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Abstract
Background

It has been well known that the surface antigen 1(SAG 1) of T.gondii plays an important role in the
invasion of Tachyzoite into host cells. However whether it also play a role in the intracellular parasitism
of T.gondii remains unclear. The main purpose of this study was to determine the effect of SAG1 on host
cells and investigate the underlying mechanism.

Methods

SAG1 was overexpressed in human embryonic kidney cell 293(HEK) by transfection. Autophagy was
determined by fluorescent microscope and flow cytometry (FCM) in HEK293 cells co-transfected with
Flag-SAG1 and EGFP-LC3. The interaction of SAG1 and RACK1 was measured by co-
immunoprecipitation(Co-IP), GST pulldown and fluorescent microscope. The expression of cytokines
including IL-1β, IL-6, and IL-12 was determined by qRT-PCR. The expression of LC3, Ki67 and RACK1 was
detected by Western blot. Cellular senescence was measured by β-galactosidase staining.

Results

We found that overexpression of SAG1 in human embryonic kidney cells (HEK293) induces non-
canonical autophagy and inhibition of autophagy using hydroxychloroquine (HCQ) significantly
decreases the cell viability of HEK293 cells. Mechanically, we identified RACK1, an intracellular
multifunctional protein as a binding partner of SAG1. Depletion of RACK1 inhibited SAG1 induces non-
autophagy and decreases the enhanced expression of cytokines including IL-1β, IL-6, IL-12 and TNF-α in
SAG1 overexpressing cells.

Conclusion

These data showed that SAG1 could induce non-canonical autophagy and facilitate the expression of IL-
1β, IL-6, IL-12 and TNF-α by interacting with RACK1, maintaining the viability of host cells. Our results
suggests a new contribution of SAG1 in the intracellular parasitism. 

Background
Toxoplasma gondii (T. gondii) is a common intracellular protozoan parasite, causing 30% of the global
human population infection worldwide[1]. T.gondii exists in the body of host in the forms of tachyzoites
and bradyzoite[2]. The tachyzoites infection is regarded as the main cause of toxoplasmosis[3]. The
surface antigen1 (SAG1) of T.gondii is a kind of GPI-anchored proteins and expressed exclusively on the
surface of tachyzoites[4]. Many data have demonstrated that SAG1 plays important roles in the invasion
of tachyzoites to host cells. Blockade of SAG1 using specific monoclonal antibody inhibits the
attachment of tachyzoites to host cells[5]. Recent advances demonstrated that T.gondii could manipulate
the cellular process of host cells for its intracellular parasitism[6]. For example, T.gondii could maintain
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the viability of host cells by inhibiting cell apoptosis under adverse conditions such as CTL-mediated
cytotoxicity, IL-2 deprivation, gamma irradiation, UV irradiation, making host cells suitable for its
intracellular survival[7].

The responses of host cells to T.gondii infection play essential roles in the pathogenicity of T.gondii[8]. So
far, little is known about the mechanism by which T. gondii exploits host cell processes to their own
advantage. Autophagy is an evolutionarily process by which cellular materials are delivered to the
lysosomes for disposal[9]. Many data have demonstrated the roles of autophagy in many cellular
processes including T.gondii infection of host cells. Based on the mechanism by which autophagy is
initiated, it can be divided into the canonical autophagy and the non-canonical autophagy[10]. It has been
reported that T. gondii infection could induce autophagy in many mammalian cells including Hela cells
and murine bone marrow derived macrophages(BMDMs), suggesting the critical role of autophagy in
antiparasitic responses of host cells[11]. For example, IFN-γ could induce non-canonical autophagy by
recruitment of γ-aminobutyric acid (GABA) receptor-associated protein-like 2 (GABARAPL2), causing
growth restriction of T.gondii in Hela cells[12].[13]Abrogation of autophagy by ATG5 knockout in T.gondii
infected intestinal cells aggravates INF-γinduced inflammation, causing the destruction of intestinal
structure [14]. These data suggest that autophagy may play a protective role on host cells during T.gondii
infection.

Receptor for activated C kinase 1(RACK1) is an intracellular scaffolding protein and plays critical roles in
the regulation of many essential cellular process including cell growth, cell adhesion and migration[15].
Serveral lines of evidence have demonstrated that RACK1 is involved in the regulation of autophagy by
facilitating the formation of autophagosome in vivo and in vitro[16]. For example, RACK1 could induce
autophagy in human cancer cells and autophagy induced by RACK1 could maintain the viability of
cancer cells and inhibits cell apoptosis[17].

This study was therefore designed to investigate whether SAG1 could induce autophagy, maintaining the
viability of host cells in the process of T.gondii infection. We demonstrated that SAG1 could induce non-
canonical autophagy therefore maintain the viability of host cells. Further analysis showed that SAG1
could interact with RACK1 and knockdown of RACK1 inhibits autophagy induced by SAG1.

Methods
Cell culture

Human embryonic kidney cell line 293T (HEK293T) was purchased from the Type Culture Collection of
the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in DMEM medium
supplemented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin at 37°C, 5%
CO2 -95% O2.

Transfection
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The SAG1 recombinants were kindly given by Dr. Na Yang (Shenyang Agricultural University).
Transfection was performed according to the instruction of Polyfectine (PEI) transfection reagent (Biowit
Technologies, China). Confluent HEK293 cells cultured in a 60 cm2 dish were transfected with 10 μg
recombinant plasmid plus 20 μl Polyfectine(PEI) transfection reagent. The transfection efficiency was
determined by western blot after 48 hours of transfection. The recombinant plasmids we used were
pEGFP-N1, pEGFP-N1-SAG1-GT1, pcDNA3.1 (+)-Flag-SAG1-GT1, pcDNA3.1 (+)-Flag-SAG1-RH, pcDNA3.1
(+)-HA-RACK1, pcDNA3.1 (+)-mCherry-RACK1. The SAG1 positive cells were collected by FACS sorting of
HEK293 cells transfected with EGFP-SAG1 recombinant plasmid and amplified under normal culture
condition. Cells transfected with pEGFP-N1 were also sorted and used as control.

Mass spectrum

HEK293 cells transfected with Flag tagged SAG1 from GT1 or RH strains were collected after 48 hours of
transfection. The expression of Flag-SAG1 from GT1 or RH strains were determined using western blot.
The anti-Flag immunoprecipitation was performed and the precipitates were subjected to Mass Spectrum
analysis and the possible binding proteins of SAG1 were identified.

Western blot

Preparation of whole cell lysates and western blot analysis was performed as described. The primary
antibodies used in this study were anti-EGFP (1:1000, Origene, USA), anti-HA (1:1000, Origene, USA), anti-
Flag (1:1000, Santa Cruz, USA), anti-LC3 (1:1000, Cell signaling, USA), anti-RACK1 (1:1000, Cell signaling,
USA) and anti-Actin (1:1000, Santa Cruz, USA).

Flow cytometry analysis of canonical and non-canonical autophagy

Flow cytometry analysis of canonical and non-canonical autophagy were performed as previously
described [18]. Briefly, HEK293 cells were co-transfected using Flag/EGFP-LC3 or Flag-SAG1/EGFP-LC3.
After 48 hours, Cells were treated with baflomycin A (BAF1) or hydroxychloroquine (HCQ) for 2 hours.
Control cells (CON) were treated with DMSO. The mean fluorescent intensity (MFI) was detected using
flow cytometry. MFIs of HCQ or BAF1 treated cells represents total autophagy and canonical autophagy
level respectively. Canonical autophagy was referred as MFIBAF1-MFIcon/MFIHCQ-MFIcon and noncanonical
autophagy as 1-MFIBAF1- MFIcon/MFIHCQ- MFIcon.

Anti-Flag immunoprecipitation

Cell lysates contain 1000 μg of total protein from HEK293 cells co-transfected with Flag-SAG1 and HA-
RACK1 were pre-cleared with 50 μl of protein A-Sepharose beads(Santa Cruz, USA) for 1 h at 4°C and
incubated with 5 μg of anti-Flag antibody overnight at 4°C on a rotator. The total volume of this reaction
was 1ml. Following antibody incubation, 100 μl of protein A sepharose beads (50% slurry) were added
and rotated at 4°C for 3 hours. The beads were then centrifuged at 12,000g for 3 minutes and washed for
3 times with 1% NP40 lysis buffer. The precipitates were eluted by adding of 50 μl of 1× SDS-PAGE
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sample loading buffer (50 mm Tris-HCl, pH 6.8, 100 mm DTT, 2% SDS, 0.1% bromphenol blue, 10%
glycerol), followed by boiling at 100°C for 5 min. The supernatant obtained after centrifugation was
resolved by 10% SDS-PAGE and subjected to Western blot analysis using anti-HA antibody.

GST pulldown assay

Whole cell lysates containing 1000 μg of total protein were incubated with GST tagged SAG1 protein
from GT1 strain or GST (negative control) overnight at 4°C on a rotator(20 μg each), subsequentially add
50 μl of glutathione-Sepharose 4B (50% slurry) (GE Healthcare, USA) 3 hours at 4°C on a rotator. The
resins were then washed 5 times with ice-cold lysis buffer. Binding Proteins were eluted by boiling for 5
min and centrifuged for 3 min at 12,000 g. The supernatant was resolved by SDS-PAGE and subjected to
Western blot analysis using anti-RACK1 antibody as detecting antibody.

Fluorescencent microscopy

Confluent HEK293 cells were co-transfected with pEGFP-N1-SAG1and pcDNA3.1 (+)-mCherry-RACK1
using PEI transfection reagent in a 35 cm2 culture dish. The transfection system were as follows: 4 μg of
pEGFP-N1-SAG1 and 8 μg of mCherry-RACK1 plus 20 μl of PEI. After 48 hours of transfection, the
distribution of SAG1 and RACK1 was observed by fluorescent microscope.

qRT-PCR analysis

Total RNA was isolated from HEK293 cells transfected with Flag-SAG1. The levels of IL-1β, IL-6, IL-12, and
TNF-α mRNA were determined by qPCR. The primers we used were as previously reported [5], [19].

Senescence-Associated β-Galactosidase Stain

Cellular senescence-associated β-galactosidase staining was conducted using a senescence β-
galactosidase staining kit (Beyotime, Shanghai, China) following the manufacturer’s instruction. Briefly,
Cells in a 6-well culture plate were washed with ice cold PBS and fixed with fixing solution for 30 minutes.
After being washed with PBS 3 times, 1 ml of staining solution was added to each well and incubated at
37°C overnight. The staining status was observed and photographed using an inverted microscope.

MTT assay

MTT analysis was performed as previously reported. Briefly, Cells were seeded in a 96-well plate (5000
cells/well) and cultured for 48 h, subsequently 50 μl MTT (0.5 mg/ml) (3-(4, 5 dimethylthiazol-2-yl)-2, 5-di-
phenyltetrazolium bromide, Sigma, USA) was added to each well and incubated for another 2 h. The dye
was dissolved with DMSO and the absorbance was measured at 570nm using a Microplate Reader.

Statistical analysis

All data are presented as mean ± standard deviation (SD). Each experiment was carried out at least in
triplicates. Two-tailed student's t-test was performed to analyze the difference between two groups and
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one way ANOVA was used to evaluate the difference of multiple groups. A value of p < 0.05 was
considered statistically significant.

Results
The SAG1-GT1 protein induces the noncanonical autophagy in HEK293 cells

To investigate whether SAG1 from GT1 strain could induce autophagy in host cells. Using HEK293T as
tool cells, we monitored the status of autophagy induction by co-transfection Flag-SAG1 with EGFP-LC3
(Fig.1A). Laser confocal microscopy observation showed that transfection of Flag-SAG1 significantly
elevated the number of autophagosomes in HEK293 cells as compared with control cells, indicating that
SAG1 could induce autophagy in host cells (Fig.1B).

Recent advances have demonstrated the critical roles of noncanonical autophagy in pathogen infection.
For this reason, we next determined the characteristic of autophagy induced by SAG1. HEK293 cells co-
transfected with Flag-SAG1 and EGFP-LC3 were treated with BAF1 which inhibits canonical autophagy or
HCQ which inhibits canonical and non-canonical autophagy equally for 12 hours and the mean
fluorescent intensity(MFI) was determined by flow cytometry(Martinez-Martin et al., 2017) (Fig.1C). The
MFI ratio of BAF1 treated cells with that of HCQ treated cells in Flag-SAG1-GT1 transfected cells was
significantly higher than that in Mock cells (Fig.1D), indicating that SAG1 protein induces the
noncanonical autophagy. Western blot analysis of LC3II levels further confirmed this conclusion (Fig.1E).

Inhibition of SAG1-GT1 induced autophagy decreases the viability of host cells

To address the effect of SAG1 induced autophagy on the viability of host cells, we transfected HEK293
cells with EGFP-SAG1 (pEGFP-N1-SAG1-GT1). SAG1 positive cells (SAG1+) were collected by fluorescent-
activated cell sorting (FACS) (Fig.2A). Cells expressing EGFP (GFP+) were also sorted as negative control.
The expression status of SAG1 in this population was examined by western blotting (Fig.2B). The SAG1+
and GFP+ cells were treated with HCQ for 48 hours. MTT assay showed that the SAG1+ cells treated with
HCQ exhibited a obvious growth delay as compared with control cells, whereas treatment of GFP+ cells
with HCQ had no effect on cell viability in relative to corresponding control cells. This results revealed that
autophagy induced by SAG1 could maintain the viability of HEK293 cells, indicating the protective role of
SAG1-GT1 induced autophagy on host cells (Fig.2C). Moreover, β-galactosidase staining revealed that
HCQ treatment significantly elevated the percentage of β-galactosidase positive cells in SAG1+ cells,
indicating inhibition of autophagy causes the senescence of host cells (Fig.2D).

The SAG1 protein binds physically with RACK1

To elucidate the molecular mechanism underlying these phenomena, we tried to screen the SAG1 binding
partners in HEK293 cells. To address this question, anti-Flag immunoprecipitation assay was performed
in the lysis of HEK293 cells transfected with Flag-SAG1. The precipitations were subjected to mass
spectrum analysis. Subtracted the proteins common with control group, 11 common SAG1 interacting
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proteins were identified in the samples of HEK293 cells transfected with SAG1-GT1 or Flag-SAG1-RH
(Fig.3A). Based on the m/z ratio of these targeted protein, we identified RACK1 as a binding partner of
SAG1 (Fig.3B).Taken the function of SAG1 and the cellular localization of RACK1 into consideration, we
chose RACK1, which play crucial functions in the regulation of autophagy, for further research.

We then aimed to verify the interaction between SAG1 and RACK1 using anti-flag co-
immunoprecipitation. The results showed that RACK1 co-precipitated with flag-SAG1 (Fig.4A). Moreover,
we investigated whether SAG1 could interact directly with RACK1. To address this question, GST-pulldown
assay was performed in the whole cell lysis from HEK293 using recombinant GST-SAG1 as baiting
proteins. Subsequent western blotting analysis revealed that RACK1 was detected in the precipitations of
recombinant GST-SAG1 (Fig.4B). The interaction was further confirmed by the co-localization of SAG1
and RACK1 in SAG1 positive cells transfected with mCherry-RACK1 (Fig.4C). Taken together, these data
indicate that SAG1 could bind physically with RACK1 in HEK293 cells.

Depletion of RACK1 negatively regulates autophagy and cell viability

Having demonstrated the interaction of SAG1 and RACK1, we then investigated the functional link of in
SAG1 and RACK1. We first examined RACK1 levels in SAG1+ and GFP+ cells mentioned above and found
that RACK1 level in SAG1+ cells was markedly higher than that in GFP- cells, suggesting a positive
correlation between SAG1 and RACK1 (Fig. 5A). We also found increased autophagy marker LC3-II level
and Ki67 level which is regarded as the marker of cell viability in the SAG1+ cells as compared with the
GFP+ cells (Fig. 5A). We next investigated whether SAG1 regulates the expression of RACK1. Western blot
analysis revealed that transfection of Flag-SAG1 significantly elevated the expression of RACK1 and LC3-
II levels in a dose dependent manner, suggesting that SAG1 could regulate the expression RACK1,
activating autophagy (Fig.5B). Moreover, we depleted RACK1 level in in the SAG1 positive cells and
western blot analysis revealed that depletion of RACK1 significantly decreased LC3-II and Ki67 levels
(Fig.5C). β-galactosidase staining also demonstrated that knockdown of RACK1 in the SAG1+ cells
decreased the viability of host cells (Fig.5D and E).

Depletion of RACK1 reduces the SAG1-GT1 induced expression of pro-inflammatory cytokines.

Many data have emphasized the immune modulation roles of SAG1 on host cells, however whether SAG1
affects the secretion of pro-inflammatory cytokines remains to be addressed. For this purpose, we
compared the levels of IL-1β, IL-6, IL-12, and TNF-α at mRNA level between SAG1 positive and negative
cells. We found that the mRNA levels of these pro-inflammatory cytokines in SAG1 positive cells were
significantly higher than those in SAG1 negative cells (Fig.6A).  

To determine the role of RACK1 in SAG1 induced pro-inflammatory cytokines production, we knocked
down RACK1 level in SAG1 positive cells using siRNAs against RACK1 and found that depletion of RACK1
in SAG1 positive cells obviously decreased the IL-1β, IL-6, IL-12, and TNF-α mRNA levels induced by SAG1
overexpression, (Fig.6B). Taken together, these data suggested that Depletion of RACK1 reduces the
SAG1-GT1 induced expression of pro-inflammatory cytokines.
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Discussion
Upon infected by T.gondii, host cells trigger autophagy to eliminate intracellular parasite [20]. As an
important surface antigen, SAG1 play important roles in the invasion of T.gondii into host cells [21].
However, little is known about the role of SAG1 in autophagy induction. In the present study, we found
that SAG1 could induce autophagy in host cells by ectopically expressed SAG1 in HEK293 cells.
Furthermore, we treated HEK293 cells using autophagy inhibitor BAF1 and HCQ respectively and
analyzed the characteristic of autophagy induced by SAG1 and demonstrated that SAG1 induces
autophagy in a non-canonical manner. These data indicated that SAG1 could activate non-canonical
autophagy and this finding expands the knowledge of the function of SAG1 during the process of
T.gondii infection. Researches by other groups have demonstrated the critical role of non-canonical
autophagy in the anti-parasitic response in IFN-γ activated macrophages in vitro. The major virulence
factors ROP18 and ROP5 determines the fate of parasites in IFN-γ activated macrophages via ATG5
dependent mechanism, indicating that host cells rely on ATG5 for maintaining homeostasis[22].

Because T.gondii is an obligatory intracellular parasite, manipulating the cellular process of host cells is
very crucial for its own intracellular survive[7]. From the view of pathogen, it is essential for T.gondii
evade the autophagic degradation of host cells and simultaneously maintain the viability of host cells.
Nowadays it has been reported that T.gondii could protect itself from autophagic degradation by multiple
mechanisms. For example, T.gondii infection causes the prolonged activation of pro-proliferation
signaling pathways including EGFR and FAK signaling pathway protecting it from autophagic
degradation, maintaining the viability of host cells[23]. However, from the point of host cells, pathogen
invasion including bacteria and parasites causes the apoptosis of host cells in most conditions[24].
Because autophagy and apoptosis play important roles for the successful intracellular parasitism of
T.gondii, it is essential for T.gondii to maintain the viability of host cells to satisfy its survive need. We
found in this study that inhibition of SAG1 induced autophagy with HCQ in HEK293 cells significantly
decreased cell viability and induced cell senescence, indicating the protective role of autophagy induced
by SAG1 on the viability of host cells.  

RACK1 is a very important intracellular scaffold proteins and play important roles in the regulation of cell
viability and immune modulation [17]. In this study, we found that SAG1 could interact with RACK1 and
elevate the level of RACK1. Knockdown of RACK1 in SAG1 overexpressing HEK293 cells decreases
autophagy level therefore decreasing the viability of HEK293 cells. This data suggested that the critical
role of RACK1 in autophagy induced by SAG1.However, the mechanism by which SAG1 regulates the
extent and function of RACK1 remains to be further investigated in our future research.

Host cells could secret pro-inflammatory cytokines including INF-γ and TNF-α during T.gondii infection by
which T.gondii could maintain the viability of host cells. INF-γ and TNF-α secreted by host cells infected
by T.gondii could promote the proliferation of host cells and inhibit the apoptosis of host cells. We found
that SAG1 protein could facilitate the secretion of pro-inflammatory cytokines including IL-1β, IL-6, IL-10,
IL-12, INF-γ and TNF-α. Knockdown of RACK1 in SAG1 overexpressing cells significantly inhibited the
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expression of these pro-inflammatory cytokines. This results indicate that SAG1 could maintain the
viability of host cells by promoting RACK1 mediated production of the pro-inflammatory cytokines
besides autophagy induction.

Taken together, our data proposed a new points about the role of SAG1 in T.gondii infection. SAG1 plays
critical roles not only in the invasion of T.gondii into host cells, but also maintain the viability of host cells
by inducing the noncanonical autophagy and promoting the secretion of pro-inflammatory cytokines.
These findings hints that unraveling the mechanism of SAG1 induced autophagy may provide new
insight in the prevention of T. gondii infection and new ideas for the treatment of toxoplasmosis.
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Figures
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Figure 1

overexpression of SAG1 in HEK293 cells induces non-canonical autophagy. A. Western blot analysis of
Flag-SAG1 levels in HEK293 cells. B. Confocal microscopy observation of the formation of
autophagosomes in HEK293 cells co-transfected with Flag tagged SAG1 and EGFP-LC3. HEK293 cells co-
transfected with blank vector and EGFP-LC3 were used as control (Scale bar: 50 μM). C. Flow cytometry
analysis of autophagy status in HEK293 cells co-transfected with Flag tagged SAG1 and EGFP-LC3
treated with autophagy inhibitors HCQ and BAF1 respectively. The autophagy levels were represented by
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mean fluorescent intensity (MFI). D. Schematic show of the status of canonical and non-canonical
autophagy in HEK293 cells overexpressing SAG1. E. Western blot analysis of LC3 activation in Flag-SAG1
transfected HEK293 cells treated with HCQ or BAF1 respectively. These experiments were repeated for
three times and the data was represented by mean±SD.

Figure 2

Autophagy induced by SAG1 maintains cell viability of host cells. A. FACS Sorting of HEK293 cells
overexpressing EGFP-SAG1(SAG1+). B. Western blot analysis of EGFP-SAG1 level in SAG1+ cells. C.
Inhibition of autophagy by HCQ decreased the viability of SAG1 positive cells, whereas did not affect the
viability of control cells(GFP+). D. Inhibition of autophagy in SAG1+ cells induced cell senescence,
however had little effect on control cells. These experiments were repeated for three times and the data
was represented by mean±SD.
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Figure 3

Mass spectrum analysis of the SAG1 interacting proteins in HEK293 cells. A. Venn diagram of the status
of SAG1 interacting proteins by anti-Flag immunoprecipitation in HEK293 cells. B. List of SAG1
interacting proteins in HEK293 cells obtained by Mass Spectrum.



Page 16/18

Figure 4

SAG1-GT1 interacted physically with RACK1 in HEK293 cells. A. Co-immunoprecipitation of the
interaction of SAG1 and RACK1 in HEK293 cells using anti-Flag immunoprecipitation. B. GST pulldown
analysis of SAG1 and RACK1 in HEK293 cells using GST tagged SAG1 as bait. C. Immunofluorescence
observation of the co-localization of SAG1 and RACK1 in HEK293 cells co-transfected with EGFP tagged
SAG1 and mCherry tagged RACK1 (Scale bar: 50μM).
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Figure 5

Depletion of RACK1 inhibits SAG1 induced autophagy and maintains the viability of host cells. A.
Western blot analysis of RACK, LC3-II and Ki67 levels in SAG1+ and control cells. B. Western blot analysis
of RACK, LC3-II and Ki67 levels in HEK293 cells transfected with increasing amount of Flag-tagged SAG1
(2-6 μg). Cells transfected with blank vector were used as control. C. Western blot analysis of the effect of
RACK1 depletion on the LC3-II and Ki67 levels in the SAG1+ cells. D. β-galatosidase analysis of the effect
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of RACK1 depletion on the viability of the SAG1+ cells. These experiments were repeated for three times
and the data was represented by mean±SD.

Figure 6

Depletion of RACK1 reduces the SAG1 induced expression of pro-inflammatory cytokines. A. qPCR
analysis of the levels of pro-inflammatory cytokines including IL-1β, IL-6, IL-12 and TNF-α in SAG1+ cells
and mock cells. B. qPCR analysis of the effect of RACK1 knockdown on the expression of pro-
inflammatory cytokines in SAG1+ cells. These experiments were repeated for three times and the data
was represented by mean±SD.
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