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Abstract  
Elevated levels of γ-synuclein (γ-syn) expression have been noted in the progression of glioblastomas, 
and also in the cerebrospinal fluid of patients diagnosed with neurodegenerative diseases. γ-Syn can be 
either internalized from the extracellular milieu or expressed endogenously by human cortical astrocytes. 
Internalized γ-syn results in increased cellular proliferation, brain derived neurotrophic factor release and 
astroprotection. However, the function of endogenous γ-syn in primary astrocytes, and the relationship to 
these two opposing disease states are unknown. γ-Syn is expressed by astrocytes in the human cortex, and 
to gain a better understanding of the role of endogenous γ-syn, primary human cortical astrocytes were 
treated with chimera RNA interference (RNAi) targeting γ-syn after release from cell synchronization. 
Quantitative polymerase chain reaction analysis demonstrated an increase in endogenous γ-syn expres-
sion 48 hours after release from cell synchronization, while RNAi reduced γ-syn expression to control 
levels. Immunocytochemistry of Ki67 and 5-bromodeoxyuridine showed chimera RNAi γ-syn knockdown 
reduced cellular proliferation at 24 and 48 hours after release from cell synchronization. To further investi-
gate the consequence of γ-syn knockdown on the astrocytic cell cycle, phosphorylated histone H3 pSer10 
(pHH3) and phosphorylated cyclin dependent kinase-2 pTyr15 (pCDK2) levels were observed via western 
blot analysis. The results revealed an elevated expression of pHH3, but not pCDK2, indicating γ-syn knock-
down leads to disruption of the cell cycle and chromosomal compaction after 48 hours. Subsequently, flow 
cytometry with propidium iodide determined that increases in apoptosis coincided with γ-syn knockdown. 
Therefore, γ-syn exerts its effect to allow normal astrocytic progression through the cell cycle, as evidenced 
by decreased proliferation marker expression, increased pHH3, and mitotic catastrophe after knockdown.  
In this study, we demonstrated that the knockdown of γ-syn within primary human cortical astrocytes 
using chimera RNAi leads to cell cycle disruption and apoptosis, indicating an essential role for γ-syn in 
regulating normal cell division in astrocytes. Therefore, disruption to γ-syn function would influence astro-
cytic proliferation, and could be an important contributor to neurological diseases.
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Introduction 
The presence of γ-synuclein (γ-syn) has been observed with-
in 63% of high-grade glial tumors, such as glioblastomas and 
astrocytomas (Fung et al., 2003; El-Agnaf et al., 2007). How-
ever, in healthy human tissue, astrocytes in the cortex ex-
press γ-syn and retain their ability to successfully reenter the 
cell cycle to maintain the cellular environment (Little and 
O’Callagha, 2001; Olsen et al., 2003; Habela et al., 2008; Ba-
tista et al., 2014; Dimou and Gotz, 2014). Controlled astro-
cytic proliferation is likely an important contributor to the 
neuroenvironment as there is evidence of increased astrocyt-
ic proliferation within rodents undergoing operant learning 
tasks (Rapanelli et al., 2011). Recently, it has been shown 
that in primary human cortical astrocytes, extracellular γ-syn 
can be internalized, cause increased cellular proliferation, 
cell viability and the release of neuroprotective brain derived 
neurotrophic factor (Winham et al., 2019). Additionally, 
endogenous γ-syn expression is increased within primary 
human cortical astrocytes 48 hours after release from cell 

synchronization (Winham et al., 2019).  
Conversely, the increased presence of γ-syn has also been 

noted within the cerebrospinal fluid of patients with Alzhei-
mer’s disease and Dementia with Lewy Bodies (Fung et al., 
2003; Oeckl et al., 2016). This finding is of interest because 
astrocytic γ-syn dysregulation could contribute to abnormal 
cell cycle re-entry by mature neurons observed in neurode-
generative disease, which leads to cellular arrest and even-
tually mitotic catastrophe (Goedert, 2001; Hashimoto et al., 
2001; Fung et al., 2003; El-Agnaf et al., 2007; Bonda et al., 
2010a; Lee et al., 2010; Surgucheva et al., 2014; Oeckl et al., 
2016). 

It was previously observed that cell cycle progression with-
in advanced stage breast cancer can be hindered through the 
implementation of lentiviral delivered small interfering RNA 
(siRNA) (Gu et al., 1992; Ahmad et al., 2007; Satyanaraya-
na and Kaldis, 2009; Ladstein et al., 2010). Under normal 
conditions, activation of several mitotic regulatory proteins 
(Mad1, Mad2, Bub1, Bub3, and BubR1) leads to mitotic 
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arrest in the G2/M-phase of the cell cycle upon mitotic spin-
dle fiber damage (Gupta et al., 2003; Zhu et al., 2014). Out 
of these mitotic checkpoint proteins, it has been noted in 
several breast cancer studies that BubR1 is the major pro-
tein that γ-syn interacts with in order to override the cell 
cycle and allow cellular division to progress (Ahmad et al., 
2007). Within breast cancer, BubR1 mutations are rare, but 
it has been documented that γ-syn is able to localize to the 
poles of mitotic spindle and interact with BubR1 to induce 
its protein degradation (Ahmad et al., 2007). In addition to 
protein degradation of BubR1, γ-syn is able to interfere with 
BubR1 interaction with centromere protein E, a microtubule 
motor protein, that leads to a disruption in normal mitotic 
checkpoint signaling (Gupta et al., 2003; Zhu et al., 2014). 
Therefore, to better understand the role of γ-syn in healthy 
cells, this study investigated whether γ-syn RNA interfer-
ence (RNAi) affected astrocytic cellular proliferation and 
apoptosis in primary astrocytes. In doing so, this could help 
understand the relationship between γ-syn and astrocytes in 
neuropathological and healthy tissue.
  
Materials and Methods   
Primary cell culture
Fetal human primary cortical astrocytes (ScienCell, Carls-
bad, CA, USA; #1800) were cultured in vitro at 37°C with 
5% CO2 in astrocyte medium (ScienCell, #1801) containing 
2% fetal bovine serum (ScienCell, #0010), 1% penicillin/
streptomycin solution (ScienCell, #0503). Experiments 
were conducted within 4–5 passages, as per manufacturer’s 
recommendation. Cellular population was allowed to reach 
90% confluency before they were passaged and seeded onto 
poly-l-lysine coated glass coverslips for immunocytochem-
istry, and 36 mm and 6-well plates for western blot analysis. 
After seeding at the manufacturer’s recommended seeding 
density, they were allowed to reach 70% confluency in com-
plete media before their cell cycles were synchronized with 
depleted serum (astrocyte medium, 1% penicillin/strepto-
mycin solution, and 0.25% fetal bovine serum) for 72 hours 
at 37°C with 5% CO2. All experiments within this study were 
conducted with unidentifiable fetal tissue purchased from 
ScienCell, and in compliance with federal guidelines on the 
use of fetal tissue for biomedical research. This study was 
not required to have approval of ethics or human subject re-
search committee, as tissue was unidentifiable.

SNCG chimera RNAi construct
The SNCG chimera RNAi construct was manufactured 
by Abnova, Taipei, Taiwan, China and distributed by No-
vus Biologicals (Novus Biologicals, Littleton, CO, USA; 
#H00006623-R01). The guide strand of the chimeric con-
struct consists of the following 21 nucleic base sequence: 3′ 
CC AAG GAG AAU GUt gta cag a (1-AS) 5′ while the pas-
senger strand consists of the following sequence: 5′ (1-AA)
C UGG UUC CUC UUA CAa cat gt 3′. Within this chimeric 
construct lower case letters denoted the DNA nucleic base 
portion of the chimeric RNAi construct while capital letters 
denoted the RNA nucleic base portion. The mechanism of 
action of chimera RNAi is initiated through transfection 
where it associates with dicer which cleaves the double 

stranded chimera RNAi into a single strand. Afterwards, sin-
gle-stranded chimera RNAi associates with the RNA-induc-
ing silencing protein complex (RISC) and bind with its target 
mRNA. The association of the RNAi/RISC complex cleaves 
the target mRNA into various fragments, which would be 
degraded by other cellular degradation mechanisms. 

To ensure specificity of this commercially available Chi-
mera RNAi construct, the manufacturer applied a sequence 
design rule devised by Kumiko Ui-Tei that was incapable of 
inducing off-target effects (Ui-Tei et al., 2004, 2006, 2008). 
In addition to Ui-Tei’s sequence design rule, a mock trans-
fection control was used to put into consideration the pos-
sibility of Invitogen® Lipofectamine 2000 (ThermoFisher, 
Waltham, MA, USA; #11669027) causing unintended effects 
(Ki et al., 2010).

Treatment conditions
Once the astrocytes’ cell cycles were synchronized after the 
72 hours depletion period, they were treated with 100 nM of 
monomeric γ-syn (Abcam, Cambridge, UK; #ab48712), 100 
nM of protein control solution (0.1 M sodium chloride, 20 
mM Tris-HCl, pH 7.5), 35 nM of RNAi (effective concentra-
tion in primary astrocytes) or a vehicle control (1% DEPC 
water) in complete culture media for 24 or 48 hours before 
being harvested for western blot analysis or fixated with 4% 
paraformaldehyde (PFA) in 1× phosphate buffered solution 
(PBS) for immunocytochemistry. Chimeric RNAi trans-
fection of human cortical astrocytes was accomplished by 
using 5 μL of Invitogen® Lipofectamine 2000 (ThermoFisher, 
#11669027) per 2.8 μmol of chimera RNAi as recommended 
by the manufacturer.

Quantitative polymerase chain reaction
RNA from Time 0, vehicle control and 35 nM RNAi treated 
human cortical astrocytes were isolated using the RNeasy 
Mini kit (Qiagen, Hilden, Germany) in conjunction with the 
RNase-Free DNase Set (Qiagen). cDNA was synthesized us-
ing the high capacity cDNA reverse transcription kit accord-
ing to manufacturer’s instructions (ThermoFisher). Relative 
quantitation of mRNA levels was performed by quantitative 
PCR via TaqMan Gene Expression Assays (ThermoFisher) 
and TaqMan Gene Expression Master Mix (ThermoFisher) 
using a StepOnePlus (ThermoFisher) system. Analyses were 
performed using the standard curve method with β-actin as 
the normalizing endogenous control. Relative quantitative 
values were determined by dividing the relative quantity 
for the target gene by the relative quantity for β-actin. Actb 
Hs01060665_g1 and Sncg Hs00268306_m1 TaqMan Gene 
Expression Assays (ThermoFisher) were used.

Western blot analysis
Samples for synchronized western blot analysis at 24 and 
48 hours were harvested from their respective plates by two 
quick washes with 1× PBS. Afterwards, the cells were lysed 
with 50 μL of lysis buffer (20 mM TrisHCl, 150 mM NaCl, 1 
mM EDTA, 0.5% NP40, 2 mM 2-mercaptoethanol, 1× pro-
tease and phosphatase inhibitors, pH 7.4) through a 40 min-
utes incubation period at 4°C. Later the cells were scraped 
from their plates, collected, sonicated, and stored at (–80°C) 
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for western blot analysis.
Total protein concentration of whole cell lysate from 

each sample was determined using Pierce® BCA protein 
assay kit (ThermoScientific, Waltham, MA, USA; #23225). 
20 μL of each sample was loaded and separated on 4–12% 
Bis-Tris gels (Invitrogen, Carlsbad, CA, USA; #NP0321) 
and the proteins was electrotransferred onto 0.2 μm PVDF 
membranes (BioRad, Hercules, CA, USA; #1620174) using 
1× 3-[Cyclohexylamino]-1-propaneosulfonic acid (CAPS) 
buffer containing 20% methanol. Membranes were blocked 
using 3% milk in 1× PBS with 0.1% Triton-X 100 (PBS-T) 
for an hour and then incubated overnight in polyclonal rab-
bit antibodies diluted in 3% bovine serum albumin (BSA) 
(Sigma, Kawasaki, Japan; #A2058) in PBS-T at 4°C. The 
following polyclonal rabbit antibodies were used: anti-γ-syn 
(1:2000) (ThermoFisher, #PA5-29142) and a cell cycle cock-
tail (1:250) (Abcam, #ab136810) that targets phosphorylated 
cyclin-dependent kinase-2 pTyr15 (pCdk2), phosphorylated 
histone H3 pSer10 (pHH3), and β-actin. Membranes were 
then incubated in goat anti-rabbit IgG secondary antibody 
conjugated to horseradish peroxidase (1:2000; American 
Qualex, #A102PN) in PBS-T and 3% BSA for 1 hour at am-
bient conditions. Visualization of protein expression levels 
was achieved by the use of enhanced chemilunescence (ECL) 
(PerkinElmer, #NEL120001EA), and photographed with 
GENEGnome (Syngene Bio Imaging, Bangalore, India). 
Quantification of protein expression levels was obtained 
with the use of the ImageJ software (https://imagej.nih.gov/
ij/, public domain, BSD-2). Background noise was removed; 
the bands of the protein of interest were then quantified by 
dividing the protein of interest’s pixel density to its respective 
actin pixel density.

Immunocytochemistry
After the 72 hour depletion period, the cells were subjected 
to a 35 nM RNAi transfection or a vehicle control (1% DEPC 
water) in complete culture media with 10 µM 5-bromode-
oxyuridine (BrdU) (BD Pharmingen, San Jose, CA, USA; 
#550891) for 24 or 48 hours. Chimera RNAi transfection of 
human cortical astrocytes was accomplished using Invito-
gen® Lipofectamine 2000. After which, the coverslips were 
fixed with 4% paraformaldehyde (PFA) in 1× PBS for 20 
minutes at 4°C and then stored in 1× PBS at 4°C until fluo-
rescent labeling. 

Immunocytochemistry staining was accomplished by 
washing previously fixed coverslip in 1 × PBS 3 × 5 minutes 
and then permeabilized with 0.3% Triton-X 100 and 10% 
goat serum (Vector, Burlingame, CA, USA; #S-1000) in 1× 
PBS for 1 hour at ambient conditions to block non-specific 
antibody binding. Afterwards, coverslips were labeled with 
rabbit anti-Ki67 antibodies (1:50; Novus Biologicals, Little-
ton, CO, USA; #NB600-1252) in 1× PBS at 4°C overnight. 
Later, coverslips were washed in 1× PBS 3 × 5 minutes 
and then incubated at ambient conditions in the dark for 
2 hours with DyLight® 594 anti-rabbit IgG secondary an-
tibody (1:200; Vector, #DI-1549) in 0.3% Triton-X 100 in 
1× PBS (0.3% PBS-T). Coverslips were then washed 3 × 5 
minutes with 1× PBS, fixed with 4% PFA in 1× PBS for 10 
minutes at ambient conditions, followed by 3 × 5 minutes 

1× PBS washes. BrdU labeling was initiated by incubating 
coverslips for 15 minutes in 2 N HCl at ambient conditions, 
followed by a 15-minute incubation period at 37°C and 5% 
CO2. Afterwards, coverslips were quickly rinsed and then 
incubated at ambient conditions for 10 minutes with boric 
acid (pH 8.5). Coverslips were then washed with 1× PBS 3 × 
5 minutes and blocked with 10% goat serum in 0.3% PBS-T 
for 1 hour at ambient conditions. After blocking treatment, 
coverslips were labeled with rat primary BrdU antibody 
(1:500; Novus Biologicals, #NB500-169) in 0.03% 1× PBS-T 
at 4°C overnight. Coverslips were then washed 3 × 5 minutes 
with 1× PBS and then labeled with Invitogen® Alexa Fluor® 

488 anti-rat IgG secondary antibody (1:400; ThermoFisher, 
A11006). Finally, coverslips were washed with a final round 
of 1× PBS 3 × 5 minutes, mounted on slides, and coun-
terstained for cellular nuclear labeling with 4′,6-diamidi-
no-2-phenylindole (DAPI; vectastain, Vector).

Stereology 
Unbiased stereological analyses of Ki67, BrdU, and DAPI 
labeled cells was performed on Axiostar plus fluorescent mi-
croscope, Zeiss, Oberkochen, Germany by randomly choos-
ing four 2.7 × 105 µm2 fields from each experimental condi-
tion blinded coverslip. In addition, three fields from each of 
the four coverslips were taken in order to produce a sample 
size of 12. Total cell count was performed and evaluated for 
each condition in regard to fluorescent co-localization to 
determine proliferation, exiting, and non-proliferation rate 
of each condition. Proliferation rate was determined by the 
co-localization of Ki67 and BrdU over the total number of 
DAPI positive cells. Non-proliferation rate is determined 
by astrocytes that were not positive for either Ki67 or BrdU 
proliferative markers, therefore cells that were only DAPI 
positive were considered to be non-proliferative. Exiting rate 
was defined as cells that were exiting the cell cycle and was 
quantified by analyzing cells that were only positive for BrdU 
and not Ki67 over the total DAPI positive cells. 

Flow cytometry
After cell cycle arrest via serum starvation, samples from 
6-well cell culture plates were treated in quadruplicates with 
35 nM of RNAi or a vehicle control in complete astrocyte 
culture media for 24 or 48 hours. After the completion of 
treatment at the respective time points, cells were harvested, 
suspended in 70% ethanol for fixation, and stored at –80°C 
for flow cytometry analysis.

Flow cytometry cell labeling was accomplished by first 
thawing fixed cells and removing the 70% ethanol fixative via 
centrifugation at 376 × g/4°C for 10 minutes. The cell pel-
let was resuspended in wash buffer (1× PBS) and the wash 
buffer was removed via centrifugation at 376 × g/4°C for 10 
minutes. Cellular DNA content was labeled with propidium 
iodide (PI) solution (0.1 mg/mL) and RNAse-A (1 mg/mL) 
in 1× PBS. Cells were then stored in the dark on wet ice until 
analysis (< 1 hour).

Flow cytometry to quantify the total DNA content of the 
cells by PI was performed using MACSQuant® Analyzer 
(MiltenyiBiotec, Somerville, MA, USA) with fluorescence 
excitation at 488 nM and emission collected at 655–730 nm. 
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Flow cytometry data analysis was performed using FlowJo 
software (version 10.5.3; Tree Star, Ashland, OR, USA).

Statistical analyses
Statistical significance within this study was determined by 
using an unpaired t-test with the exception of the quantita-
tive polymerase chain reaction (qPCR) results which used a 
one-way analysis of variance (ANOVA) with Dunnett’s post-
hoc test. The results from both statistical methodologies were 
considered to be statistically significance if the P-value is less 
than 0.05.

Results
Knockdown of γ-syn and protein expression
After cell synchronization with serum depletion, human 
cortical astrocytes were treated with γ-syn RNAi when se-
rum was reintroduced, and cells were released back into the 
cell cycle. In Figure 1A, a timeline delineates the experi-
mental conditions. qPCR data (Figure 1B) shows relative 
γ-syn mRNA expression over the course of 48 hours after 
release from cell synchronization. Comparison of the vehicle 
control data gathered from the 24 and 48 hours indicated a 
higher level of relative γ-syn mRNA level at 48 hours than 
at 24 hours (P < 0.05). In addition, the knockdown effect 
of chimera RNAi was not seen at 24 hours but rather at 48 
hours relative to their respective vehicle controls (P < 0.05). 
Coinciding with the qPCR knockdown results, western blot 
analysis of γ-syn (Figure 2A) revealed no significant knock-
down effect on the endogenous γ-syn protein expression at 
24 hours (Figure 2B), but a significant decrease at 48 hours (P 
< 0.05) relative to the respective vehicle controls at each time 
point.

Effects of chimera RNAi mediated knockdown of 
γ-syn on the astrocytic cell cycle
To investigate the initial effects of RNAi mediated knock-
down of γ-syn on the astrocytic cell cycle, immunocytochem-
istry analysis with BrdU and Ki67 proliferation markers was 
employed. BrdU was added during serum reintroduction. At 
24 hours after release from cell cycle synchronization, there 
was a decrease in both Ki67 and BrdU positive cells in the 
RNAi condition relative to the vehicle control (P < 0.01 and 
P < 0.05; Figure 3B). Ki67 and BrdU colocalization showed 
no significant differences in the proliferation rate at 24 hours 
(Figure 3A and B). Furthermore, assessment of the exiting 
rate as determined BrdU positive cells with no colocalization 
with Ki67, also showed no significant difference between the 
RNAi condition and the vehicle control (Figure 3A and B). 
Likewise, analysis of DAPI blue positive cells without any 
colocalization with Ki67 and BrdU resulted in no significant 
difference in the non-proliferation rate. When the same cri-
teria were applied at 48 hours, immunocytochemistry results 
show a decrease in both Ki67 and BrdU positive cells in the 
RNAi condition relative to the vehicle control (Figure 4A; 
P < 0.01 and P < 0.05). Contrary to what was observed at 24 
hours, there was a decrease in the proliferation rate within 
the RNAi condition relative to the vehicle control (Figure 4B; 
P < 0.05). Additionally, there was an increase in the cell cycle 
exiting rate as well as the non-proliferative rate within the 

RNAi transfected cells in comparison to cells that were not 
transfected with RNAi (P < 0.01).
 
Cell cycle regulatory protein 
Western blot analysis for pHH3 and pCDK2 was also applied 
to further understand the effects of γ-syn on the astrocytic 
cell cycle. Specifically, it was of interest to understand the ef-
fects on the cell cycle regulatory protein at M-phase (pHH3) 
and G2/S (pCDK2). Treatment of 100 nM of extracellular 
monomeric recombinant γ-syn (Figure 5G) demonstrated a 
decrease in astrocytic pHH3 protein expression (P < 0.05) at 
24 hours (Figure 5C) within the γ-syn treatment condition 
relative to the control. However, this effect dissipated at 48 
hours (Figure 5F) with no significant differences between 
the extracellular γ-syn treatment condition and control. In 
addition, no significant differences were observed at either 
24 or 48 hours when probed with pCDK2 (Figure 5B and E).

When endogenous γ-syn expression was knocked down 
with chimera RNAi, the reverse effect was seen and coincid-
ed with decreased γ-syn expression at 48 hours (Figure 6). 
There were no significant differences in either the pHH3 and 
pCDK2 protein expression levels amongst the RNAi con-
dition and vehicle control at 24 hours post release from cell 
synchronization (Figure 6B and C). pHH3 protein expres-
sion was increased within the RNAi condition relative to the 
vehicle control at 48 hours (P < 0.01; Figure 6F). Additional-
ly, there were no difference between the RNAi condition and 
the vehicle control for pCDK2 at 48 hours (Figure 6E). 

Mitotic catastrophe as a result of chimera RNAi mediated 
knockdown of γ-syn
To determine if chromosome condensation as a result of 
increased pHH3 caused G2/M phase cellular arrest, synchro-
nized astrocytes were treated with PI and analyzed via flow 
cytometry (Figure 7). Interestingly, G2/M phase was notice-
ably lower in RNAi treated cells when comparing 24 and 48 
hours, and also in comparison to the vehicle control at 48 
hoursThe stages of the cell cycle were then further assessed 
via flow cytometry after PI treatment (Figure 8), which 
revealed an increase in G1/G0 frequency within the vehicle 
control at 48 hours relative to 24 hours (P < 0.05; Figure 
8B). G2/M frequency showed increases in the vehicle control 
at 24 hours relative to Time 0 (P < 0.05; Figure 8C), but no 
significant change was observed between 24 and 48 hours 
in the vehicle control. When the RNAi condition was exam-
ined, a decrease in G2/M frequency at 48 hours relative to 
24 hours was confirmed (P < 0.01) (Figure 8C). S frequency 
analysis showed an increase at 24 hours (P < 0.01) within 
both vehicle control and RNAi condition relative to Time 0 
(Figure 8D). However, when the S frequency was compared 
between 24 and 48 hours, there was a decrease at 48 hours 
within both the vehicle control and RNAi transfected condi-
tion (P < 0.01). 

The results indicate a qualitative shift toward the sub-2N 
population of cells, indicative of an increase in apoptotic fre-
quency within the RNAi condition in comparison to Time 0, 
control, and vehicle control at 48 hours, but not at 24 hours 
(Figure 8A). Therefore, the results indicate that as chromo-
somes condensed, as evidenced by increased pHH3, the cells 



1898

Le T, Winham CL, Andromidas F, Silver AC, Jellison ER, Levesque AA, Koob AO (2020) Chimera RNA interference knockdown of γ-synuclein 
in human cortical astrocytes results in mitotic catastrophe. Neural Regen Res 15(10):1894-1902. doi:10.4103/1673-5374.280329

Day 0–4: 
Growth PeriodA

B

Day 4–6: 
Depletion Period

Day 7: Transfection

Day 8: Harvest Day 9: Harvest

 Time 0         Veh          RNAi          Veh          RNAi    

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0

R
el

at
iv

e 
m

R
N

A 
Le

ve
ls

 24 h                              48 h

*
*

Figure 1 Relative γ-synuclein mRNA levels. 
(A) Timeline of human cortical astrocyte cell cycle syn-
chronization, and subsequent γ-synuclein RNA interference 
treatment with serum reintroduction. (B) Relative γ-synu-
clein mRNA levels were measured using quantitative poly-
merase chain reaction and compared with β-actin of each 
respective sample. At 24 hours, there were no significant 
results between the four treatment conditions. However, at 
48 hours, there was significant decrease in relative mRNA 
level in astrocytes that were transfected with chimera RNA 
interference in comparison to the other three treatment con-
ditions. Bar graph shows the mean ± SEM, n = 3 or 4 (*P < 
0.05; one-way analysis of variance followed by Dunnet’s post-
hoc test). Veh: Venicle control.
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Figure 2 Knockdown of γ-syn protein expression with 
chimera RNAi transfection of human cortical astrocytes. 
(A) Immunoblot with primary antibodies directed towards 
γ-syn (13 kDa) within vehicle control (Veh Cont) and 35 
nM chimera RNAi treated samples at 24 and 48 hours. (B) 
Quantification of the protein expression levels performed by 
comparing the pixel density ratio of γ-syn to its respective 
β-actin expression level in each of the conditions. The results 
show no significant change at 24 hours, but a significant de-
crease in γ-syn protein expression levels at 48 hours within 
the chimera RNAi treated condition in comparison to the 
vehicle control. Bar graph shows the mean ± SEM, n = 3 
(*P < 0.05; unpaired t-test). RNAi: RNA interference; γ-syn: 
γ-synuclein.

Figure 3 Immunocytochemistry stereological analysis of Ki67, BrdU, and DAPI at 24 hours after release from cell cycle synchronization. 
(A) Representative fields of treated cells labeled with BrdU (green), Ki67 (orange), and DAPI (blue). Images also contained merged images of BrdU 
+ DAPI (turquoise) and Ki67 + DAPI (magenta). Scale bar: 20 μm. (B) Bar graph shows frequency of cells expressing BrdU, Ki67, or BrdU + Ki67 
in the vehicle control (Veh Cont) and RNAi treated condition. Analysis show decrease in the frequency of BrdU positive cells within RNAi when 
compared with control. Furthermore, frequency of Ki67 cells is decreased when compared with the vehicle control. No significance was observed 
in regard to proliferative cells (Ki67 + BrdU colocalized cells), exiting (BrdU positive without colocalization), and non-proliferative rate (DAPI 
positive without colocalization). Three fields from each of the four coverslips were taken in order to produce a sample size of 12 (n = 12). Bar graph 
shows the mean ± SEM (*P < 0.05; **P < 0.01; unpaired t-test). BrdU: 5-Bromodeoxyuridine; DAPI: 4′,6-diamidino-2-phenylindole; RNAi: RNA 
interference.

BA
       BrdU+DAPI                Ki67+DAPI                Ki67+BrdU

Veh Cont

RNAi

Veh Cont

RNAi

90.0

80.0

70.0

60.0

50.0

40.0

30.0

20.0

10.0

0

P
er

ce
nt

 o
f t

ot
al

 c
el

ls

BrdU Ki67

Prol
ife

rat
ing

Non
-P

rol
ife

rat
ingExit

***



1899

Le T, Winham CL, Andromidas F, Silver AC, Jellison ER, Levesque AA, Koob AO (2020) Chimera RNA interference knockdown of γ-synuclein 
in human cortical astrocytes results in mitotic catastrophe. Neural Regen Res 15(10):1894-1902. doi:10.4103/1673-5374.280329

BA        BrdU+DAPI               Ki67+DAPI              Ki67+BrdU

Veh Cont

RNAi

Veh Cont

RNAi

100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0

0

P
er

ce
nt

 o
f T

ot
al

 C
el

ls

BrdU Ki67

Prol
ife

rat
ing

Non
-P

rol
ife

rat
ingExit

***

**

**

*

Figure 4 Immunocytochemistry stereological analysis of Ki67, BrdU, and DAPI at 48 hours after release from cell cycle synchronization. 
(A) Representative fields of treated cells labeled with BrdU (green), Ki67 (orange), and DAPI (blue). Images also contained merged images of BrdU + DAPI 
(turquoise) and Ki67 + DAPI (magenta). Scale bar: 20μm. (B) Bar graph shows frequency of cells expressing BrdU, Ki67, or BrdU + Ki67 in the vehicle con-
trol (Veh Cont) and RNAi condition. A decrease in the frequency of BrdU positive cells was observed in the RNAi condition relative to the vehicle control. 
Additionally, there were less Ki67 positive cells as well as proliferative cells (Ki67 + BrdU colocalized cells) in the RNAi condition when compared with the 
vehicle control. The RNAi condition also showed an increase in cells exiting the cell cycle (BrdU positive without colocalization) as well as non-proliferative 
cells (DAPI positive without colocalization)) when compared with vehicle control. Three fields from each of the four coverslips were taken to produce a 
sample size of 12 (n = 12). Bar graph shows the mean ± SEM (*P < 0.05; **P < 0.01; unpaired t-test). BrdU: 5-Bromodeoxyuridine; DAPI: 4′,6-diamidi-
no-2-phenylindole; RNAi: RNA interference.
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Figure 5 The effects of extracellular γ-syn on the astrocytic cell cycle. 
(A) Immunoblot with primary pCDK2 (32 kDa) and pHH3 (17 kDa) antibodies directed towards γ-syn treated cell at 24 hours. Quantification via pixel density 
ratio of pCDK2 (B) and pHH3 (C) with its respective actin (42 kDa) at 24 hours show a decrease in pHH3 expression in the γ-syn treated condition relative 
to the control while no significance in the pCDK2 blot. (D) Immunoblot with primary pCDK2 and pHH3 antibodies directed towards γ-syn treated cells at 
48 hours. Immunoblot quantification via pixel density ratio of pCDK2 (E) and pHH3 (F) with its respective actin at 48 hours shows no significant difference 
between the γ-syn treated condition relative to the control. (G) Immunoblot of monomeric γ-syn (13.3 kDa) preparation used in this study, with no observed 
dimerization (28 kDa), and without trimers or tetramers near higher ladder bands at 38 or 49 kDa. Bar graph shows the mean ± SEM, n = 3 (*P < 0.05; unpaired 
t-test). Protein normalization was determined via BCA Assay. pCDK2: Phosphorylated cyclin dependent kinase-2 pTyr15; pHH3: phosphorylated histone H3 
pSer10; RNAi: RNA interference; γ-syn: γ-synuclein.

Figure 6 pCDK2, and pHH3 protein expression levels in RNAi transfected cells after release from cell cycle synchronization. 
(A) Immunoblots of whole human cortical astrocytes lysate with primary antibodies directed towards pCDK2 (32 kDa) and pHH3 (17 kDa) at 24 hours post 
release from cell synchronization show no significance in pCDK2 (B) or pHH3 (C) protein expression levels when compared with the vehicle control. (D) 
Immunoblots of whole human cortical astrocytes lysate with primary antibodies directed towards pCDK2 (32 kDa) and pHH3 (17 kDa) at 48 hours post 
release from cell synchronization show no significant difference in (E) pCDK2 levels, but a significant increase in (F) pHH3 protein expression in the RNAi 
condition relative to the vehicle control. Bar graph shows the mean ± SEM, n = 3 (*P < 0.05; **P < 0.01; unpaired t-test). Protein normalization was deter-
mined via BCA Assay. pCDK2: Phosphorylated cyclin dependent kinase-2 pTyr15; pHH3: phosphorylated histone H3 pSer10; RNAi: RNA interference.
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were unable to survive and mitotic catastrophe ensued. Ad-
ditionally, there was an increase in the apoptotic frequency 
within the RNAi condition at 48 hours relative to 24 hours (P 
< 0.05; Figure 8E) while there was no significant difference 
within the vehicle controls. 

Discussion
γ-Syn was first identified as Breast Cancer Specific Gene-1 in 
mammals due to its high expression levels within breast can-
cer when compared to non-cancerous cells (Jia et al., 1999; 
Surgucheva and Surguchov, 2008; He et al., 2018). Specifi-
cally, γ-syn contributes to breast and ovarian tumor motility 
and invasion as well as their cellular survival by allowing 
these tumorous cells to be more resilient towards chemo-
therapeutic drugs than their cancer naïve counterparts (Wu 
et al., 2003; Zhu et al., 2014). The main quality that allows 
γ-syn to exert its effects within these types of tumors is its 
ability to compromise the spindle assembly checkpoint (Zhu 
et al., 2014).  

Furthermore, it has been noted that γ-syn overexpression, 
as seen in advanced stage cancer, can suppress the activities 
of caspase-3 and caspase-9, leading to the prevention of cel-
lular apoptotic function that results from BubR1 activity (Pan 
et al., 2002). γ-Syn can therefore override G2/M-phase cellu-
lar arrest by degrading or interfering with BubR1 as well as 
suppressing caspase activities. This allows tumorous cells to 
continue cellular proliferation unobstructed by any cellular 
regulation. On the contrary, other breast cancer studies have 
demonstrated that γ-syn mediated breast cancer prolifera-
tion can be inhibited by knocking down the expression of 
γ-syn with the implementation of lentiviral delivered siRNA 
(He et al., 2018).

Therefore, as human cortical astrocytes are expressing 
γ-syn within non-pathological conditions this could possibly 
provide a mechanism to exhibit its proliferative abilities in 
order to progress normally through the cell cycle (Guizzetti 
et al., 2011; Ge and Jia, 2016). When relative mRNA levels 
were measured within the γ-syn RNAi conditions, a notice-
able decrease was observed at the gene and protein levels. In 
conjunction with γ-syn knockdown, a decrease in cellular 
proliferation and increase in apoptosis occurred, supporting 
previous results that indicate γ-syn expression could be as-
troprotective in addition to supporting progression through 
the cell cycle (Cooper, 2005; McDonough and Martínez-
Cerdeño, 2012; Winham et al., 2019).  

Therefore, the data suggests that chimera RNAi exhibits 
its inhibiting effects on astrocytic proliferation. Additionally, 
BrdU and Ki67 immunocytochemistry revealed that prolif-
eration inhibition subsequently leads to an increase in the 
cell cycle exiting rate at 48 hours (Siegenthaler and Miller, 
2005). However, BrdU and Ki67 immunocytochemistry 
results are inconclusive in regard to cell death, or when the 
cells absquatulate the cell cycle, as it is possible to exit from 
any particular phase of the cell cycle (Hitomi and Stacey, 
1999; Spencer et al., 2013).  

Western blot analysis with antibodies directed towards 
pHH3 and pCDK2, which are proteins that regulate the 
M-phase and G1/S-phase of cell cycle respectively pinpoint-
ed the effect of γ-syn likely on M-phase progression, with 

γ-syn knockdown resulting in increased pHH3 expression, 
and also coinciding with previous results in other cell lines 
(Pucci et al., 2000; Welburn et al., 2007; Luo et al., 2010). 

Likewise, it was previously reported that extracellular γ-syn 
was able to induce cellular proliferation in human cortical 
astrocytes at 24 hours after release from synchronization 
(Winham et al., 2019). A decrease in pHH3 expression in 
γ-syn treated astrocytes occurred at 24 hours, but not at 48 
hours, coinciding with γ-syn treatment induced prolifera-
tion time points. The initial proliferation period of cultured 
astrocytes is approximately 16–24 hours after growth serum 
reintroduction and it is possible that endogenous astrocytic 
γ-syn is interacting with BubR1 during this time point (Gup-
ta et al., 2003; Zhu et al., 2014; Winham et al., 2019). Fur-
thermore, there was no significant difference in regards to 
pCDK2 expression at either 24 and 48 hours corroborating 
previous data that γ-syn has a greater effect at the M-phase 
of the astrocytic cell cycle (Gupta et al., 2003). In addition, 
pHH3 protein expression was not significant at 48 hours 
relative to its respective control, indicting the effect of γ-syn 
protein treatment occurs during initial cellular division. 
Likewise, after 48 hours, although the effect on pHH3 is no 
longer observed, it was shown that there was a subsequent 
increase in cellular viability, as well as increased expression 
and release of brain-derived neurotrophic factor (Winham et 
al., 2019).

In relation to neurodegenerative diseases, the ultimate 
fate of cells that are arrested within the cell cycle and cannot 
complete proliferation is mitotic catastrophe (Nagy et al., 
1997). Therefore, it was of interest to investigate the conse-
quence of astrocytic cell cycle arrest and determine if cells 
remained in arrest, or if they undergo mitotic catastrophe 
similar to M-phase arrested neurons and other cell types 
(Bonda et al., 2010b; Orth et al., 2012; Xia et al., 2015).  
When cells were analyzed via flow cytometry after PI treat-
ment, the shift in sub-2N cells confirmed that the result was 
mitotic catastrophe. 

Therefore, the studies here provide initial evidence of mi-
totic catastrophe induced by γ-syn knockdown.  Although 
35 nM was the effective concentration of γ-syn chimera 
RNAi induced gene silencing, based previous studies of chi-
mera RNAi and siRNA transfection within astrocytes (Ui-Tei 
et al., 2008; Ki et al., 2010), a dilution series to determine the 
onset of apoptosis would be beneficial (Ui-Tei et al., 2008; 
Caffrey et al., 2011). This could be conducted with further 
studies on levels of cleaved caspase-3 or Annexin V in con-
juction with PI in unpermeabilized cells, which would fur-
ther characterize and confirm the apoptotic events observed 
here in a temporal and concentration dependent manner 
(Slee et al., 2001; Pan et al., 2002; Rieger et al., 2011; Poskan-
zer and Yuste, 2016). Even though PI labeling for sub-2n 
analysis allows for an accurate approximation of apoptotic 
events, it is possible that there are some necrotic events as 
well since PI readily labels cells that have compromised cel-
lular membrane (Riccardi and Nicoletti, 2006). However, 
the results of γ-syn RNAi induced apoptosis clearly coincide 
with expression knockdown at 48 hours, and there were no 
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differences in sub-2n/apoptotic events between 24 and 48 h 
within the vehicle control. 

In conclusion, the results of this study allow for a greater 
understanding of the function of γ-syn on the astrocytic 
cell cycle in normal states, and the possible consequence of 
disrupting this mechanism of action. Namely, if astrocytes 
are not capable of proliferation due to γ-syn dysfunction, 
then CNS pathology can ensue due to a lack of regulation 
within the brain parenchyma (Winham et al., 2019). Such 
pathology could be neurodegenerative diseases which is as-
sociated with synaptic loss and changes, and disruption to 
the astrocytic cell cycle that could cause atrophy and subse-
quently lead to catastrophic effects on the synapse (Pekny et 
al., 2016). In addition to understanding the role of astrocytes 
within neurodegenerative diseases, findings from this study 
could potentially lead to RNA therapy to minimize cancer 
neovascularization and growth due to the overexpression of 
γ-syn. Knocking down γ-syn mediated breast cancer cellu-
lar proliferation with a lentiviral delivered siRNA reduced 
tumor size, and future studies involving the knockdown of 
γ-syn within glioma cell lines could open up new avenues in 
cancer research (Mello and Conte, 2004; He et al., 2018).
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Figure 7 Propidium iodide 
labeled astrocytes analyzed 
via flow cytometry. 
Representative histogram 
(A) and concatenated dot-
plots (B) of propidium io-
dide labeled human cortical 
astrocytes data show human 
cortical astrocytes at a specific 
phase of the cell cycle as well 
as sub-2n apoptotic events 
as determined by DNA con-
tent after RNA interference 
(RNAi) transfection at 24 and 
48 hours. Concatenation data 
gates were determined based 
on DNA content and dot-plots 
were generated from each 
sample per condition (n = 4).

Figure 8 Analysis of apoptotic events within human cortical astrocytes labeled with propidium iodide. 
(A) Concatenated data represent the overlay of all groups analyzed via flow cytometry: Control (lime), vehicle control (orange), and RNAi (blue), at 
24 and 48 hours in comparison to cell cycle synchronization at Time 0 (green) revealed a dramatic shift in sub-2n population in the RNA interfer-
ence (RNAi) condition at 48 hours, but not 24 hours relative to the other conditions. Quantitative data compares cell frequency across timepoints 
of each condition post release from cell cycle synchronization at G1/G0 (B), G2/M (C) and S-phase (D). (E) Apoptotic events were defined by sub-2n 
events revealed an increase within the RNAi condition at 48 hours relative to 24 hours. Bar graph shows the mean ± SEM, n = 4 (*P < 0.05, **P < 0.01, 
vs. 24 hours; #P < 0.05, ##P < 0.01, vs. time 0; unpaired t-test). PI: Propidium iodide.
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