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Runx1t1 promotes the neuronal
differentiation in rat hippocampus
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Abstract

Background: Runt-related transcription factor 1 translocated to 1 (Runx1t1) is one of the members of the myeloid
translocation gene family. Our previous work showed that Runx1t1 induced the neuronal differentiation of radial
glia cells in vitro.

Methods: To better uncover the role of Runx1t1 in hippocampal neurogenesis, in this study, we further explore its
localization and function during the hippocampal neurogenesis.

Results: Our results showed that insufficient expression of Runx1t1 reduced the neuronal differentiation, and
overexpression of Runx1t1 promoted the neuronal differentiation in vitro. We also found that Runx1t1 localized in
neurons but not astrocytes both in vivo and in vitro. Furthermore, we found that Runx1t1 overexpression elevated
the number of newborn neurons in the hippocampal dentate gyrus.

Conclusions: Taken together, our results further proved that Runx1t1 could be worked as a regulator in the
process of hippocampal neurogenesis.
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Introduction
Neurogenesis is a process by which newborn neurons
are generated from neural stem cells (NSCs) or neural
progenitor cells (NPCs); NSCs were considered to be a
potential source of cells for cell replacement therapy
during brain damage repair [1–3]. However, the useful-
ness of the strategies has been obstructed, especially, by
limited neuronal differentiation of NSCs [1, 4, 5]. Thus,
the identification of the factors and mechanisms under-
lying the neuronal differentiation of NSCs in guiding the
production of NSCs for clinical needs is imperative.
Neurogenesis in the dentate gyrus (DG) of hippocam-

pus can persist throughout the whole life [5–8], and it is
also a multiple-step process and is regulated by several

intrinsic and extrinsic factors [9, 10]. During the neuro-
genesis, a cascade of gene expression activated by pro-
neural basic helix-loop-helix (bHLH) proteins plays an
essential and conserved role in promoting neuronal dif-
ferentiation [11, 12], such as myeloid translocation genes
(MTGs). MTG proteins have been reported to be se-
quentially expressed during neuronal differentiation and
may promote the transition from precursor to neuron
and induce the expression of neuronal genes in the dif-
ferentiated cells [13]. Some reports using biochemical
and molecular analyses suggest that MTG family mem-
bers act as downstream of proneural proteins to regulate
stem cell proliferation and promote neuronal differenti-
ation [14–16].
Runt-related transcription factor 1 translocated to 1

(Runx1t1) is one of the members of the MTG family. It was
reported that Runx1t1 was involved in the proliferation and
differentiation of hematopoietic stem cells [17, 18]. How-
ever, the exact function of Runx1t1 in neural development
is largely unexplored. In present work, the expression and
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distribution of Runx1t1 were detected during the differenti-
ation of NSCs from rat hippocampus in vitro and in hippo-
campal DG in vivo. We found that Runx1t1 was strongly
expressed in NSCs and weakly detectable in neurons
in vitro and in vivo. Moreover, upregulation of Runx1t1
promoted hippocampal neuronal differentiation both
in vitro and in vivo. Taken together, our results suggested
that Runx1t1 was closely related to the neural differenti-
ation in hippocampus.

Materials and methods
NSC culture and identification
NSCs were acquired as previously described [8, 19, 20].
Animal experiments were conducted according to the
protocols approved by the United States National Insti-
tutes of Health Guide for the Care and Use of Labora-
tory Animals. All efforts were made to minimize the
number and suffering of animals used in this study.
Briefly, embryos were harvested from pregnant rats on
embryonic day 16 (E16). The embryonic hippocampal
were immediately dissected, isolated, and triturated into
single-cell suspensions. After centrifugation, the cells
were resuspended and maintained at a density of 1 × 105

in 10ml Dulbecco’s modified Eagle medium (DMEM)/
F12 containing 2% B27, 20 ng/ml epidermal growth fac-
tor (EGF), and fibroblast growth factor (FGF-2; Sigma),
which is a neurosphere expansion medium. Seven days
later, the primary neurospheres were passaged by the
dissociation of bulk neurospheres using Accutase
(Sigma). After three passages (P3), the neurospheres
were processed for immunocytochemistry to identify
their stem/progenitor properties. Besides, 5 nM 5-
bromo-2-deoxy-uridine (BrdU; Roche, Mannheim,
Germany) was added to the medium for 24 h to label
proliferated cells in vitro. The P3 neurospheres were trit-
urated into single-cell suspensions, at a density of 1.5 ×
104 cells/mL in 24-well plates containing the differenti-
ation medium (DMEM/F12 medium with 2% B27 and
2% fetal bovine serum (FBS; GIBCO)) for other
experiments.

Lentiviral vector construction and infection
The RNA interference (RNAi) lentiviral vector (LV3-
Runx1t1-RNAi) was constructed using GV118 lentiviral
expression system (GeneChem Co. Ltd., Shanghai,
China) as described previously [21]. Briefly, a vector-
based RNAi approach was used to produce intracellular
short hairpin double-stranded RNA from a DNA tem-
plate under the control of the pCMV promoter. The
oligonucleotide sequence of shRNA is 5′-TAAGCA
AGCGACCATGCACTATCTCGAGATAGTGCATG
GTCGCTTGCTTTTTTTTC-3′.
The underlined letters denote the hairpin loop. The

negative control (NC) sequence was 5′-CCGGTTCTCC

GAACGTGTCACGTTTCAAGAGAACGTGACACG
TTCGGAGAATTTTTG-3′. GV287 lentiviral expression
system (GeneChem) was used to acquire the Runx1t1
overexpressing lentivirus LV4-Runx1t1 (2 × 108 TU/mL)
and the negative control lentivirus LV4-NC (1 × 109 TU/
mL) as previously described [21].
For the infection experiments, cells were divided into

six groups. For siRNA interference, single cells were cul-
tured in the differentiation medium containing 30 μL of
1 × 108 TU/mL LV3-Runx1t1-RNAi or 10 μL of 3 × 108

TU/mL LV3-NC with 8 μg/mL polybrene (GeneChem).
Following incubation for 12 h, the culture medium was
replaced with medium without lentivirus. For Runx1t1
overexpression, the cells were cultured in differentiation
medium containing 20 μL of 2 × 108 TU/mL LV4-
Runx1t1 or 4 μL of 1 × 109 TU/mL LV4-NC with 8 μg/
mL polybrene for 24 h, and then, the medium was re-
placed by fresh medium. After 3 days, Runx1t1 protein
and RNA expression in the NSCs was analyzed using
real-time PCR and Western blot.

Stereotactic injections
Eighteen adult Sprague-Dawley (SD) rats weighing 220–
250 g were purchased from the Experimental Animal
Center of Nantong University. The animals were main-
tained in a controlled temperature environment (23 ±
2 °C) on a 12 h to 12 h light to dark cycle in an approved
facility with free access to food and water. After transi-
ent anesthesia with chlorpent (2 ml/kg body weight, i.p.),
adult SD rats were transferred to the stereotaxic appar-
atus, LV4-Runx1t1 were injected into unilateral DG area,
the negative control lentivirus were injected opposite.
According to the atlas of Paxinos and Watson [22], the
injection site was 1.8 mm lateral to midline, 3.3 mm pos-
terior to bregma, and 4.4 mm inferior to the upper sur-
face of the skull bone. Each side received 10 μl lentivirus.
After suturing the skin and applying penicillin (100,000
units/kg, i.p.), the animals were allowed to recover. On
day 3 after injection, real-time PCR and Western blot (6
rats respectively) were used to detect Runx1t1 RNA and
protein expression. Fourteen days later, another 6 rats
were perfused transcardially with 0.9% NaCl followed by
chilled 4% paraformaldehyde (PFA) in 0.1M phosphate-
buffered saline (PBS, pH 7.4). Coronal frozen sections
were sliced frontally at 30-μm thickness through the
hippocampus; six sections encompassing the hippocam-
pus were collected randomly from each animal for
immunocytochemistry.

RNA extraction and real-time PCR
Total RNA was isolated using a UNIQ-10 Spin Column
RNA Purification Kit (Sangon, Shanghai, China). First-
strand cDNA was synthesized using RevertAid™ First-
Strand cDNA Synthesis Kit (Fermentas, Burlington,
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Canada). The first-strand cDNA was subsequently proc-
essed with the Corbett RG-6000 PCR system (Qiagen,
Dusseldorf, German) using FastStart Universal SYBR
Green Master Mix (Roche, Basel, Switzerland). The reac-
tions were optimized by varying the annealing tempera-
tures from 48 to 55 °C. The sense and antisense primers
were synthesized as follows: GAPDH, 5′-GCAAGT
TCAACGGCACAG-3′, 5′-GCCAGTAGACTCCA
CGACAT-3′; and Runx1t1, 5′-CCATTGCCCACCAC
TA-3′, 5′-CCACTCTTCTGCCCATT-3′.

Western blot assay
Western blot analysis was performed as described previ-
ously [18]. Equivalent amounts of total protein from
cells or hippocampal tissue were separated by SDS-
PAGE and transferred to polyvinylidene fluoride (PVDF)
membranes using Bio-Rad Semi-Dry Transfer Cell (Bio-
Rad, CA, USA). The membranes were incubated with
primary antibody rabbit anti-Runx1t1 (1:300; Abcam,
Cambridge, UK) and mouse anti-β-actin (1:2000; Beyo-
time, Jiangsu, China), followed by the corresponding
HRP-conjugated secondary antibodies (1:2000). The im-
munoreactive bands were scanned on a ChemiDoc XRS
system (Bio-Rad), and the optical density was measured.
The relative expression of the Runx1t1 protein in the
different groups was determined semi-quantitatively
using Quantity One software (Bio-Rad).

Immunofluorescence staining analyses
Cells were fixed in 4% PFA, and brain sections were in-
cubated with primary antibodies at 4 °C for 48 h,
followed by overnight incubation with secondary anti-
bodies conjugated to fluorescein 488 and 594 at 4 °C.
The primary antibodies used were as follows: mouse
anti-nestin (1:100), rat anti-BrdU (1:200), rat anti-
Runx1t1 (1:300), guinea-pig anti-DCX (1:1000), mouse
anti-MAP-2 (1:200), mouse anti Tuj1 (1:400), mouse anti
NeuN (1:500), and rabbit anti-glial fibrillary acidic pro-
tein (GFAP; 1:1000). All the primary antibodies were
purchased from Millipore (Billerica, MA, USA) and
Abcam. The cell nuclei were counterstained with
Hoechst (Sigma). After double- or triple-labeled im-
munofluorescence staining for cellular markers and en-
hanced green fluorescent protein (EGFP), the cells and
sections were observed using an Olympus laser confocal
microscope (Fv10i; Olympus, Tokyo, Japan). Positively
stained cells were counted in five randomly selected
microscopic visual fields/well.

Statistical analysis
Data from the experiments were subjected to one-way
analysis of variance (ANOVA) or Student’s t test using
the SPSS 11.5 statistics software. All data were expressed
as the mean ± SEM, and all experimental results were

obtained from a minimum of three independent
experiments.

Results
Decreased expression of Runx1t1 during the neuronal
differentiation of NSCs
After being cultured in NSC expansion medium, the
neurospheres co-expressed BrdU with nestin (Fig. 1a–c)
and was labeled with Runx1t1 (Fig. 1d, e). To assess the
distribution of Runx1t1 during the differentiation of
NSCs in vitro, neurospheres were dissociated into single
cells and transferred into the basal differentiation
medium (DMEM/F12 medium supplemented with 2%
FBS). The expression of Runx1t1 gene and protein were
detected at different time points. The results showed
that the Runx1t1 gene expression level was reduced of
neuronal differentiation at 3 days and 5 days and was
maintained at a low level in the later stages of differenti-
ation (Fig. 2A). A similar expression pattern was ob-
served for the Runx1t1 protein (Fig. 2B).
To determine the localization of Runx1t1 expression

during differentiation, we used DCX, MAP 2, and GFAP
to co-label with Runx1t1. After treatment of differenti-
ation culture medium for 1 h, most of the cells strongly
expressed Runx1t1 and co-labeled with nestin
(Fig. 2C1–C5). Five days later, the number of Runx1t1-
positive cells decreased. Only DCX-positive cells co-
expressed Runx1t1 (Fig. 2D1–D5). At 14 days after the
cells differentiated, Runx1t1 was still detected in the
MAP-2-positive cells (Fig. 2E1–E5), but Runx1t1-
positive cells were undetectable in the GFAP-positive
cells (Fig. 2F1–F5). Together, these results showed that
Runx1t1 was strongly expressed in NSCs. But during the
neural differentiation, the expression of Runx1t1 de-
clined gradually and was detectable in neurons but not
astrocytes. Thus, we hypothesized that Runx1t1 was in-
volved in the neural differentiation of hippocampal
NSCs.

Runx1t1 regulates the neuronal differentiation in NSCs
in vitro
Then, we knocked down Runx1t1 in NSCs with Runx1t1
RNAi using lentiviral vectors to determine the roles of
Runx1t1 during NSCs differentiation. Three days after
the Runx1t1 knockdown, real-time PCR showed that
Runx1t1-RNAi caused Runx1t1 to be to be significantly
knocked down (Fig. 3a). Among the blank, LV3-NC, and
LV3-Runx1t1-RNAi groups, the expression level of
Runx1t1 gene in the LV3-Runx1t1-RNAi group was
markedly lowest. The difference between the LV3-
Runx1t1-RNAi and mock-infected cells/LV3-NC groups
was statistically significant (P < 0.01). To detect the
Runx1t1 protein expression, total proteins were ex-
tracted in the three groups and subjected to semi-
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quantitative assays. The data showed that the protein
level of Runx1t1 in the LV3-Runx1t1-RNAi group was
obviously lowest of the three groups (Fig. 3b). These re-
sults illustrated that LV3-Runx1t1-RNAi markedly
downregulated the Runx1t1 gene and protein expres-
sions. To examine whether Runx1t1 knockdown de-
creased the neuronal differentiation of NSCs, cells were
infected and then transferred to the renewed differenti-
ation medium to evaluate neuronal differentiation. Ten
days later, the differentiated cells were processed for
Tuj1 staining. The mock group (Fig. 3c–e) and the LV3-
NC group (Fig. 4f–h) revealed 11.32 ± 1.47% and 11.77 ±
3.01% Tuj1-positive cells, respectively. However, in the
LV3-Runx1t1-RNAi group, less 5% cells (4.19 ± 0.95%)
expressed Tuj1 (Fig. 3i–k) (P < 0.05; Fig. 3l).
Next, we also used LV4-Runx1t1 to induce Runx1t1

expression in vitro. In the overexpression experiments,
the Runx1t1 gene in the Runx1t1 overexpression group
was about 2.4-fold higher than that in the mock-infected
group and 2.1-fold greater than that in the LV4-NC
group (Fig. 4a). The level of Runx1t1 protein in the
Runx1t1 overexpression group was also significantly ele-
vated than that in the blank and LV4-NC groups
(Fig. 4b). In order to further detect whether upregulation
of Runx1t1 could promote the neuronal differentiation,
NSCs were also transferred to the differentiation
medium to evaluate neuronal differentiation. The results
showed that in the Runx1t1 overexpression group, about
26% cells (26.26 ± 3.32%; Fig. 4i–l) was Tuj1-positive
cells, which was significantly more than that in the blank
(Fig. 4c–e, l) and LV4-NC groups (Fig. 4f–h, l).

Distribution of Runx1t1 in rat hippocampal DG in vivo
We also examined the Runx1t1 expression and distribu-
tion in rat hippocampal DG. The neurons and astrocytes
were labeled with Runx1t1. Runx1t1 was found to be
weakly expressed throughout the hippocampus (Fig. 5A2,
B3, C3). A maximum number of the Tuj1- and NeuN-
positive cells expressed Runx1t1 in rat hippocampal DG
(Fig. 5A1–A5, B1–B5). However, Runx1t1 was not ob-
served in the GFAP-positive cells (Fig. 5C1–C5). Thus,
we concluded that Runx1t1 expression was localized in
the neurons.

Overexpression of Runx1t1 promotes the neurogenesis of
hippocampus in vivo
To further demonstrate the role of Runx1t1 in neuro-
genesis of rat hippocampus in vivo, LV4-Runx1t1 lenti-
virus was injected into DG to upregulate Runx1t1
expression. Three days post-injection, coronal sections
through hippocampus were directly observed under a
fluorescence microscope. The dotted box showed the in-
jection needle tract (Fig. 6a, b). Several EGFP-positive
cells gathered around the track. The upper cells in the
granular zone and SGZ of DG were transfected notably
(Fig. 6a, b). The square region (Fig. 6a–d) was the object
of research interest in immunofluorescence staining ana-
lyses for the subsequent studies. Real-time PCR demon-
strated that the expression level of Runx1t1 gene in the
LV4-Runx1t1 group was significantly higher than that in
the LV4-NC group (Fig. 6k). The protein level of
Runx1t1 in the LV4-Runx1t1 group was also greater
than that in the LV4-NC group with weak expression

Fig. 1 Hippocampal newly formed neurospheres acquired from neonatal rat hippocampus co-expressed with BrdU and nestin (a–c), and they
can also be labeled by Runx1t1 (d–g) in vitro
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(Fig. 6l). In addition, the number of Runx1t1-positive
cells in the LV4-Runx1t1 group was significantly higher
than that in the LV4-NC group (Fig. 6e–j, m).
Fourteen days later, immunohistochemistry was per-

formed on the bilateral hippocampus using an anti-
DCX antibody to observe the generation of newborn
neurons in hippocampal DG. Extensive DCX immu-
noreactivity was detected in the LV4-Runx1t1 group
(Fig. 6n–s); the number of DCX-positive cells was sig-
nificantly increased, and the cell processes were lon-
ger and richer than that in the LV4-NC group
(Fig. 6t). These results indicated that upregulating
Runx1t1 expression could induce the neuronal differ-
entiation in hippocampal DG.

Discussion
The bHLH proteins promote neurogenesis by inducing
changes in the gene expression required for neuronal
differentiation [11, 12, 23], including the MTG genes.
The MTG family is a small group of transcriptional re-
pressors, which bridges various transcription factors sev-
ered as “protein scaffolds.” During neural development,
members of the MTG family are involved in a negative
feedback loop which regulates the normal progression of
neurogenesis, when they are induced by bHLH tran-
scription factors that reversely inhibit the activity of the
bHLH proteins [24]. The MTG genes present the re-
gional expression patterns in the developing nervous sys-
tem. Aaker et al. [24] analyzed the differential expression

Fig. 2 Runx1t1 gene expression level was the highest in the cells at 1 h after differentiation culture, started to decline after 3 and 5 days of
differentiation, and maintained the low level at a later stage of differentiation (A). A similar expression pattern was observed for the Runx1t1
protein level (B). At 1 h after differentiation, approximately all cells strongly expressed Runx1t1 and were co-labeled by nestin (C1–C5). On day 5,
the number of Runx1t1 immunopositive cells decreased significantly. Only DCX-positive cells co-expressed Runx1t1 (D1–D5). On day 14, Runx1t1
expression was still detected in the MAP 2-positive cells (e) but was undetectable in the GFAP-positive cells (F1–F5). Scale bars = 50 μm
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Fig. 3 Knockdown of Runx1t1 decreased neuronal differentiation of hippocampal NSCs. The gene and protein expression of Runx1t1 in the RNAi
group was significantly lower than the mock-infected and NC groups (a, b). Compared to the mock and NC groups, less Tuj1-positive cells were
detected after treatment with LV3-Runx1t1-RNAi, and the length of processes of Tuj1-positive cells became shorter, lesser, and even less evident
(c–k). Scale bar = 50 μm. The numbers of Tuj1-positive cells showed a significant difference between the mock-infected and LV3-NC groups with
an LV3-Runx1t1-RNAi group (l). P < 0.05. NC, negative control; RNAi, RNA interference

Fig. 4 Runx1t1 gene expression level in the Runx1t1 overexpression group was higher than that in the mock-infected and NC groups (a). The
level of Runx1t1 protein in the Runx1t1 overexpression group was also significantly greater than that in the mock-infected and LV4-NC groups
(b). The difference between the Runx1t1 overexpression group and the other groups was statistically significant. Thus, the NSCs from the
hippocampus infected with LV4-Runx1t1 showed effectively upregulated Runx1t1 protein and gene expression. Compared to the mock-infected
and LV4-NC groups, a large number of Tuj1-positive cells were detected in LV4-Runx1t1, and the length of processes of Tuj1-positive cells
increased (a–c). Scale bar = 50 μm. The numbers of Tuj1-positive cells showed a significant difference between mock-infected and LV4-NC groups
with an LV4-Runx1t1 group (l). P < 0.05
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patterns of MTG in the developing chick spinal cord, and
they found that MTG could play a role in positively regu-
lating neurogenesis in multiple cell types of the developing
nervous system. Thus, in the developing chick spinal cord,
inhibiting the function of MTG proteins reduced the
number of cells which differentiate into neurons. Alterna-
tively, the MTG gene expression may correspond to par-
ticular stages of neuronal maturation [24].
Runx1t1, also known as ETO or MTG8, is a transcrip-

tion factor and a member of the MTG family. Runx1t1
was induced by NEUROG2 and repressed by ASCL1
[25], and its mRNA expression has been shown in sev-
eral human tissues, with highest in the brain and heart
[26]. The significant expression and the general clues
provided by the protein sequence and structure sug-
gested that Runx1t1 might act as a regulator to modu-
late development of the nervous system. Several studies
have suggested that Runx1t1 was involved in the prolif-
eration and affected the differentiation capacity of the
hematopoietic progenitors [18, 27–29]. Despite extensive
efforts to understand the function of Runx1t1 protein in
the etiology of cancer, the lack of knowledge about their
function in normal embryonic development continues to
persist. In the adult brain, the ongoing neurogenesis
convincingly occurred in the subventricular zone (SVZ)
and SGZ of hippocampal DG. The hippocampal neuro-
genesis continuously generates new granular neurons;
these newborn neurons integrate into the DG. In this
study, the NSCs derived from the rat hippocampus and

DG of the hippocampus were selected as candidates to
investigate the correlation of Runx1t1 expression with
neurogenesis in vitro and in vivo.
Studies on the expression patterns of Runx1t1 in de-

veloping chick and mouse nervous systems showed a
dynamic ventral-to-dorsal shift according to the pro-
gress of development [24, 25]. Since neurogenesis oc-
curs in a ventral-to-dorsal pattern, the dynamic shift in
the pattern of Runx1t1 gene expression might be re-
lated to the pattern of neurogenesis [25]. Runx1t1
mRNA was also shown to be expressed in whole mouse
embryos as early as embryo day 7 (E 7), peaked at day
E 11, declined slightly, but continued to express at day
E 17 [25]. The expression was abundant in the newborn
mouse brain and started to decrease as the animal ma-
tured. In the current study, we observed that Runx1t1
was strongly expressed in NSCs cultured in vitro, begun
to decline as the differentiation of NSCs occurred, and
then maintained a weak expression in the neurons.
During differentiation, Runx1t1 merely localized in the
neuronal cells and was not expressed in astrocytes. In
vivo, Runx1t1 expression was also assessed by immuno-
fluorescence staining and was found to be weakly
expressed throughout the hippocampal RG. Only the
Tuj1- and NeuN-positive neurons expressed Runx1t1,
whereas its expression was not observed in the GFAP-
positive astrocytes. These results suggested that
Runx1t1 might be associated with the neuronal
differentiation.

Fig. 5 The neurons and astrocytes in rat hippocampal DG were labeled with Runx1t1. We found that Runx1t1 weakly expressed throughout the
hippocampus (A2, B3, C3). The maximum number of Tuj1- and NeuN-positive cells expressed Runx1t1 in rat hippocampal DG (A1–A5, B1–B5).
Contrastingly, no Runx1t1 expression was observed in the GFAP-positive cells (C1–C5). Scale bar = 50 μm
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Accordingly, the role of Runx1t1 expression in regulat-
ing the neuronal differentiation of NSCs was examined
in vitro. After LV3-Runx1t1-RNAi efficiently knocked
down Runx1t1 expression during the differentiation of
hippocampal NSCs, we found that only 3.2% cells differ-
entiated into Tuj1-positive neurons, less than that in the
mock-infected cells and LV3-NC groups. Conversely,
after LV4-Runx1t1 was used for the upregulation of
Runx1t1 in the NSCs, > 30% cells differentiated into

Tuj1-positive neurons. These results may indicate that
low expression of Runx1t1 decreases neuronal differenti-
ation of NSCs derived from the rat hippocampus,
whereas high Runx1t1 expression promotes NSCs to dif-
ferentiate into neurons in vitro. Therefore, we suggested
that Runx1t1 was required by NSCs to undergo neuronal
differentiation. In the previous studies, we also provided
the experimental evidence that decreased Runx1t1 ex-
pression reduced the neuronal differentiation of the

Fig. 6 The dotted box showed the injection tract (a, b). Several EGFP-positive cells gathered near the track. The upper cells in the granular and
subgranular zones of DG were transfected notably. Thus, the square region (shown in a–d) was the area of interest in immunofluorescence
staining analyses for the subsequent studies. Real-time PCR revealed that Runx1t1 gene expression level in the LV4-Runx1t1 group was
significantly higher than that in the LV4-NC group (k). The protein level of Runx1t1 in the LV4-Runx1t1 group was also higher than that in the
LV4-NC group, which presented weak expression (l). The number of Runx1t1 immunopositive cells in the LV4-Runx1t1 group was also
significantly than that in the LV4-NC groups (e–j, m). After 14 days, immunocytochemistry was performed. Extensive DCX immunoreactivity was
detected in the LV4-Runx1t1 group (n–s). The number of DCX-positive cells was significantly more, and the cell processes were longer than that
in the LV4-NC group (t). Scale bar = 50 μm, P < 0.05
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hippocampal radial glial cells (RGCs), one of the precur-
sor cells of the hippocampus, and increased Runx1t1 ex-
pression caused a greater number of RGCs to
differentiate into neurons [21]. In order to further dem-
onstrate the role of Runx1t1 in neurogenesis of rat
hippocampus in vivo, LV4-Runx1t1 lentivirus was
injected into DG for the efficient upregulation of
Runx1t1 expression. A large number of DCX-positive
cells were detected in the LV4-Runx1t1 group; the cell
processes were longer and richer than that in the LV4-
NC group. These results indicated that upregulating
Runx1t1 expression could induce the neuronal differen-
tiation in hippocampal DG. Runx1t1 was speculated as a
putative transcription factor containing two zinc-
chelating domains. However, it was not able to bind spe-
cific DNA sequences and did not possess any DNA-
binding ability. This phenomenon was mainly character-
ized by its four nervy homology regions (NHRs). These
NHRs define the domains of Runx1t1 that mediate inter-
actions with other proteins, such as the N-CoR/mSin3A/
HDACs, to form a co-repressor complex for transcrip-
tion repression [17, 30, 31]. During early adipogenesis,
Runx1t1 may act as an inhibitor of C/EBPβ contributing
to its characteristically delayed activation, thereby block
transcription of its downstream genes (such as PPARγ),
inhibiting preadipocyte differentiation [32]. Serving as a
common angiogenic driver for vaculogenesis and func-
tionality of endothelial lineage cells, Runx1t1 direct
angiogenesis by activating a number of angiogenic fac-
tors (VEGFA, BMP4, and TGF-β2) [33]. Runx1t1 also is
demonstrated to regulate pancreas development by regu-
lating pancreatic polypeptide and ghrelin expression
[34]. These findings reveal that, during the development
and disease progression, Runx1t1 creates multiple effects
on different cells. Therefore, we suggested that Runx1t1
could be involved in the process of neuronal differenti-
ation during neurogenesis in the hippocampus by acting
downstream of the proneural proteins as transcriptional
factor.

Conclusions
In summary, our findings have indicated that the expres-
sion of Runx1t1 in hippocampal NSCs decreased signifi-
cantly after their differentiation, mainly localized in the
neurons, and was not observed in the astrocytes in vitro
and in vivo. Our results further proved that Runx1t1
plays a very important role in the process of hippocam-
pal neurogenesis.

Abbreviations
Runx1t1: Runt-related transcription factor 1 translocated to 1; NSCs: Neural
stem cells; NPCs: Neural progenitor cells; DG: Dentate gyrus; MTGs: Myeloid
translocation genes; bHLH: Basic helix-loop-helix; BrdU: 5-Bromo-2-deoxy-
uridine

Authors’ contributions
Linqing Zou: conception, design, and manuscript writing; Haoming Li: data
analysis and interpretation; Xiao Han: provision of study material; Jianbing
Qin: administrative support; Guoqi Song: conception, design, and data
analysis. All authors read and approved the final manuscript.

Funding
This work was supported by the National Natural Science Foundation of
China (Grant 81801301 and 81770214), the Doctoral Startup Fund of
Nantong University, and the Nantong Science and Technology Support
Project (MS12017015-5).

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
This research has been approved by the Ethics Committee of Nantong
University.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Human Anatomy, Jiangsu Key Laboratory of
Neuroregeneration, Nantong University, Nantong 226001, Jiangsu, China.
2Department of Hematology, Affiliated Hospital of Nantong University,
Nantong 226001, Jiangsu, China. 3Department of Medical Oncology, Sidney
Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, PA 19107,
USA. 4Department of Neurochemistry, Inge Grundke-Iqbal Research Floor,
New York State Institute for Basic Research in Developmental Disabilities,
Staten Island, NY, USA.

Received: 6 January 2020 Revised: 20 March 2020
Accepted: 31 March 2020

References
1. Hsu YC, Lee DC, Chiu IM. Neural stem cells, neural progenitors, and

neurotrophic factors. Cell Transplant. 2007;16:133–50.
2. Stenudd M, Sabelström H, Frisén J. Role of endogenous neural stem cells in

spinal cord injury and repair. JAMA Neurol. 2015;72(2):235–7.
3. Siddiqi F, Wolfe JH. Stem cell therapy for the central nervous system in

lysosomal storage diseases. Hum Gene Ther. 2016;27(10):749–57.
4. Sandvig I, Gadjanski I, Vlaski-Lafarge M, Buzanska L, Loncaric D, Sarnowska A,

et al. Strategies to enhance implantation and survival of stem cells after
their injection in ischemic neural tissue. Stem Cells Dev. 2017;26(8):554–65.

5. Zou L, Jin G, Zhang X, Qin J, Zhu H, Tian M, et al. Proliferation, migration,
and neuronal differentiation of the endogenous neural progenitors in
hippocampus after fimbria fornix transection. Int J Neurosci. 2010;120:192–200.

6. Alvarez-Buylla A, Garcia-Verdugo JM, Tramontin AD. A unified hypothesis on
the lineage of neural stem cells. Nat Rev Neurosci. 2001;2:287–93.

7. Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg C, Peterson
DA, et al. Neurogenesis in the adult human hippocampus. Nat Med. 1998;4:
1313–7.

8. Migaud M, Butruille L, Duittoz A, Pillon D, Batailler M. Adult neurogenesis
and reproductive functions in mammals. Theriogenology. 2016;86:313–23.

9. Balu DT, Lucki I. Adult hippocampal neurogenesis: regulation, functional
implications, and contribution to disease pathology. Neurosci Biobehav Rev.
2009;33:232–52.

10. Doetsch F. A niche for adult neural stem cells. Curr Opin Genet Dev. 2003;
13:543–50.

11. Bertrand N, Castro DS, Guillemot F. Proneural genes and the specification of
neural cell types. Nat Rev Neurosci. 2002;3:517–30.

12. Baker NE, Brown NL. All in the family: proneural bHLH genes and neuronal
diversity. Development. 2018;145(9)1–9.

13. Koyano-Nakagawa N, Kintner C. The expression and function of MTG/ETO
family proteins during neurogenesis. Dev Biol. 2005;278:22–34.

Zou et al. Stem Cell Research & Therapy          (2020) 11:160 Page 9 of 10



14. Gelmetti V, Zhang J, Fanelli M, Minucci S, Pelicci PG, Lazar MA. Aberrant
recruitment of the nuclear receptor corepressor-histone deacetylase
complex by the acute myeloid leukemia fusion partner ETO. Mol Cell Biol.
1998;18:7185–91.

15. Wang J, Hoshino T, Redner RL, Kajigaya S, Liu JM. ETO, fusion partner in t (8;
21) acute myeloid leukemia, represses transcription by interaction with the
human N-CoR/mSin3/HDAC1 complex. Proc Natl Acad Sci U S A. 1998;95:
10860–5.

16. Zhang J, Hug BA, Huang EY, Chen CW, Gelmetti V, Maccarana M, et al.
Oligomerization of ETO is obligatory for corepressor interaction. Mol Cell
Biol. 2001;21:156–63.

17. Davis JN, McGhee L, Meyers S. The ETO (MTG8) gene family. Gene. 2003;303:
1–10.

18. Okumura AJ, Peterson LF, Lo MC, Zhang DE. Expression of AML/Runx and
ETO/MTG family members during hematopoietic differentiation of
embryonic stem cells. Exp Hematol. 2007;35:978–88.

19. Zhang X, Jin G, Wang L, Hu W, Tian M, Qin J, et al. Brn-4 is upregulated in
the deafferented hippocampus and promotes neuronal differentiation of
neural progenitors in vitro. Hippocampus. 2009;19:176–86.

20. Zou L, Li H, Jin G, Xuelei T, Jianbing Q, Meiling T. Fimbria-fornix (FF)-
transected hippocampal extracts induce the activation of astrocytes in vitro.
In vitro cellular & developmental biology. Animal. 2014;50:174–82.

21. Linqing Z, Guohua J, Haoming L, Xuelei T, Jianbing Q, Meiling T. Runx1t1
regulates the neuronal differentiation of radial glial cells from the rat
hippocampus. Stem Cells Transl Med. 2015;4:110–6.

22. Paxinos G, Watson CR, Emson PC. AChE-stained horizontal sections of the
rat brain in stereotaxic coordinates. J Neurosci Methods. 1980;3:129–49.

23. Hardwick LJA, Ali FR, Azzarelli R, Philpott A. Cell cycle regulation of
proliferation versus differentiation in the central nervous system. Cell Tissue
Res. 2015;359:187–200.

24. Aaker JD, Patineau AL, Yang HJ, Ewart DT, Nakagawa Y, McLoon SC, et al.
Interaction of MTG family proteins with NEUROG2 and ASCL1 in the
developing nervous system. Neurosci Lett. 2010;474:46–51.

25. Alishahi A, Koyano-Nakagawa N, Nakagawa Y. Regional expression of MTG
genes in the developing mouse central nervous system. Dev Dyn. 2009;238:
2095–102.

26. Zhang L, Tumer Z, Mollgard K, Barbi G, Rossier E, Bendsen E, et al.
Characterization of a t (5;8)(q31;q21) translocation in a patient with mental
retardation and congenital heart disease: implications for involvement of
RUNX1T1 in human brain and heart development. Eur J Human Genet.
2009;17:1010–8.

27. Sood R, Kamikubo Y, Liu P. Role of RUNX1 in hematological malignancies.
Blood. 2017;129(15):2070–82.

28. Essig A, Duque-Afonso J, Schwemmers S, Pahl HL, Lübbert M. The AML1/
ETO target gene LAT2 interferes with differentiation of normal
hematopoietic precursor cells. Leuk Res. 2014;38:340–5.

29. Ugarte GD, Vargas MF, Medina MA, León P, Necuñir D, Elorza AA, et al. Wnt
signaling induces transcription, spatial proximity, and translocation of fusion
gene partners in human hematopoietic cells. Blood. 2015;126(15):1785–9.

30. Stadhouders R, Cico A, Stephen T, Thongjuea S, Kolovos P, Baymaz HI, et al.
Control of developmentally primed erythroid genes by combinatorial co-
repressor actions. Nat Commun. 2015;6:8893.

31. Rossetti S, van Unen L, Sacchi N, Hoogeveen AT. Novel RNA-binding
properties of the MTG chromatin regulatory proteins. BMC Mol Biol. 2008;9:93.

32. Rochford JJ, Semple RK, Laudes M, Boyle KB, Christodoulides C, Mulligan C,
et al. ETO/MTG8 is an inhibitor of C/EBPβ activity and a regulator of early
adipogenesis. Mol Cell Biol. 2004;24(22):9863–72.

33. Liao K-H, Chang S-J, Chang H-C, Chien C-L, Huang T-S, Feng T-C, et al.
Endothelial angiogenesis is directed by RUNX1T1-regulated VEGFA, BMP4
and TGF-β2 expression. PLoS One. 2017;12(6):e0179758.

34. Benitez CM, Qu K, Sugiyama T, Pauerstein PT, Liu Y, Tsai J, et al. An
integrated cell purification and genomics strategy reveals multiple
regulators of pancreas development. PLoS Genet. 2014;10(10):e1004645.

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

Zou et al. Stem Cell Research & Therapy          (2020) 11:160 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	NSC culture and identification
	Lentiviral vector construction and infection
	Stereotactic injections
	RNA extraction and real-time PCR
	Western blot assay
	Immunofluorescence staining analyses
	Statistical analysis

	Results
	Decreased expression of Runx1t1 during the neuronal differentiation of NSCs
	Runx1t1 regulates the neuronal differentiation in NSCs in�vitro
	Distribution of Runx1t1 in rat hippocampal DG in�vivo
	Overexpression of Runx1t1 promotes the neurogenesis of hippocampus in�vivo

	Discussion
	Conclusions
	Abbreviations
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

