and fast-growing primary paediatric brain tumour [1–3]. MB represents 20% of all childhood
brain malignancies [3]. Based on the expression of specific genes, MB is classified into four subgroups
(WNT, SHH, Group 3 and Group 4), which are further sub-classed into α, β, γ and δ subtypes by their
molecular aetiology [4, 5]. Group 3 and Group 4 are characterised by higher rates of metastasis, lower
survival and poorer prognosis compared to the other two MB subgroups [5, 6]. Current MB treatments
include surgery, radiotherapy and chemotherapy, which are frequently combined to maximise treatment
efficacy [2]. However, due to the harsh nature of the current treatments, surviving children often suffer
from long-term neurological adverse effects [7, 8]. In addition, in about half of the children treated with
chemotherapy alone (generally those less than 4 years of age), MB reoccurs [2]. Therefore, new
therapeutic options are urgently needed to treat MB.

LIN28A (also known as LIN28) and its mammalian homologue LIN28B, are highly conserved RNA binding
proteins [9, 10]. LIN28A was first discovered in Caenorhabditis elegans to regulate embryonic
developmental timing [11, 12], while LIN28B was subsequently discovered in hepatocellular carcinoma
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(HCC) [10]. Under physiological conditions, LIN28A and LIN28B regulate significant processes, such as
tissue development including skeletal myogenesis, development of germ cells and neurogenesis as well
as metabolism and pluripotency of embryonic stem cells [12–16]. LIN28A and B also have been
implicated in pathophysiological conditions such as sickle cell disease, cardiac hypertrophy, diabetes,
obesity, and cancer [14, 17–19]. Overexpression of LIN28A or LIN28B was associated with more
aggressive tumours and poorer prognosis for many malignancies such as oesophageal cancer [20],
hepatocellular carcinoma [10, 21], breast cancer [22, 23], germ cell tumours [14, 24–26], colon cancer [27,
28], ovarian cancer [29–31], gastric carcinoma [32, 33] as well as common paediatric tumours such as
acute and chronic myeloid leukemia (AML and CML) [34, 35], Wilms tumour [36] and neuroblastoma [37].
Furthermore, some recent studies have revealed the role of LIN28A and/or B in cell proliferation,
migration, invasion, metabolism and stemness in CNS tumours such as gliomas (especially
glioblastoma) [38–40], embryonal tumours with multilayered rosettes (ETMRs) [41, 42], and atypical
teratoid rhabdoid tumour (AT/RT) [43, 44]. However, expression and function of LIN28A and B in CNS
cancer is still an emerging area of research.

Although the physiological importance of LIN28A and LIN28B in tissue regeneration and pluripotency in
embryonal stem cells is well established, both genes have not been studied in MB. Therefore, this study
systematically investigated expression of LIN28A and LIN28B in the different molecular MB subgroups
and other brain tumours and correlated expression levels with tumour metastasis and patient survival.
These results were subsequently extended to correlate LIN28A and LIN28B expression in multiple MB cell
lines with cell viability, metabolism and stemness in vitro. For the first time, this study addressed the
effects of LIN28A and LIN28B in MB, the results of which may lead to a new approach to target this
devastating disease.

2 Materials And Methods

2.1 In-silico analysis of MB patient data

2.1.1 Platforms and datasets
LIN28A and LIN28B mRNA expression levels in multiple datasets were visualised, using R2 Genomics
Analysis and Visualization Platform (http://r2.amc.nl) and GlioVis data portal (only used for patient
survival analysis) [45]. The datasets used in this study include Harris [46], Sun [47], Donson [48], den Boer
[49], Gilbertson [50], Pfister [51, 52], and Cavalli [6]. Datasets with either unclassified or not specified
tissues were excluded to avoid bias interpretation and to keep data as consistent as possible among the
datasets used (Table 1).
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Table 1
Datasets used for in-silico analysis

Author No. of
Samples

No. of Normal
Samples

No. of MB
Samples

No. of other
Tumours

Platform Ref.

Harris 44 43 0 0 u133p2 [46]

Sun 180 23 0 153 u133p2 [47]

Donson 130 13 22 95 u133p2 [48]

den Boer 51 5 27 13 u133p2 [49]

Gilbertson 76 0 73 0 u133p2 [50]

Pfister 223 0 223 0 u133p2 [51,
52]

Cavalli 763 0 763 0 hugene11t [6]

2.1.2 Expression analysis in brain tumours and normal brain
tissue
The datasets by Harris [46], Sun [47], Donson [48], den Boer [49], Gilbertson [50] and Pfister [51, 52] were
used to assess the expression of LIN28A and LIN28B genes in MB tissues compared to other brain
tumours and normal brain tissues. Data were extracted from the R2 platform and plotted in GraphPad
Prism Version 9.1 software for Windows (La Jolla, California, USA). Expression values are presented as
log 2 values.

2.1.3 Expression in MB subgroups and normal brain
samples
The datasets by Harris [46], Gilbertson [50] and Pfister [51, 52] were used to assess expression levels of
LIN28A and LIN28B within four different MB subgroups and normal brain tissues. Data was extracted
from the R2 platform and plotted in GraphPad Prism Version 9.1 software for Windows (La Jolla,
California, USA). Expression values are presented as log 2 values.

2.1.4 Correlation of gene expression levels with tumour
metastasis
The dataset by Cavalli [6] was used to conduct the expression of LIN28A and LIN28B genes in both
metastatic and non-metastatic MB patients since it included the largest number of MB samples among
the datasets used in this study as well as the metastatic status of patients at diagnosis (Table 1).
Expression values were shown as log 2.

2.1.5 Stratification of MB patient survival rate by gene
expression
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Overall MB patient survival was analysed by Kaplan-Meier method using GlioVis portal and Cavalli cohort
[6]. Median expression was used as a cut-off threshold to assign their high and low expression scores to
MB patients for both LIN28A and LIN28B genes. Log-Rank test compared between high and the low
expression groups. The hazard ratios (HR) with 95% confidence interval (CI), for LIN28A and LIN28B, are
shown in Kaplan Meier plots. Data was extracted from GlioVis portal and plotted in GraphPad Prism.

2.2 Cell culture
Expression of LIN28A and LIN28B was assessed in five different MB cell lines (Daoy, D283, D341, CHLA-
01-MED and CHLA-01R-MED) that belong to different MB molecular subgroups SHH (Daoy), G3 (D283
and D341) and G4 (CHLA-01-MED and CHLA-01R-MED). All cell lines were obtained from the American
Type Culture Collection (ATCC; Manassas, Virginia, USA; Table 2). Daoy and D283 cells were cultured in
Minimum Essential Medium Eagle (EMEM; #M0643; Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 10% foetal bovine serum (FBS), while D341 cells were supplemented with 20% FBS. CHLA-01-MED
and CHLA-01R-MED were cultured in Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 Ham
(DMEM/F-12, 1:1 mixture; #D8900; Sigma-Aldrich) supplemented with 20 ng/ml EGF (Sigma-Aldrich), B-
27™ Supplement (50x) (17504044; Gibco™ฏ; 2% final concentration (v/v); Sigma-Aldrich), and 20 ng/ml
basic FGF (Sigma-Aldrich). Cells were maintained in a humidified incubator at 37°C and 5% CO2. For this
study, all cells used for experiments were cultured less than 10 passages.

Table 2
Description and characteristics of the five MB cell lines

Cell Lines Organism Tissue Culture
properties

Age,
Gender
and
Ethnicity

Catalog
Number

Daoy (corresponding
to SHH molecular
subgroup of MB)

Homo
sapiens
(Human)

Brain/
Cerebellum

Adherent 4 years
Caucasian
male

ATCC® HTB-
186™

D283 (corresponding
to Group 3/or 4
molecular subgroup
of MB)

Homo
sapiens
(Human)

Brain/
Cerebellum;
derived from
metastatic site:
peritoneum

Suspension
and some
adherent

6 years
Caucasian
male

ATCC® HTB-
185™

D341 (corresponding
to Group 3 molecular
subgroup of MB)

Homo
sapiens
(Human)

Brain/
Cerebellum

Suspension 3.5 years
male

ATCC® HTB-
187™

CHLA-01-MED
(corresponding to
Group 4 molecular
subgroup of MB)

Homo
sapiens
(Human)

Brain/ Brain
Tumor

Suspension 8 years
male

ATCC® CRL-
3021™

CHLA-01R-MED
(corresponding to
Group 4 molecular
subgroup of MB)

Homo
sapiens
(Human)

Brain; derived
from Metastatic
site: pleural fluid

Suspension 8 years
male

ATCC® CRL-
3034™
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2.3 RNA extraction and quantitative real-time PCR
Six cell lysates of three biological replicates (each in duplicate) were prepared for each cell line for qPCR
analysis. Isolation and purification of RNA was performed using ISOLATE II RNA Mini Kit (BIO-52073;
Bioline, London, UK). Concentration and quality of total isolated RNA were measured using NanoDrop™
1000 (ND-100) Spectrophotometer (Thermo Scientific, Waltham, Massachusetts, USA). RNA purity was
quantified by A260/A280 nm and A260/A230 nm absorbance ratio. RNA samples were stored at − 80 ̊ C
freezer until needed for complementary DNA (cDNA) synthesis. Total purified RNA was reverse
transcribed to prepare cDNA using SensiFAST™ cDNA Synthesis Kit (BIO-65054; Bioline) and T100™
Thermal Cycler machine (catalog# 1861096; Bio-Rad, Hercules, California, USA) where the reverse
transcription process occurs. The samples were incubated under the following protocol: annealing
primers (25 ̊ C for 10 minutes), reverse transcriptase activation (42 ̊ C for 15 minutes) followed by reverse
transcriptase deactivation (85 ̊ C for 5 minutes) and hold (4 ̊ C). cDNA samples were stored at − 20 ̊ C
freezer until required for amplification using real time RT-PCR (qPCR). The prepared 5 ng cDNA was
amplified using SensiFAST™ Probe No-ROX Kit (BIO-98020; Bioline) with the following primers: LIN28A
forward (5’-CTGGTGGAGTATTCTGTATTG-3) and reverse (5’-ACCTGTCTCCTTTTGATCTG-3); LIN28B
forward (5’-CTTGAGTCAATACGGGTAAC-3’) and reverse (5’-CATCTATCTCCCTTTGGTTTTC-3’); RN18S1
forward (5’-ATCGGGGATTGCAATTATTC-3’) and reverse (5’-CTCACTAAACCATCCAATCG-3’). Forward and
reverse primers of the gene of interest were designed using Sigma-Aldrich KiCqStart™ Primers software
(https://www.kicqstart-primers-sigmaaldrich.com/KiCqStartPrimers.php) (Sigma-Aldrich, St. Louis, MO,
USA). 18S ribosomal RNA (rRNA) was used as a housekeeping gene for this analysis. For cycling and
quantification of target genes, CFX Connect™ Real-Time PCR Detection System with Starter Package
(catalog# 1855200; Bio-Rad) was used under the following conditions: 95 ̊ C for 2 minutes (DNA
polymerase activation) followed by 40 cycles of 95 ̊ C for 5 seconds (DNA hydrogen bond denaturation),
58 ̊ C for 10 seconds (annealing primers) and 72 ̊ C for 20 seconds (DNA elongation). Quantification of
the target gene expression was calculated using the comparative threshold cycle CT (ΔΔ CT) method by
normalizing the CT value of the target genes (LIN28A and LIN28B) against 18S rRNA served as internal
control. The resulted CT values were used to calculate Δ CT for both the target genes and the
housekeeping gene using this formula (CT of LIN28B or LIN28A – CT of 18S rRNA). Next, ΔΔ CT values
were calculated using this formula (Δ CT of the sample - Δ CT of the average control group). Thereafter,
fold change values were calculated using this Eq. 2^ - (ΔΔ CT) to compare the expression levels of genes
in different MB cell lines. The results were analyzed through multiple statistical comparison analysis;
One-way analysis of variance (ANOVA) with Tukey’s test, by GraphPad Prism Version 9.1 software (see
Results section for further details).

2.4 Immunoblotting analysis
Total protein extracts from each of the five MB cell lines were prepared in triplicate for western blotting
analysis. Protein concentrations were determined using Bio-Rad DC Protein Assay (catalog#500 − 0116;
Bio-Rad). 5, 10 and 20 µg of total protein samples were resolved on 10% Bis-Glycine-polyacrylamide gel
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and transferred onto Amersham™ Protran™ 0.2 µm nitrocellulose (NC) blotting membrane
(catalog#10600001; GE Healthcare Life science, Chicago, Illinois, USA). Membranes were blocked in
blocking solution (tris-buffered saline (TBS), 0.1% Tween-20, 5% (w/v) non-fat dry milk powder). Proteins
were detected using primary antibodies against LIN28A (Rabbit polyclonal; catalog# SAB2702125;
Sigma-Aldrich; 1:1000 dilution), LIN28B (Rabbit polyclonal; catalog# HPA061745; Sigma-Aldrich; 1:1000
dilution), Prom1 (CD133) (Mouse monoclonal; catalog# 2F8C5; Sigma-Aldrich; 1:1000 dilution), and β-
actin (Mouse monoclonal; catalog# A5441; Sigma-Aldrich; 1:10,000 dilution) was used as loading
control. Horseradish peroxidase-conjugated (HRP) secondary antibodies; goat anti-rabbit (catalog# 170–
6515; Bio-Rad; 1:3000 dilution) and goat anti-mouse IgG (catalog# 170–6516; Bio-Rad; 1:3000 dilution)
were used. All antibodies were prepared in blocking solution. The membrane was incubated with primary
antibodies (anti-LIN28A /or anti-LIN28B /or anti-Pom1 “CD133”) at 4 ̊ C overnight, while β-actin and
secondary antibodies were used at room temperature for 1 hour. AmershamTM ECLTM Prime Western
Blotting Detection Reagent (code# RPN2236; GE Healthcare Life science) was used for visualizing
imunnoreactivity. Digital images were recorded using an Amersham™ Imager 600 (code# 29083461; GE
Healthcare Life science) and Chemi-Smart 5000 imager (Vilber Lourmat, Eberhardzell, Germany). Band
densities were quantified using Image LabTM software version 6.0.1 (Bio-Rad) and normalized to β-actin.
Relative protein expression represents band intensity of LIN28A and LIN28B normalized to β-actin.
PageRuler™ Plus Prestained Protein Ladder (catalog#26620; Thermo Scientific) was used to determine
molecular weights (kDa) of protein bands. Results were analyzed through multiple statistical comparison
analysis; one-way ANOVA with Tukey’s test, by GraphPad Prism software, Version 9.1.

2.5 Immunofluorescence analysis
Subcellular localization of LIN28B was determined in five different MB cells using immunofluorescent
detection. MB suspension cell lines were seeded at 5×103 (Daoy) or 104 (D283, D341, CHLA-01-MED, and
CHLA-01R-MED) cells/well in black 96-well plates (655090, µClear®, Greiner, Germany) precoated with
poly-L-lysine (P4832, Sigma-Aldrich) for 60 min (1:1 in PBS, 50 µL/well). After 24 hours, cells were fixed
with 4% formaldehyde for 10 minutes before they were permeabilized (0.5% Triton®-X100 in phosphate-
buffered saline (PBS)) for 10 minutes. Subsequently, cells were blocked with 10% normal goat serum
(catalog# G9023; Sigma-Aldrich) in PBST (0.1% Tween-20 in PBS) for 1 hour and exposed to primary
antibody against LIN28B (Rabbit polyclonal; catalog# HPA061745; Sigma-Aldrich; 1:1000 dilution)
overnight at 4° C. Secondary antibody (A-11070; Alexa Fluor 488) was added to the cells for 1 hour at
room temperature. Nuclear staining was performed using DAPI dye (1 µM) for 10 minutes at room
temperature. Images were recorded by a high-content cell imaging system (IN Cell Analyzer 2200, GE
Healthcare Life Sciences) at 20x magnification. Intensity of LIN28B-fluorescence for each cell was
automatically quantified using IN Carta Image Analysis Software (GE Healthcare Life Sciences). The
images used in the analysis were acquired from 4 different fields per one well of each cell line from three
independent experiments. Overall, 554 cells for Daoy cell line, 631 cells for D283 cell line, 150 cells for
D341 cell line, 318 cells for CHLA-01 cell line, and 393 cells for CHLA-01R cell line were analysed in this
experiment.
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2.6 Pharmacological inhibition of LIN28
For pharmacological inhibition studies, Lin28 1632 inhibitor (CAS No. 108825-65-6; Catalog No. 6068;
Tocris Bioscience, Minneapolis, MN, USA) was used. Cells were seeded at 1.5×103 (Daoy) or 104 (D283,
D341, CHLA-01-MED, and CHLA-01R-MED) cells/well in transparent 96-well plates. 24 h post plating, cells
were treated with Lin28 1632 inhibitor at three different concentrations (10, 50 and 150 µM) for 72 h.
DMSO was used as solvent control. Protein was isolated 72 h post-treatment for western blotting
analysis. All experiments were performed independently three times.

2.6.1 ATP levels and protein content
To assess the effect of Lin28 1632 pharmacological inhibitor on MB cell metabolism and viability,
measurement of cellular ATP levels and proteins were obtained via a luminescent ATP assay and protein
assay, respectively. MB cells were seeded as described above (section 2.6.) in transparent 96-well plates.
24 hours post seeding, LIN28 inhibitor (1632 compound) was added for 72 h as described above.

For ATP measurements, 72 h post treatment, cells were transferred to Eppendorf tubes, washed twice with
sterile PBS and 40 µl of ATP lysis buffer (4 mM EDTA/ 0.2% Triton X100) was added to each tube for 5
minutes at room temperature. Thereafter, 10 µl of cell lysate was mixed with 90 µl of ATP assay buffer
(300 µM d-luciferin, 5 µg/mL luciferase, 625 µM EDTA, 75 µM DTT, 6.25 mM MgCl2, 25 mM HEPES, 1
mg/mL BSA in PBS, pH 7.4) in white 96-well plates, followed by immediate luminescence measurement
using a Tecan Spark® multimode microplate reader (Männedorf, Switzerland). Relative luminescence
(RLU) was standardised to the untreated control and expressed as %RLU.

The Bio-Rad DC Protein Assay (colorimetric Assay) was used to quantify the protein content from the cell
lysates according to the manufacturer’s protocol. Absorbance was measured in a transparent 96-well
plates at 750 nm using Tecan Spark® multimode microplate reader. The luminescence signal was
standardized on protein content and expressed as %RLU/protein [mg/ml].

2.6.2 Sphere formation
CHLA-01R cells at 3 × 104 cells/well were plated into black 96-well plates (655090, µClear®, Greiner,
Germany) in serum-free media. After 5 days, cellular spheres were stained with 5 µM Hoechst 33342, and
visualised using fluorescence microscopy (IN Cell Analyzer 2200) at 4x magnification. Spheres larger
than 100 µM in diameter were quantified using ImageJ 1.49q software (NIH, Bethesda, MD, USA, website:
https://imagej.nih.gov/ij/).

2.7 Expression analysis in the developing brain
Microarray data of the cerebellum were obtained from BrainSpan Atlas of the Developing Human Brain
(www.brainspan.org). A total of 31 cerebellum samples of individuals from 12 post-conceptual weeks to
40 years were used (donor ID for each sample is stated in the respective figure). Expression values of

http://r2.amc.nl/
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LIN28A (Ensembl ID ENSG00000131914) and LIN28B (Ensembl ID ENSG00000187772) are presented in
reads per kilobase of transcript (RPKM).

2.8 Statistical analysis
All statistical analysis was performed using GraphPad Prism (Version 9.1 for Windows, La Jolla,
California, USA). For in-silico data, non-parametric statistical analysis was used including Kruskal-Wallis
test and multiple comparison statistical hypothesis testing with Dunn’s multiple comparisons test (to
compare gene expression differences between MB subgroups and normal tissue), and two-tailed
unpaired Mann-Whitney test for statistical comparisons (to compare between maximum two groups). For
in-vitro data, parametric statistical analysis was performed using both one-way analysis of variance
(ANOVA) through Tukey’s test for multiple statistical comparison analysis (to compare between more
than two cell lines), and two-tailed unpaired t-test for statistical comparisons (to compare between only
two different groups). Specific statistical tests and significance for each experiment are mentioned in the
figure legend. Data was reported as mean ± standard deviation (± SD), with p values of < 0.05 to be
considered as statistically significant.

3 Results

3.1 Expression of LIN28A and LIN28B in brain tumours and
MB molecular subgroups
Expression levels of LIN28A and LIN28B in normal brain and different brain tumours including
glioblastoma, astrocytoma, oligodenroglioma, ependymoma and medulloblastoma were compared.
LIN28A expression was comparable across the tested groups and was only significantly higher (p < 
0.0001) in oligodenrogliomas compared to the non-tumour tissues (Fig. 1a). In contrast, among tumour
tissues, LIN28B expression was significantly higher only in medulloblastoma tissues compared to tissues
from normal brain tissue (Fig. 1b). MB is classified into four molecular subgroups of WNT, SHH, Group 3
and Group 4. These molecular subgroups influence the prognostic variability between MB patients [3].
Therefore, LIN28A and LIN28B expression in normal brain was compared to the different molecular MB
subgroups. LIN28A was expressed homogeneously across the different MB groups with a significantly
lower expression in the SHH subgroup compared to normal tissue (Fig. 1c). In contrast, LIN28B, was
highly overexpressed (p < 0.0001) in MB subgroups 3 and 4 compared to subgroups 1 and 2 and normal
brain tissue (Fig. 1d).

3.2 Expression of LIN28A and LIN28B in MB metastasis and
overall MB patient survival
Since MB groups 3 and 4 are associated with higher metastasis and lower patient survival [5, 6], LIN28A
and LIN28B expression was correlated with metastasis rates and patient survival. LIN28A expression was
not correlated with MB metastasis rates (Fig. 2a), while LIN28B expression was significantly (p < 0.0001)
associated with the occurrence of metastatic tumours (Fig. 2b). To evaluate the association between
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LIN28A and LIN28B levels and MB prognosis, the overall survival of 612 MB patients in the Cavalli cohort
[6] was assessed, using Kaplan-Meier analysis. While there was no significant association between
LIN28A expression and patient survival (Fig. 2c), MB patients with high LIN28B levels showed a
significantly reduced overall survival (Fig. 2d). Collectively, LIN28B appears to be overexpressed in
aggressive MB subgroups and its expression was association with elevated rates of metastasis and
reduced survival. This data highlights the potential importance of LIN28B in MB initiation and/or
progression and prompts further mechanistic studies in vitro.

3.3 LIN28A and LIN28B mRNA and protein expression in
MB cell lines
To translate the patient data to in vitro conditions, LIN28A and LIN28B expression in multiple cell lines,
representing the different molecular MB subgroups, was assessed. Expression of LIN28A mRNA (Fig. 3a)
and protein (Fig. 3b and c) were not significantly different between the tested MB cell lines. In contrast,
LIN28B mRNA levels were higher in Group 3 (D341) cells compared to other cell lines (Fig. 3d) and protein
levels were higher in Group 3 (D341) and Group 4 (CHLA-01) cells compared to the other cell lines (Fig. 3e
and f). Based on the differential expression of LIN28B in MB cell lines, protein expression was also
assessed using immunostaining. LIN28B levels showed higher expression levels in D341, CHLA-01 and
D283 cells (Fig. 3g and h).

3.4 Effect of LIN28 inhibition on LIN28A and LIN28B
expression, cell viability and metabolism
To assess the importance of RNA binding of LIN28, the pharmacological LIN28 inhibitor, Lin28 1632, was
used. The effect of this inhibitor on the expression of LIN28A and LIN28B in five MB cell lines, as well as
their viability was tested. Given the known role of LIN28 in energy production in other cell models [53–59],
we also assessed the effect of this inhibitor on the intracellular ATP levels. In none of the cell lines, LIN28
inhibition affected the expression of LIN28A. However, it decreased the expression of LIN28B in Daoy
cells at the highest tested concentration (Fig. 4a and b) and in D283 cells in a concentration dependent
manner (Fig. 4d and e). In addition, as quantified by relative protein content levels, LIN28 inhibition
reduced cell growth of Daoy and D283 cells at 50 and 100 µM (Fig. 4c and f), and of D341 cells at the
highest tested concentration (Fig. 4i), while it had no effect on the growth of CHLA-01 and CHLA-01R cells
(Fig. 4l and O). Collectively, these data showed that LIN28 inhibition suppressed viability and LIN28B
expression in some MB cell lines. This effect was most pronounced in D283 cells where LIN28B levels
and cell viability were reduced by the inhibitor in a concentration dependent manner. To delineate the
mechanism of this reduced cell viability, cellular ATP levels were measured as LIN28 was reported to
promote ATP production via glucose oxidation [54]. Treatment of D283 cells with the LIN28 inhibitor did
not significantly alter relative intracellular ATP levels (Fig. 5a), suggesting that LIN28 does not affect ATP
synthesis in these cells.

3.5 LIN28 inhibition suppresses stemness of D283 and
CHLA-01R MB cells
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LIN28 was reported to regulate the expression of CD133 [28, 60], a stemness marker that is also involved
in cell proliferation [61]. Given the observed suppression of cell proliferation by LIN28 inhibition, the effect
of the LIN28 inhibitor on CD133 expression in D283 cells was assessed. Treatment with Lin28 1632,
concentration dependently, reduced the expression of LIN28B and reduced cell growth. LIN28 inhibition
significantly reduced the expression of CD133 at 150 µM in D283 cells (Fig. 5b and c). Since CD133 is
also regulating cellular stemness, we also assessed if LIN28 inhibition affected sphere formation of
CHLA-01R cancer cells, which is associated with cellular stemness [62–65]. Treatment of CHLA-01R cells
with the LIN28 inhibitor, Lin28 1632, significantly supressed the formation of cell spheres in a
concentration dependent manner (Fig. 5d and e).

3.6 Expression of LIN28A and LIN28B in the developing
brain
Our previous results pointed towards a potential role of LIN28 in cellular stemness. As cells age, they
reduce their stemness features [66, 67]. Medulloblastoma is a primary malignant tumour of the
cerebellum that is rarely seen in adults and predominantly occurs in children, when cells possess
enhanced stemness characteristics. Therefore, LIN28A and LIN28B expression was measured in the
cerebellum of the developing brain at different time points. Using the Atlas of the Developing Human
Brain dataset that includes cerebellar expression profiles from individuals between 12 weeks to 40 years
of age (www.brainspan.org), LIN28A expression remained steady (Fig. 6a). In contrast, cerebellar LIN28B
showed higher levels in the newborn brain that gradually decreased to very low or non-detectable levels at
37 weeks of age, which remained at this level into adulthood (Fig. 6b).

4 Discussion
This study assessed the expression of LIN28A and LIN28B in MB patient samples and cell lines and
observed the effect of LIN28 inhibition on MB cell growth, metabolism and stemness. Our data
demonstrate a significant upregulation of LIN28B gene expression in MB tissues compared to normal
brain tissues. This upregulation, which was only observed in MB and not in other brain tumours, was
specific for aggressive MB subgroups 3 and 4. LIN28B expression levels correlated with MB patient
survival and metastasis rates. LIN28A levels, on the other hand, were not upregulated in MB and did not
show any association with MB subgroups, patient survival or metastasis rates. These data suggest the
value of LIN28B as a potential diagnostic biomarker for MB and its molecular subgroups, as well as a
prognostic indicator of survival time. Several studies have correlated LIN28A and/or B levels with patient
prognosis in other cancers. High LIN28 expression were shown to be associated with tumour
aggressiveness and poor patient prognosis in oesophagus cancer [20]. Similarly, LIN28A expression was
shown to serve as a prognostic marker for gastric carcinoma [33] and hepatocellular carcinoma [21],
while LIN28B expression was proposed to be a novel prognostic marker in gastric adenocarcinoma [68]
and oral squamous cell carcinoma [69].

http://r2.amc.nl/
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To test if targeting LIN28 has the potential to control MB cells growth, we also assessed the effect of
pharmacological inhibition of LIN28 in vitro. LIN28 inhibition was most effective in D283 cells, where
concentration dependently reduced LIN28B expression as well as MB cell growth and the expression of
stemness marker CD133. Since LIN28 inhibition did not affect the levels of intracellular ATP in D283 cells,
it is more likely that reduced CD133 expression, which was reported to be involved in cell proliferation
[61], accounted for the reduced cell growth observed in this study. Our data also showed that LIN28
inhibition suppressed MB sphere formation of MB cells, another key phenotype of cancer cells with
stemness features [62–65], further suggesting a role of LIN28 in MB stemness. A major problem in
treating MB (as observed with many different cancer types) is the treatment resistance of cell populations
that display characteristics of stem cells in the core of a tumour mass. These cell populations can survive
the treatment and eventually result in recurrence of tumours in a more aggressive way [70]. It is therefore
critical to target these cancer cell subpopulations. Identification of LIN28 as a regulator of MB stemness
is a significant first step towards future studies that need to investigate how pharmacological targeting
LIN28B could be used to affect MB cell stemness and therefore their sensitivity towards different
treatment modalities. Our results support previous studies in breast cancer [22, 71] and lung cancer cells
[72] that demonstrated a role of LIN28 proteins in cancer cell stemness. Future studies can assess if
LIN28 inhibition can suppress the resistance of MB cells to chemotherapeutic agents and/or radiation
therapy. In addition, stemness is a key property related to MB leptomeningeal dissemination, the
metastatic spread of tumour cells through the cerebrospinal fluid to the brain and spinal cord [70]. Future
studies can assess whether LIN28 inhibition affects the metastatic characteristics of MB cells, such as
cell migration, invasion, and epithelial-to mesenchymal transition (EMT). EMT is a process that plays a
key role in the progression, dissemination, and therapy resistance of epithelial tumours; however, recent
evidence suggests that EMT also promotes malignancy of nonepithelial tumours [73].

The present study showed that LIN28B is highly expressed in the cerebellum during the first few months
after birth and subsequently shows a clear decrease with age. This is an intriguing observation since MB
was shown to arise from disruptions in cerebellar development [74] and the role of LIN28 proteins in the
regulation of various stages of neuronal development [16, 75–77]. Indeed, LIN28B was reported to
regulate neuronal differentiation by modulating the expression of Staufen1, a protein that initiates post-
transcriptional regulation, including mRNA export, relocation, translation and decay [75]. In addition,
LIN28B promotes neural crest cell migration and leads to transformation of the trunk region of the
developing embryo [78]. Future studies are warranted to assess if the observed altered expression of
LIN28B in the developing cerebellum contributes to MB initiation.

To understand the role of LIN28 in MB cells, this study used the only commercially available
pharmacological inhibitor of this protein to date, Lin28 1632 [79]. To better understand the isoform-
specific roles of LIN28 proteins, siRNA-mediated silencing and/or plasmid over-expression studies,
specifically targeting LIN28A and LIN28B genes, are needed in future studies. In addition, it is important
to note that Lin28 1632, only inhibits the LIN28/let-7 interaction, while LIN28 proteins are known to
regulate key biological functions via let-7 dependent and independent mechanisms [80]. Therefore,
mechanistic studies are needed to delineate whether the observed LIN28 activities in MB cells observed in
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this study, occur via let-7 dependent or let-7 independent pathways. However, at present there are no
pharmacological inhibitors available commercially to inhibit the let-7 independent activities of LIN28.
Therefore, the development of such compounds in the future will be invaluable to selectively modulate
these two distinct signalling activities of LIN28.

Overall, the present study demonstrates the potential value of LIN28B as a diagnostic and prognostic
marker for MB. It also, for the first time highlights the potential to use small molecule pharmacological
antagonist of LIN28 to suppress MB cell growth and stemness, which could lead to a new therapeutic
approach for the treatment of MB. Consequently, future studies need to test LIN28 inhibition in preclinical
models of MB to explore the therapeutic potential of this approach as a future treatment strategy against
MB.
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Figures

Figure 1
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LIN28A and LIN28B expression in different brain tumours and normal brain tissue. (a) LIN28A and (b)
LIN28B mRNA expression in MB (Donson [48], den Boer [49], Gilbertson [50] and Pfister [51, 52] datasets;
n = 345) compared to non-tumour brain tissues (Harris [46], Sun [47], Donson and den Boer datasets; n =
84) and different brain tumours [Glioblastoma (Sun and Donson datasets; n = 111), Astrocytoma (Sun
and Donson datasets; n = 41), Oligodendroglioma (Sun dataset, n = 50), and Ependymoma (Donson and
den Boer dataset, n = 59)], (ns: not significant p > 0.05, **** p < 0.0001, non-parametric test, with Kruskal-
Wallis test multiple comparisons, mean with SD, n = 690). (c) LIN28A and (d) LIN28B mRNA expression in
different MB subgroups (Gilbertson and Pfister datasets; n = 296) and normal brain tissues (Harris
dataset, n = 43), (ns: not significant p > 0.05, **** p < 0.0001, non-parametric test, with Kruskal-Wallis test
multiple comparisons, mean with SD, n = 339)
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Figure 2

Stratification of MB metastatic status and overall patient survival based on LIN28A and LIN28B
expression. (a) LIN28A and (b) LIN28B mRNA expression (log 2 transformed) present in Cavalli dataset
[6] of MB non-metastatic patients (- Met, n = 397) versus MB metastatic patients (+ Met, n = 176). Data
were exported from R2 Genomics software and plotted in GraphPad Prism. ns: not significant p > 0.05,
**** p < 0.0001, two-tailed unpaired non-parametric t-test, with Mann-Whitney test for statistical
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comparisons, mean with SD, n = 573). Kaplan–Meier curves demonstrate the association between (c)
LIN28A and (d) LIN28B expression and overall patient survival present from the Cavalli dataset [6]. Data
was extracted from GlioVis portal and plotted in GraphPad Prism. Blue: low expression, Red: high
expression. Number of patients with high or low LIN28 expression are shown between brackets. HR:
hazard ratios. 

Figure 3
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mRNA and protein expression of LIN28A and LIN28B in multiple MB cell lines. mRNA expression level of
(a) LIN28A and (d) LIN28B. ns: not significant, P > 0.05, ** P < 0.01, **** P < 0.0001, one-way ANOVA, with
Tukey’s multiple comparisons, mean with SD). (b, e) Representative immunoblots of (b) LIN28A and (e)
LIN28B proteins with β-actin as loading control. (c, f) Densitometry analysis of total (c) LIN28A and (f)
LIN28B protein levels (normalized to β-actin as loading control) in D341, D283, Daoy, CHLA-01R-MED, and
CHLA-01-MED MB cell lines. ns: not significant p > 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, one-
way ANOVA, with Tukey’s multiple comparisons. Each bar shows mean ± SD from three independent
experiments (three biological replicates). (g) Representative immunofluorescence images of different MB
cells marked with antibody against LIN28B (FITC; Green) and DAPI DNA staining (blue). Scale bar, 60 μm.
(h) Quantitative data of LIN28B protein expression intensity in Daoy (n = 554), D283 (n = 631), D341 (n =
150), CHLA-01 (n = 318) and CHLA-01R (n = 393) cells. Data represents mean ± SD from three
independent experiments. ns: not significant, **** p < 0.0001, one-way ANOVA, with Tukey’s multiple
comparisons.
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Figure 4

Effect of LIN28 inhibition on LIN28A and LIN28B protein expression levels and cell viability in MB cell
lines. MB cells were treated with different concentrations of Lin28 1632 (0, 10, 50 and 150 µM) for 72 h.
From left to right, each row represents: Representative immunoblots, densitometry analysis of total
LIN28A and LIN28B protein levels (normalized to β-actin as loading control), and cell protein content in
five different MB cell lines; (a-c) Daoy, (d-f) D283, (g-i) D341, (j-l) CHLA-01-MED, and (m-o) CHLA-01R-MED
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cells. Each bar shows mean ± SD from three independent experiments (three biological replicates).
Relative protein expression represents relative LIN28A and/or LIN28B expression quantity in total protein
bands intensity after β-actin normalization. (ns: not significant p > 0.05, ** p < 0.01, *** p < 0.001, **** p <
0.0001, one-way ANOVA, with Tukey’s multiple comparisons).

Figure 5
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Effect of Lin28 1632 on CD133 protein expression in D283 Cells and on the sphere formation of CHLA-
01R cells. (a) Intracellular ATP levels normalized to protein content in D283 cells. (ns: not significant). (b)
Representative immunoblot of CD133 and β-actin proteins in D283 cells treated with Lin28 1632 (0-150
µM). (c) Densitometric analysis of relative CD133 protein levels (normalized to β-actin as loading control)
in D283 cells. (ns: not significant p > 0.05, ** p < 0.01, one-way ANOVA, with Tukey’s multiple
comparisons). Bars represent mean ± S.D. from three independent experiments (three biological
replicates). (d) Representative images of 3D spheroids. Scale bar, 300 μm. (e) Concentration-dependent
response of Lin28 1632 on sphere size and number. Spheres size and numbers were quantified for all
acquired images using ImageJ software. Results for each concentration were standardized to the non-
treated control (0.3% DMSO) as fold change. Data expressed as mean ± SD from three independent
repeats with three replicates each. (ns: not significant p > 0.05, * p < 0.05, *** p < 0.001, one-way ANOVA,
with Tukey’s multiple comparisons).
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Figure 6

Age-dependent cerebellar LIN28 expression. Microarray data of the cerebellum of the developing brain
were obtained from the BrainSpan Atlas of the Developing Human Brain (www.brainspan.org). A total of
31 cerebellum samples from 12 post-conceptual weeks to 40 years of age. Expression values of (a)
LIN28A and (b) LIN28B are shown in reads per kilobase of transcript (RPKM). Donor ID for each sample is
stated in the bracket.


