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MiR-199a-3p regulates HCT-8 cell
autophagy and apoptosis in response to
Cryptosporidium parvum infection by

targeting MTOR
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The microRNAs (miRNAs) of their hosts play an important role in regulating both the innate and

adaptive immune responses to Cryptosporidium parvum infection. The mechanisms of autophagy and
apoptosis are important components of the defense system against C. parvum infection. In this study,
we investigate the role of miRNA-199a-3p in regulating MTOR-mediated autophagy and apoptosis in
HCT-8 cells induced by C. parvum. The expression of miR-199a-3p increased at 3, 6 and 12 hours
postinfection (hpi) but decreased at 24 and 48 hpi. The upregulation of miR-199a-3p promoted
autophagy and apoptosis and limited the parasite burden in HCT-8 cells after C. parvum infection. The
downregulation of miR-199a-3p inhibited the autophagy and apoptosis induced by C. parvum and
enhanced the parasite burden in HCT-8 cells. A luciferase reporter showed that MTOR was a target
gene of miR-199a-3p. Suppressed expression of MTOR by small interfering RNA (siRNA) promoted
autophagy and apoptosis and limited C. parvum burden in HCT-8 cells. Co-transfection with miR-
199a-3p inhibitor or si-mTOR revealed that miR-199a-3p regulates autophagy and apoptosis in HCT-
8 cells through MTOR, to resist C. parvum infection. In conclusion, intestinal epithelial cells defend
against C. parvum infection by regulating their autophagy and apoptosis through the miR-199a-3p-
MTOR axis.

Cryptosporidium is considered the second leading cause of diarrhea and
death in children and is one of the world’s most important zoonotic
protozoa'. To date, 49 valid species of Cryptosporidium are recognized, 20 of
which have been identified in humans, with Cryptosporidium parvum and
Cryptosporidium hominis most frequently detected™. Cryptosporidium
parvum primarily infects the gastrointestinal tracts of animals and humans.
It undergoes excystation in the gastrointestinal tract to release infective
sporozoites, which blunt the intestinal villi and cause crypt hyperplasia,
cytoskeletal remodeling, epithelial chemokine secretion, and so on™’. At
present, the mechanism underlying the intracellular survival of C. parvum in
cells and the cause of these cytopathic effects are poorly understood, which is
the major factor limiting effective treatment’. Further study of the Cryp-
tosporidium invasion mechanism should facilitate the search for new
therapeutic drug targets.

MiRNAs are a highly conserved group of small noncoding RNAs that
modulate the expression of their target genes, which are associated with
various biological and cellular processes™. They regulate gene expression at
the posttranscriptional level by binding to the 3’ -untranslated regions (3’
-UTRs) of their target mRNAs, either perfectly or imperfectly, thus reg-
ulating a number of cellular processes, including cell proliferation, apop-
tosis, and autophagy’’. For example, miR-20a and miR-106b control ULK1
expression; Beclin 1 is regulated by miR-30a; miR-145 regulates the
expression of BCL2 interacting protein 3 (BNIP3) to regulate autophagy ;
and miR-26a-5p silences PTEN gene expression to regulate apoptosis'’™"".
MiRNAs are important players in the regulation of the immune response of
host epithelial cells after C. parvum infection. Let-7i regulates the expression
of Toll-like receptor 4 and contributes to the immune response of cho-
langiocytes against infection with C. parvum'’. The infection of epithelial
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cells by C. parvum activates NF-kB signaling to increase the transcription of
the miR-27b gene, thereby inhibiting KH-type splicing regulatory protein
(KSRP) and reducing the burden of C. parvum". MiR-26a and miR-30a
regulate autophagy through the MAPK signaling pathway in response to C.
parvum infection in vitro'®. Therefore, in-depth study of the mechanism of
miRNAs regulation of epithelial immune resistance to C. parvum infection
will provide new ideas for the development of new drugs and vaccines.

Autophagy is a highly conserved cellular catabolic pathway that
degrades and recycles long-lived proteins and damaged organelles through
lysosomal digestion'’. Apoptosis is the orderly and autonomous death of
cells, which involves the activation, expression, and regulation of a number
of genes, and is very important in maintaining the stability of the intracel-
lular environment'®. Research has shown that autophagy and apoptosis not
only play an important role in maintaining the homeostasis of the intra-
cellular environment, but also plays an important immune function in the
pathogenic microbe-host interaction"”. For example, Plasmodium infection
of erythrocytes induces autophagy, which is not conducive to parasite
proliferation, and human cells resist Toxoplasma infection by undergoing
autophagy”*”'. However, autophagy promotes the in vitro propagation of
Neospora caninum in caprine endometrial epithelial cells”>. Cryptospor-
idium parvum infection reduces the levels of phosphorylated MTOR (p-
MTOR), promotes the autophagy of intestinal epithelial cells, and induces
apoptosis in biliary epithelia via a Fas/Fas-ligand-dependent mechanism,
disturbing parasite reproduction”**. Although many studies have shown
that C. parvum infection of epithelial cells changes the expression of many
miRNAs and simultaneously activates the host immune response, the
mechanisms of the immune responses involved in the regulation of different
miRNAs differ”*. Our research group previously investigated the expres-
sion profile of miRNAs after C. parvum infection of HCT-8 cells, and
identified some significantly upregulated or downregulated miRNAs. A
bioinformatic analysis predicted that miR-199a-3p targets the MTOR sig-
naling molecule and suggested a potential role for the miR-199a-3p-MTOR
axis in regulating the autophagy and apoptosis of intestinal epithelial cells
induced by C. parvum. In this study, we focused on the regulatory function
of miR-199a-3p in response to C. parvum infection.

Results

Intracellular proliferation of C. parvum inhibited by the complete
autophagy of host cells

To confirm the induction of autophagy in HCT-8 cells by C. parvum,
western blotting was used to detect the changes in autophagy-
associated proteins, Beclin 1, LC3, and P62(SQSTM1), at 3, 6, 12, 24,
and 48 hours postinfection (hpi). Compared with uninfected cells,
Beclin 1 and LC3 increased from 3 to 48 hpi and their expression was
highest at 12 hpi, whereas P62 decreased slightly, but not significantly
(Fig. 1A). At 12 hpi, vesicles containing C. parvum trophozoites were
observed with transmission electron microscopy, accompanied by
autophagic lysosomes (Supplementary Fig. 1A). To confirm the for-
mation of autophagosomes, we used LC3 protein labeled singly with
fluorescent enhanced green fluorescent protein (EGFP) to localize the
autophagosomes, and detected the formation of autophagosomes
after C. parvum infection with fluorescence microscopy. In the blank
control group, EGFP-LC3 was uniformly distributed in the cyto-
plasm without aggregation. In the infected cells, EGFP-LC3 began to
accumulate in the cytoplasm at 3 hpi, and EGFP-LC3 aggregation
was most obvious at 12 hpi, indicating the greatest degree of
autophagy (Supplementary Fig. 1B). And we detected C. parvum and
a large number of autophagosomes coexisting in the cytoplasm at 12
hpi (Fig. 1B).

To demonstrate the increase of autophagosome was induced by C.
parvum infection rather than the impaired lysosome function, Chlor-
oquine (CQ, 30 uM) and Rapamycin (500 nM) were used to treat HCT-8
cells for 4 h prior to C. parvum infection to inhibit and promote the
occurrence of autophagy, respectively. At 12 hpi, the autophagy-related
proteins LC3 and P62 were detected to evaluate the level of autophagy

caused by the C. parvum infection. It was observed that in the CQ
treatment group, the expression level of LC3 decreased and the
expression level of p62 increased, and the opposite phenomenon was
observed for the Rapamycin treatment group, which were consistent
with the autophagy inhibitor and activator features of Chloroquine and
Rapamycin, respectively. It was worth noting that when C. parvum
sporozoites were added to the CQ-treated HCT-8 cells, the expression
levels of LC3 and P62 proteins were significantly increased, and when the
sporozoites were added to the Rapamycin-treated HCT-8 cells, the
expression of LC3 was further increased and P62 was further reduced
(Fig. 1C). The change of expression levels of the autophagy-related
proteins following C. parvum infection indicated that the formation of
autophagosomes was caused by C. parvum infection. (Fig. 1C). Autop-
hagy and thelocalization of lysosomes were analyzed with the autophagy
double-labeling technique to assess the autophagy flux in C. parvum-
infected cells. Compared with the control group, free red dots (autop-
hagic lysosomes) and yellow dots (autophagosome) increased sig-
nificantly in the infected group, indicating that C. parvum promotes
autophagic flux (Fig. 1D). Reverse transcription-quantitative PCR
(RT-qPCR) was used to detect the parasite burden in the HCT-8 cells
treated with Rapamycin and Chloroquine at different time points. It was
shown that the parasite burden was reduced by the autophagy inducer
Rapamycin and was increased by the autophagy inhibitor Chloroquine
in HCT-8 cells (Fig. 1E). Confirming the effect of autophagy mechanism
on intracellular proliferation of C. parvum. These experiments showed
that the host cells underwent complete autophagy to reduce the burden
of C. parvum infection.

Cryptosporidium parvum infection induces miR-199a-3p
expression in HCT-8 cells

Our research group previously used the RNA-seq technology to sequence
the whole transcriptome of HCT-8 cells in the early stages of C. parvum
infection (3 hpi and 12 hpi), and found that the expression of miR-199a-3p
was significantly increased at 12 hpi. RT-qPCR also showed that the
expression of miR-199a-3p was significantly increased at 3, 6, and 12 hpi,
but significantly reduced at 24 and 48 hpi compared with that in uninfected
cells (Fig. 2A).

MiR-199a-3p reduces C. parvum infection by regulating autop-
hagy and apoptosis in HCT-8 cells

Previous studies have shown that miRNAs are involved in the regulation of
host cell autophagy and apoptosis. To confirm the role of miR-199a-3p in
regulating the mechanisms of autophagy and apoptosis in HCT-8 cells, we
transfected cells with an miR-199a-3p mimic or miR-199a-3p inhibitor to
upregulate or downregulate its expression, respectively (Fig. 2B). The levels
of autophagy and apoptosis were then determined after C. parvum infection
at 12 hpi. Western blotting showed that, compared with the miR-199a-3p
mimic normal control (NC) group, the expression of Beclin 1 and LC3 were
increased and P62 was reduced in the miR-199a-3p mimic group, indicating
that the overexpression of miR-199a-3p promoted autophagosome for-
mation. When compared with the miR-199a-3p inhibitor normal control
(NC) group, the expression of Beclin 1 and LC3 were reduced and P62 level
was unchanged in the miR-199a-3p inhibitor group, indicating that the
inhibited expression of miR-199a-3p reduced autophagosome production
(Fig. 2C). Both EGFP-LC3 and C. parvum polyclonal antibody (Pn CP) were
used to locate autophagosomes and the parasites, and the production of
autophagosomes was detected after interfering with the expression of miR-
199a-3p. The results showed that when the expression of miR-199a-3p was
promoted, the production of autophagosomes was significantly increased,
and when the expression of miR-199a-3p was inhibited, the production of
autophagosomes was significantly reduced (Supplementary Fig. 2).
Autophagy and lysosome localization showed that free red dots (autophagic
lysosomes) and yellow dots (autophagosome) increased significantly in the
miR-199a-3p mimic group compared with the miR-199a-3p mimic NC
group, whereas the miR-199a-3p inhibitor group showed the opposite

Communications Biology | (2024)7:924



https://doi.org/10.1038/s42003-024-06632-5

Article

A TIMEMmp)) 0 3 6 12 24 48

Beclin 1 |y que «= @ @@ @® |60 KDa . . e Control = 3hpi
g4 ***;*% 4+ 6hpi v 12hpi
LC3 16KDa S * =m| = + 24hpi © 48hpi
ISR 14 KDa = LT*EO et
g2 :
P62 ‘m--—-—‘&KDa e
‘ Al nfope
—————“36KD& E\'} T T
GAPDH ‘ Beclin 1 LC3 11 P62
16 KDa
B PanCp  EGFP-LC3  DAPI Merge LC3 14 KDa
Control
C.parvum + = = +
C. parvum
infection RAP + + - =
CcQ - - + +

EGFP DAPI mCherry

D

Control

C. parvum

infection

E

Fig. 1 | Complete autophagy of host cells inhibited the intracellular proliferation
of Cryptosporidium parvum. A Expression levels of autophagy-related proteins
LC3, P62, and Beclin 1 in HCT-8 cells at different time points after C. parvum
sporozoites infection, detected with western blotting. The protein levels of LC3-II,
P62, and Beclin 1 relative to GAPDH levels were determined with densitome-
try(n = 3 biologically independent samples). B Cells were transfected with plasmid
stably expressing EGFP-LC3 and then exposed to equal numbers of C. parvum
sporozoites for 12 h. C. parvum were stained with Pan Cp followed by goat anti-
mouse IgG Alexa Fluor 594, and the nucleus was stained with DAPI. The spatial
relationship between C. parvum and autophagosome was observed by confocal
microscopy (red dots: C. parvum; green dots: autophagosome, Scale bars, 2 um).
C HCT-8 cells were pretreated with 500 nM Rapamycin (Rap) or 30 uM Chlor-
oquine (CQ) for 4 h, and then infected with C. parvum sporozoites for 12 h. The
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expression of LC3 and P62 in the cell pellets was determined with western blot-

ting(n = 3 biologically independent samples). D Cells were transfected with plas-
mid stably expressing mCherry-GFP-LC3 and then exposed to equal numbers of C.
parvum sporozoites for 12 h (n = 3 biologically independent samples). The autop-

C. parvum
(normalized to Human 78s rRNA

hagic flux was evaluated with confocal microscopy. Numbers of yellow and free red
dots in each group cell were quantified (free red dots: autophagic lysosomes; yellow
dots: autophagosome, Scale bar, 5 um). E Effects of 500 nM Rap and 30 uM CQ on
the propagation of C. parvum in HCT-8 cells. HCT-8 cells were pretreated with
500 nM Rap or 30 uM CQ for 4 h and infected with C. parvum sporozoites, which
were quantified with RT-qPCR assays at 12 and 24 hpi(n = 3 biologically inde-
pendent samples). All data are presented as the means + SD of three independent
experiments. Different groups were compared with a t test. (*P < 0.05,

*¥*¥P<0.01, ¥**P < 0.001).

effect, suggesting that miR-199a-3p promotes the autophagic flux induced
by C. parvum (Fig. 2D). Flow cytometry revealed that the rate of apoptosis
was significantly increased in HCT-8 cells transfected with the miR-199a-3p
mimic compared with that in the miR-199a-3p mimic NC cells, and that
apoptosis was significantly reduced in the miR-199a-3p-inhibitor-treated
cells (Fig. 2E), confirming that miR-199a-3p promoted the apoptosis
induced by C. parvum infection.

We also used RT-qPCR to investigate the functional role of miR-199a-
3p in regulating the C. parvum burden. MiR-199a-3p had no effect on the
parasite infection load at 2 hpi, whereas the miR-199a-3p mimic group
showed a significant reduction in the parasite load at 12 and 24 hpi, and the
miR-199a-3p inhibitor group showed a significant increase in the parasite
load (Fig. 2F). These experimental results indicated that miR-199a-3p
limited the C. parvum burden in HCT-8 cells.
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Fig. 2 | MiR-199a-3p regulates autophagy and apoptosis in cells to limit the C.
parvum load after infection. A Expression levels of miR-199a-3p in HCT-8 cells at
different times after C. parvum sporozoites infection, determined with RT-qPCR
(n = 3 biologically independent samples). B Expression efficiency of miR-199a-3p
in HCT-8 cells transfected with miR-199a-3p mimic or miR-199a-3p inhibitor for
24 h, determined with RT-qPCR. C Effect of miR-199a-3p on autophagy of cells
infected with C. parvum. Cells were transfected with miR-199a-3p mimic or miR-
199a-3p inhibitor for 24 h and then exposed to equal numbers of C. parvum
sporozoites for 12 h. Expression levels of autophagy-related proteins LC3, P62, and
Beclin 1 were determined with western blotting. Protein levels of LC3-II, P62, and
Beclin 1 relative to GAPDH levels were determined with densitometry(n = 3 bio-
logically independent samples). D Effect of miR-199a-3p on autophagic flux in C.
parvum-infected cells. Cells were cotransfected with miR-199a-3p mimic or miR-
199a-3p inhibitor and a plasmid encoding mCherry—-EGFP-LC3 for 24 h, and then
exposed to equal numbers of C. parvum sporozoites for 12 h (n = 3 biologically
independent samples). The autophagic flux was evaluated with confocal

microscopy. Numbers of yellow and free red dots in each group cell were quantified
(free red dots: autophagic lysosomes; yellow dots: autophagosome, Scale bar, 5 um).
E Effect of miR-199a-3p on apoptosis of cells infected with C. parvum. Cells were
transfected with miR-199a-3p mimic or miR-199a-3p inhibitor for 24 h and then
exposed to equal numbers of C. parvum sporozoites for 12 h. Cell apoptosis was
detected with flow cytometry. The apoptosis rate is the sum of O1-LR and O1-UR
(n = 3 biologically independent samples). F Cells were transfected with miR-199a-
3p mimic or miR-199a-3p inhibitor for 24 h and then exposed to equal numbers of
C. parvum sporozoites for 2 h to determine the initial attachment and cellular
invasion of C. parvum with RT-qPCR. The medium was replaced with fresh med-
ium at 3 hpi infection with C. parvum and the infected cells cultured for a further 12
or 24 h to evaluate the parasite burden after invasion(n = 3 biologically indepen-
dent samples). All data presented are the means + SD of three independent
experiments. Different groups were compared with a t test (*P < 0.05,

**P<0.01, ***P < 0.001).
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MiR-199a-3p negatively regulates the expression of MTOR
TargetScan, miRWalk, and miRBase were used to predict the potential
target gene(s) of miR-199a-3p. Binding sites for miR-199a-3p were pre-
dicted on MTOR (Fig. 3A). The luciferase activity assay was carried out to
initially determine the regulation of MTOR by miR-199a-3p. For cells
transfected with the pmiGLO vector containing the target sites of wild-type
(WT) MTOR, the transfection of miR-199a-3p mimic significantly reduced
the luciferase activity. However, luciferase activities for cells transfected with
the mutated MTOR (MTOR-MUT) and the vector alone didn’t show sig-
nificant change after being transfected with miR-199a-3p (Fig. 3B). Fur-
thermore, the overexpression of miR-199a-3p reduced MTOR mRNA and
protein levels, whereas opposite results were observed in cells transfected
with the miR-199a-3p inhibitor (Fig. 3C, D). These results demonstrated
that miR-199a-3p targeted MTOR and inhibited its expression, suggesting
that miR-199a-3p regulated autophagy and apoptosis in HCT-8 cells by
targeting MTOR in response to C. parvum infection.

MTOR signal is involved in the regulation of C. parvum-induced
autophagy and apoptosis in HCT-8 cells

RT-qPCR showed that the expression of MTOR was significantly reduced at
3,6 and 12 hpi, but did not change at 24 hpi and increased significantly at 48
hpi compared with that in uninfected cells (Fig. 4A). However, western
blotting detected no significant changes in the level of total MTOR protein
(Supplementary Fig. 3A). The determination of p-MTOR expression levels

showed that C. parvum significantly reduced the phosphorylation of the
MTOR protein (Fig. 4B). We designed and synthesized three pairs of small
interfering RNAs (siRNAs, si-MTORs) to inhibit MTOR expression, and
selected the most effective si-MTOR and optimized its concentration
(Supplementary Fig. 3B). We then investigated the role of the MTOR signal
in regulating autophagy, apoptosis, and the parasite burden in HCT-8 cells
after C. parvum infection. The knockdown of MTOR with siRNA promoted
autophagy and increased the autophagic flux of HCT-8 cells after C. parvum
infection (Fig. 4C and E, Supplementary Fig. 4). The increase in the apop-
tosis rate was confirmed with flow cytometry (Fig. 4F). Moreover, the
parasite load was significantly lower in cells transfected with si-MTOR than
in cells transfected with si-NC at 12 and 24 hpi (Fig. 4D). These results
demonstrated that C. parvum induced autophagy and apoptosis in HCT-8
cells through MTOR signaling.

MiR-199a-3p regulates cell autophagy and apoptosis and redu-
ces the Cryptosporidium parvum burden in HCT-8 cells by
targeting MTOR

The above results demonstrated that the transfection of miR-199a-3p
inhibitors promoted the expression of MTOR, which subsequently
inhibited the autophagy and the autophagic flux of HCT-8 cells to
reduce the apoptosis rate and increase the burden of C. parvum.
Meanwhile, si-MTOR inhibited the expression of MTOR and pro-
moted autophagy and increased the autophagic flux of HCT-8 cells,
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Fig. 4 | MTOR is involved in regulating the autophagy and apoptosis of HCT-8
cells induced by C. parvum. A MTOR mRNA expression was detected with
RT-qPCR(n = 3 biologically independent samples). B Levels of phosphorylated
MTOR (p-MTOR) and total MTOR were analyzed with western blotting 12 h after
HCT-8 cells were infected with C. parvum sporozoites. Densitometry was used to
compare the relative levels of p-MTOR protein and total MTOR protein, and the
data were normalized to GAPDH(n = 3 biologically independent samples). C Cells
were transfected with si-mTOR or si-NC for 24 h and then exposed to equal numbers
of C. parvum sporozoites for 12 h. Expression levels of autophagy-related proteins
LC3, P62, and Beclin 1 were determined with western blotting. Protein levels of LC3-
11, P62, and Beclin 1 were determined relative to GAPDH with densitometry(n = 3
biologically independent samples). D Cells were transfected with si-MTOR or si-NC
for 24 h and then exposed to equal numbers of C. parvum sporozoites for 3 h before
the medium was replaced with fresh medium. The infected cells were cultured for 12

or 24 h to evaluate the parasite burden with RT-qPCR after cell invasion(n = 3
biologically independent samples). E Cells were cotransfected with si-MTOR or si-
NC and plasmid encoding mCherry-EGFP-LC3 for 24 h, and then exposed to equal
numbers of C. parvum sporozoites for 12 h(n = 3 biologically independent sam-
ples). The autophagic flux was evaluated with confocal microscopy. Numbers of
yellow and free red dots in each group cell were quantified (free red dots: autophagic
lysosomes; yellow dots: autophagosome, Scale bar, 5 um). F Cells were transfected
with si-MTOR or si-NC for 24 h and then exposed to equal numbers of C. parvum
sporozoites for 12 h. Cell apoptosis was then detected with flow cytometry. The
apoptosis rate is the sum of O1-LR and O1-UR(n = 3 biologically independent
samples). All data are presented as the means + SD of three independent experi-
ments. Different groups were compared with a t test (*P < 0.05,

*¥*P<0.01, ¥**P<0.001).

resulting in the increase of apoptosis after C. parvum infection. To
verify whether si-MTOR would reverse the regulatory effect caused
by miR-199a-3p inhibitor, we simultaneously transfected HCT-8 cells
with an miR-199a-3p inhibitor and si-MTOR. Compared with cells
cotransfected with the miR-199a-3p inhibitor NC and si-NC,
expressions of LC3 and Beclin 1 were significantly reduced and the
expression of P62 was significantly increased in cells transfected with
an miR-199a-3p inhibitor and si-NC, indicating that the autophagic
intensity of the cells was reduced by the miR-199a-3p inhibitor.

However, when HCT-8 cells were co-transfected with the miR-199a-
3p inhibitor and si-MTOR, the inhibition of LC3 and Beclinl
expression induced by the miR-199a-3p inhibitor was eased and the
increase of P62 expression was also significantly limited compared
with the miR-199a-3p inhibitor and si-NC co-transfection group,
illustrating that si-MTOR reversed the inhibition of autophagy
caused by the miR-199a-3p inhibitor (Fig. 5A). Similarly, flow
cytometry confirmed that the co-transfection of the miR-199a-3p
inhibitor and si-NC reduced the apoptosis rate, whereas when the
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Fig. 5 | MiR-199a-3p-regulated cell autophagy and apoptosis reduced the C.
parvum burden in HCT-8 cells by targeting MTOR. A Cells were cotransfected with
miR-199a-3p inhibitor or miR-199a-3p inhibitor NC and si-mTOR or si-NC for
24 h, and then exposed to equal numbers of C. parvum sporozoites for 12 h.
Expression levels of autophagy-related proteins LC3, P62, and Beclin 1 were
determined with western blotting. Protein levels of LC3II, P62, and Beclin 1 were
determined relative to GAPDH protein levels with densitometry(#n = 3 biologically
independent samples). B Cells were cotransfected with miR-199a-3p inhibitor or
miR-199a-3p inhibitor NC and si-MTOR or si-NC for 24 h, and then exposed to
equal numbers of C. parvum sporozoites for 12 h. Cell apoptosis was then detected
with flow cytometry. The apoptosis rate is the sum of O1-LR and O1-UR(n =3

= miR-1992a-3p inhibtior+si-NC
+ miR-199a-3p inhibtior NC+si-NC

= miR-1992a-3p inhibtior+si-NC
+ miR-1992a-3p inhibtior NC+si-NC

biologically independent samples). C Expression efficiency of miR-199a-3p in HCT-
8 cells cotransfected with miR-199a-3p inhibitor and si-MTOR for 24 h, determined
with RT-qPCR. D Cells cotransfected with miR-199a-3p inhibitor or miR-199a-3p
inhibitor NC and si-MTOR or si-NC for 24 h were then exposed to equal numbers of
C. parvum sporozoites for 3 h. The medium was then replaced with fresh medium.
The infected cells were cultured for 12 or 24 h to evaluate the parasite burden after
cell invasion, with RT-qPCR(n = 3 biologically independent samples). All data are
presented as the means + SD of three independent experiments. Different groups
were compared with a t test (*P < 0.05, **¥P < 0.01, ¥***P < 0.001).

miR-199a-3p inhibitor and si-MTOR were co-transfected, the inhi-
bition of the apoptosis was alleviated (Fig. 5B). Furthermore, the
expression of miR-199a-3p was detected under the condition of miR-
199a-3p inhibitor and si-MTOR co-transfection, and the inhibited
miR-199a-3p expression induced by the miR-199a-3p inhibitor
showed significant recovery in the presence of si-MTOR (Fig. 5C).
Compared with HCT-8 cells transfected with negative controls of
miR-199a-3p inhibitor and MTOR, significant increases of C. parvum
burden were observed for cells transfected with the miR-199a-3p
inhibitor and for cells co-transfected with the miR-199a-3p inhibitor
and si-MTOR. However, the increase of parasite burden in cells co-
transfected with the miR-199a-3p inhibitor and si-MTOR was
smaller than that in cells transfected with the miR-199a-3p inhibitor,

suggesting that the si-MTOR inhibitor reversed the increase of
parasite burden caused by the miR-199a-3p inhibitor (Fig. 5D). These
results indicated that miR-199a-3p targets MTOR to regulate
autophagy and apoptosis in HCT-8 cells in order to reduce the C.
parvum burden.

Discussion

Autophagy is widely reported to play an important role in the host response
to infection by most intracellular pathogens, including bacteria, viruses, and
parasites. There is evidence that infection by protozoan parasites induces the
autophagy of the host cells, thereby necessitating immune escape related to
the autophagic flux**”. Trypanosoma cruzi activates the early steps of host
autophagy, inducing the formation of autophagosomes. However, no
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autophagic lysosomes are observed in the infected cells, indicating that host
autophagy is incomplete after Trypanosoma cruzi infection. This suggests
that the parasite has mechanisms that allow it to evade autophagic capture™.
The invasion of host cells by Toxoplasma triggers epidermal growth factor
receptor (EGFR) signaling, inhibiting lysosomal degradation and thus
allowing parasite survival. However, when an EGFR tyrosine kinase inhi-
bitor (TKI) is added to previously infected cells, autophagosomal LC3 and
lysosomal LAMP-1 co-capture Toxoplasma, through the autophagy-
associated proteins ULK1 and Beclin 1, and lysosomal enzymes then kill
the parasite”. Host cell activation of the EGFR-PI3K-AKT pathway
induces autophagy, thereby reducing the C. parvum load in cells”. In the
present study, complete cell autophagy was activated during C. parvum
infection, which reduced the burden of C. parvum in HCT-8 cells. Cryp-
tosporidium parvum not only induced the formation of a large number of
autophagosomes, but also promoted the fusion of these autophagosomes
with lysosomes. Finally, we used an autophagy inducer (Rapamycin) and a
lysosome inhibitor (Chloroquine) to treat HCT-8 cells before their infection
with C. parvum. Chloroquine significantly promoted the proliferation of the
intracellular parasite, whereas in contrast, the number of C. parvum in
HCT-8 cells treated with rapamycin was significantly reduced. These
findings suggest that complete autophagy hinders the intracellular repro-
duction of C. parvum. Similar previously reported evidence showed that
host cells used autophagy to reduce C. parvum infection'*”.

MiRNAs play an important regulatory role in the response of epithelial
cells to C. parvum infection. Cryptosporidium parvum-infected cholangio-
cytes induce miR-125b-1, miR-21, miR-30b, and miR-23b-27b-24-1
expression, and the inhibition of these miRNAs increases the C. parvum
burden in cholangiocytes, although the underlying mechanism remains
unclear’. Recent studies have demonstrated the biological functions of
some miRNAs in response to C. parvum infection™. Cryptosporidium
parvum regulates HCT-8 cell autophagy to facilitate host survival by inhi-
biting miR-26a and promoting miR-30a expression'’. MiR-3976 expression
is induced by C. parvum infection, and miR-3976 regulates cell apoptosis by
targeting BCL2A1, thus reducing the C. parvum burden in HCT-8 cells™. In
the present study, miR-199a-3p expression was induced by C. parvum
infection, the upregulation of miR-199a-3p promoted autophagy and
apoptosis and limited the parasite burden in HCT-8 cells after C. parvum
infection, thereby indicated that miR-199a-3p plays an important reg-
ulatory role in the response to C. parvum infection. The activation of the
TLR/NF-kB signaling pathway in host cells can trigger the transcriptional
regulation of miRNA genes, and the regulatory functions of miRNAs in
response to C. parvum infection have important relationships with the
downstream molecules in this pathway’’. The epithelial defense response to
C. parvum is increased by the upregulation of TLR4 expression, which is
regulated by let-7i"*. MiR-942-5p, which targets the IFI27 gene, regulates
HCT-8 cell apoptosis through a TRAIL-dependent pathway in the early
stage of C. parvum infection™. Many studies have shown that miR-199a-3p
inhibited the MTOR signal, thus acting as a potential regulatory factor’>™.
In the present study, the regulatory relationship between miR-199a-3p and
MTOR, their regulation on host cell autophagy and apoptosis and parasite
burden after C. parvum infection were investigated. It was found that miR-
199a-3p targeted and inhibited the expression of MTOR, resulting in the
promotion of autophagy and apoptosis of HCT-8 cells to reduce the C.
parvum burden.

Cryptosporidium parvum is an intracellular protozoan parasite, in this
study, we only quantified the effect of autophagy on the infection of host
cells by C. parvum. Therefore, the mechanism by which autophagy directly
impairs the development of C. parvum requires further research. The
autophagy and apoptosis mechanisms play important roles in the immune
response to pathogen infection, but the crosstalk between them is extremely
complex***'. Our study has only demonstrated that miR-199a-3p had two
functions, regulating the autophagy and apoptosis of epithelial cells, in
response to C. parvum infection. However, miR-199a-3p also plays a reg-
ulatory role in the crosstalk between autophagy and apoptosis, which
warrants further investigation and future studies should determine the

mechanisms underlying the role of miR-199a-3p in the host’s anti-C. par-
vum response in vivo. In conclusion, our results suggested that miR-199a-3p
expression was induced by C. parvum infection, which targeted and
inhibited the expression of MTOR and subsequently reduce the C. parvum
burden by promoting cell autophagy and apoptosis. This study may provide
new intervention targets for the prevention and treatment of C. parvum
infection.

Methods

Cell culture model and cryptosporidium parvum infection
Human ileocecal adenocarcinoma (HCT-8) cells (American Type
Culture Collection, Manassas, VA, USA) were cultured in Dulbecco’s
modified Eagle’s Medium supplemented with 10% fetal bovine serum,
4 mmol/l L-glutamine, 100 U/mL penicillin, and 100 U/mL strepto-
mycin at 37°C under 5% CO,. This cell line is mainly used as a model
of C. parvum infection in vitro.

Cryptosporidium parvum strain IIdA19G1 was kept in our laboratory,
passaged through newborn dairy calves every 3-4 months, and stored in
2.5% K,Cr,O; solution at 4°C after purification. The neonatal calves were
purchased from Ruiya Animal Husbandry Co., Ltd (Zhengzhou, China).
Cryptosporidium parvum oocysts were first incubated and sterilized in
0.25% sodium gluconate solution, centrifuged at 13,500 x g for 5 min, and
washed three times and suspended in phosphate-buffered saline (PBS). The
oocysts were then incubated in a mixture of 0.25% trypsin and 0.75%
taurocholate for 2 h at 37°C, with shaking every 30 min. As described above,
the oocysts were washed three times with PBS and suspended in PBS. The
sporozoites were then added to a monolayer of cells in either a 6- or 12-well
plate in a sporozoite:cell ratio of 4:1.

RT-qPCR

HCT-8 cells were transfected or treated with the miR-199a-3p mimic, miR-
199a-3p inhibitor, negative control (NC), and si-MTOR or si-NC for 24 h,
and then stimulated with sporozoites (sporozoite:cell = 4:1) for 12 h. HCT-8
cells were stimulated with sporozoites in a sporozoite:cell ratio of 4:1. After
stimulation with sporozoites for 3 h, the HCT-8 cells were thoroughly rinsed
with fresh medium, cultured, and collected at 0, 3, 6, 12, 24, or 48 h. The
samples were washed three times with PBS and the total RNA was extracted
with TRIzol Reagent (Invitrogen, Waltham, MA, USA), according to the
manufacturer’s instructions, which were then treated with recombinant
DNase I (Takara, Kyoto, Japan). Housekeeping genes glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and U6 were used as the references
for cDNA and miRNA quantification, respectively. cDNA and miRNA
expression were determined with SYBR® Green Realtime PCR Master Mix
(Toyobo). Differences (fold changes) in gene expression were calculated
with the 27*“ method to determine the relative expression of each RNA.
The primer sequences used in the present study are listed in Supplementary
Table S1.

Cell transfection

The autophagy detection plasmid encoding doubly labeled LC3
(Mcherry-EGFP- LC3), the miR-199a-3p mimic, the miR-199a-3p inhi-
bitor, and the negative control (NC) were synthesized by GenePharma
(Shanghai, China). Three pairs of siRNAs directed to the MTOR gene (si-h-
MTOR_010, genOFFTM st-h-MTOR_001, and genOFFTM  st-h-
MTOR_002) and the control siRNA (si-NC) were obtained from RiboBio
(Guangzhou, China). The autophagy detection plasmid encoding singly
fluorescently labeled LC3 (EGFP-LC3) is maintained in our laboratory.
HCT-8 cells were seeded in 6- or 12-well cell culture plates. When the
number of cells per well in each plate reached 80% of the total number,
Lipofectamine 2000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA)
was used to transfect them with the appropriate constructs, according to the
manufacturer’s protocol. Serum-free culture medium was added and the
cells incubated for 6 h. The medium was then changed to DMEM con-
taining 10% fetal bovine serum, 4 mmol/L glutamine, 100 U/mL penicillin,
and 100 U/mL streptomycin. The cells were incubated at 37°C under 5%
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CO, for 24 h. Mcherry-EGFP-LC3 and EGFP-LC3 (1.6 pg each in 12-well
plates), miR-199a-3p mimic or NC (2.5 pL each 12-well plates or 5 uL each
6-well plates), miR-199a-3p inhibitor or NC inhibitor (4 pL each in 12-well
plates or 8 UL each in 6-well plates), and si-MTOR (5 L each in 12-well
plates or 10 uL each in 6-well plates) were then added. For cotransfection,
each gene was transfected with the same quantity of vector. The sequences of
the siRNAs, miRNA mimic, and miRNA inhibitor are presented in Sup-
plementary Table S2.

Western blotting

HCT-8 cells were stimulated with sporozoites in a sporozoite:cell ratio of 4:1.
After stimulation for 3 h, the cells were thoroughly rinsed with fresh medium,
cultured, and collected after 0, 3, 6,12, 24, or 48 h. The HCT-8 cells were
transfected with the miR-199a-3p mimic, miR-199a-3p inhibitor, negative
control (NC), si-MTOR, or si-NC for 24 h, and the cells were stimulated with
sporozoites (sporozoite:cell = 4:1) for 12 h. The total protein was extracted
from the cells with RIPA Lysis Buffer (Solarbio Life Sciences, Beijing, China)
containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and phosphatase
inhibitors (Beijing Solarbio Science & NCM Biotech, Suzhou, China). The
protein concentrations were measured with a Pierce” BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA). A 20 ug sample of protein
was separated by 6%, 10%, or 15% SDS-PAGE and then transferred to
polyvinyl difluoride (PVDF) membranes (0.45 pm or 0.22 pm) (Millipore,
Billerica, MA, USA). The membranes were blocked with 5% skimmed milk
(in PBS containing Tween 20 [PBST]) for 2 h and then incubated overnight
with the primary antibody at 4°C. The antibodies used included rabbit
antibodies directed against LC3B(cat. no. 3868 S), P62(cat. no. 5114 S), Beclin
1(cat. no. 3495 S) (diluted 1:1,000; Cell Signaling Technology, Danvers, MA,
USA), MTOR(cat. no. 2983 S) and p-MTOR(cat. no. 5536 S) (diluted 1:1,000;
Cell Signaling Technology), and a mouse antibody directed against human
GAPDH (diluted 1:2000; Immunoway, Tennyson, TX, USA). The mem-
branes were then incubated with a horseradish-peroxidase-conjugated sec-
ondary goat anti-rabbit or goat anti-mouse antibody (diluted 1:5,000;
Immunoway) at room temperature for 1-2h. The protein bands were
visualized with an enhanced chemiluminescence (ECL) system, and quan-
tified with the ImageJ software (NIH, USA).

Autophagy detection

HCT-8 cells were transfected with the EGFP-LC3/mCherry-EGFP-LC3-
encoding plasmid and the miR-199a-3p mimic, miR-199a-3p inhibitor,
negative control (NC), si-MTOR, or si-NC for 24 h, after which the cells
were stimulated with sporozoites (sporozoite:cell = 4:1) for 12 h. Add 500-
1000 pL (4%) of paraformaldehyde onto the slide and 0.3% Triton-100 was
transvented for 10 min, washed with PBS 3 times, then closed with 1% BSA
for 1-2h, incubated with C. parvum polyclonal antibody (1:500), and
incubated at 4°C overnight, washed with PBS to remove primary antibody
and incubated with sheep anti-mouse (594) secondary antibody, and
incubated at room temperature for 2 h. The cell nuclei were stained with 4°6-
diamidino-2-phenylindole (DAPI) (Solarbio) for 20 min. The distribution
of EGFP-LC3/mCherry-EGFP-LC3 in the cells was observed each group
under a confocal microscope. The average numbers of EGFP-mCherry-LC3
(yellow-green) and mCherry-LC3B (free red) dots in the cells each group
field were plotted.

Flow-cytometry detection of cell apoptosis

Cells were washed with PBS at 12 hpi, digested with EDTA-free pancreatic
enzymes for 5min, and centrifuged at 800 x g for 5 min at room tem-
perature. The supernatant was removed and the cells were washed twice
with PBS. Using a PE Annexin V Apoptosis Detection Kit I (BD, Denver,
CO, USA), the cells were resuspended in 500 pL of precooling 1 x binding
buffer to a cell density of 10°-10° cells/mL, and 5pL of annexin
V-phycoerythrin (PE) and 5 pL of 7-aminoactinomycin D were added to
them. The suspension was incubated for 15 min in the dark at room tem-
perature. The cellular apoptosis rate was determined as the percentage of
apoptotic cells in late or early phase relative to the total number of cells. using

flow cytometry (Beckman Coulter, Brea, CA, USA). The apoptosisrate is the
sum of O1-LR and O1-UR. All experiments were conducted independently
three times.

Dual luciferase assay

To perform the luciferase reporter assay in HCT-8 cells, the 3’-UTR frag-
ment of MTOR, which contains target sites for miR-199a-3p, was amplified
and cloned into the pmirGLO control vector (Promega, Madison, WI,
USA). The sequences of the MTOR-WT 3’-UTR and MTOR-MUT 3’-UTR
uopare presented in Supplementary Table S3 Supplementary Fig. 6. The
empty dual luciferase reporter plasmids were used as the negative control.
For the luciferase assay, HCT-8 cells were cotransfected with the reporter
plasmid and the miR-199a-3p mimic or miR-NC mimic using Lipofecta-
mine 2000 Transfection Reagent (Invitrogen). Forty-eight hours after
transfection, the cells were lysed, and the luciferase activity was assayed
with the Renilla Luciferase Assay System (Promega), according to
the manufacturer’s protocol, and the Dual-GLO® Luciferase Assay System
(Promega). The relative luciferase activity was calculated as the ratio firefly
luciferase signal/Renilla luciferase signal and normalized to the activity of
the cotransfected Renilla luciferase. All experiments were performed inde-
pendently three times.

Drug treatment and propagation of C. parvum

Rapamycin is an effective and specific MTOR inhibitor that effectively
activates autophagy*’, whereas chloroquine is an inhibitor of autophagy, and
alters lysosomal acidity to inhibit lysosomal degradation®. Different con-
centrations of rapamycin (100, 200, 500, 1000, or 2,000 nM) and chlor-
oquine (10, 20, 30, 50, or 100 uM) were blended with cell culture medium
and added to cells in culture. After 24 h, Cell Counting Kit-8 (CCKS8)
(TargetMol, Shanghai, China) was used to detect cell viability and thus
inhibitor toxicity. The appropriate concentrations were selected for sub-
sequent tests (Supplementary Fig. 2A).

Generating the pan Cp polyclonal antiserum

Antigen for the pan Cp polyclonal antiserum was generated by excysting
2.5 x 108 bleached oocysts in 0.75% sodium taurocholate and 0.25 trypsin at
37 °C, for 2 h., excysted oocysts were then freeze-thawed 6 times (3 min on
dry ice mixed with ethanol, then 3 min at 37 °C). After centrifugation, the
supernatant was removed and mixed with 400 microliters of PBS, and then
add equal volume of Freund’s Complete Adjuvant (FCA)/Freund’s
Incomplete Adjuvant (FIA). Four BALB/c 6-8 weeks female mice were
injected subcutaneously with 200 pL antigen with FCA and boosted three
times at 21-day intervals with 200 pL antigen in FIA. Allimmunofluorescent
staining experiments used the pan Cp antiserum at a 1:500 dilution. The
present study was approved by the Independent Ethics Committee of
Henan Agricultural University (approval no. IEC-HENAU-20180323-06).
We have complied with all relevant ethical regulations for animal use.

Statistics and reproducibility

All statistical analyses were performed with GraphPad Prism 8.0.2
(GraphPad Software, San Diego, CA, USA). Differences between two groups
were analyzed with an unpaired t-test with Bonferroni’s correction, and
differences among multiple groups were analyzed with nonparametric one-
way ANOVA. All data are expressed as means + standard deviations (SD).
All experiments were performed with at least three biological replicates. For
all analyses, P<0.05 was considered significant. *P < 0.05, **P < 0.01
and ***P < 0.001.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The source data behind the graphs in the paper can be found in Supple-
mentary Data 1.
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