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The High Mobility Group Box 1 (HMGB1) is the most abundant nuclear nonhistone protein that is involved in transcription

regulation. In addition, HMGB1 has previously been found as an extracellularly acting protein enhancing neurite outgrowth

in cultured neurons. Although HMGB1 is widely expressed in the developing central nervous system of vertebrates and

invertebrates, its function in the developing mouse brain is poorly understood. Here, we have analyzed developmental

defects of the HMGB1 null mouse forebrain, and further examined our findings in ex vivo brain cell cultures. We find that

HMGB1 is required for the proliferation and differentiation of neuronal stem cells/progenitor cells. Enhanced apoptosis is

also found in the neuronal cells lacking HMGB1. Moreover, HMGB1 depletion disrupts Wnt/β-catenin signaling and the

expression of transcription factors in the developing cortex, including Foxg1, Tbr2, Emx2, and Lhx6. Finally, HMGB1 null

mice display aberrant expression of CXCL12/CXCR4 and reduced RAGE signaling. In conclusion, HMGB1 plays a critical

role in mammalian neurogenesis and brain development.
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1. Introduction

The High Mobility Group Box 1 protein (HMGB1, alias is HMG1 and Amphoterin) is a conserved protein that is widely

expressed in almost all types of cells from embryo to adulthood [1,2]. HMGB1 is not only the main parental member of the

HMG protein family involved in intracellular regulation, but it also has extracellular regulatory functions that are related to

development, disease, and inflammation.

Extracellular HMGB1 was initially found as a heparin-binding protein abundantly expressed in the embryonic rat brain

[3,4]. HMGB1 secreted from neurons and from non-neuronal cells [5,6], mainly signals through the RAGE (Receptor for

Advanced Glycation End products) receptor [7,8], and it plays an essential role in neurite outgrowth and neuronal

migration in the developing nervous system [9]. In recent years, the extracellular functions of HMGB1 have been

intensively investigated. HMGB1 is released by the immune cells and platelets under special stimuli, such as infection or

injury, and it is crucial for cell migration, differentiation, and activation [10,11,12]. HMGB1 has been described as an

alarmin or damage-associated molecular pattern (DAMP) molecule as for the central role of HMGB1 in inflammation and a

relevant molecule in immune responses against tumor formation [13].

HMGB1 has been found to be highly expressed in the developing central nervous system (CNS) across different species

[14,15,16,17]. Interestingly, HMGB1 shows a specific dynamic expression pattern in the embryonic mouse brain. It is

highly expressed in the dorsal telencephalon until E16 (Embryonic day 16) and decreases dramatically after E18 [18],

which suggests its involvement in neurogenesis during early development of the brain. When compared to

pathophysiological roles of HMGB1 in the immune system, its role in the CNS is not well understood.

Recently, HMGB1 was found to form a HMGB1-CXCL12 heterocomplex that signals through CXCR4 in leukocytes [19].

HMGB1 and CXCL12/CXCR4 chemotaxis play an important role in recruiting immune cells to the site of inflammation.

CXCL12/CXCR4 signaling regulates cerebellar granule cell development [20,21,22], neurogenesis, and neuronal

migration in the developing CNS [23,24]. Furthermore, CXCL12/CXCR4 is critical for the development of the hippocampal

dentate gyrus, the site of active adult neurogenesis [25]. CXCL12 expression increases at the site of apoptosis in the

developing brain, followed by an increased presence of microglia at the apoptotic site [26]. HMGB1 is also found to be

required for the microglia activation in the neuroinflammatory responses [27]. The high expression of HMGB1 and

CXCL12/CXCR4 has been found to be coordinated in the prenatal cortex, while there is short of evidence of HMGB1 and

CXCL12/CXCR4 signaling in the nervous system as compared to the immune system [28,29].



2. Results

2.1. Depletion of HMGB1 Results in Severe Defects in Brain Morphogenesis

HMGB1 KO mice were produced each time by dihybrid cross from HMGB1 heterozygous parents. HMGB1 heterozygous

mice do not have prominent abnormalities and they produce offsprings normally [30]. The mouse embryos at E10 and E16

stage were used for the comparison of dorsal telencephalon between the HMGB1 KO and the WT embryos. All of the

mouse embryos were collected from the uterus after careful plugging. Strikingly, the HMGB1 KO embryos showed

significant morphogenesis defects.

When compared to the WT embryos, the HMGB1 KO embryos are much smaller, and the defects in brain development

can be clearly seen by BrdU staining already from E10 stage (Figure 1A). The depletion of HMGB1 expression in HMGB1

KO embryos was confirmed by the immunostaining of E10 sections and primary neuronal culture of E16 developing cortex

with anti-HMGB1 antibody (Figure 1B,E). The HMGB1 KO had gross defects in Tel (telencephalic vesicle), which did not

show the normal expansion towards dorsal-rostral direction as in the WT control (Figure 1A). The HMGB1 KO also

showed decreased anti-PCNA staining in the dorsal telencephalon as compared to WT at E10 (Figure 1B). Notably, the

neuroepithelial thickness of the dorsal pallium and hindbrain in the HMGB1 KO decreased dramatically when compared to

the WT at E10 (Figure 1C). At E16, the morphological difference between the KO and the WT was even more clear

(Figure 1D). HMGB1 expression was detected in over 80% of neuronal cells in the primary neuronal culture from the E16

WT embryos, but not from the KO embryos (Figure 1E,F). Only ~20% of HMGB1 expressing cells showed much higher

HMGB1 expression in the nucleus than in the cytoplasm (Figure 1F).

Figure 1. Morphogenesis and proliferation defects of the prenatal HMGB1 knockout (KO) mouse. (A) Bromodeoxyuridine

(BrdU) stained sagittal sections of the E10 embryo from the HMGB1 KO and the WT control. The decreased BrdU staining

in the dorsal neopallial cortex is indicated with *. Scale bar indicates 500 µm. (B) Whole mount immunostaining of sagittal

sections of E10 dorsal telencephalon with anti-HMGB1 (Green) and anti-PCNA (Red) antibodies. HMGB1 was not

detected in the HMGB1 KO. PCNA staining was grossly decreased in the rostral anterior part of the dorsal telencephalon

(indicated with ***). Scale bar indicates 400 µm. (C) Statistics of the thickness of E10 neuroepithelium. The BrdU stained

sections from six KO and six WT embryos were compared. The HMGB1 KO showed significantly decreased BrdU staining

in dorsal telencephalic ventricle and hindbrain. D Tel, dorsal telencephalic ventricle; Ve Tel, ventral telencephalic ventricle;

M, midbrain; H, hindbrain. Mean values ± S.D. (error bars) and S.E.M (Boxes) are indicated (n = 6; * p < 0.001, unpaired

t-test, two-tailed). (D) Lateral view of the E16 KO and the WT embryos. Scale bar indicates 5 mm. (E) Immunofluorescent

staining of in vitro one day cultured E16 cortical neurons with anti-HMGB1 antibody (Green). Arrows show cells with high

HMGB1 expression in nucleus. Scale bar indicates 20 μm. (F). The statistics of HMGB1 expressing cells in cultured E16

cortical neurons. The cortical neurons from five KO and five WT E16 brains were collected. Mean values ± S.D. (error

bars) are indicated (n = 5; *** p < 0.001, unpaired t-test, two-tailed).



The brain developmental defects were further investigated by BrdU labeling of the sagittal sections of E16 embryos

(Figure 2A,B). The BrdU labeling of E16 sections clearly showed that the HMGB1 KO embryos had less proliferating

neuronal cells in dorsal telencephalon than the WT embryos (Figure 2A). The HMGB1 KO mice showed significantly

decreased numbers of BrdU  cells in the cortical layers under higher magnification (Figure 2B). As compared to the WT

mice, the HMGB1 KO mice showed over 40% decreased numbers of BrdU  cells in the intermediate zone (IZ), about 15–

30% decrease in the subventricular zone (SVZ) and ventricular zone (VZ), and about 20% decrease in the cortical plate

(CP) (Figure 2C).

Figure 2. (A) Sagittal sections of E16 embryos with BrdU staining. Scale bar indicates 500 µm. The black rectangles are

the areas shown in B. (B) BrdU staining of E16 dorsal telencephalon under higher resolution. Scale bar indicates 100 µm.

(C) Statistics of the BrdU  cell numbers in the E16 cortical layers of the KO and WT embryos. For each brain, BrdU  cell

numbers in each layer were counted five times at different sections for averaging. The stained sections from 5 KO and 5

WT embryos were used for comparison. Mean values ± S.D. (error bars) and S.E.M (Boxes) are indicated (n = 5; *** p <

0.001; * p < 0.05, unpaired t-test, two-tailed). (D) Sagittal sections of E16 embryos with hematoxylin staining. The areas in

red rectangle were zoomed out in (E) Scale bar indicates 500 µm. (E) The E16 cortical layers in the dorsal pallium (Dpa)

with hematoxylin stains. Scale bar indicates 150 µm. (F) Statistics of the thickness of E16 cortical layers. Each layer has

been measured on three different sections at central position for each embryo. Sections from six KO and six WT mice

have been measured. Mean values ± S.D. (error bars) and S.E.M (Boxes) are indicated (n = 6; **, p < 0.01; *, p < 0.05,

unpaired t-test, two-tailed). (G) The Tunel staining of E12 sagittal sections. The strong apoptotic signaling in the dorsal

neopallial cortex (NPC) and subpallium (Spa) of the HMGB1 KO is indicated by white arrows. The area in the white

rectangle has been amplified. The intermediate layer of NPC showed highest apoptotic activity (***). Scale bar indicates

200 µm in the upper panel and 100 µm in the lower panel. Abbreviations: AOV, ventral anterior olfactory area; CP, cortical

plate; Dpa, dorsal pallium/isocortex; H, hindbrain; HI, hippocampus; IZ, intermediate zone; M, midbrain; MAR, marginal

layer; NPC, neopallial cortex; Spa, subpallium; STR, striatum; SVZ, subventricular zone; Tel, telencephalic vesicle; VD,

ventricles of diencephalon; VZ, ventricular zone.

The hematoxylin staining of E16 sections confirmed the prominent defects of prenatal forebrain development in the

HMGB1 KO embryos with decreased staining in dorsal telencephalon as compared to the WT embryos (Figure 2D). The

HMGB1 KO mice had much shorter length of the developing cortex in the direction from rostral to caudal than the WT

(Figure 2D). Additionally, HMGB1 KO mice showed significantly decreased thickness of CP (Figure 2E). Furtermore, we

found that the HMGB1 KO mice had much thinner IZ layer (less than 50%) than the WT at E16 (Figure 2E). In contrast,

the thickness of the layer containing both SVZ and VZ (SVZ/VZ) in the HMGB1 KO mice did not show significant

difference when compared to the WT mice (Figure 2F).
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Furthermore, we found that the HMGB1 KO had dramatically upregulated apoptosis in the dorsal neopallial cortex (NPC)

between the ventricular zone (VZ) and the marginal layer (MAR) at E12 (Figure 2G). In contrast, very limited numbers of

apoptotic cells were found in the dorsal NPC of the WT control (Figure 2G). This difference explains the decreased

thickness of dorsal telencephalon of HMGB1 KO embryos.

Taken together, HMGB1 depletion results in the downregulation of neurogenesis and upregulation of neuronal apoptosis

in the developing mouse brain, which causes the severe hypoplasia of the HMGB1 KO mouse brain.

3. Induced Apoptosis and Reduced Neurogenesis in HMGB1 KO Neuronal
Cells

We examined apoptosis, proliferation, and differentiation of cultured cells derived from the E16 dorsal telencephalon in

order to understand the mechanisms underlying the impaired development of prenatal cortex found in the HMGB1 KO

mice.

After culturing of 2 days, there were more apoptotic cells in the HMGB1 KO cell culture than in the WT cell culture (Figure

3A). The apoptosis in the HMGB1 KO cells after culturing for four days and seven days was higher than in WT cells after

culturing only for two days (Figure 3B). The apoptotic level of the cell cultures was analyzed with Tunel fluorescent

staining (Figure 3C). In the HMGB1 KO cells cultured for two days, there were over 10% apoptotic cells. In four days and

seven days, the apoptotic cells in the HMGB1 KO cultures were about 30% of the cell population (Figure 3C). The WT cell

culture showed very low apoptosis at these time points (Figure 3A,B). We found the apoptosis of the HMGB1 KO cells to

be dramatically decreased by the addition of exogenous recombinant HMGB1 (10 μg, but the WT cells were not affected

by adding recombinant HMGB1 (Figure 3C).

Figure 3. Apoptotic and proliferating activity of in vitro cultured E16 cortical neuronal cells. (A) Tunel staining of E16

cortical neuronal cells cultured for 2 days. All of the samples have been co-stained with anti-HMGB1 antibody (Alexa 568)

and DAPI. Scale bar indicates 40 μm. (B) Tunel staining and anti-PCNA antibody (Alexa 568) staining of E16 cortical

neuronal cells cultured for two, four, and seven days. Cell nuclei have been stained with DAPI. Recombinant HMGB1

protein (recHMGB1) was coated on the matrix and added into the culture medium at 10 μg/mL. Scale bar indicates 50 μm.

(A) and (B) are the confocal z-stack max projections of 10 μm. (C) The statistics of apoptotic cells in each group of

cultured cells shown in (B). (D) The statistics of proliferating cells in each group of cultured cells shown in (B). For the

statistics in (C) and (D), the cortical neurons from six KO and six WT E16 brains were collected and cultured for the

immunostaining and analysis. For each brain sample, three repeats were applied. Mean values ± S.D. (error bars) and

S.E.M (Boxes) are indicated (n = 6; *** p < 0.001; ** p < 0.01; * p < 0.05; unpaired t-test, two-tailed).



We also examined the proliferation of cultured cells by immunostaining with anti-PCNA antibody (Figure 3B). The HMGB1

KO cells showed much less proliferation than the WT cells. About 80% of the WT cells showed proliferating activity after

being cultured for two days and four days, and over 60% of the WT cells were actively proliferating after seven days

(Figure 3D). In the HMGB1 KO cells cultured for two days and four days, there were only about 40–50% proliferating cells.

The proliferation was more significantly decreased in the KO cells than in the WT control cells after culturing for seven

days, with only about 5% of cells actively proliferating (Figure 3D). The recombinant HMGB1 added into the culture

medium did not rescue the proliferating activity in the HMGB1 KO cells (Figure 3B,D).

Our results show that the HMGB1 KO cells display reduced neurogenesis and increased apoptosis. After adding

recombinant HMGB1 protein, the apoptosis of HMGB1 KO cells was significantly attenuated, but the proliferation was not

restored.

4. HMGB1 Depletion Downregulates Neural Differentiation

The HMGB1 KO embryos showed defective brain with grossly decreased hematoxylin staining of neuronal cells in the

prenatal cortex as compared with the WT (Figure 2). This suggested that HMGB1 may have a role in neuronal

differentiation.

In cultured primary E16 cortical cells from the HMGB1 KO, both anti-HMGB1 and anti-AMIGO1 immunostaining were

negative (Figure 4A, I and II). It confirms that the HMGB1 KO cells did not have any HMGB1 expression endogenously, or

its downstream signal AMIGO1 [40]. As expected from the morphological analysis of brain development (see above),

when compared to the WT cells the HMGB1 KO cells showed much lower staining by the neuron-specific anti-NeuN and

by anti-GFAP that detects mainly astrocytes (Figure 4A, III). Furthermore, the HMGB1 KO embryos had much less

differentiating neurons (anti-Tuj1) in the cortical plate (CP) and the intermediate zone (IZ) supporting the neurogenesis

defect in the dorsal telencephalon of the E16 HMGB1 KO (Figure 4A, IV and V & Figure 4B). Furthermore, the HMGB1

KO embryos had more anti-Tuj1 staining in the ventricular zone (VZ) than the WT embryos (Figure 4B), which suggested

a migration defect of neurons from the ventricular zone to more superficial parts of the brain. Taken together, the HMGB1

KO mice display defective neuronal differentiation and migration in the developing cortex.

Figure 4. Cell differentiation activity in the WT and HMGB1 KO. (A) E16 cortical neuronal cells cultured for 7 days. (A I)

Anti-HMGB1 staining (Green). (A II) Anti-AMIGO1 staining (Red). (A III) Anti-GFAP (Green) and anti-NeuN (Red) staining.

DAPI (Blue) was used for labeling cell nuclei in (A I–III) Scale bar indicates 50μm. IV, Anti-β-Tubulin III (Tuj1) staining of

E16 sagittal sections. Scale bar indicates 400 μm. (A V) Anti-β-Tubulin III (Tuj1) staining of E16 sagittal sections. Scale

bar indicates 100 μm. (I–V) are the confocal z-stack max projections of 10μm. (B) Statistics of Tuj1 fluorescent staining

intensity in the WT and HMGB1 E16 dorsal telencephalon. The HMGB1 KO showed significantly decreased Tuj1 staining

in CP and IZ layers compared to the WT. The HMGB1 KO showed higher Tuj1 staining in VZ than the WT. Statistics has



been done by the six brain sections from three embryos for both WT and KO. Mean values ± S.D. (error bars) and S.E.M

(boxes) are indicated (n = 6; *** p < 0.001, unpaired t-test, two-tailed). (C) Flow cytometry analyses of CD11b  microglia

cells, GLAST-PE  astrocytes, and O4-APC  oligodendrocytes in the E16 WT or HMGB1 KO brains. Each sample was

prepared from one single brain. The ratio of each type of cells among the total cell population was then calculated. (D)

Statistics analysis of Flow cytometry results of the WT and KO mouse brains. The HMGB1 KO mouse brain showed

significantly reduced population of oligodendrocytes and astrocytes compared to the WT controls. Statistics is based on

the data from 8 WT and 8 KO brains. Mean values ± S.D. (error bars) and S.E.M (boxes) are indicated (n = 8; ** p < 0.01;

* p < 0.05, unpaired t-test, two-tailed).

Recent reports have found that the glia precursors in mouse embryos start showing up in developing forebrain from

around E14 [43,44]. We measured the glial cell populations in the E14.5 mouse cortical cells by flow cytometry analysis to

investigate the gliogenesis and differentiation in the HMGB1 KO brains (Figure 4C). In the WT mouse brain, microglia is

over 1.1% of the total cell population, oligodendrocytes about 0.6%, and astrocytes over 6% of the total cell population

(Figure 4D). Microglia was somewhat reduced, and a remarkable reduction was seen in the numbers of oligodendrocytes

and astrocytes (Figure 4D). Taken together, immunostaining and fluorescence-activated cell sorting (FACS) results have

both clearly demonstrated that the HMGB1 KO mouse has a significant reduction of differentiated neural cell populations.

5. HMGB1 Regulates CXCL12/CXCR4 Expression in the Neuronal
Progenitors

Similar to HMGB1, CXCL12 and CXCR4 are broadly expressed in the progenitors of developing brain [29,45,46].

However, the possible role of HMGB1 in regulating CXCL12/CXCR4 signaling in the nervous system has not been

explored.

Firstly, we have evaluated the CXCR4 and CXCL12 expression levels in primary cortical neuronal cultures derived from

the WT and the HMGB1 KO E16 embryos while using immunofluorescence stainings. The WT cells showed much higher

CXCR4 expression than the HMGB1 KO cells, while the HMGB1 KO cells expressed much higher levels of CXCL12 than

the WT cells (Figure 5AI). After adding the recombinant HMGB1 protein, the HMGB1 KO cells showed increased CXCR4

expression and decreased CXCL12 expression. In contrast, the WT cells did not show much change of CXCR4 and

CXCL12 expression after adding the recombinant HMGB1 protein (Figure 5AII).

Figure 5. Expression of CXCR4 and CXCL12 in cultured HMGB1 KO and WT brain cells. Cells from cortical cultures of

five KO and WT E16 brains were collected and cultured for immunostaining and Western blotting analysis. (A) Anti-

CXCR4 and Anti-CXCL12 staining of E16 cortical neurons cultured for two days. (I) WT and HMGB1 KO cortical neuronal

cells. (II) Cultures with added recombinant HMGB1 (recHMGB1;10 μg. Scale bars indicate 50 μm. All images are confocal

z-stack max projections of 10 μm. (B) Western blotting of E16 neuronal cell samples cultured for two days. The same
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sample has been used for all four antibodies in the Western blotting experiment. On lanes with multiple bands the relevant

areas have been encircled with rectangles. (C) Plot-density analysis of Western blotting bands of the cultured cell

samples. Three repeats were applied with the cell samples collected from five KO and five WT brains. CXCL12 in the KO

is significantly higher than in the other groups. CXCR4 in the KO and in the KO + recHMGB1 is significantly lower than in

the WT, but CXCR4 in the KO + recHMGB1 is significantly higher than in the KO. Mean values ± S.D. (error bars) and

SEM (boxes) are indicated (n = 5; *** p < 0.001; ** p < 0.01; * p < 0.05, unpaired t-test, two-tailed).

Furthermore, we have quantified the protein expressions in the brain cell cultures by western blotting (Figure 5B). The plot

density analyses clearly showed that the CXCR4 in the HMGB1 KO cells is only about 40% of that in the WT cells, while

CXCL12 in the HMGB1 KO cells is over 30% more than in the WT cells (Figure 5C). Furthermore, in the HMGB1 KO cells

with recombinant HMGB1 protein, CXCR4 is increased to over 60% of the WT level and CXCL12 has been reduced to

almost a normal level (~ 90% of the level in the WT cells). Different from the KO cells, the WT cells did not show any

significant difference in CXCR4 and CXCL12 expression with or without extra recombinant HMGB1 (Figure 5C).

We have applied CXCR4 and CXCL12 in situ hybridization on paraffin sections of E16 embryos in order to study the

expressions in the brain tissue (Figure 6A). The HMGB1 KO showed significantly lower CXCR4 expression than the WT in

the forebrain area, especially in the anterior olfactory area, striatum (STR), and hippocampus (Figure 6A). In contrast, the

HMGB1 KO mouse had significantly higher CXCL12 expression than the WT in the forebrain, which was clearly shown by

the more intense staining at marginal zone (MZ), ganglionic eminence (GE), and nucleus horizontal diagonal band (hdb)

regions (Figure 6A). Furthermore, the western blotting of E16 cortical samples showed that CXCR4 in the HMGB1 KO

was significantly decreased, to lower than 50% of the WT level, and CXCL12 in the HMGB1 KO was increased to more

than two-fold of the WT level (Figure 6B,C).

Figure 6. Expression of CXCR4 and CXCL12 in developing forebrain. (A) CXCR4 (E16 sagittal section), Lhx6 (E14

sagittal section) and CXCL12 (E16 coronal section) in situ hybridization. The HMGB1 KO mice showed decreased

expression of CXCR4 and Lhx6, but increased CXCL12 in the developing cortex compared to the WT mice. Scale bars

indicate 1mm. Abbreviations: AOV, ventral anterior olfactory area; Di, diencephalon; GE, ganglionic eminence; Hdb,

horizontal nucleus of diagonal band of Broca; HI, hippocampus; ls, lateral septal nucleus; MF; mesencephalic flexure; MZ,

Marginal zone; STR, striatum; Vdb, vertical nucleus of diagonal band of Broca; vpl, ventral posterior thalamic nucleus

lateral; VZ, Ventricular zone. (B) Western blotting of E16 mouse brain samples. The same pair of the WT and KO samples

has been used for the Western blotting for each antibody in one experiment. The experiment has been repeated with six

pairs of the WT and KO E16 samples. On lanes with multiple bands the relevant areas have been encircled by rectangles.

(C) Plot-density analysis of Western blotting bands of E16 brain samples. The HMGB1 KO mice showed significantly less

expression of CXCR4, AMIGO1and RAGE than the WT mice. In contrast, the HMGB1 KO mice expressed much more

CXCL12 and β-Catenin than the WT mice. Statistics of plot-density analyses has been obtained by six repeats. Mean

values ± S.D. (error bars) and S.E.M (boxes) are indicated (n = 6; *** p < 0.001; ** p < 0.01; unpaired t-test, two-tailed).



CXCL12/CXCR4 signaling has been reported to be crucial for cortical interneuron migration and distribution in the

developing neocortex [28,47,48]. LIM/homeodomain Lhx6 is the transcription factor that is preferentially expressed in the

cortical interneurons and it is essential for their migration [49]. We therefore applied Lhx6 in situ hybridization on the

sections of E14 embryos. The HMGB1 KO embryos demonstrated significantly lower Lhx6 expression in the MZ and GE

than the WT in the developing forebrain (Figure 6A). Therefore, it appears that Lhx6 is involved in the regulation of

CXCL12/CXCR4 expression in the interneurons of the embryonic brain.

Western blotting showed that RAGE in the HMGB1 KO brain samples was less than 60% of the WT control (Figure 6C).

Recent studies in immune cells have shown that HMGB1/RAGE signaling increases the transcription of chemokine

receptors to enhance chemotaxis [13,50]. Thus, defective HMGB1/RAGE signaling elucidates the disrupted CXCL12 and

CXCR4 expression in the HMGB1 KO brain.

Taken together, both in vivo and in vitro analyses thus show that HMGB1 depletion in the embryonic brain upregulates

CXCL12, which consequently downregulates CXCR4.

6. HMGB1 Depletion Alters Neurodevelopmental Transcription Factors
Hierarchy in Developing Forebrain

The vertebrate forebrain development follows a highly ordered stereotypical pattern under the complex genomic

regulatory mechanism [51]. In the early development, the anterior-posterior WNT gradient is one key factor regulating the

anterior forebrain development [52]. We previously reported that HMGB1 knockdown in zebrafish embryo causes

defective forebrain development due to highly increased Wnt/β-catenin expression [14]. Therefore, we first applied

western blotting of E16 cortical tissues with anti-β-catenin antibody and found that the E16 HMGB1 KO mouse had over

two-fold Wnt/β-catenin expression as compared to the WT (Figure 6B,C). Western blotting results also showed the down-

regulation of AMIGO1 expression in the HMGB1 KO (~20% of the WT level), as in the neuronal cultures (Figure 4AII).

Foxg1 is a conserved factor regulating Wnt in vertebrate CNS development, and it plays a key role in neurogenesis and

neuronal fate in the forebrain [53,54]. Foxg1 has been found to promote neurogenesis and inhibit neuronal differentiation

in developing forebrain by the transcriptional repression of Wnt ligands [54]. We carried out Foxg1 in situ hybridization

with E16 sections due to the increased Wnt signaling detected in the HMGB1 KO embryos. The HMGB1 KO mice showed

much lower Foxg1 level along the ventricular layer and the cortical plate than the WT (Figure 7A). Foxg1 has been proven

to be an inhibitor of Wnt signaling in developing forebrain as the downstream signal of sonic hedgehog (Shh) [55]. Thus,

the decreased Foxg1 appears to be the reason for increased Wnt expression in the HMGB1 KO.



Figure 7. Expressions of neurodevelopmental factors in mouse dorsal telencephalon. (A) In situ hybridization of Foxg1

with E16 coronal sections. The higher resolution view in the lower panel clearly showed decreased Foxg1 expression in

the CP of HMGB1 KO. The HMGB1 KO mouse also showed shrunken VZ and LV when compared to the WT. Scale bars

indicate 1 mm in upper panel, and 200 μm, in the lower panel. (B) In situ hybridization of Tbr2 with E14 coronal sections

and E16 saggital section (lower panel with higher resolution). The HMGB1 KO showed much less Tbr2 positive cells in the

ventricular zone than WT. Scale bars indicate 1 mm in the upper panel and 100 μm in the lower panel. (C) In situ

hybridization of Emx2 in the E16 coronal sections and E16 sagittal sections (lower panel with higher resolution). The

coronal sections show decreased Emx2 expression in the prenatal cortex of the HMGB1 KO mouse when compared to

the WT. Scale bar indicates 1.5 mm. The sagittal sections observed under higher resolution showed less Emx2 positive

cells in the ventricular zone (VZ) and cortical plate (CP) in the HMGB1 KO as compared to the WT. Scale bar indicates

200 µm, Abbreviations:AH, Anterior horn; CCi, Cingulate cortex; CPa, Parietal cortex; DT, Dorsal thalamus; GE,

Ganglionic eminence; HI, Hippocampus; IZ, Intermediate zone; LV, Lateral ventricle; MZ, Marginal zone; Vdb, Vertical

nucleus of diagonal band of Broca; STR, Striatum; VZ, Ventricular zone. (D) Expression of brain developmental factors

detected by qRT-PCR. qRT-PCR has been repeated five times with the samples from five WT and five KO mice. Each

sample has been independently tested at least three times. Mean values ± S.E.M (error bars) are indicated (n = 5). (E)

Anti-β-Catenin immunostaining of E16 cortical neurons cultured for two days. Cell nuclei were stained with DAPI (blue).

Scale bar indicates 50 µm. (F) Anti-β-Catenin and Anti-RAGE Western blotting of E16 neuronal cell samples cultured for 2

days. On lanes with multiple bands the relevant areas are encircled by rectangles. (G) Plot-density analysis of Western

blotting bands of cultured cell samples. The experiment was repeated with the cell samples collected from six KO and six

WT brains. Mean values ± S.D. (error bars) and S.E.M are indicated (n = 6; *** p < 0.001; ** p < 0.01; unpaired t-test, two-

tailed).

Similar to Foxg1, Tbr2 and Emx2 are two other essential progenitor markers that area expressed in the dorsal

telencephalon [56,57]. Tbr2 in situ hybridization showed that the HMGB1 KO mouse had significantly reduced Tbr2

expression in the ventricular zone (VZ) of the dorsal telencephalon (Figure 7B), which likely underscores

neurogenesis/proliferation defects shown by BrdU staining and primary neuronal culture of the E16 prenatal cortex (see

above). Furthermore, Emx2 in situ hybridization confirms the neurogenesis defects in the developing forebrain of the

HMGB1 KO. In the HMGB1 KO E16 dorsal telencephalon, Emx2 expression decreased significantly as compared to the

WT control. The HMGB1 KO clearly showed much less Emx2 expression in the marginal zone (MZ), ventricular zone (VZ)

layer, and striatum (STR) than the WT control (Figure 7C). The decrease of Foxg1, Tbr2, and Emx2 in the HMGB1 KO

forebrain is in agreement with the attenuated neurogenesis during development.

In addition, we have systematically investigated the expression of developmental transcriptional factors and other relevant

genes that are involved in neurogenesis and differentiation in the developing brain by qRT-PCR (Figure 7D). When

compared with the WT controls, the E16 embryonic brain of the HMGB1 KO showed decreased expression of several

neurogenesis factors, such as Ascl1, Neurod1, Sox2, Tbr2, and Bcl2. The HMGB1 KO also had significantly decreased

expression of the developmental factors Pax6, Shh, Foxg1, and Emx2. Coincidently, the expression of the differentiation

factors BMP2, BMP4, and Tgfβ1 in the HMGB1 KO embryos were downregulated. Not surprisingly, the HMGB1 KO

displayed approximately 20% lower expression of neuronal growth factors Fgf2, BDNF, and GDNF. Interestingly, the

expression of the synaptogenesis factor Ache was decreased by about 70% in the HMGB1 KO embryo as compared to

the WT control. In contrast, the level of the apoptotic signals indicator ApoE was 20% higher in the HMGB1 KO than in the

WT. The Wnt1 and Wnt3 levels in the HMGB1 KO were about 80% higher than in the WT controls. This confirmed the

increased Wnt/β-catenin signaling in the HMGB1 KO developing brain. The results of anti-β-Catenin antibody

immunostaining and western blotting with E16 cortical neuronal cultures clearly showed that Wnt/β-catenin expression

was significantly elevated in HMGB1 KO cells (Figure 7E,F). The HMGB1 KO cells that were supplied with recombinant

HMGB1 expressed much less Wnt/β -catenin than the KO, but still around 20% more than the WT (Figure 7G). In

addition, we detected strongly decreased RAGE expression in the HMGB1 KO cells, which was significantly upregulated

by supplying with recombinant HMGB1 (Figure 7F,G). The reversal of the changes in the KO cells by recombinant

HMGB1 confirms that HMGB1 can regulate Wnt/β-catenin and RAGE signaling, and the effects in the KO cells cannot be

explained by irreversible nonspecific effects.

Furthermore, the qRT-PCR analysis showed that the HMGB1 KO has decreased CXCL1 expression (about 70% less) and

increased CXCL12 expression (about 100% more) (Figure 7D). The HMGB1 KO mouse also showed decreased CXCR4

(50% less) and increased CXCR7 (60% more) when compared with the WT controls. Thus, the qRT-PCR analysis

confirmed that HMGB1 depletion significantly alters chemokine signaling pathways in the embryonic brain shown by

immunostaining and Western blotting experiments (see above, Figure 5).



Taken together, the remarkable changes of gene expressions underscore the observed morphological defects in the

HMGB1 KO embryonic brain. Our results show that HMGB1 is a conserved factor crucial for neurogenesis and forebrain

development.
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