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Abstract

Cyst formation, resulting from the differentiation of rapidly replicating tach-
yzoites into slowly growing bradyzoites, is the primary cause of chronic toxo-
plasmosis. Although the mechanisms governing bradyzoite differentiation have
been partially elucidated, they remain incompletely understood. In this study, we
show that the transcription factor AP2XII-9 is localized in the nucleus and exhib-
its periodic expression during the tachyzoite stage, with peak expression observed
during the synthesis and mitosis phases. Conditional knockdown of AP2XII-9
in both the type I RH strain and type II cyst-forming Pru strain revealed that
AP2XII-9 plays a critical role in the lytic cycle by regulating the formation of the
inner membrane complex, proper apicoplast inheritance, and normal cell divi-
sion, underscoring its essential role in T. gondii growth. Furthermore, depletion
of AP2XII-9 induced bradyzoite differentiation even in the absence of alkaline
stress. Transcriptomic analysis revealed that the deletion of AP2XII-9 resulted
in the downregulation of tachyzoite growth-related genes and upregulation of a
series of bradyzoite-specific genes. Taken together, these findings indicate that
AP2XTI-9 is essential for maintaining the rapid and normal replication of tachy-
zoites while actively repressing bradyzoite differentiation, reflecting the complex-
ity of the mechanisms underlying bradyzoite differentiation.
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INTRODUCTION

Toxoplasma gondii, the causative agent of toxoplasmo-
sis, is a zoonotic parasitic protozoan known for infecting
a broad range of hosts and its ability to flexibly switch
between different developmental stages.'™ This para-
site has infected approximately one-third of the global
population, a testament to its highly effective infection
strategy.* The balance between its replication and per-
sistence is modulated by the host immune system and T.
gondii's multiple developmental cycles. This balance is
exemplified by the differentiation of rapidly replicating
tachyzoites into slowly growing bradyzoites under im-
mune pressure, leading to chronic infection. Conversely,
immunosuppression enables rapid tachyzoite prolifera-
tion or reactivation of bradyzoites, which may result in
severe or fatal outcomes for the host.>® Currently, no
effective drugs or vaccines are available to target the
chronic stages of toxoplasmosis.

To establish acute infection, T. gondii must continu-
ously complete the lytic cycle, beginning with replica-
tion after invading host cells. However, its replication
pattern differs from that of other eukaryotic cells. The
cell cycle of T. gondii consists of the gap 1 phase (G1),
synthesis phase (S phase), mitosis phase (M phase), and
cytokinesis phase (C phase), with either a very short
or absent gap 2 phase (G2 phase).” T. gondii tachyzoite
replication is characterized by endodyogeny, a unique
form of binary fission where two daughter cells are as-
sembled within the mother cell. This process involves a
highly coordinated sequence of events, including DNA
replication, mitosis, and the assembly of daughter cells
within the cytoplasm of the mother.*! Daughter cells
begin budding during the late S phase, with organelles
and other cellular components segregated and pack-
aged into the developing daughters.*® Once the bud-
ding process is complete, the mother cell disassembles,
and the daughter cells emerge, acquiring their plasma
membrane from the mother.*!® The entire process is
tightly regulated by both transcriptional regulation and
posttranslational modification (PTM), ensuring proper
coordination between organelle biogenesis, cytoskele-
tal organization, and cytokinesis."** This replication
strategy ensures internal stability within T. gondii, es-
tablishing a reliable mechanism for efficient infection
and parasite propagation.

When the host immune system is robust, T. gondii
tachyzoites undergo a developmental switch to the slowly
replicating bradyzoite stage, forming tissue cysts that
contribute to chronic infection. This differentiation is
accompanied by significant changes in gene expression,
protein synthesis, and energy metabolism that are tightly
regulated by a complex network including transcription

factors and PTM.">"7 For example, the transcription fac-
tor BFD1, a master regulator of bradyzoite differentiation,
binds to the promoter region of BFD2, co-regulating the
bradyzoite differentiation process in a positive regulatory
hierarchy.''® Additionally, PP2A, a protein phospha-
tase, regulates bradyzoite differentiation, potentially by
dephosphorylating key transcription factors involved in
this developmental process, as indicated by the increased
phosphorylation levels of BFD2 upon PP2A deletion.'’
However, the intricate regulatory network involving
BFD1, BFD2, and PP2A remains poorly understood and
requires further investigation."”

Several transcription factors have been demonstrated
to regulate gene expression and play crucial roles in
the development of various species.”>* The Apetala-2
(AP2) family, a transcription factor family first charac-
terized in plants, is involved in important physiologi-
cal and biological processes, including morphogenesis,
stress response, and metabolic regulation.23 Recently,
members of the AP2 family have been identified as key
transcriptional regulators involved in the replication
and stage differentiation of T. gondii.'"®** Some AP2
factors display distinct expression patterns, including
periodic expression and stage expression, suggesting
that precise gene regulation is essential for coordinating
parasite infection and stage differentiation.**™*® Studies
have shown that AP2 factors can act as either activa-
tors or repressors, modulating the timed progression
of bradyzoite differentiation. For example, AP2IV-4,
AP2IX-4, AP2XII-2, and AP2IX-9 inhibit bradyzoite for-
mation, while AP2XI-4 and AP2IV-3 function in the op-
posite manner.'%2%-24-27

Given the pivotal roles of AP2 transcription factors in
T. gondii and other apicomplexan parasites, the specific
functions of several members of the AP2 family remain
unclear. AP2XII-9, a factor predicted to have periodic ex-
pression peaking in the S/M phase, was selected for further
investigation in this study to broaden our understanding
of the biological functions of AP2 factors in T. gondii.
Conditional knockout strains of AP2XII-9 were generated
using the mini auxin-inducible degron (mAID) system
combined with CRISPR-Cas9 technology. Depletion of
AP2XII-9 resulted in significant growth defects, impairing
invasion, intracellular replication, and egress processes,
and was associated with abnormal morphology and struc-
tural defects. Additionally, the inactivation of AP2XII-9
induced tachyzoites to bradyzoites conversion, evidenced
by the upregulation of bradyzoite-specific genes, as shown
through bradyzoite conversion assays and RNA sequenc-
ing analysis. These findings demonstrate that AP2XII-9
plays critical roles in T. gondii growth, maintaining
membrane and apicoplast integrity, and regulating cyst
formation.
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2 | MATERIALS AND METHODS

2.1 | Cell and parasite culture

All tachyzoites used in this study, including RHA
ku80Ahxgprt::TIR1 (referred as RH:TIR1), PruAku80
Ahxgprt:TIR1 (referred as Pru:TIR1),"® RHAku80A
hxgprt::TIR1-AP2XII-9-mAID-6HA  (RH:TIR1-AP2XII-
9-mAID), and PruAku80Ahxgprt:TIR1-AP2XII-9-mAID-
6HA (Pru:TIR1-AP2XII-9-mAID), were cultured in
monolayers of human foreskin fibroblasts (HFFs, ATCC
SCRC-1041TM) in DMEM (Thermo Fisher Scientific,
MA, USA) supplied with 1% heat-inactivated fetal bovine
serum (FBS) (Thermo Fisher Scientific, MA, USA), 10 mM
HEPES (pH 7.2, Solarbio, China), 100 U/mL of penicillin,
and 100 pg/mL of streptomycin (Solarbio, China) at 37°C
and 5% CO,, as described previously.'”'®* The tachy-
zoites harvested from heavily infected HFF monolayers,
released using a 27-gauge needle (BD Medical, USA),
were used for subsequent experiments.

2.2 | Construction of the C-terminal
conditional knockout strains of AP2XII-9

The mini auxin-inducible degron (mAID) system com-
bined with CRISPR-Cas9 technology was used to construct
conditional knockout strains of AP2XII-9 as previously de-
scribed.'”'®* Briefly, the CRISPR-Cas9 plasmid targeting
the 3’ UTR after the stop codon of AP2XII-9 and the cor-
responding degraded fragment including mAID-6HA and
a DHFR marker were electroporated into the RH::TIR1
and Pru:TIR1 strains. After 3uM pyrimethamine selec-
tion and gradient dilution, positive clones were identified
by PCR, DNA sequencing, and immunofluorescence assay
(IFA). Depletion of AP2XII-9 was achieved by treating the
AP2XI1-9-mAID strains with 500 pM 3-indoleacetic acid
(IAA). All plasmids and primers used in the study are
listed in supplementary material (Table S1).

2.3 | Antibodies

Primary antibodies include rabbit anti-IMC1, rabbit
anti-ISP1, rabbit anti-CPN60, rabbit anti-GAP45, rabbit
anti-p-tubulin (Tub), rabbit anti-MIC2, rabbit anti-ARO,
rabbit anti-SERCA, rabbit anti-HSP60, mouse anti-IMC1,
mouse anti-GRAS, rabbit anti-BAG1, rabbit anti-aldolase
(ALD) (1:500, available in our laboratory and validated
in our published paper),"***7** mouse anti-HA (1:500,
purchased from BioLegend, San Diego, USA), rabbit
anti-HA, mouse anti-SAG1 (1:1000, Invitrogen, USA).
The secondary antibodies include Alexa Fluor 488 goat

;'IC-ASEBJournaI

anti-rabbit IgG (H+L), Alexa Fluor 488 goat anti-mouse
IgG (H+L), Alexa Fluor 594 goat anti-rabbit IgG, Alexa
Fluor 594 goat anti-mouse IgG, Alexa Fluor 647 goat
anti-rabbit IgG (1:500, Invitrogen, USA), goat anti-rabbit
HRP (1:1000, biodragon, China), and FITC-Dolichos
Biflorus lectin (DBL, Vector Laboratories) (1:500). 4/,
6-diamidino2-phenylindole (DAPI) was used to stain
parasites and host nuclei. Treated samples were imaged
with a Leica confocal microscope system (TCS SP8, Leica,
Germany).

2.4 | Indirect immunofluorescence
analysis

Tachyzoites infected HFFs were fixed with 4% paraformal-
dehyde (PFA) for 30 min, permeabilized with 0.1% Triton
X-100 for 20min at room temperature, and blocked with
5% bovine serum albumin (BSA) diluted in phosphate-
buffered saline (PBS) for 2h at 37°C. The samples were
incubated with primary antibody for 2h and secondary
antibody for 1h at 37°C, followed by DAPI for 10min.
Each incubation of samples, including fixation, permeabi-
lization, blocking, and staining, required five washes with
PBS. Images of the samples were obtained using a Leica
confocal microscope system.

2.5 | Western blotting

Harvested parasites were lysed on ice for 1h in RIPA
buffer containing EDTA and protease inhibitor cocktail
(Thermo Fisher Scientific, MA, USA). The lysate was
centrifuged at 4°C for 10min to collect the supernatant.
Bands were separated by 10% SDS-PAGE gels and trans-
ferred to polyvinylidene fluoride (PVDF) membranes.
The PVDF membranes were blocked with 5% skim milk
for 2h and incubated with primary antibodies (rabbit anti-
ALD, rabbit anti-HA) and secondary antibodies (goat anti-
rabbit HRP) for 2h and 1h at 37°C, respectively. Proteins
were detected using the ECL chemiluminescent reagent
(Thermo Fisher Scientific, MA, USA) and imaged using
the Minichemi 610 chemiluminescent imager (Bio-Rad
Laboratories, CA, USA).

2.6 | Plaque assay

Plaque assay was performed to evaluate the effect of
AP2XII-9 on the growth ability of T. gondii as described
previously.”® Briefly, ~500 syringe-released AP2XII-9-
mAID tachyzoites were infected with confluent HFFs in
12-well plates for 7 or 8 days in the presence or absence of
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IAA. The samples were fixed with 4% PFA for 30 min and
0.5% crystal violet for 20min at room temperature. The
number and size of plaques were imaged by scanner and
analyzed by ImageJ.>* The plaque assays were performed
in biological triplicate.

2.7 | Invasion assay

For invasion assay, ~10° tachyzoites were pretreated
with or without TAA for 24h before invasion. Then,
tachyzoites were added to HFFs grown in 12-well plates
and cultured for 30min with or without IAA. After
washing unbound tachyzoites with PBS, samples were
fixed with 4% PFA for 30 min. IFA assay was performed
to label external tachyzoites with mouse anti-SAG1 and
Alexa Fluor 488 goat anti-mouse IgG. Samples were per-
meabilized with 0.1% Triton X-100 and stained all tachy-
zoites using rabbit anti-GAP45 and Alexa Fluor 594 goat
anti-rabbit IgG. Three independent experiments were
performed to determine the ratio of intracellular tachy-
zoites to total tachyzoites by counting at least 100 fields
in each biological duplicate.

2.8 | Replication assay

Approximately 10° tachyzoites were added to HFFs to in-
vade for 1 h, and uninvaded tachyzoites were washed away
with warm DMEM. After incubation (24 h for RH::TIR1-
AP2XII-9-mAID and 28 h for Pru::TIR1-AP2XII-9-mAID)
with or without TAA, samples were fixed with 4% PFA
for 30min and permeabilized with 0.1% Triton X-100 for
20min. Next, samples were incubated with primary an-
tibody (rabbit anti-IMC1) and secondary antibody (Alexa
Fluor 594 goat anti-rabbit IgG). Replication efficiency
was determined by quantifying the number of tachyzoites
within at least 100 parasitophorous vacuoles (PVs). The
replication assay was repeated three independent times.

2.9 | Egress assay

Approximately 2x10° freshly egressed tachyzoites were
allowed to invade confluent HFFs for 60 h or 36 h in the
presence or absence of IAA. Once the number of PVs was
basically consistent, samples were treated with 3 uM cal-
cium ionophore A23187 (Sigma, Darmstadt, Germany)
diluted with warm DMEM, and egress efficiency was
evaluated with reference to at least 100 PVs as previ-
ously described.’ The assay was performed in biological
triplicate.

2.10 | Invitro tissue cyst
differentiation assay

Tachyzoites to bradyzoites conversion in vitro was evalu-
ated as previously described.’® Briefly, approximately
2x10° tachyzoites were infected with HFFs grown in
12-well plates under normal culture conditions with or
without IAA for 60h. Parasites were labeled by mouse
anti-IMC1 combined with Alexa Fluor 594 goat anti-
mouse IgG, and bradyzoite cysts were detected by rabbit
anti-BAG1 combined with Alexa Fluor 647 goat anti-rabbit
IgG and FITC-DBL. At least 100 PVs were used to quantify
cyst formation. The experiment was repeated three inde-
pendent times.

211 | RNA sequencing

The Pru::TIR1-AP2XII-9-mAID strain, cultured for 72h
under normal culture conditions with or without IAA, was
harvested for RNA sequencing. After scraping and releas-
ing tachyzoites from HFFs, parasite pellets were harvested
by centrifugation at 2000rpm for 10 min and total RNA
was extracted using the Trizol method. The quality and
quantity of total RNA were examined using Nano Drop
and Agilent 2100 bioanalyzer (Thermo Fisher Scientific,
MA, USA). Libraries were established and sequenced
using the BGI-AEQ platform (Shenzhen, China). High-
quality reads were obtained by removing reads contain-
ing sequencing adapters, low-quality reads, and reads of
unknown base >5% using SOAPnuke."® The filtered reads
were aligned with the T. gondii ME49 reference genome
(https://toxodb.org) using Bowtie2, and relative gene ex-
pression was calculated by the fragments per kilobase
of per million mapped reads (FPKM) using RSEM.**"*
Differential expression analysis was performed with
DESeq2,*’ and Log, Fold Change >1 or<—1 and Q-value
<0.05 were set as threshold for differentially expressed
genes (DEGs).

2.12 | Real-time quantitative PCR
(RT-gPCR)

RT-gPCR was performed as previously described.*
The expression of eight randomly selected genes (five
up-regulated and three down-regulated genes) of RNA
samples was measured by the CFX96 Touch Real-Time
PCR Detection System (Bio-Rad Laboratories, CA, USA)
with pB-tubulin as an internal reference. The reliability of
gene expression obtained by RNA sequencing was veri-
fied by RT-qPCR. Each group of samples was analyzed
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independently three times. All primers used in RT-qPCR
are listed in supplementary material (Table S1).

2.13 | Bioinformatics analysis

The information on AP2XII-9, including the periodic ex-
pression profile, gene structure, and amino acid sequence,
was retrieved from ToxoDB (https://toxodb.org/ ).
Domain prediction of AP2XII-9 was performed using the
ExPASy Server (https://prosite.expasy.org/).** Based on
the amino acid sequence of the AP2XII-9 protein, homol-
ogous proteins were screened by BLAST search equipped
with VEuPathDB (https://veupathdb.org/) and the phy-
logenetic tree was constructed by the maximum likeli-
hood method with a JTT matrix-based model in MEGA X
software. '™

2.14 | Statistical analysis

GraphPad Prism software version 8.0.1 was used for
the statistical analysis. The analyzed data were ob-
tained from at least three independent replicates.
These results were presented as mean + standard de-
viations (S.D.) and a p value < .05 was considered to
be significant. All data and associated error bars, and
significance analysis in this study can be found in the
relevant figure legends.

3 | RESULTS
3.1 | AP2XII-9is dynamically expressed
in the nucleus and peaks in the S/M stage

A total of 68 AP2 factors have been identified in 7. gondii,
of which 12 AP2 factors have similar expression profiles
that peak in the S/M stage of tachyzoites.”* In this cohort,
AP2IV-4, AP2IX-4, and AP2XII-2 act as transcriptional re-
pressors, while AP2X1-4 acts as transcriptional activators in
stage differentiation.?>*>*** AP2XII-9 (TGME49_251740),
the gene with the most negative parasite fitness value
(—4.32) based on a genome-wide CRISPR-Cas9 screen,”
was selected to further broaden the function of the AP2
family. AP2XII-9 protein contains 1893 amino acids with
an AP2 domain (amino acids 403-455) at the N terminus
and is encoded by two exons and one intron (Figure 1A).
Phylogenetic analysis showed that AP2XII-9 was widely
conserved across apicomplexan parasites including
Hammondia hammondi, Neospora caninum, Besnoitia
besnoiti, Cystoisospora suis, and Plasmodium falciparum
(Figure 1B).

;'IC-ASEBJournaI

Considering the extremely negative phenotype value
of AP2XII-9, a mAID system combined with CRISPR-
Cas9 technology was employed to investigate the biolog-
ical function of AP2XII-9 (Figure 1C). The mAID system
uses 3-indoleacetic acid (IAA) to conditionally regulate
the expression of AP2XII-9 on the basis of transport in-
hibitor response 1 (TIR1) and AP2XII-9 tagged with a
mAID-6HA.*® The successful construction of AP2XII-9-
mAID strains was verified by PCR and IFA (Figure S1A,
Figure 1D). The IFA assay showed that AP2XII-9 was
expressed periodically in the nucleus and peaked at the
S/M phase as predicted by the mRNA profile (Figure 1D,
Figure S1B). To determine the precise timing of the ex-
pression of AP2XII-9, IMC sub-compartment proteins
1 (ISP1) and cytoskeleton markers p-tubulin were co-
stained with AP2XII-9.*>* The co-staining of AP2XII-9
with ISP1 and p-tubulin confirmed that the expression of
AP2XI1-9 began before the formation of ISP1 daughter
buds or the separation of centriole, gradually accumulated
during the development of daughter buds, and became
low or undetectable at the end of division (Figure S2A,B),
confirming that AP2XII-9 is a cell cycle-expressed pro-
tein. In addition, effective degradation of AP2XII-9 was
observed, as treatment of AP2XII-9-mAID strains with
IAA for 24h led to undetectable levels of the AP2XII-9
protein (Figure 1D).

3.2 | AP2XII-9is critical for the
growth of type I strain of T. gondii

Plaque assay was performed to investigate whether AP2XII-9
is involved in the growth of T. gondii type I strain. We found
that there was no significant difference in plaque formation
between the parental strain in the presence or absence of
IAA and the AP2XII-9-mAID strain in the absence of IAA
(Figure 2A-C). By contrast, the area and number of plaques
formed by the AP2XII-9-mAID strain in the presence of IAA
were significantly decreased (Figure 2A-C), indicating that
AP2XII-9 plays essential roles in the growth of T. gondii.
The life activities of T. gondii are gradually proceed-
ing through important lytic processes involved in cell
invasion, replication, and egress.47 Thus, invasion, intra-
cellular replication, and egress assays were performed to
further explore which steps of T. gondii growth were af-
fected by the deletion of AP2XII-9 in the type I strain. For
the invasion assay, AP2XII-9-mAID tachyzoites pretreated
with or without IAA for 24 h were allowed to invade HFF's
for 30min. The invasion results showed a significant re-
duction in the invasion ability of the AP2XII-9-mAID
strain in the presence of IAA (Figure 2D). Then, for the in-
tracellular replication assay, AP2XII-9-mAID tachyzoites
were allowed to invade without IAA for 1h and cultured
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FIGURE 1 Characterization of AP2XII-9 and generation of AP2XII-9-mAID strain in T. gondii. (A) Domain analysis of AP2XII-9 using
ExPASy Server (https://www.expasy.org) showed that the AP2 domain (amino acids 403-455) is located in the N-terminal Vs of AP2XII-9
protein. (B) Basic biological information on all apicomplexan parasites was obtained from VEuPathDB (https://veupathdb.org/veupathdb/

app/). Homologous proteins were screened using Blast function of VEuPathDB. The maximum likelihood method and a JTT matrix-based

model were used to construct the phylogenetic tree of AP2XII-9. Evolutionary analysis using MEGA X showed that AP2XII-9 is widely

conserved across apicomplexan parasites. (C) Schematic representation of generation of AP2XII-9-mAID lines in T. gondii using mAID
system and CRISPR-Cas9 method. (D) IFA results showed that AP2XII-9 is dynamically expressed in the nucleus, with peak expression
during the S/M phase and low or undetectable expression in the G1 and C phases. AP2XII-9 protein was degraded in the AP2XII-9-mAID
strain treated with IAA for 24 h. Tachyzoites were cultured for 24 h, and the parasite's localization and nucleus were labeled using rabbit
anti-IMC1 (green), mouse anti-HA (red), and DAPI (blue). Scale bar=10 pm.

in HFFs with or without IAA for 24 h. The degradation of
AP2XII-9 under IAA treatment had significantly reduced
the replication ability (Figure 2E). Finally, for the egress
assay, AP2XII-9-mAID tachyzoites were cultured in the
presence and absence of IAA for 60 h or 36 h, and egress
efficiency was assessed by inducing with 3pM calcium
ionophore A23187. The deletion of AP2XII-9 resulted
in significantly decreased ability of induced tachyzoites
to egress (Figure 2F). These results demonstrate that
AP2X11-9 influences T. gondii growth by participating
in key processes of the lytic cycle, primarily through its
role in replication, further highlighting the importance of
AP2XII-9 in the parasite's growth.

3.3 | AP2XII-9is essential for
membrane integrity, normal rosette
structure, and synchronous division in
type I RH strain

To further investigate the important role of AP2XII-9 in
T. gondii replication, the RH::TIR1-AP2XII-9-mAID strain
was allowed to culture in HFFs for 28 h with or without IAA
tovisualize parasites using IFA. Results showed that the dele-
tion of AP2XI1-9 led to structural and morphological defects
in T. gondii, manifested as a disorganized rosette structure (i,
84.41+1.71%), damaged IMC1 formation (ii, 34.05+ 5.93%)
as shown by IMC1 staining. Interestingly, asynchronous
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FIGURE 2 AP2XII-9 is essential for the growth of T. gondii in type I RH strain. (A) Representative images of plaques of RH::TIR1-
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of intracellular tachyzoites and all tachyzoites by pretreating indicated strains with or without IAA for 24 h and invading for 30 min.

(E) Quantification of replication ability of indicated strains by culturing for 24 h in the presence or absence of IAA after 1 h invasion.

(F) Quantification of egress ability in the presence of the 3 uM calcium ionophore A23187 by treating indicated strains for 60 h or 36 h with
or without IAA. The mean + SD of data of three repeated experiments was calculated. Significance analysis of replication assay was carried
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division (iii, 16.93+1.51%) was also observed in the AP2XII-
9-mAID strain treated with IAA (Figure 3A,B).

The integrity of the inner membrane complex, including
alveoli, subpellicular network, and motor complex, is essen-
tial to maintain the normal morphology and structure of T.
gondii for efficient infection.*® Given defects in IMC1, ISP1
affiliated with IMC subcompartment proteins and motor
complex components GAP45 were stained to further inves-
tigate the defects of membrane formation. IFA results re-
vealed that ISP1, an early progenitor IMC subcompartment
protein localized to the apical cap of parasites,*” was not
seldomly altered by the disruption of AP2XII-9 (Figure 3C).
However, the AP2XII-9-mAID strain stained with GAP45,
which was exclusively expressed in the maternal parasite at
the pellicle, between the plasma membrane (PM) and IMC,*
showed membrane defects similar to those of IMC1 staining
under IAA treatment (Figure 3D,E). Interestingly, GAP45
was mostly defective at the site of IMC1 formation defects.

These results indicate that the depletion of AP2XII-9 results
in disruption of membrane integrity, rosette structure, and
synchronous division.

3.4 | Depletion of AP2XII-9 results in
apicoplast defects in type I RH strain

Regular replication, division, and proper assembly of or-
ganelles in parasites are the basis of normal growth.9 To
determine the effects of the deletion of AP2XII-9 on other
organelles, AP2XII-9-mAID tachyzoites treated with IAA
were allowed to stain key organelle markers. Compared
with the control group, there were no significant changes
in micronemes, dense granules, rhoptries, endoplasmic
reticulum, and mitochondria, as shown by the staining of
respective organelle markers (MIC2, GRAS, ARO, SERCA,
HSP60) (Figure S3A-E). However, up to 21.81+6.10%



WU ET AL.

8of 16 The
I ASEB Journal
(A)

IMC1

IMC1

Control

i+ii

(C) DAPI

+AA

-IAA __ +IAA

IMC1

(B)
__100; 3 50 —_— X 251
< 3 T
5 807 o 40+ B 20+
< 3 2
S 60 c 307 T 154
2 9 2
2 40 5 201 £ 10
@ = (]
8 2 10 S 5
& o S,
— . ; <
JAA  +IAA JAA _ +IAA
RH::TIR1-AP2XII-9-mAID  RH::TIR1-AP2XII-9-mAID RH
ISP1  Merge (D)  DAPI IMC1
<
g

. |
| .
\

159
§ 104
54

0.

ii (%)

501

*kkk

+AA

401

301

-IAA

+lAA
RH::TIR1-AP2XII-9-mAID RH::TIR1-AP2XII-9-mAID

GAP45

P ‘« / *:‘/

-IAA
::TIR1-AP2XII-9-mAID

+IAA

FIGURE 3 AP2XII-9 is important for the maintenance of parasite morphology, structure, and normal division in type I RH strain.
(A) TFA results showed that depletion of AP2XII-9 resulted in the destruction of rosette-structure (i), IMC1 integrity (ii), and synchronous
division (iii) as shown by IMC label (green). Scale bar =10 pm. (B) Quantification of defects in IMC1 staining in RH::TIR1-AP2XII-9-
mAID strain with or without IAA for 28 h. (C) The structure of ISP1 (red) were unaffected in AP2XII-9-mAID strain with or without IAA
for 28 h. (D) RH::TIR1-AP2XII-9-mAID strain stained with GAP45 (red) under IAA treatment showed similar defects as IMC1 staining.
Asterisks indicated the places of defects. (i) and (ii) denoted asynchronous division and membrane defect, respectively. Scale bar =10 pm.
(E) Quantification of defects in GAP45 staining in RH:TIR1-AP2XII-9-mAID strain with or without IAA for 28 h. The data in the figures
were obtained from mean + SD of three independent experiments and analyzed for statistical differences by two-tailed, unpaired -test.

*p < .01, ¥**p < 001, ***p < 0001.



WU ET AL.

9 of 16

i:jA\SEBJournal

(A) (B)
DAPI IMC1 CPN60 Merge
120, - +IAA
g A1oo_. o -lAA
- S
S 804
2
[
T 60-
o
z
o 40
() il
; 20 ns. — »
3 L oo = el
+ .
0 T T T T
normal i i iii normal i ii iii
IMC1 normal IMC1 defect
RH::TIR1-AP2XII-9-mAID

FIGURE 4 AP2XII-9is important for the correct inheritance of apicoplast in type I RH strain. (A) IFA showed that deletion of
AP2XITI-9 triggered dysregulated apicoplast inheritance, as indicated by (i) Over-replication apicoplast, (ii) Ectopic apicoplast, and (iii)

Absent apicoplast. Scale bar =10 pm. (B) Quantification of the inheritance dysregulation of apicoplast caused by AP2XII-9 deletion for 28 h.

Mean + SD of three independent repeated experiments was used for data in the figure, and statistical difference analysis was conducted by

two-tailed, unpaired t-test. **p <.01, ***p <.001, n.s., not significant.

of RH:TIR1-AP2XII-9-mAID tachyzoites treated with
IAA for 28 h produced apicoplast defects, including over-
replication (i), ectopic localization (ii), and loss (iii) as
indicated by CPN60 (Figure 4A,B). Interestingly, inher-
itance of the apicoplast is independent of IMC1 defects
(Figure 4B). These results suggest that AP2XII-9 contrib-
utes to the correct inheritance of the apicoplast.

3.5 | Depletion of AP2XII-9 in
cyst-forming type II Pru strain led to more
severe asynchronous division defects than
in type I RH strain

To confirm the function of AP2XII-9, a mAID system
combined with CRISPR-Cas9 technology was similarly
implemented in a cyst-forming strain to conditionally
regulate the expression of AP2XII-9. Phenotypic analy-
sis (plaque formation, invasion, replication, and egress)
showed that depletion of AP2XII-9 caused more pro-
nounced growth defects in the cyst-forming Pru strain,
as shown by the inability to form a visible plaque and
significantly reduced replication capacity (Figure S4A-
F). The depletion of AP2XII-9 in the cyst-forming strain
resulted in a similar degree of membrane formation and
apicoplast defects, but more severe asynchronized divi-
sion with the increase of time (28 h TAA: 40.71 +2.083%;
36h TAA: 52.71 +£1.015%) (Figure 5A-D). These results
further confirm the critical role of AP2XII-9 in the
growth of T. gondii.

3.6 | AP2XII-9is involved in the
process of bradyzoite differentiation

Given that several AP2 factors, such as AP2XII-2,
AP2IX-9, and AP2IV-3, are involved in cyst differentia-
tion as either activators or repressors,lg’z“’”’44 the role of
AP2XII-9 in bradyzoite differentiation was studied. An
in vitro bradyzoite differentiation assay was conducted
to examine the differentiation of the AP2XII-9-mAID
strain under normal conditions, with or without IAA, for
60h. Interestingly, IFA results showed that the AP2XII-9-
mAID strain under IAA treatment significantly increased
bradyzoite differentiation compared with those without
IAA treatment, manifested by a significantly increased
DBL staining (Figure 6A,B). This phenotype was fur-
ther verified by a significant increase in the expression
of bradyzoite-specific antigen BAG1, a canonical marker
of late bradyzoite development,® as shown by IFA and
western blotting (Figure 6A,C), suggesting that AP2XII-9
is important for bradyzoite formation and may function
as a repressor.

3.7 | Depletion of AP2XII-9 alters
transcriptomic changes of numerous
genes related to tachyzoite growth and
bradyzoite differentiation

To gain insight into the transcriptomic changes triggered
by AP2XII-9 depletion, RNA sequencing was performed
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on the Pru::TIR1-AP2XII-9-mAID strain under normal
culture conditions with or without IAA for 72h. The differ-
entially expressed genes (DEGs) were identified by using
llog, Fold Changel>1 and Q values <0.05 as the thresh-
old. A total of 1014 DEGs were identified in the AP2XII-9-
mAID strain in the presence or absence of IAA, of which
899 were up-regulated and 115 were down-regulated after

depletion of AP2XII-9. As expected, many genes involved
in the important lytic cycle of T. gondii, such as MIC1,
MIC9, MIC10, MIC11, MIC12, ROP11, ROP24, ROP34,
and ROP40, were significantly down-regulated in the
Pru:TIR1-AP2XII-9-mAID strain in the presence of IAA
compared to the non-IAA-treated group (Figure 7A,B).
Interestingly, depletion of AP2XII-9 down-regulated
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the expression of genes related to membrane formation
and division, such as IMC4, IMC6, IMC10,” IMC11,>
IMC14,°*> and SPM1.>* In addition, apicoplast defects
caused by the depletion of AP2XII-9 were further con-
firmed by the up-regulation of methionine aminopepti-
dase 2 (MAP2) and MAP1c (Figure 7A.B).> These results
confirmed that AP2XII-9 plays an important role in the
growth of T. gondii.

In addition, RNA sequencing showed that some char-
acteristic bradyzoite-specific proteins, including BAG1,”
LDH2,* enolase 1,°"*® DnaK-TPR,” BRP1,” AP2IV-3,*
and MAG1,%" were significantly up-regulated in AP2XII-
9-depleted tachyzoites as shown by DBL and BAGI stain-
ing (Figures 6 and 7C,D). On the contrary, genes that
are highly expressed in tachyzoites, such as MIC2, were
down-regulated (Figure 7C,D). Eight DEGs, including
lytic cycle or bradyzoite differentiation-related genes,
were randomly selected, and their expression changes
were confirmed by RT-qPCR (Figure 7E and Table S1).
These results further suggest that AP2XII-9 may act as a
repressor by affecting bradyzoite-associated proteins in-
volved in cyst differentiation.

4 | DISCUSSION
The flexible transformation from rapid replicating tachy-
zoites to slow-growing bradyzoites of T. gondii is closely
related to the establishment of chronic infection and the
maintenance of long-term infection.®® Several transcrip-
tion factors, including members of the AP2 family, are
involved in stage transformation as either activators or
repressors.lg’z“’28 However, the functions of many other
transcription factors within the AP2 family remain un-
clear. In this study, we investigated the AP2 transcription
factor AP2XII-9 and found that it is periodically expressed
during the tachyzoite stage and is essential for parasite
growth by influencing normal cell division, as well as the
assembly of organelles and the inner membrane complex.
Additionally, AP2XII-9 actively regulates bradyzoite dif-
ferentiation by inhibiting the expression of bradyzoite-
specific genes, indicating that AP2XII-9 plays crucial roles
in ensuring proper cell cycle progression and may func-
tion as a repressor regulating bradyzoite differentiation.
Several AP2 factors in tachyzoites exhibit specific ex-
pression profiles that are indicative of cell cycle stage.”
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As an AP2 transcription factor, AP2XII-9 was expressed
exclusively in the nucleus and showed periodic expression
during the tachyzoite stage. Its expression was detected in
the S phase, peaked in the late S and early M phases, de-
creased in the late M phase, and was low or undetectable
in the G1 and C phases. Among the identified AP2 factors,
some factors, such as AP2IX-4, AP2IV-4, and AP2XII-2,
exhibited a similar expression trend to AP2XII-9, but these
factors have the similar or different roles in growth and
stage differentiation. For example, AP2IX-4 and AP2IV-4
are dispensable for parasite growth, while AP2XII-2 is
essential, 202644 Surprisingly, AP2IX-4, AP2IV-4, and
AP2XII-2 act as repressors in bradyzoite transformation,
but how these three genes work together to inhibit stage
differentiation and what role AP2XII-9 plays in bradyzoite
development under similar expression patterns remain
unclear.??%* Therefore, it is urgent to investigate the role
of AP2XII-9 in the growth and stage transformation of T.
gondii.

To elucidate the biological function of AP2XII-9, con-
ditional knockout strains of type I RH strain and type II
Pru strain were generated using the mAID system and
CRISPR-Cas9 technology. As expected, phenotypic exper-
iments suggested that AP2XII-9 is essential for the growth
of T. gondii. The tachyzoite of T. gondii divides into two
daughter parasites by endodyogeny, which involves the
emergence and assembly of the daughter parasites, the
dissociation of the mother parasites, and the synthesis
and packaging of the related organelles.” Depletion of
AP2XI1-9 resulted in significantly increased asynchronous
division and membrane defects. Transcriptomic analysis
showed that deletion of AP2XII-9 caused downregulation
of several related factors, such as IMC4 and SPM1, which
are associated with maintaining the stability of the inner
membrane complex,**® while IMC10 and IMC14 are con-
sidered to be involved in the switch between endodyogeny
and endopolygeny.”*>? The integrity of IMC provides the
mechanical strength for parasite survival in different en-
vironments and enhances parasite fitness.**%*%> The IMC
serves as the anchor of the actin-myosin motor complex
(atypical myosin MyoA-MLCI1-ELC1 and glideosome-
associated proteins GAP40, GAP45, and GAP50), which
plays important roles in parasite movement and invasion.®®
Membrane defects demonstrated by IMC1 and GAP45
staining appear to provide a reason for the impaired in-
fectivity caused by the depletion of AP2XII-9. However,
given the similar locations of membrane defects stained
by IMC1 and GAP45, future studies need to explore the
mechanism of how AP2XII-9 mediates IMC1 and GAP45
to regulate membrane formation.

On the other hand, depletion of AP2XII-9 did not affect
the structure of micronemes, dense granules, rhoptries,
endoplasmic reticulum, and mitochondria. However,
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it did cause inheritance defects in the apicoplast, mani-
fested by apicoplast over-replication, loss, and ectopic lo-
calization. Transcriptomic analysis revealed that deletion
of AP2XII-9 led to increased expression of MAP2 and
MAPIc, which are involved in apicoplast biosynthesis.>
Multiple metabolic pathways regulated by the apicoplast,
including heme, fatty acid, lysophosphatidic acid, and iso-
pentenyl pyrophosphate synthesis pathways, are closely
related to the maintenance and expansion of the infec-
tion in T. gondii, ensuring optimal fitness in vitro.*”"*
Depletion of AP2XII-9 may lead to a disturbance of the
metabolic pathways regulated by the apicoplast, impair-
ing the optimal fitness of T. gondii. These results suggest
that AP2XII-9 is important for T. gondii growth through
the maintenance of normal morphology, structure, and
tachyzoite cell cycle division.

Interestingly, while preparing this manuscript, two
independent research groups also demonstrated that
AP2XII-9 affects parasite asexual division and disrupts
apicoplast inheritance by regulating the expression of
key genes involved in the parasite’s lytic cycle using RNA
sequencing and targeting genes related to the moving
junction and inner membrane complex through Cleavage
Under Targets and Tagmentation (CUT&Tag).”””* These
two studies draw some conclusions similar to those pre-
sented in our article, confirming the role of AP2XII-9 in
the growth of the type I RH strain of T. gondii. However,
neither of these two published studies has investigated
the involvement of AP2XII-9 in the conversion from
tachyzoites to bradyzoites. Given that the cell cycle of
tachyzoites is closely related to bradyzoite differentiation,
in which several AP2 factors are involved,”? the role of
AP2XTI-9 in bradyzoite differentiation was further investi-
gated in our study.

Tachyzoites to bradyzoites differentiation occurs in the
S/M phase, and its formation requires slower tachyzoite
growth, which is manifested by slower protein synthesis
in the G1 phase to prolong the G1 phase and delay the S
phase.””” As expected, deletion of AP2XII-9 led to a sig-
nificant increase in bradyzoite transformation, as shown
by DBL and BAGI staining. AP2XII-9 fits some typical
characteristics of AP2 factors involved in stage transfor-
mation, such as peak expression of AP2XII-9 in the S/M
phase, and depletion of AP2XII-9 caused slower parasite
growth. Transcriptomic analysis revealed that AP2XII-9
regulated bradyzoite formation by down-regulating sev-
eral bradyzoite-specific genes (MAG1,*! LDH2,* enolase
1,” DnaK-TPR,” BAG1,” BRP1,” AP2IX-9,"** AP2IV-3,**
AP2Ib-1,* and AP2VIIa-1°***) and up-regulating a
tachyzoite-specific gene MIC2.”> AP2Ib-1, AP2VIIa-1,
AP2IX-9, and AP2IV-3, which are expressed in the early
stage of bradyzoites under stress induction,® were up-
regulated in the absence of AP2XII-9, indicating that
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they may play important roles in coordinating bradyzoite
transformation. Notably, AP2IX-9 and AP2IV-3 exhibit op-
posing roles in the regulation of bradyzoite development.
AP2IX-9 acts as a repressor, inhibiting bradyzoite forma-
tion, while AP2IV-3 functions as an activator, promoting
bradyzoite development.'®** In addition, AP2XII-9 shares
a similar expression pattern with AP21X-4, AP2IV-4, and
AP2XII-2, which also play similar roles in inhibiting
bradyzoite development, as indicated by the up-regulated
expression of bradyzoite development-related factors after
the depletion or disruption of these genes.””?*** These
findings underscore the importance of the coordinated
expression of multiple AP2 factors in ensuring the timely
transition to the bradyzoite stage, highlighting the com-
plexity of the bradyzoite development pathway.

Studies have further classified transcriptional repressors
into active and passive repressors.’® Like AP2IV-4,% deletion
of AP2XII-9 actively leads to dysregulation of bradyzoite-
specific protein expression without external stimulation. In
contrast, AP21X-9,19’24 AP2XII-2,44 and AP2IX-4%° are pas-
sive repressors of bradyzoite transformation, suppressing
the expression of bradyzoite-specific genes at the tachyzoite
stage. These results suggest that these AP2 factors act as ac-
tive or passive repressors of cyst formation to collectively
prevent the process of bradyzoite development and ensure
normal progression of life cycle stages, but how the regula-
tory networks formed by AP2XII-9 interact with other AP2
factors to jointly influence bradyzoite progression remains
the focus of future research.

In conclusion, depletion of AP2XII-9 impairs parasite
growth by affecting important lytic processes, leading to
defects in membrane structure, apicoplast assembly, and
synchronous division. In addtion, depletion of AP2XII-9
increases the bradyzoite differentiation, suggesting that
AP2XII-9 may function as an active repressor, regulating
bradyzoite differentiation by controlling the expression of
bradyzoite specific proteins. Our study reinforces the link
between tachyzoite cell cycle progression and bradyzoite
differentiation, while expanding the understanding of
AP2 factors in parasite division, assembly of organelles, as
well as inner membrane complex.
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