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Menin mediates Tat-induced neuronal apoptosis in brain frontal 
cortex of SIV-infected macaques and in Tat-treated cells
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ABSTRACT

The molecular mechanisms involved in human immunodeficiency virus (HIV)-
associated neurocognitive disorder (HAND) remain poorly understood. It has been 
recently reported that HIV-1 Tat transactivation requires menin, suggesting that menin 
may be involved in HAND pathogenesis. But the role of menin is not clear. Here, we 
found that protein level of menin was increased in simian-human immunodeficiency 
chimeric virus (SHIV)-SF162.P4 and simian immunodeficiency virus (SIV) sm543-3-infected 
rhesus macaques compared with the controls by immunohistochemistry (IHC) and 
western blot. Menin mainly expressed in the frontal cortex neurons of the brain, more 
importantly, the number of menin-staining cells was positively correlated with cleaved-
caspase-3-positive cells while it was negatively correlated with a neuron-specific nuclear 
protein NeuN-positive cells, suggesting that expression of menin may induce neuronal 
apoptosis. Further studies showed that menin level was significantly increased during 
Tat-induced apoptosis, while downregulation of menin by pll3.7-MEN1-shRNA attenuated 
the Tat-induced cleavage of caspase-3 and caspase-8 in SY5Y cells and primary neuron 
cultures. Together, our findings reveal a pro-apoptotic role of menin in the brains of the 
SIV-infected macaques and the cultured neurons, indicating that targeting menin may 
be potential to block the HIV-1 Tat induced neuronal damage in HAND.

INTRODUCTION

Human immunodeficiency virus (HIV) infection 
frequently results in neurological damage [1, 2], such 
as HIV-associated neurocognitive disorder (HAND), 
which was originally defined as the acquired immune 
deficiency syndrome (AIDS)-dementia complex based 

on motor, cognitive, and behavioral symptoms and signs. 
Currently, HAND is defined as an “HIV-associated neuro-
cognitive disorder,” which is a broader spectrum graded 
classification based on abnormal neuropsychological 
testing performance and the presence or absence of patient 
perception of functional limitations related to cognitive 
impairment [3].
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Recent anti-retroviral therapy (ART) has 
successfully reduced the progression of AIDS, although 
HAND remains frequent. Autopsy analyses have also 
reported an increasing incidence of HAND [4]. The 
histopathological evidences of HAND in the cerebral 
cortex are characterized as neuronal loss [5–7] and 
neuronal apoptosis [8–9]. In a previous study, we observed 
that apoptosis played a role in HAND in a macaque-AIDS 
model and in human AIDS [10–11]. However, it remains 
unclear that how neuronal apoptosis contributes to the 
pathogenesis of HIV-1-associated brain damage.

HIV-1 directly infects microglia/macrophages, 
but does not infect neurons in the brain. Although there 
is neuronal damage following HIV-1 infection, the 
mechanisms remain poorly understood. Recent results 
show that the HIV-1 regulatory protein Tat is a critical 
factor in the trans-neuronal damages of the virus [12–14]. 
It not only transactivates replication and expression of 
viral genes, but is also secreted from the infected cells 
[15]. Tat induces apoptotic death in cultured rat neurons 
in a time-dependent manner [16], and the injection of Tat 
into the brain leads to activation of glial cells, influx of 
inflammatory cells, induction of inducible nitric oxide 
synthase, and neurotoxicity in vivo [17–19]. However, the 
mechanisms have not been fully illustrated.

It was recently reported that HIV-1 Tat 
transactivation required menin [20], which is a 610-amino 
acid protein encoded by the multiple endocrine neoplasia 
type 1 (MEN1) gene [21]. These results suggest that 
menin is involved in HAND pathogenesis. However, 
the relationship between HIV-1 Tat and menin in HAND 
is unclear. More specifically, it remains to be shown 
whether tat-induced apoptosis is menin-dependent in 
vitro and in simian-human immunodeficiency chimeric 
virus (SHIV)-SF162.P4 and simian immunodeficiency virus 
(SIV)sm543-3-infected macaques, as well as whether menin 
facilitates neuronal apoptosis. Therefore, we analyzed 
menin expression and neuronal apoptosis in the frontal 
cortex of SHIV-SF162.P4 and (SIV)sm543-3-infected rhesus 
macaques and in cultured neurons by IHC staining, 
western blot, and immunofluorescence. Our findings 
reveal a pro-apoptotic role of menin in the brains of 
the SIV-infected macaques and the cultured neurons, 
indicating that targeting menin may be potential to block 
the HIV-1 Tat transaction-associated neuronal damages 
in HAND.

RESULTS

Viral RNA loads of the SIV-infected rhesus 
macaques

Molecularly cloned SHIV-SF162.P4 and SIVsm543-3 were 
used. The viral RNA loads of 13 macaques in the peripheral 
blood at the time of autopsy are summarized in Table 1. 
Six macaques (#1-6) were infected with SHIV-SF162.P4 that 

was inserted the HIV-related genes, and three macaques 
(#7-9) were infected with SIVsm543-3. These two virus 
strains made rhesus macaques to appear similar brain 
pathological changes with previous SIVmac239-infected 
rhesus macaques [10, 22–23]. Four macaques (#10-13) 
were used as controls. All SHIV-SF162.P4 and SIVsm543-3 
-infected rhesus macaques showed high viral loads, 
especially #7 and #8, and the macaques exhibited weight 
loss and became morbid at the time of autopsy.

Protein levels of Menin were increased in the 
frontal cortex of SIV-infected macaques

Anti-menin immunostaining showed increased 
menin expression in the frontal cortex of SIV-infected 
macaques (Figure 1A, 1C) compared with the controls 
(Figure 1B, D). Menin expression was primarily observed 
in nuclei, with some cytoplasmic expression. Integrated 
optical density (IOD) analysis showed increased menin 
immunostaining in the frontal cortex of SHIV-SF162.P4 and 
SIVsm543-3-infected macaques (#1-#9) compared with 
control macaques (#10–13) (Figure 1E). Two randomly 
selected samples from a SHIV-SF162.P4-infected macaque 
(#1) and a control macaque (#12) were analyzed by 
western blot to detect menin expression. Western blot 
analysis also confirmed the IHC findings, showing 
significantly increased menin expression in the frontal 
cortex of SHIV-SF162.P4 -infected macaques compared with 
control macaques (Figure 1F).

Menin expression was primarily observed in 
the nuclei of the frontal cortex neurons in SIV-
infected macaques

We performed double-labeled IHC for menin and 
a neuron-specific nuclear protein NeuN, an astrocyte-
specific cell marker GFAP, or activated microglia marker 
Iba1. Results showed menin expression primarily in 
neuronal nuclei of the frontal cortex in SIVsm543-3 and 
SHIV-SF162.P4-infected macaques (Figure 2A). Menin 
expression was also observed in activated microglial 
cytoplasm and spinous processes, but expression 
was not strong in the nuclei of these cells in SIVsm543-3 
and SHIV-SF162.P4-infected macaques (Figure 2B). 
Menin expression was rarely observed in astrocytes 
in the frontal cortex (Figure 2C), but was positive 
in the processes of astrocytes in the white matter of 
the SIVsm543-3 and SHIV-SF162.P4-infected macaques 
(Figure 2D). Double-labeled immunofluorescence for 
NeuN (green) and menin (red) in the frontal cortex 
showed increased menin expression in SIV-infected 
macaques (Figure 2E) compared with control macaques 
(Figure 2F). IOD analysis showed significantly increased 
menin expression in neurons of SHIV-SF162.P4 and SIVsm543-3 
-infected macaques (#2, 4, 7, 8) compared with control 
macaques (#10–13) (Figure 2G, P < 0.05).
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Menin expression was correlated with neuronal 
damage in SIV-infected macaques

In our previous research, we reported glial and 
neuronal apoptosis in the frontal cortex of SIV-infected 
macaques using TUNEL and ssDNA immunostaining 
assays [10]. In the present study, we used different viral 
strains that have similar pathological features compared 
with previous SIVmac239 [10, 22–23]. In the SHIV-SF162.P4  
and SIVsm543-3- infected macaques, gliosis was observed in 
cortical layers II–V using IHC against GFAP (Figure 3A). 
TUNEL-positive (Figure 3B) and ssDNA-positive cells 
(Figure 3C) were mainly observed in cortical layer II. 
Double-labeled IHC for ssDNA and NeuN revealed double 
labeling in some pyramidal neurons (Figure 3D). Double-
labeled menin and cleaved-caspase 3 IHC revealed some 
double-positive cells in layers II–V (Figure 3E). Analysis 
of the relationship between the number of cleaved-caspase 
3-positive cells and menin-positive cells in 13 macaques 
revealed a significantly positive correlation (P = 0.0118, R 
= 0.6722, Figure 3F). However, there was a significantly 
negative correlation between the number of NeuN-positive 
cells and menin-positive cells in 13 macaques (P = 0.0069, 
R = −0.7070, Figure 3G).

Tat effectively enhances menin expression and 
induces apptopsis in primary neurons and SH-
SY5Y cells

To further explore the role of menin in neuronal 
damage, a human neuroblastoma cell line SH-SY5Y 

cells were transfected with pRK5M-Tat-flag plasmid 
that expressing Tat protein containing 86 amino 
acids or pRK5M-flag vector plasmid for 24 hours, 
and the expression of Tat or menin were examined 
by immunofluorescence and western blot analysis. 
Immunofluorescence results showed co-localization of 
menin and Tat in the nuclei of SH-SY5Y cells (Figure 
4A), accompanied by significantly increased menin optical 
density in the pRK5M-Tat-flag transfected SH-SY5Y cells 
when compared with control cells (Figure 4B, P < 0.01). 
Western blot results showed increased menin and cleaved-
caspase 3 expression in pRK5M-Tat-flag transfected SH-
SY5Y cells compared with the controls (Figure 4C-4E). 
These results were further confirmed in primary neurons 
treated with 100 ng/ml recombinant Tat protein for 24 
hours, which showed that obviously increased menin and 
cleaved-caspase 3 expression compared with the untreated 
cells (Figure 4F-4H). Moreover, TUNEL assay showed 
that the apoptotic cells were increased in SH-SY5Y treated 
with Tat (100ng/ml) for 24 hours, when compared with 
that in the PBS treated control cells (Figure 4I-4J).

Menin mediates tat-induced apoptosis in SH-
SY5Y cells

To investigate whether menin was necessary for Tat-
induced neuronal apoptosis. Next, we detected cleaved-
caspase 3 and cleaved-caspase 8 protein expression by 
transfecting SY5Y cells with a control pll3.7-scrambled-
shRNA plasmid, a specific MEN1 silent plasmid pll3.7-
MEN1-shRNA, pll3.7-MEN1-shRNA for 24 h followed by 

Table 1: Clinical data of the macaques examine in this study

Animal 
No.

Sex Age at virus 
inoculation 

(weeks)

Age at 
Death 

(weeks)

Duration 
of 

infection 
(weeks)

Viral 
inoculums

Viral RNA 
load in plasma 

at autopsy 
(copies/ml)

Clinical information

1 M 132 321 189 SHIV-SF162.P4 67,000 Body weight loss and morbid

2 M 132 321 189 SHIV-SF162.P4 56,000 Body weight loss and morbid

3 F 132 295 163 SHIV-SF162.P4 45,000 Body weight loss and morbid

4 F 132 372 240 SHIV-SF162.P4 25,000 Body weight loss and morbid

5 M 132 372 240 SHIV-SF162.P4 78,000 Body weight loss and morbid

6 F 132 321 189 SHIV-SF162.P4 85,000 Body weight loss and morbid

7 M 392 469 77 SIVsm543-3 9,42,000 Body weight loss and morbid

8 M 304 438 134 SIVsm543-3 7,94,000 Body weight loss and morbid

9 M 224 335 131 SIVsm543-3 29,900 Body weight loss and morbid

10 F 156 Control

11 M 210 Control

12 M 209 Control

13 M 253 Control
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pRK5M-Tat-flag treatment for another 24 h, or pRK5M-
Tat-flag alone for 24 h, respectively. The results showed 
that Tat overexpression in SY5Y cells increased cleaved-
caspase 3 and cleaved-caspase 8 protein expression. 
Furthermore, following transfection with pRK5M-Tat-
flag, the induced cleaved-caspase 3 and cleaved-caspase 
8 levels were partially weakened by MEN1-knockdown 
(Figure 5A-5D). We used TUNEL assay to detect levels 
of SY5Y cells apoptosis. We observed that MEN1-
knockdown reduced Tat-induced SY5Y cells apoptosis 
(Figure 5E-5F). These results showed that menin was 
necessary for Tat-induced apoptosis in SH-SY5Y cells, 

and aberrant overexpression of Tat may induce neuronal 
apoptosis through death receptor signaling pathways.

DISCUSSION

The molecular mechanisms involved in HAND 
remain poorly understood. Our previous study 
demonstrated that injury to astrocytes, which included 
apoptosis, decreased EAAT-2 expression in the neuropil, 
and diffuse microglial activation, and limited neuronal 
damage, has been observed in the cortex of SIVmac239 
and SHIV-RT-infected macaques. Our animals developed 

Figure 1: Menin were increased in the frontal cortex of SIV-infected macaques. Menin expression is visible in nuclei, with 
some cytoplasmic expression, in the frontal cortex of SIV-infected A. and control B. macaques. There are more menin-positive cells in 
SIV-infected macaques A, C. than in the controls B, D. IOD analysis shows more menin immunostaining in the frontal cortex of SIV-
infected macaques (#1-#9) compared with control macaques (#10–13), integrated optical density = optical density - background E. data 
are expressed as mean ± SD, *P < 0.05. Western blotting also shows increased menin expression in SHIV-SF162.P4-infected macaques (#1) 
compared with control macaques (#12). A specific β-actin band (about 43 kDa) is shown under the menin band (about 68 kDa) F. Original 
magnification: (A-B) 200×; (C, D) 400×. (A, C) from macaque #9, (B, D) from #10. Arrows showing positive cells of IHC staining.
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systemic AIDS and showed high viral loads in their 
plasma. There was no correlation between viral RNA load 
in plasma and pathological changes in cerebral cortical 
of SIVmac239 and SHIV-RT-infected rhesus macaques 
using ISH or by the polymerase chain reaction detection 
of SIV genomes of extracted DNA from microdissected 
tissue samples [10, 22–23]. In the present study, we have 
compared the cortical changes of two new different SIV 
virus, SHIV-162.P4 and SIVsm543-3. Our results showed that 
the two new virus infections had the same pathological 
changes in the frontal cortex with SIVmac239 and 
SHIV-RT infected rhesus macaques, such as goliosis 
of astrocytes, and neuronal apoptosis. There was no 
correlation between viral RNA load in plasma and 
menin expression in the cerebral cortex of SHIV-162.P4 
and SIVsm543-3-infected macaques. We hypothesized that 
cerebral cortical changes may be related to soluble Tat.

Previous studies also demonstrated that extracellular 
Tat reaches the brain via the blood–brain barrier [24], 
crosses the membrane into adjacent cells [25], and induces 
neuronal apoptosis [16]. This suggests that increased 
levels of soluble Tat in the blood could cross the blood–
brain barrier and induce astrocytic abnormalities, as well 

as subsequent neuronal damage. HIV-1 Tat is a potent 
transactivator of viral replication and a transactivator of 
some host genes. It is actively released from HIV-infected 
cells [26–27] and may act on uninfected brain-derived 
cells to cause a variety of effects, including activation of 
nuclear factor-κB [29] and neurotoxicity [29–30].

It has been recently reported that HIV-1 Tat 
transactivation requires menin [20], and menin is closely 
associated with apoptosis. Functional interactions between 
p53 and menin have been shown to control apoptosis in 
a post-irradiation INS-1 insulinoma cell line [31], and 
menin has been shown to up-regulate caspase 8 expression 
and promote TNF-alpha-induced apoptosis in murine 
embryonic fibroblasts [32]. Shin MH et al. reported that 
targeting RUNX2/Menin/MLL1/MYC axis was a feasible 
strategy for killing p53 defective cancer cells, and two 
inhibitors Mi-2 and Mi-3 of the Menin/MLL1 complex 
induced apoptosis in p53 defective cancer cells [33]. 
Nevertheless, the role of menin in HAND has not yet been 
reported. In the present study, we demonstrated the function 
of menin in SIV-infected macaques. For the first time, 
we showed significantly up-regulated menin expression 
in the frontal cortex of SHIV-162.P4 and SIVsm543-3-infected 

Figure 2: Menin expression was primarily observed in the nuclei of the frontal cortex neurons in SIV-infected macaques. 
Menin expression (dark blue) is mainly observed in the nuclei of neurons (NeuN brown) in the frontal cortex of SIV-infected macaques 
A. Menin (dark blue) is also positive in activated microglial cytoplasm and processes, but not in microglial nuclei (Iba1, red) B. Menin 
(brown) is rarely stained in astrocytes of the cerebral cortex (GFAP, dark blue) C. but is positive in membranes and processes of white 
matter astrocytes (GFAP, dark blue) D. Representative double-labeled immunofluorescence images show NeuN (green) and menin (red) 
expression in the frontal cortex E–F. Menin expression is increased in SIV-infected macaques (E) compared with control macaques (F). 
Analysis of IOD of the double-positive area (yellow) shows significantly increased menin expression in neuronal nuclei of the SIV-infected 
macaques (#2, 4, 7, 8) compared with control macaques (#10–13) G. Data are expressed as mean ± SD, *P < 0.05. Original magnification: 
(A–D) 800×, (E–F) 400×. (A) From macaque #7; (B) from macaque #1; (C, D) from macaque #3. (E) from macaque #7; (F) from macaque 
#13. Arrows showing positive cells of double IHC staining.
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macaques in our experimental HAND model using western 
blot, and IHC methods. Results showed menin expression 
primarily in neuronal nuclei of the frontal cortex with SHIV-

162.P4 and SIVsm543-3-infected macaques. Results also showed 
a positive correlation between the number of cleaved-

caspase 3-positive cells and menin-positive cells, as well 
as a significant negative correlation between the number 
of NeuN-positive cells and menin-positive cells. So these 
results indicated menin was a key factor in the process of 
apoptosis.

Figure 3: Menin expression was correlated with neuronal damage in SIV-infected macaques. Astrocytic gliosis is shown 
in the frontal cortex with GFAP IHC A. TUNEL-positive cells B. and ssDNA-positive cells C. are mainly small neuronal and glial cells. 
Arrows showing positive cells of IHC staining (A, B, C). Apoptosis of pyramidal neurons and small neurons of the cortex is seen by double-
labeled IHC for ssDNA (blue) and NeuN (brown, D). Menin- (brown) and cleaved-caspase 3- (dark blue) double-labeled cells E. Arrows 
showing positive cells of double IHC staining D, E. Significantly positive correlation (P = 0.0118, R = 0.6722) is demonstrated between the 
number of cleaved-caspase 3-positive cells and menin-positive cells in 13 macaques F. There is a significant negative correlation between 
the number of NeuN-positive cells and menin-positive cells in 13 macaques (P = 0.0069, R = −0.707) G. Original magnification: (A–E) 
400×. (A) From macaque #9; (B-C) from macaque #6; (D) from #5; (E) from #4.
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Figure 4: Tat induces cell apoptosis with an enhanced menin expression in SH-SY5Y cells and primary neurons. SH-
SY5Y cells were transfected with pRK5M-Tat-flag or pRK5M-flag for 24 hours and subjected to IHC staining. Menin (green) and Tat (red) 
co-localized in the nuclei of SH-SY5Y cells A. Optical density assay showed that menin expression is significantly increased in SH-SY5Y 
cells transfected with pRK5M-Tat-flag compared with the group transfected with pRK5M-flag B. Representative western blot were shown 
C. Optical density analysis of menin expression D. Optical density analysis of cleaved caspase3 expression E. Primary neurons were treated 
with or without Tat (100 ng/mL) for 48 h. Menin and cleaved-caspase 3 is significantly increased in Tat-treated neurons compared with 
controls F-H. TUNEL staining shows significantly increased apoptosis (green) in pRK5M-Tat-flag-transfected SH-SY5Y cells I-J. Data 
are plotted as mean ± SD (n = 3). *P < 0.05, **P < 0.01.
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Next, Tat overexpression increased menin levels 
and cells apoptosis in primary neurons and SY5Y cells. 
Conversely, menin interference decreased cleaved-caspase 3 
levels in the SY5Y cells, suggesting that in vitro tat-induced 
apoptosis is menin dependent. We investigate the molecular 
mechanisms of menin-mediated neuronal apoptosis, and 
results showed that Tat overexpression increased caspase 
8 protein expression in SY5Y cells. Furthermore, MEN1 
knockdown partially weakened the increased cleaved-caspase 
8 induced by pRK5M-Tat-flag. On the other hand, La P et 
al reported that menin increases caspase 8 expression by 

binding the caspase 8 locus in suppressing multiple endocrine 
neoplasia type 1 [34]. Taken together, these results suggest 
that Tat overexpression induces neuronal apoptosis via death 
receptor signaling pathways, and menin may be a regulatory 
factor in Tat-induced neuronal apoptosis.

In conclusion, this is the first description of 
increased menin expression in neurons of the frontal 
cortex in a macaque model of HAND, suggesting a role 
for menin in the development of HAND. Furthermore, 
results demonstrated that tat-induced apoptosis is menin 
dependent, and aberrant overexpression of menin induces 

Figure 5: Menin mediates tat-induced apoptosis in SH-SY5Y cells. MEN1 gene expression was knocked down using a specific 
sequence in SH-SY5Y cells stably transfected with pll3.7-MEN1-shRNA. MEN1 knockdown significantly quenches production of cleaved-
caspase 3 and cleaved-caspase 8 induced by pRK5M-Tat-flag. Representative western blot A. and relative density of menin B. cleaved-
caspase 8 C. and cleaved-caspase 3 D. TUNEL staining shows significantly increased apoptosis (green) in pRK5M-Tat-flag-transfected 
SH-SY5Y cells, and MEN1-knockdown reduced Tat-induced SY5Y cells apoptosis E-F. Data are plotted as mean ± SD (n = 3). *P < 0.05, 
**P < 0.01.
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neuronal apoptosis via death receptor signaling pathways 
in vitro, indicating that targeting menin may be potential to 
block the HIV-1 Tat-induced neuronal damages in HAND.

MATERIALS AND METHODS

SIV-infected animals

Molecularly cloned SHIV-SF162.P4 and SIVsm543-3 
were used. SHIV-162.P4 is a T-lymphocyte-tropic virus 
included by the env, rev, and vpu genes from HIV-
1 (SF162) (R5, MT/NSI) within the molecular clone 
SIV mac239. The pathogenic properties of these 
clones have been previously described [35–36], 
which includes immunosuppression and the eventual 
development of AIDS in rhesus macaques. SIVsm543-3 
is a highly pathogenic heterologous virus that has also 
been previously described [37–38]. Thirteen rhesus 
macaques were screened and found to be seronegative 
for SIV, simian T-lymphtropic virus, B virus, and Type 
D retroviruses. Six macaques (#1–6) were intravenously 
inoculated with SHIV-162.P4 (provided by Dr. Nancy 
Miller, National Institute of Allergy and Infectious 
Diseases, National Institutes of Health, Bethesda, MD, 
USA), and were sacrificed at 189, 189, 163, 240, 240, 
and 189 weeks after inoculation, respectively. Three 
macaques (#7–9) were intravenously inoculated with 
SIVsm543-3, and were sacrificed at 77, 134, and 131 weeks 
after inoculation. Four uninfected macaques (#10–13) 
served as controls (Table 1). The animals were housed in 
individual cages and maintained according to the rules 
and guidelines of the Institute of Laboratory Animal 
Sciences of Chinese Academy of Medical Science. The 
animals were sacrificed at various times after infection, 
at a time point when they became morbid. The methods 
used have been previously described [10, 22–23]. This 
study was carried out in rigorous accordance with the 
recommendations in the Guide for the Care and Use of 
Laboratory Animals of the National Institutes of Health 
and in accordance with the ARRIVE (Animal Research: 
Reporting In Vivo Experiments) guidelines. The protocol 
was approved by the Committee on the Ethics of Animal 
Experiments of the Institute of Laboratory Animal 
Sciences of Chinese Academy of Medical Science, 
China.

The viral RNA loads

According to our previously described method [10, 
22–23], viral RNA loads in the peripheral blood were 
detected at the time of autopsy from nine SIV-infected 
rhesus macaques.

Histopathological examination

Paraffin-embedded brain tissue sections (5 µm 
thick) were used. Immunoassays were performed using 

the SP kit (Maixin Biotechnology, Fuzhou, China, KIT-
9720) for IHC with antibodies specific to menin (1:200, 
rabbit, Cell Signaling Technology, MA, USA, #6891), 
neuron-specific nuclear protein (NeuN) (1:200, Millipore, 
Darmstadt, Germany, ABN78), anti-single stranded DNA 
(ssDNA) (ssDNA; 1:250, Millipore, Darmstadt, Germany, 
MAB3299), rabbit anti-ionized calcium-binding adaptor 
molecule 1 (Iba1; 1:500; Wako Chemicals, Osaka, Japan), 
or glial fibrillary acidic protein (GFAP) (1:200, Epitomics, 
Burlingame, CA, USA, 2301-1), respectively, according to 
manual instructions.

Double-labeled IHC and immunofluorescence

To determine the phenotype of menin-expressing 
cells in the SIV-infected macaques, we performed double-
labeled IHC against Iba1 (Iba1; 1:500; Wako Chemicals, 
Osaka, Japan) or NeuN (1:200, Millipore, ABN78) using 
AEC (Maixin Biotechnology, Fuzhou, China, AEC-0037) 
or DAB/peroxidase (Maixin Biotechnology, Fuzhou, 
China, DAB-0031), followed by menin (1:200, rabbit, 
Cell Signaling Technology, MA, USA, #6891) using 
Vector blue/alkaline phosphatase (Maixin Biotechnology, 
Fuzhou, China, MAB-0141). We also performed double-
labeled IHC against menin (1:200, rabbit, Cell Signaling 
Technology, MA, USA, #6891) using DAB/peroxidase 
and GFAP (1:200, Epitomics, Burlingame, CA, USA, 
2301-1) with Vector blue/alkaline phosphatase using the 
same method.

We also performed fluorescence microscopy 
for double-labeled cells using antibodies specific for 
menin (1:200, rabbit, Cell Signaling Technology, 
MA, USA, #6891) and NeuN (1:100, Millipore, 
ABN78) in combination with Texas-red and fluorescein 
isothiocyanate-based detection methods for IOD analysis 
(Olympus IX81, Olympus Corporation, Tokyo, Japan).

We also performed immunofluorescence staining for 
double-label staining against menin (1:200, rabbit, Cell 
Signaling Technology, MA, USA, #6891) and Tat (1:200, 
Abcam, Cambridge, UK, ab63957) using Texas-red and 
fluoresce-isothiocyanate-based detection methods for IOD 
analysis in SY5Y cells transfected for 24 h with pRK5M-
Tat-flag plasmid.

Apoptosis assay

In situ terminal deoxynucleotidyl transferase-
mediated dUTP-biotin end-labeling of fragmented DNA 
(TUNEL) and IHC of affinity-purified polyclonal rabbit 
immunoglobulin G directed specifically against the active 
form of caspase 3 (1:1000, Rabbit, Abcam, Cambridge, 
UK, ab13847) and the anti-ssDNA (promega, USA, 
G3250) were used to identify apoptotic cells according to 
previously reported methods [10–11].

Double-labeled IHC against ssDNA and NeuN 
(1:100, Millipore, ABN78) was performed to determine 
the phenotype of ssDNA-positive cells. We first performed 
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ICH for ssDNA (promega, USA, G3250) using DAB/
peroxidase, followed by NeuN (1:100, Millipore, ABN78) 
using Vector blue/alkaline phosphatase using the SP 
system.

To examine menin expression in cleaved-caspase 
3-positive cells, we performed double-labeled IHC against 
menin (1:200, rabbit, Cell Signaling Technology, MA, 
USA, #6891) and cleaved-caspase 3 (1:400 rabbit, Abcam, 
Cambridge, UK, ab13847) using the same method. We 
first performed IHC for cleaved-caspase 3 using DAB/
peroxidase, followed by menin using Vector blue/alkaline 
phosphatase using the SP system.

Integrated optical density (IOD) analysis

Computer-assisted image analysis software 
(Image-Pro Plus, Media Cybernetics, Silver Spring, MD, 
USA) was used to analyze the IOD of menin-positive 
immunostaining detected by light microscopy (Olympus 
BX-URA2, Olympus Corporation, Tokyo, Japan) 
and double-positive immunostaining of menin/NeuN 
detected by fluorescence microscopy (Olympus IX81). 
IOD=Density(mean) * Area. The same software was also 
used to quantify total neurons and menin-positive neurons 
detected by fluorescence microscopy (Olympus IX81). 
We selected nine SIV-infected macaques as the infected 
group and compared them with four uninfected macaques 
(control group) for further statistical analysis of IOD. 
Five microscopic images (original magnification: 400×) 
were acquired from layers II to V of the frontal cortex 
from each of the thirteen selected macaques. The menin 
and NeuN double-labeled expression levels were scaled 
with a positive-stained IOD of each image using Image 
Pro Plus software, version 6.0 (Media Cybernetics). We 
also chose five images with double-NeuN/menin staining 
from each macaque to quantify total NeuN-positive and 
menin-positive neurons, as well as the mean values. 
We also semi-quantitatively evaluated the IHC results 
using the Image-Pro Plus program (Media Cybernetics). 
Menin-positive cells were quantified in 10 random 200× 
light microscopic fields of cortical layers 2–5 in the 
middle frontal gyrus. These findings showed an increased 
number of cells expressing menin, when more than 700 
menin-positive cells were counted. Background levels 
were obtained in tissue sections immunostained in the 
absence of a primary antibody; corrected optical density 
= optical density − background. We also performed 
semiquantitative assessments for the following IHC 
findings: NeuN expression, astrocytic gliosis, caspase 
3-positive cells.

Statistical analysis

All data are expressed as mean ± SD and were 
analyzed using GraphPad Prism 5.0 software. Data from 
these studies were analyzed using the Student t-test to 
determine differences between the SIV-infected group 

and the control group, as well as the Spearman correlation 
coefficient analysis to determine the correlation between 
neuronal numbers and the number of menin-positive 
neurons in the frontal cortex of 13 macaques. P < 0.05 
was considered statistically significant.

Preparation and treatment of primary neurons

Pathogen-free C57BL/6 mice (female, 6~8 weeks 
old) were bought from the Animal Center of Xiamen 
Universit and were kept at there. Cortical neurons were 
isolated from embryonic day 15.5 (E15.5) C57BL/6 mice 
as previously described [24]. Briefly, the cerebral cortex 
was dissected, digested, and triturated to a single-cell 
suspension. The suspended cells were seeded and cultured 
in neurobasal medium containing 2% B27 supplement 
(Invitrogen, Carlsbad, CA, USA, 17504044). After 7 
days, the neuronal cells were treated with 100 ng/mL 
recombinant protein Tat (ProSpec, Rehovot, Israel, hiv-
105) for 24 or 48 h, followed by immunofluorescence 
or western blot analysis, respectively. The research was 
conducted strictly according to the recommendations in 
the Guide for the Care and Use of Laboratory Animals of 
the ARRIVE guidelines, and the protocol was approved by 
the Committee on the Ethics of Animal Experiments of the 
Xiamen University.

Cell lines and treatments

SH-SY5Y cells (ATCC, Manassas, USA) were 
cultured in basic Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum 
(FBS), 100 U/mL penicillin and 100 mg/mL streptomycin. 
Second to sixth passage cells were used in this study. 
pRK5M-Tat-flag was transfected into SH-SY5Y cells 
using Lipofectamine® 2000 Transfection Reagent 
(Invitrogen, Carlsbad, CA, USA, 11668019).

Cells transfection

For the MEN1 knockdown experiment, The pll3.7-
MEN1-shRNA plasmid was stably transfected into the 
SH-SY5Y cells for 48 h using the Lipofectamine® 
2000 Transfection Reagent (Invitrogen, Carlsbad, 
CA, USA, 11668019) according to the manufacturer’s 
protocol. Overexpression plasmids of pRK5M-Tat-flag 
and pcDNA3.1-MEN1-myc were prepared in the E. 
coli DH5α strain and extracted using Endofree Maxi 
Plasmid Kit (TIANGEN, Beijing, china, DP117). The 
SY5Y cells were respectively seeded in 24-well plates 
or 6-well plates, and cultured in complete DMEM 
supplemented with 10% FBS at 37°C in a humidified 
incubator in the presence of 5% CO2. After 24 h, the 
SY5Y cells were transfected with pRK5M-Tat-flag or 
pcDNA3.1-MEN1-myc plasmids using Lipofectamine® 
2000 Transfection Reagent (Invitrogen, Carlsbad, CA, 
USA, 11668019). After 6 h, the cultured medium 
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was replaced with fresh culture medium containing 
10% FBS, and the cells were further incubated for 
another 18 h. The SY5Y cells in the 6-well plates were 
extracted for subsequent western blot analysis, and 
the SY5Y cells in the 24-well plates were selected for 
immunofluorescence staining.

Western blot analysis

Total tissue protein was extracted from the fixed 
sample using the Qproteome FFPE Tissue Kit (Qiagen, 
Hilden, Germany, 37623), and SY5Y cells were extracted 
with RIPA lysis buffer (Boster, Wuhan, China, AR0105-
100). Total protein was quantified with the BCA Protein 
Assay Kit (Thermo Scientific Pierce, Rockford, USA, 
23227). From each sample, 20 µg protein was loaded and 
separated by 15% sodium dodecyl sulfate polyacrylamide 
gel electrophoresis, and subsequently transferred to a 
nitrocellulose membrane. Membrane-bound proteins 
were blocked with 5% milk powder, washed with 
phosphate-buffered saline/Tween-20 (PBST) at room 
temperature, and incubated with primary antibodies 
specific for the following: menin (1:4,000, rabbit, 
Abcam, Cambridge, UK, ab92443), cleaved-caspase 
3 (1:1,000, rabbit, Abcam, Cambridge, UK, ab13847), 
cleaved-caspase 8 (1:3000, rabbit, Abcam, Cambridge, 
UK, ab108333), beta-actin (1:4,000, rabbit, Abcam, 
Cambridge, UK, ab8226), or GAPDH (1:10,000, rabbit, 
Abcam, Cambridge, UK, ab9485) overnight at 4°C. 
The blots were then washed three times with PBST, and 
incubated with horseradish peroxidase-labeled secondary 
antibodies (1:1000, rabbit, R&D, Minneapolis, MN, 
USA, AF1800) for 1 h at room temperature, followed 
by three washes in PBST. A maximum-sensitivity ECL 
kit (Thermo Scientific Pierce, Rockford, USA, 32106) 
was used to visualize the protein bands. The molecular 
weights of menin, cleaved-caspase 8, beta-actin, cleaved-
caspase 3, and GAPDH were respectively, 68 kDa, 55 
kDa, 43 kDa, 17kDa, and 37kDa.

ACKNOWLEDGMENTS

The authors thank Prof. Jian-Zhi Wang, Department 
of Pathophysiology, Key Laboratory of Ministry of 
Education of China for Neurological Disorders, Tongji 
Medical College, Huazhong University of Science and 
Technology, Wuhan, China, and Prof. Qiang Zhou. 
Department of Molecular and Cell Biology, University of 
California, Berkeley, CA 94720, USA, and Li H. School 
of Pharmaceutical Sciences Ximen University, Xiamen, 
361005, Fujian, China for their technical help.

CONFLICTS OF INTEREST

No conflicts of interest to declare.

GRANT SUPPORT

This work was supported by the National Science 
Research Foundation of China (No. 81271895). 
This project was also supported by the Natural 
Science Foundation of Fujian Province of China (No. 
2013J01358), Science Foundation of Introduction Talented 
Person from Xiamen University (No. 0000X09401), and 
Start-up Research Fund (Nos. ZK1011 and ZK1014). This 
work was partly supported by Grants-in-Aid for Scientific 
Research from the Japan Society for the Promotion of 
Science (No. 25461285).

REFERENCES

1. McArthur JC, Hoover DR, Bacellar H, Miller EN, Cohen 
BA, Becker JT, GrahamNMH, McArthur JH, Selnes OA, 
Jacobson LP, Visscher BR, Concha M, Saah A. Dementia 
in AIDS patients: Incidence and risk factors. Multicenter 
AIDS cohort study. Neurology. 1993; 43: 2245-2252.

2. Power C, Johnson RT. HIV-1 associated dementia: Clinical 
features and pathogenesis. Can Neurol Sci. 1995; 22: 
92-100.

3. Antinori A, Arendt G, Becker JT, Brew BJ, Byrd DA, 
Cherner M, Clifford DB, Cinque P, EpsteinLG, Goodkin 
K, Gisslen M, Grant I, Heaton RK, et al. Updated research 
nosology for HIV-associated neurocognitive disorders. 
Neurology. 2007; 69: 1789-1799.

4. Jellinger KA, Setinek U, Drlicek M, Böhm G, Steurer A, 
Lintner F. Neuropathology and general autopsy findings 
in AIDS during the last 15 years. Acta Neuropathol. 2000; 
100: 213-220.

5. Everall IP, Luthert PJ, Lantos PL. Neuronal loss in the 
frontal cortex in HIV infection. Lancet. 1991; 337: 
1119-1121.

6. S Ketzler, S Weis, H Haug, and H Budka. Loss of neurons 
in the frontal cortex in AIDS brains. Acta Neuropathol. 
1990; 80: 92-94.

7. S Weis, H Haug, and H Budka. Neuronal damage in the 
cerebral cortex of AIDS brains:morphometric study. Acta 
Neuropathol. 1993; 85: 185-189.

8. An SF1, Giometto B, Scaravilli T, Tavolato B, Gray F, 
Scaravilli F. Programmed cell death in brains of HIV-1-
positive AIDS and pre-AIDS patients. Acta Neuropathol. 
1996; 91: 169-73.

9. Kaul M, Garden GA, Lipton SA. Pathways to neuronal 
injury and apoptosis in HIV-associated dementia. Nature. 
2001; 410: 988-994.

10. Xing HQ, Mori K, Sugimoto C, Ono F, Izumo K, 
Kuboda R, Izumo S. Impaired astrocytes and diffuse 
activation of microglia in the cerebral cortex in Simian 
Immunodeficiency Virus-infected macaques without Simian 
Immunodeficiency Virus encephalitis. J Neuropathol Exp 
Neurol. 2008; 67: 600-611.



Oncotarget18093www.impactjournals.com/oncotarget

11. Xing HQ, Hayakawa H, Gelpi E, Kubota R, Budka H, 
Izumo S. Reduced expression of excitatory amino acid 
transporter-2 (EAAT-2) and diffuse activation of microglia 
in the cerebral cortex of AIDS brains both with and without 
HIV encephalitis. J Neuropathol Exp Neurol. 2009; 68: 
199-209.

12. Mastrantonio R, Cervelli M, Pietropaoli S, Mariottini P, 
Colasanti M, Persichini T. HIV-Tat Induces the Nrf2/ARE 
Pathway through NMDA Receptor-Elicited Spermine 
Oxidase Activation in Human Neuroblastoma Cells. PLOS 
ONE. 2016; 10: 1-15.

13. Hui L, Chen XS, Haughey NJ, Geiger JD. Role of 
endolysosomes in HIV-1 Tat-induced neurotoxicity. ASN 
Neuro. 2012; 4: 243-252.

14. Eugenin EA, King JE, Nath N, Calderon TM, Zukin RS, 
Bennett MVL, Berman JW. HIV-tat induces formation of 
an LRP-PSD-95-NMDAR-nNOS complex that promotes 
apoptosis in neurons and astrocytes. Proc Natl Acad Sci 
USA. 2007; 104: 3438-3443.

15. Li W, Li G, Steiner J, Nath A. Role of Tat Protein in HIV 
Neuropathogenesis. Neurotox Res. 2009; 16: 205-220.

16. Bonavia R, Bajetto A, Barbero S, Albini A, Noonan DM, 
Schettini G. HIV-1 Tat causes apoptotic death and calcium 
homeostasis alterations in rat neurons. Biochem Bioph Res 
Co. 2001; 288: 301-308.

17. Aksenov MY, Hasselrot U, Bansal AK, Wu G, Nath A, 
Anderson C, Charles FM, Rosemarie M. B. Oxidative 
damage induced by the injection of HIV-1 Tat protein in the 
rat striatum. Neurosci Lett. 2001; 305: 5-8.

18. Jones M, Olafson K, Del Bigio MR, Peeling J, Nath A. 
Intraventricular injection of human immunodeficiency virus 
type 1 (HIV-1) tat protein causes inflammation, gliosis, 
apoptosis, and ventricular enlargement. J Neuropathol Exp 
Neurol. 1998; 57: 563-570.

19. Philippon V, Vellutini C, Gambarelli D, Harkiss G, 
Arbuthnott G, Metzger D, Roubin R, Filippi P. The 
basic domain of the lentiviral Tat protein is responsible 
for damages in mouse brain: involvement of cytokines. 
Virology. 1994; 205: 519-529.

20. Brès V, Yoshida T, Pickle L, Jones KA. SKIP interacts with 
c-Myc and menin to promote HIV-1 Tat transactivation. 
Molecular Cell. 2009; 36: 75-87.

21. Guru SC, Goldsmith PK, Burns AL, Marx SJ, Spiegel AM, 
Collins FS, Chandrasekharappa SC. Menin, the product of 
the MEN1 gene, is a nuclear protein. Proc Natl Acad Sci 
USA. 1998; 95: 1630-1634.

22. Xing HQ, Moritoyo T, Mori K, Tadakuma K, Sugimoto C, 
Ono F, Hayakawa H, Izumo1 S. Simian immunodeficiency 
virus encephalitis in the white matter and degeneration 
of the cerebral cortex occur independently in simian 
immunodeficiency virus-infected monkey. J Neurovirol. 
2003; 9: 508-518.

23. Xing HQ, Moritoyo T, Mori K, Sugimoto C, Ono F, 
Izumo S. Expression of proinflammatory cytokines 

and its relationship with virus infection in the brain of 
macaques inoculated with macrophage-tropic simian 
immunodeficiency virus. Neuropathology. 2009; 29:13-19.

24. Banks WA, Robinson SM, Nath A. Permeability of the 
blood–brain barrier to HIV-1 Tat. Experimental Neurology. 
2005; 193: 218-227.

25. Herce HD, Garcia AE. Molecular dynamics simulations 
suggest a mechanism for translocation of the HIV-1 TAT 
peptide across lipid membranes. Proc Natl Acad Sci. 2007; 
104: 20805-20810.

26. Ensoli B, Buonaguro L, Barillari G, Fiorelli V, Gendelman 
R, Morgan RA, Wingfield P, Gallo RC. Release, uptake, 
and effects of extracellular human immunodeficiency virus 
type 1 Tat protein on cell growth and viral transactivation. J 
Virol. 1993; 67: 277-287.

27. Tardieu M, Hery S, Peudenier O, Boespflug O, Montagnier 
L. Human immunodeficiency virus type 1-infected 
monocytic cells can destroy human neural cells after cell-
to-cell adhesion. Ann Neurol. 1992; 32: 11-17.

28. Nicolini A, Ajmone-Cat MA, Bernardo A, Levi G, 
Minghetti L. Human immunodeficiency virustype-1 Tat 
protein induces nuclear factor (NF)-kappaB activation 
and oxidative stress in microglial cultures by independent 
mechanisms. J Neurochem. 2001; 79: 713-716.

29. Magnuson D, Knudsen BE, Geiger JD, Brownstone RM, 
Nath A. Human immunodeficiency type 1 tat activates non-
N-methyl-D-aspartate excitatory amino acid receptors and 
causes neurotoxicity. Ann Neurol. 1995; 37: 373-380.

30. Nath A, Psooy K., Martin C, Knudsen B, Magnuson 
DS, Haughey N, Geiger JD. Identification of a human 
immunodeficiency virus type 1 Tat epitope that is 
neuroexcitatory and neurotoxic. J Virol. 1996; 70: 
1475-1480.

31. Bazzi W, Renon M, Vercherat C, Hamze Z, Lacheretz-
Bernigaud A, Wang H, Blanc M, Roche C, Calender A, 
Chayvialle JA, Scoazec JY, Cordier–Bussat M. MEN1 
missense mutations impair sensitization to apoptosis 
induced by wild-type menin in endocrine pancreatic tumor 
cells. Gastroenterology. 2008; 135: 1698-1709.

32. Schnepp RW, Mao H, Sykes SM, Zong WX, Silva A, La 
P, Hua X. Menin Induces Apoptosis in Murine Embryonic 
Fibroblasts. J Biol Chem. 2004; 279: 10685-10691.

33. Shin MH, He Y, Marrogi E, Piperdi S, Ren L, Khanna 
C, Gorlick R, Liu CY, Huang J. A RUNX2-Mediated 
Epigenetic Regulation of the Survival of p53 Defective 
Cancer Cells. PLOS Genetics. 2016; 12:e1005884. doi: 
10.1371/journal.pgen.1005884. eCollection 2016.

34. La P, Yang Y, Karnik SK, Silva AC, Schnepp RW, Kim 
SK, Hua X. Menin-mediated caspase 8 expression in 
suppressing multiple endocrine neoplasia type 1. J Biol 
Chem. 2007; 282: 31332–31340.

35. Polacino P, Larsen K, Galmin L, Suschak J, Kraft Z, 
Stamatatos L, Anderson1 D, Barnett SW, Pal R, Bost 
K, Bandivdekar AH, Miller CJ, Hu SL. Differential 



Oncotarget18094www.impactjournals.com/oncotarget

pathogenicity of SHIV-SF162.P4 infection in pig-tailed and 
rhesus macaques. J Med Primatol. 2008; 325: 1600-0684.

36. Tan RC, Harouse JM, Gettie A, Cheng-Mayer C. In vivo 
adaptation of SHIV (SF162): chimeric virus expressing 
a NSI, CCR5-specific envelope protein. J Med Primatol. 
1999; 28: 164-168.

37. Sugimoto C, Watanabe S, Naruse T, Kajiwara E, Shiino T, 
Umano N, Ueda K, Sato H, Ohgimoto S, Hirsch V, Villinger 

F, Ansari AA, Kimura A, et al. Protection of macaques 
with diverse MHC genotypes against a heterologous SIV 
by vaccination with a deglycosylated live-attenuated SIV. 
PLoS One. 2010; 20: 11678-11683.

38. Hirsch V, Adger-Johnson D, Campbell B, Goldstein S, 
Brown C, Elkins WR, Montefiori DC. A molecularly cloned, 
pathogenic, neutralization-resistant simian immunodeficiency 
virus, SIVsmE543-3. J Virol. 1997; 71:1608-1620.


