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Abstract
Apolipoprotein E (ApoE) is a multifunctional protein that plays signi�cant roles in important cellular
mechanisms in peripheral tissues and is as well expressed in the central nervous system, notably by adult
neural stem cells (NSCs) in the hippocampus. Evidence from animal studies suggest that ApoE is critical
for adult NSC maintenance. However, whether ApoE has the potential to play a similar role in human
NSCs has not been directly investigated. To address this question, we conducted a focused study on
APOE gene expression level using an in vitro model of neural differentiation and human induced
pluripotent stem cells derived from a neurotypical individual. We found that APOE expression was
dramatically decreased as the cells became more differentiated, indicating that APOE expression levels
re�ect the degree of cellular differentiation during neural induction suggesting a potential role for ApoE in
human NSC maintenance. Our �ndings justify further investigations being carried out to understand
whether changes in APOE level can directly impact the neurogenic capacity of human stem cells.

Introduction
Apolipoprotein E (ApoE) is a pleiotropic protein that plays an important role in lipid metabolism (1) and is
highly expressed in the brain (2). Although the primary function brain ApoE is lipid transport, its
expression is also found in other cell types outside the context of lipid metabolism (3). For example, a
recent single-cell RNA sequencing study on human post-mortem Alzheimer’s disease (AD) brains showed
that activated microglia (relevant to the disease state) express high levels of ApoE unlike naïve microglia
(relevant to healthy/homeostatic state) in the prefrontal cortex, indicating that ApoE expression is
associated with immune function (4). Furthermore, neuronal ApoE can also be expressed at high levels
under stress conditions such as brain injury although ApoE expression is normally low in healthy neurons
(5,6). Interestingly, ApoE is highly expressed in Nestin/Glial Fibrillary Acidic Protein (GFAP) double-
positive neural stem cells (NSCs) in the adult hippocampus of mice, and one of the phenotypes
characterised in ApoE-null mice is the premature depletion of NSC pool in the hippocampus, suggesting
that NSC maintenance requires ApoE expression (7).

Although the existing literature suggest that ApoE plays an important role in stem cell maintenance, one
should note that the majority of these �ndings were generated from rodent models. Since NSCs obtained
from different species have been shown to behave in fundamentally different ways (8–10),
characterisation of APOE expression in ‘human’ NSCs should be done prior to investigating its exact
function. However, such evidence has not been reported to this date. To reduce this knowledge gap, we
conducted a short study examining the expression pattern of APOE in human induced pluripotent stem
cells (iPSCs) undergoing neural induction in vitro. We found that APOE expression is the highest in cells
at the earliest stage of neural induction, indicating that its levels were correlated with the undifferentiated
state of cells.

Materials And Methods
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Cell line

CTR_M3_36S human induced pluripotent stem cell (iPSC) line was reprogrammed from keratinocytes
obtained from a neurotypical male. Keratinocytes were reprogrammed by introducing a set of Sendai
virus encoding human OCT4, SOX2, KLF4, and C-MYC (Yamanaka factors) using the CytoTune-iPS 2.0
Sendai Reprogramming Kit (Thermo Fisher) according to the manufacturer’s instructions. The virus was a
gift from Dr. Mahito Nakanishi (AIST, Japan).

Stem cell maintenance

Cells were regularly tested for mycoplasma and certi�ed mycoplasma-free. iPSCs were maintained in
Essential 8™ medium (Thermo Fisher) without antibiotics at 37°C, 5% CO2, 5% O2 in 6-well NUNC™ plates
(Thermo Fisher) coated with Geltrex™ (Thermo Fisher). Passaging of iPSCs lines were done with Versene
(EDTA) solution (Lonza) according to the manufacturer’s instructions. Passaging ratio for iPSC
maintenance was kept between 1:6 and 1:18.

Directed differentiation

iPSC colonies approaching 80% con�uence were passaged at 3:2 ratio on 6-well NUNC™ plates coated
with Geltrex™ on D–2/–1 and maintained at 37°C, 5% CO2, 5% O2 for 24–48 hrs until they approached
100% con�uence. Directed differentiation began on D0 by changing Essential 8™ medium to neural
induction medium and incubating the cells at 37°C, 5% CO2, 20% O2. Neural induction lasted for 7 days.
To prepare neural induction medium, N2:B27 was �rst prepared by mixing the N2 medium (Dulbecco’s
Modi�ed Eagle’s Medium/Nutrient Mixture F–12 Ham (DMEM/F12) (Sigma Aldrich) supplemented with
1X GlutaMAX™ (Thermo Fisher) and 1X N–2 supplement (Thermo Fisher)) and the B27 medium
(Neurobasal® medium (Thermo Fisher) supplemented with 1X GlutaMAX™ and 1X B–27 supplement
(Thermo Fisher) or 1X B–27 without vitamin A supplement (Thermo Fisher)) at 1:1 ratio. The following
small molecule inhibitors were added to N2:B27 to make the neural induction medium: 100 nM
LDN193189 (Sigma Aldrich) and 10 µM SB431542 (Sigma Aldrich) for dual SMAD inhibition (DSi); 100
nM LDN193189, 10 µM SB431542, and 2 µM XAV939 (Sigma Aldrich) for dual SMAD inhibition plus Wnt/
β-catenin inhibition (DS-Wi); and 100 nM LDN193189, 10 µM SB431542, 2 µM XAV939, and 1 µM
Cyclopamine (LC Laboratories) for dual SMAD inhibition plus Wnt/β-catenin plus sonic hedgehog
inhibition (DS-WHi). Neural induction medium was used from D0 to D7, and N2:B27 was used from D8
onwards. Medium was changed every 24 hrs throughout the entire directed differentiation period.

Neural passaging 1, 2, and 3 were performed with Accutase (Thermo Fisher) on D7, D12, and D15/16,
respectively. Brie�y, cells were washed with room temperature HBSS and treated with Accutase at 37°C,
5% CO2, 5% O2 for 3–4 minutes. Cold Accutase was used for neural passagings 1 and 2, and room
temperature Accutase was used for neural passaging 3. Cells in Accutase were then collected with a
P1000 pipette. Extra care was taken during neural passagings 1 and 2 where P1000 pipetting was done
no more than 5 times when cells in Accutase were collected. Collected cells were then mixed with room
temperature DMEM/F12 (twice the volume of Accutase used) so that Accutase could be deactivated, and
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centrifugation was performed twice to wash off the Accutase from cells. Centrifugation was done at 900
revolutions per minute (RPM) for 2 min during neural passaging 1 and 2, and at 1250 RPM for 2 min
during neural passaging 3. After centrifugation, cells were plated on new 6-well NUNC™ plates coated with
Geltrex™. Passaging ratios were 1:1 for neural passaging 1 and 2, and 2:3 for neural passaging 3. To
ensure cell survival 10 µM Y–27632 (Sigma Aldrich), a Rho-associated coiled-coil containing protein
kinase (ROCK) inhibitor, was mixed with the plating medium at each neural passaging and then removed
after 24 hrs.

Genotyping

Genomic DNA was extracted from iPSCs using the DNeasy Blood & Tissue Kit (QIAGEN) according to the
manufacturer’s instructions. The APOE locus containing the rs429358 and rs7412 SNPs was ampli�ed
with Taq DNA Polymerase (QIAGEN) according to the manufacturer’s instructions. The primers used for
APOE genotyping were previously designed by Henderson and colleagues (11), and they are able to
generate PCR products that can be visualised easily by gel electrophoresis after HhaI enzyme (Thermo
Fisher) digestion. Ampli�ed PCR products were digested with 1 unit of HhaI digestion enzyme and gel
electrophoresis was performed using a 3% agarose gel containing 0.5 µg/mL ethidium bromide.

Gene expression analysis

Total RNA was extracted from D7, D12, D15/16, and D18/19 cells that were not used for neural
passaging with TRIzol® reagent (Thermo Fisher) according to manufacturer’s instructions and eluted in
25–30 µL of diethyl pyrocarbonate (DEPC)-treated water. Reverse transcription of total RNA into
complementary DNA was performed using SuperScript® III First-Strand Synthesis System (Thermo
Fisher) according to the manufacturer’s instructions. For gene expression analysis, real-time quantitative
polymerase chain reaction (qPCR) was performed using the HOT FIREPol® EvaGreen® qPCR Mix (Solis
Biodyne) according to the manufacturer’s instructions. CT values of APOE were normalised to that of

GAPDH, and relative expression of APOE across samples were quanti�ed using the 2-ΔΔCt method where
D7 sample was used as a reference for each differentiation lineage.

Statistical analysis

GraphPad Prism v8 was used for statistical analysis. The statistical signi�cance of the mean differences
between groups were analysed by one-way analysis of variance (ANOVA) followed by Bonferroni
correction for multiple testing. The mean, standard error of measurement (SEM), and number of
biological replicates are reported. P-value < 0.05 was considered signi�cant to reject the null hypothesis
that the differences observed between groups is due to random variation.

Results
To characterise the expression of APOE in human stem cells undergoing neural induction, an iPSC line
derived from a neurotypical male with APOE3 homozygous genotype (CTR_M3_36S cell line) (Figure 1,
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Table 1, Table 2) (12) were differentiated into neural lineages. Neural induction into dorsal forebrain
progenitors was performed using modi�ed dual SMAD inhibition protocols (12–15) (Figure 2A, Table 1).
Small molecule inhibitors were used to inhibit bone morphogenetic protein (BMP), transforming growth
factor (TGF)-β, Wnt/β-catenin, and sonic hedgehog signalling pathways from D0 to D7 of neural
induction. APOE expression was measured on cells harvested at D7, D12, D15 (or 16), and D18 (or 19) by
performing real-time semi-quantitative polymerase chain reaction on APOE mRNA. The relative
expression of APOE was calculated by 1) normalising the cycle threshold (CT) values of APOE to that of
glyceraldehyde–3-phosphate dehydrogenase (GAPDH) in each sample, and then 2) calculating the
relative expression level compared to that of D7 for each neural induction lineage (Table 2). For each
lineage, three biological replicates (different passage numbers) were used to analyse the statistical
signi�cance of difference between the mean values of each group.

APOE expression was the highest at D7, and the drastic down-regulation of APOE from D7 > to D18/19
was observed regardless of the combination of small molecule inhibitors used from D0 to D7 (p <
0.0001) (Figure 2B). Unlike the existing animal models of APOE de�ciency and humanised APOE
expression where genetic modi�cationswere introduced globally (whole body) rather than speci�cally to
NSCs, the in vitro model used in this study allowed us to examine APOE expression pattern exclusively in
stem cells that were pushed towards the neural lineage. Our �ndings demonstrate that human APOE
expression is the highest in cells that are at the earliest stage of neurodevelopment, and various lineages
induced by different combination of small molecule inhibitors did not alter this pattern of expression.

Discussion
In summary, we found that APOE expression directly re�ects the undifferentiated state of cells during in
vitro directed differentiation which suggests that ApoE plays a vital role in maintaining the
multi-/pluripotency of undifferentiated stem cells during neurodevelopment. However, our
characterisations studies do not clearly demonstrate whether ApoE is directly in control of stem cell
maintenance function or is merely one of many downstream targets regulated by other transcription
factors that play a central role in stem cell maintenance.

The existing literature seems to suggest that both scenarios are plausible. Several chromatin precipitation
studies have shown that POU class 5 homeobox 1 (POU5F1), SRY-box transcription factor 2 (SOX2),
Kruppel like factor 4 (KLF4), MYC proto-oncogene (MYC) and Nanog Homeobox (NANOG) all bind to the
promoter region of APOE, suggesting that APOE expression could be directly regulated by them (16–21).
However, other evidence suggests that APOE itself could be a direct regulator of cell fate determination.
For example, Meyer and colleagues (22) showed that changing the APOE genotype from ε4 (AD risk
factor) to ε3 in human neural progenitor cells (NPCs) can increase the transcription repressor activity of
RE1 silencing transcription factor (REST) in these cells and ultimately rescue their abnormal phenotypes
of accelerated neuronal differentiation and maturation. REST is a transcriptional repressor of pro-neural
genes and is highly expressed in undifferentiated stem cells (23), and as shown by Meyer and colleagues,
APOE genotype can directly regulate the activity of REST in human NPCs. Although the relationship



Page 6/12

between APOE levels and REST activity per se was not examined by Meyer and colleagues, APOE mRNA
expression levels were lower in ε4 NPCs suggesting that lower-than-normal levels of APOE expression is
likely to be associated with reduced activity of REST nuclear translocation. Taken together, these �ndings
indicate that APOE can be an upstream regulator of multipotency in human NPCs. As a follow-up to our
�ndings and the existing literature, we propose that further investigations should be carried out to
elucidate the role of APOE in stem cell maintenance. For example, examining whether prolonged
expression and/or overexpression of APOE in human NPCs and neurons (where APOE expression is lower
compared to stem cells) can revert the identity of these cells would be a good starting point.

Conclusion
In conclusion, we report that human APOE expression levels are highly correlated with the
undifferentiated state of cells during directed differentiation in vitro, and this was in line with publicly
available gene expression array datasets. Combining our observations and previous evidence reported in
the literature, we speculate that APOE has an important role in stem cell maintenance and propose that
further investigations should be carried out to investigate the exact underlying mechanisms such as 1)
whether APOE is an upstream or downstream factor of stem cell maintenance, and 2) whether APOE4
genotype would produce similar phenotypes as loss-of-function.
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(neural stem cells)
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Table 1 List of materials used in this study
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Name Company Catalogue
Number

CytoTune-iPS 2.0 Sendai Reprogramming Kit Thermo Fisher A16517

Essential 8™ medium Thermo Fisher A1517001

NUNC™ plates Thermo Fisher 140675

Geltrex™ Thermo Fisher A1413302

Versene (EDTA) solution Lonza BE17-711E

Hank's Balanced Salt Solution (HBSS) Thermo Fisher 14170-161

Dulbecco’s Modi�ed Eagle’s Medium/Nutrient Mixture F-12
Ham

Sigma Aldrich D6421

GlutaMAX™ Thermo Fisher 35050-061

N-2 (100X) Thermo Fisher 17502-048

Neurobasal® medium Thermo Fisher 21103-049

B-27 minus vitamin A (50X) Thermo Fisher 12587-010

LDN193189 Sigma Aldrich SML0559

SB431542 Sigma Aldrich S4317

XAV939 Sigma Aldrich X3004

Cyclopamine LC
Laboratories

C-8700

Y-27632 Sigma Aldrich Y0503

DNeasy Blood & Tissue Kit QIAGEN 69504

Taq DNA Polymerase QIAGEN 201203

HhaI digestion enzyme Thermo Fisher ER1851

TRIzol® reagent Thermo Fisher 15596026

SuperScript® III First-Strand Synthesis System Thermo Fisher 18080051

HOT FIREPol® EvaGreen® qPCR Mix Solis Biodyne 08-24-00001

 

Table 2 Genotyping primers for APOE
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Gene Forward Reverse

APOE GAC GCG GGC ACG GCT GTC CAA GGA GCT GCA GGC
GAC GCA GGC CCG GCT GGA CGC GGA CAT GGA GGA

AGG CCA CGC TCG ACG CCC TCG
CGG GCC CCG GCC TGG TAC ACT

 

Table 3 Primers for APOE and GAPDH

Gene Forward Reverse

APOE GTT GCT GGT CAC ATT CCT GG GCA GGT AAT CCC AAA AGC GAC

GAPDH AGC CTC AAG ATC ATC AGC AA CTG TGG TCA TGA GTC CTT CC

Figures

Figure 1

APOE genotyping of the cell line used in this study. CTR_M3_36S human iPSC line derived from a
neurotypical male is homozygous for APOE3 (denoted as M3 in this �gure). CTR_M1_04 human iPSC line
that was known to be homozygous for APOE3 was used as control (denoted as M1 in this �gure). HhaI-
digested PCR amplicons were run on a 3% agarose gel (left), and the band loci were compared with the
data previously reported by Henderson and colleagues who developed this genotyping method
(Henderson et al., 2002) (right). The band loci for both CTR_M3_36S and CTR_M1_04 lines match with
the homozygous APOE3 data reported by Henderson and colleagues.
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Figure 3

APOE gene expression re�ects the undifferentiated state of cells during in vitro directed differentiation. A)
Schematic diagram of directed differentiation. CTR_M3_36S iPSCs were maintained in stem cell
maintenance medium after replating (D-2/-1). On D0 neural induction began by changing the stem cell
maintenance medium to neural induction medium. N2:B27 was used from D8 onwards. Medium was
changed every 24 hrs throughout the entire differentiation period. Neural passaging 1, 2, and 3 were
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carried out on D7, D12, and D15/16, respectively. Total RNA extraction was made on cells that were not
used for neural passaging on D7, D12, D15/16, and D18/19. Neural induction medium composition for
each differentiation lineage and N2:B27 medium composition are also shown. B) APOE gene expression
is reduced along neural induction regardless of lineage. Real-time qPCR was performed on CTR_M3_36S
iPSCs undergoing directed differentiation at D7, D12, D15/16, and D18/19. APOE expression was
normalised to that of GAPDH. D7 samples were used as reference samples for each lineage. One-way
ANOVA with Bonferroni correction. n = 3. Mean (bars) with S.E.M. (error bars) shown. **** ANOVA p-value
< 0.0001. ns: non-signi�cant after Bonferroni correction. DSi: dual SMAD inhibition. DS-Wi: DSi plus Wnt/
β-catenin inhibition. DS-WHi: DS-Wi plus sonic hedgehog inhibition.


