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Intestinal infection by Cryptosporidium parvum causes inhibition of epithelial turnover, but underlying mechanisms are unclear. 
Previous studies demonstrate that a panel of parasite RNA transcripts of low protein-coding potential are delivered into infected 
epithelial cells. Using in vitro and in vivo models of intestinal cryptosporidiosis, we report here that host delivery of parasite Cdg7_
FLc_1000 RNA results in inhibition of epithelial cell migration through suppression of the gene encoding sphingomyelinase 3 
(SMPD3). Delivery of Cdg7_FLc_1000 into infected cells promotes the histone methyltransferase G9a–mediated H3K9 methylation 
in the SMPD3 locus. The DNA-binding transcriptional repressor, PR domain zinc finger protein 1, is required for the assembly of 
Cdg7_FLc_1000 into the G9a complex and associated with the enrichment of H3K9 methylation at the gene locus. Pathologically, 
nuclear transfer of Cryptosporidium parvum Cdg7_FLc_1000 RNA is involved in the attenuation of intestinal epithelial cell migra-
tion via trans-suppression of host cell SMPD3.

Keywords.  Cryptosporidium; cryptosporidiosis; intestinal epithelium; parasitic infection; SMPD3; gene transcription; cell 
migration.
 

Cryptosporidium is an important opportunistic pathogen in 
patients with AIDS [1, 2]. While highly active antiretrovi-
ral therapy has reduced the incidence of cryptosporidiosis in 
developed countries with access to the treatment, it remains a 
significant AIDS-related opportunistic infection among people 
with a late diagnosis of human immunodeficiency virus infec-
tion or without access to the treatment [3, 4]. Cryptosporidium 
is also one of the most common pathogens (second to rotavirus) 
responsible for moderate-to-severe diarrhea in children aged 
<2  years in developing countries [5]. Infection shows signifi-
cant association with mortality in this age group and appears to 
predispose children to lasting deficits in age-appropriate body 
growth and cognitive development [5, 6].

The primary infection site of C. parvum in human is the small 
intestine, one of the fastest regenerative tissues in the body [7]. 
The intestinal epithelium exhibits a remarkable capacity of 
self-renewal to maintain intestinal homeostasis; this property 
reflects the activity of intestinal stem cells in the crypt base [7]. 
New functional epithelial cells are produced from stem cells, 
differentiate, and migrate to the luminal surface, and hence, 

the entire intestinal epithelium is replaced every 2–3  days in 
mice (every 3–5 days in humans) [7]. Pathologically, one of the 
hallmarks of intestinal cryptosporidiosis is the inhibition of 
epithelial turnover and disturbances in cell metabolism [8, 9]. 
C.  parvum infection triggers a mild inflammatory infiltration 
and causes a shorter height of the intestinal villi in the ileal epi-
thelium [8].

Increasing evidence suggests that a certain portion of the 
eukaryotic genome is transcribed as non–protein-coding RNAs 
(ncRNAs) [10]. Some ncRNAs, such as microRNAs and the 
long ncRNAs, are functional and play key regulatory roles in 
diverse biological processes [11–13]. Many of these functional 
ncRNAs have been demonstrated to modulate gene expression 
at the transcriptional and posttranscriptional levels through 
recruitment of proteins or molecular complexes to specific 
loci, scaffolding of nuclear or cytoplasmic complexes, titra-
tion of RNA-binding proteins, or pairing with other RNAs 
[14, 15]. Recent genomic research has revealed the expression 
of novel ncRNA genes in the protozoan group of parasites. 
In eukaryotes, microRNAs induce posttranscriptional gene 
silencing via the RNA-interference pathway [11]. Members 
of the Apicomplexa protozoan parasites, such as P. falciparum 
and C.  parvum, lack key components of the canonical Dicer-
dependent RNA-interference pathway [16, 17]. Nevertheless, a 
panel of novel long ncRNAs has been identified in P. falciparum 
at the intraerythrocytic stage and select long ncRNAs have been 
demonstrated as emerging regulators in P. falciparum virulence 
gene expression [18, 19]. A  detailed analysis of a full-length 
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complementary DNA library constructed from C.  parvum 
identified 118 RNAs of low protein-coding potential [20, 21]. 
However, their functions in C.  parvum biology and potential 
role in parasite-host interactions are unclear.

We recently made a novel observation that several C. parvum 
RNA transcripts of low protein-coding potential are selectively 
delivered into epithelial cells during host-parasite interactions 
and may modulate gene transcription in infected host cells [22]. 
One of these C. parvum RNA transcripts that are selectively deliv-
ered into the nuclei of infected host cells is the Cdg7_FLc_1000 
transcript (GenBank accession number FX115830.1) [20, 21]. 
Sphingomyelin phosphodiesterase 3 (SMPD3), an enzyme 
encoded by SMPD3 in humans, has been demonstrated to be 
associated with cell growth and migration [23, 24]. Here, we 
report that C. parvum infection attenuates intestinal epithelial 
cell migration with the involvement of parasite Cdg7_FLc_1000 
RNA-mediated trans-suppression of host SMPD3.

METHODS

C. parvum and Cell Lines

C. parvum oocysts of the Iowa strain were purchased from a 
commercial source (Bunch Grass Farm, Deary, ID). INT cells 
(FHs 74 Int, CCL-241) and HCT-8 (CCL-244) were purchased 
from ATCC (Manassas, VA). HCT-8 cells stably expressing 
SMPD3 were obtained through transfection of cells with the 
pCMV6-Entry-SMPD3 (OriGene Technologies) and selec-
tion with G418, accordingly to the manufacturer’s instruction. 
HCT-8 cells stably expressing the pCMV6-Entry vector were 
selected for control. Stable HCT-8-G9a-/- cells were gener-
ated and selected through transfection of cells with the G9a-
CRISPR/Cas9 KO(h) and G9a-HDR plasmids (Santa Cruz).

Infection Models and Infection Assays

Cell-line models of intestinal cryptosporidiosis were used as 
previously described; infection was done with a 1:1 ratio of 
C. parvum oocysts to host cells [25]. A well-developed infec-
tion model of cryptosporidiosis in neonatal mice was used for 
in vivo experiments [26, 27]. At least 5 animals from each group 
were euthanized, and ileal tissues were obtained for immuno-
histochemical and biochemical analyses. Real-time polymerase 
chain reaction (PCR) analysis, immunofluorescence micros-
copy, and immunohistochemical analysis were used to assay 
C. parvum infection as previously reported [8, 25, 28]. Details 
are described in the Supplementary Materials.

Quantitative Real-Time PCR

For quantitative analysis of messenger RNA and C.  parvum 
RNA expression, comparative real-time PCR analysis was per-
formed as previous reported [28], using the SYBR Green PCR 
Master Mix (Applied Biosystems, Carlsbad, CA). Briefly, RNA 
was extracted using TRI-reagent, treated with a DNA-free kit 
(Ambion) to remove any remaining DNA. A total of 500 ng of 
quantified RNA was reverse transcribed using T100 thermal 

cyclers (Bio-Rad). Real-time PCR analysis was then performed 
using 25  ng of template complementary DNA for each RNA 
gene of interest. Each sample was run in triplicate. The rel-
ative abundance of each RNA was calculated using the ΔΔCt 
method and normalized to GAPDH (total messenger RNA) or 
U2 (nuclear RNA). The sequences for all primers are listed in 
Supplementary Table 1.

Small Interfering RNAs (siRNAs) and Plasmids

Custom-designed siRNA oligonucleotides against Cdg7_
FLc_1000 and a scrambled siRNA were synthesized by 
Integrated DNA Technologies (Coralville, IA) and transfected 
into cells with lipofectamine RNAimax (Invitrogen). Sequences 
of siRNAs were 5’-GAGAUAACUAACGCCACCUUU-3’ 
for Cdg7_FLc_1000 and nonspecific scrambled sequence 
UUCUCCGAACGUGUCACGUUU for the control. The 
Cdg7_FLc_1000 expression plasmid was generated by PCR 
amplification of Cdg7_FLc_1000 complementary DNA, using 
RNA from C. parvum sporozoites, and was cloned into the 
pcDNA3.1(+) vector, according to the manufacturer’s proto-
col (Invitrogen). The sequences for all the primers are listed in 
Supplementary Table 1.

Whole-Cell, Cytoplasmic, and Nuclear Extract Preparation for Western 

Blot and Coimmunoprecipitation Analysis

Whole-cell extracts were prepared using the M-PER Mammalian 
Protein Extraction Reagent (Fisher) supplemented with cock-
tail protease inhibitors. Cell pellet was incubated in the M-PER 
Mammalian Protein Extraction Reagent and centrifuged at 
16 100g for 20 minutes, and the supernatants were saved as 
the whole-cell extracts. Cytoplasmic and nuclear extracts 
were obtained using the standard approach [29]. Details are 
described in the Supplementary Materials.

RNA Immunoprecipitation, Chromatin Immunoprecipitation (ChIP), and 

Chromatin Isolation by RNA Purification

The formaldehyde–cross-linking RNA immunoprecipita-
tion analysis was performed as described elsewhere [30]. 
For ChIP, a commercially available ChIP assay kit (Upstate 
Biotechnologies) was used in accordance with the manufactur-
er’s instructions. Chromatin isolation by RNA purification anal-
ysis was performed as previously reported [14]. A pool of tiling 
oligonucleotide probes with affinity specific to the C. parvum 
Cdg7_FLc_1000 RNA sequences was used, and glutaraldehyde 
was cross-linked for chromatin isolation. The sequences for all 
the primers and probes are listed in Supplementary Table 1. 
Details are described in the Supplementary Materials.

Cell Migration and the MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-

Diphenyltetrazolium Bromide) Assay

The wound-healing assay was used to analyze cell migration. 
A cell proliferation assay was performed using the CellTiter 
96 Aqueous One Solution Cell Proliferation MTT assay kit 
(Promega), with details in the Supplementary Materials.

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/article/217/1/122/4068720 by guest on 23 April 2021



124  •  JID  2018:217  (1 January)  •  Ming et al

RESULTS

Nuclear Delivery of Parasite Cdg7_FLc_1000 RNA to Infected Epithelial 

Cells and Its Impact on Host Gene Transcription During C. parvum 

Infection

Cdg-FLc_1000 is from the parasite chromosome 7, with a 
sequence of 928 nucleotides from 2 exons (Supplementary 
Figure 1) [20, 21]. Using nonmalignant (INT) and malig-
nant (HCT-8) human intestinal epithelial cells, we observed 
a similar infection burden between 2 cell lines 24, 36, and 48 
hours after infection, as assessed by indirect immunofluores-
cence (Supplementary Figure 1). We also detected a significant 
amount of Cdg-FLc-1000 in the nuclear extracts from infected 
cells (Supplementary Figure 2). Overexpression of Cdg7_FLc-
1000 in cells through transfection of Full-Cdg_FLc_1000 
resulted in nuclear delivery (Supplementary Figure 2).

To explore the potential functional impact of Cdg7_FLc-1000 
on host cells, we performed a genome-wide transcriptome anal-
ysis of INT cells after infection and after transfection of Full-
Cdg7_FLc_1000. All array data were deposited in the GEO 
database (accession number GSE94128). Given that the impact 
of C. parvum infection on host cell gene transcription is generally 
very mild as compared to that of other pathogens [28, 31, 32], we 
chose fold changes of >1.25, combined with a P value of <.05 as 
the threshold, and identified 2068 genes that were upregulated in 
infected cells, compared with noninfected cells (Figure 1A and 
Supplementary Table 2). A total of 756 genes were significantly 
upregulated in cells after Full-Cdg7_FLc_1000 transfection, 
compared with cells transfected with the empty vector (Figure 
1A and Supplementary Table 3). A total of 2292 and 653 genes 
were significantly downregulated in cells following infection and 
transfection with Full-Cdg7_FLc_1000, respectively (Figure 1A 
and Supplementary Tables 4 and 5). There were 180 overlapping 
upregulated genes and 119 overlapping downregulated genes in 
cells infected and transfected with Full-Cdg7_FLc_1000, respec-
tively (Figure 1A and Supplementary Tables 6 and 7). Heat maps 
representing the top 50 overlapping genes that were either upreg-
ulated or downregulated are shown in Figure 1B). Expression 
levels of 3 upregulated genes (CXCL2, encoding C-X-C motif che-
mokine ligand; IL6, encoding interleukin 6; and NFKBIZ, encod-
ing nuclear factor κ B inhibitor ζ) and 3 downregulated genes 
(SMPD3, the gene encoding lysyl oxidase-like 4 [LOXL4], and 
the gene encoding cadherin 3 [CDH3]) were further validated 
using real-time PCR in cells following infection or transfection 
with Full-Cdg7_FLc_1000 (Figure 1C). Of note, the expression 
levels of many genes were also altered in cells transfected with the 
empty vector, compared with the uninfected and untransfected 
control, presumably due to the transfection process.

Suppression of SMPD3 Expression in Host Cells Induced by C. parvum 

Infection Is Mediated by Delivery of Cdg7_FLc_1000

SMPD3 has been demonstrated to be associated with epithelial 
cell growth and migration [23, 24]. Therefore, we selected this 

gene to further explore its potential pathological significance in 
cryptosporidiosis. Downregulation of SMPD3 was further con-
firmed using real-time PCR in cells following infection or trans-
fection of Full-Cdg7_FLc_1000 for various periods (Figure 2A). 
Downregulation of SMPD3 at the protein level was detected in 
infected HCT-8 cells (Figure 2B). We then questioned whether 
nuclear delivery of Cdg7_FLc_1000 causes SMPD3 trans-sup-
pression. Because C.  parvum genes are very difficult, if not 
impossible, to modify with conventional genetic tools [1, 33], 
we developed an approach to treat cells with a siRNA to Cdg7_
FLc_1000 for 12 hours and then exposed them to C. parvum. The 
increase of Cdg7_FLc_1000 RNA levels both in INT and HCT-8 
cells induced by C. parvum infection was significantly suppressed 
by pretreatment of the siRNA to Cdg7_FLc_1000 (Figure  2C). 
Accordingly, suppression of SMPD3 RNA expression induced by 
C. parvum infection was at least partially attenuated through pre-
treatment of the siRNA to Cdg7_FLc_1000 (Figure 2D).

Nuclear Delivery of Cdg7_FLc_1000 Promotes G9a-Mediated H3K9 

Methylation in the SMPD3 Locus

Histone modifications, such as methylation by H3K9 and H3K27, 
are generally associated with gene transcriptional suppression 
[34]. Increased enrichment of H3K9me3 but not H3K27me3 was 
detected in the SMPD3 locus in infected cells by using ChIP analysis 
with anti-H3K9me3 or anti-H3K27me3 and the PCR primer sets as 
designed to cover the various promoter regions of the SMPD3 locus 
(Figure 3A). Similarly, increased enrichment of H3K9me3 but not 
H3K27me3 was detected in the SMPD3 locus in cells after transfec-
tion of Full-Cdg7_FLc_1000 (Figure 3B). Furthermore, as assessed 
by Western blot, the level of H3K9me3 but not H3K27me3 was 
increased in cells following infection (Figure 3C). In a well-docu-
mented model of intestinal cryptosporidiosis, in which C. parvum 
was administered orally to neonatal mice [26, 27], increased stain-
ing of H3K9me3 was detected by immunohistochemical staining 
of infected intestinal tissues (Figure 3D).

The euchromatic histone lysine methyltransferase 2 (G9a), a 
histone methyltransferase for H3K9 methylation, mediates gene 
trans-suppression in many cell types [33]. We then questioned 
whether the recruitment of G9a protein within the SMPD3 locus 
is related with its enrichment of H3K9me3. Increased recruitment 
of G9a to the SMPD3 locus was detected in infected HCT-8 cells 
or cells transfected with Full-Cdg7_FLc_1000, using anti-G9a and 
the PCR primer sets as designed for ChIP analysis (Figure 4A). To 
define whether the enrichment of H3K9me3 depends on G9a, we 
generated a stable G9a-/- HCT-8 cell line, using the G9a-CRISPR/
Cas9 KO(h) and G9a-HDR plasmids (Santa Cruz). Deletion of 
G9a in the stable G9a-/- HCT-8 cell line was confirmed by Western 
blotting (Figure  4B). Downregulation of SMPD3 induced by 
C. parvum infection was not detected in the G9a-/- HCT-8 cells 
following infection (Figure 4C). Complementarily, knockdown of 
G9a attenuated the enrichment of H3K9me3 within the SMPD3 
locus in infected cells (Figure 4D).
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Figure 1.  Alterations in host gene expression profiles in cells following Cryptosporidium parvum infection and overexpressing Cdg7_FLc_1000. A, Genome-wide tran-
scriptome analysis in INT cells following C. parvum infection and transfection of Full-Cdg7_FLc_1000 for 48 hours, taking a fold change of >1.25 and a P value of <.05 as the 
threshold. The total numbers of genes whose expression is significantly altered after infection or transfection are shown. B, Heat maps representing the top 50 overlapping 
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PR Domain Zinc Finger Protein 1 (PRDM1) Is Involved in the Assembly 

of Cdg7_FLc_1000 Into the G9a Complex and Associated With the 

Enrichment of H3K9 Methylation at the SMPD3 Gene Locus

We questioned whether the RNA-binding elements in the G9a 
complex may mediate the recruitment of Cdg7_FLc_1000 to 
the SMPD3 locus. PRDM1 (also known as BLIMP-1) is a G9a-
interacting protein [35] and an RNA-binding protein [36] that 

has been implicated in G9a-mediated histone methylation [37]. 
HCT-8 cells were exposed to C. parvum infection for 24 hours, 
followed by coimmunoprecipitation analysis. An increased 
physical association between G9a and PRDM1 was detected in 
infected cells (Figure 5A). To test whether Cdg7_FLc_1000 is 
assembled into the G9a/PRDM1 complex in the infected cells, 
we performed RNA immunoprecipitation analysis of infected 
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cells. A, Downregulation of SMPD3 was further analyzed by real-time polymerase chain reaction (PCR) analysis in INT and HCT-8 cells following C. parvum infection or 
transfection of Full-Cdg7_FLc_1000 for various periods. *P<.05, by t-test, compared with control; **P<.01, by t-test, compared with control. B, Content of SMPD3 in HCT-8 
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cells. A  significant amount of Cdg7_FLc_1000 was detected 
in the immunoprecipitates from infected cells, using either 
anti-G9a or anti-PRDM1 (Figure 5B). Moreover, recruitment 
of PRDM1 to the SMPD3 locus was detected in infected cells 
and cells transfected with Full-Cdg7_FLc_1000 (Figure  5C). 
To test whether Cdg7_FLc_1000 is physically recruited to the 
SPMD3 locus in infected cells, we used a pool of biotinylated 
tiling oligonucleotide probes specific to Cdg7_FLc_1000 for 
chromatin isolation by RNA purification. Recruitment of 
Cdg7_FLc_1000 was detected within the SMPD3 locus in cells 
following infection or transfection with Full-Cdg7_FLc_1000 
(Figure 5D).

Attenuation of Intestinal Epithelial Cell Migration Following C. parvum 

Infection Involves Expression of SMPD3

Compared with noninfected controls, cell migration distance 
decreased significantly in C. parvum–infected cells (Figure 6A). 

Interestingly, cells along the migrating edge included both 
directly infected cells and noninfected cells, suggesting that 
inhibition of migration is not limited to infected cells only 
(Figure 6A). This decrease in the cell migration distance is not 
due to cell death induced by infection, as reported in previous 
studies [38, 39]. First, no obvious apoptosis was revealed by 
DAPI (4ʹ,6-diamidino-2-phenylindole) staining in the infected 
cell cultures (Figure 6A). Second, the MTT assay revealed no 
obvious difference between the infected cell cultures and the 
noninfected controls (Figure 6A). The lack of obvious cell death 
may reflect the higher infection rate and the fully confluent 
nature of the cells, as C. parvum–infected cells and cells under 
confluent conditions are resistant to apoptosis [39]. We then 
established a HCT-8 cell line stably expressing SMPD3, as con-
firmed by PCR and Western blot (Figure 6B). HCT-8 cells stably 
expressing the empty vector (pCMV6-Entry) were used as the 
control. Of note, the transfection process by itself decreased the 
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distance of cell migration (Supplementary Figure 3). Whereas a 
higher migration distance was detected in cells stably express-
ing SMPD3 (Figure  6C), a similar migration dynamic was 
observed for cells stably expressing SMPD3 following infection, 
compared with the noninfected cells (Figure 6C and 6D), sug-
gesting that overexpression of SMPD3 attenuated the inhibition 
of cell migration induced by infection. No difference in cell 
proliferation was detected in cells among all the treated groups 
(Figure  6C). Finally, we detected a significant decrease in the 
ileal villus heights, accompanied with an expansion of the crypt 
region, in the ileal epithelium of neonatal mice after oral admin-
istration of C. parvum oocysts (Figure 7A and 7B). We observed 
decreased staining of Smpd3 in epithelial cells covering the villi 
of the infected ileal epithelium, whereas the noninfected crypts 
and the submucosal regions showed a similar higher level of 
Smpd3 staining, comparable to staining in corresponding non-
infected intestinal tissues (Figure 7C). Accordingly, decreased 
expression levels of Smpd3 RNA were detected in infected ileal 
tissues (Figure 7D).

DISCUSSION

The interactions between Cryptosporidium and intestinal epi-
thelial cells may involve exchanges of distinct effector molecules 
from either side at the host-parasite interface. C. parvum dis-
charge of rhoptry and microneme contents, a conserved strat-
egy of host cell entry for all Apicomplexa, occurs at the initial 
stage of infection, which presumably facilitates parasite entry 
and parasitophorous vacuole formation [40]. Several parasite 
proteins have been demonstrated to be delivered into host epi-
thelial cells at the host-parasite interface and are involved in 
parasite intracellular development [40, 41]. Recent observation 
of delivery of C. parvum RNA transcripts of low protein-coding 
potential into infected host cells expands the exchanged effec-
tor molecule list to include specific parasite RNAs at the C. par-
vum–host cell interfaces [23]. Our data support the notion that 
cryptosporidial infection induces epigenetic histone methyla-
tions in infected cells through nuclear transfer of specific par-
asite RNAs, resulting in transcriptional suppression of genes 
with pathological significance.
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Several pieces of evidence imply that nuclear delivery of the 
parasite Cdg7_FLc_1000 RNA transcript into infected cells 
modulates transcription of many host genes, such as SMPD3, 
contributing to alterations in the gene expression profile in 
host cells. First, genome-wide analysis of the gene expression 
profile revealed significant alterations of gene expression in 
cultured human intestinal epithelial cells overexpressing the 
Cdg7_FLc_1000 RNA. Intriguingly, many of these upregulated 
and downregulated genes in cells transfected with full-length 
Cdg7_FLc_1000 were also observed in cells following infection, 
including downregulation of SMPD3. Second, using a specific 
siRNA to knock down Cdg7_FLc_1000 in host cells during C. 
parvum infection attenuated the dysregulated expression of 
selected genes in infected cells, such as SMPD3. Finally, delivery 
of the Cdg7_FLc_1000 transcript into infected intestinal epithe-
lial cells promoted the histone methyltransferase G9a/PRDM1–
mediated H3K9 methylation associated with a specific sequence 

within the promoter region of the SMPD3 locus. Moreover, the 
association between Cdg7_FLc_1000 delivery and trans-sup-
pression of SMPD3 appears to be specific, as transfection of 
another nuclear delivery parasite Cdg7_FLc_0990 RNA [23] 
failed to downregulate the expression level of SMPD3.

Mechanistically, downregulation of SMPD3 in intestinal 
epithelial cells after C. parvum infection is associated with a 
marked increase of H3K9me3 in its gene locus. C. parvum–
induced H3K9 methylation within the SMPD3 locus depends 
on G9a, a key methyltransferase for H3K9, and is associated 
with the nuclear delivery of Cdg7_FLc_1000 RNA. PRDM1, 
a G9a-interacting protein that has been implicated in G9a-
mediated histone methylation [35, 37], appears to be required 
for the assembly of Cdg7_FLc_1000 RNA into the G9a com-
plex in infected cells. Therefore, C. parvum may hijack the 
G9a/PRDM1-mediated regulatory machinery through nuclear 
delivery of Cdg7_FLc_1000, resulting in trans-suppression of 
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Figure 5.  PRDM1 is involved in the recruitment of G9a and Cdg7_FLc_1000 to the SMPD3 locus in cells following Cryptosporidium parvum infection. A, Increased physical 
association between G9a and PRDM1 in HCT-8 cells following C. parvum infection. Cells were exposed to C. parvum infection for 24 hours, followed by coimmunoprecipitation 
analysis (Co-IP) using anti-G9a and anti-PRDM1. B, Assembly of Cdg7_FLc_1000 to the G9a/PRDM1 complex in cells following C. parvum infection. HCT-8 cells were exposed 
to C. parvum infection for 24 hours, followed by RNA immunoprecipitation analysis using anti-G9a and anti-PRDM1. C, Recruitment of PRDM1 to the SMPD3 locus in HCT-8 
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of PRDM1 was detected in the SMPD3 locus in cells following infection or Full-Cdg7_FLc_1000 transfection. D, Recruitment of Cdg7_FLc_1000 to the SMPD3 locus in HCT-8 
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FLc_1000 was detected in the SMPD3 locus in cells following infection or Full-Cdg7_FLc_1000 transfection. Data represent means ± SEs from 3 independent experiments. 
*P<.01, analysis of variance, compared with noninfected or empty vector controls.
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SMPD3 in host cells. As an important transcriptional repres-
sor in cell differentiation, PRDM1 acts as a master regulator of 
intestinal epithelium maturation [37] and is strongly expressed 
throughout the epithelium of the embryonic gut [42]. It orches-
trates orderly and extensive reprogramming of the postnatal 
intestinal epithelium but is absent in the intestinal epithelial 
cells of adult mice [42]. Interestingly, neonatal mice are suscep-
tible to C. parvum infection [26, 27], whereas adult mice are 
resistant to C. parvum infection [43]. The pathogenic role of 
PRDM1 in C. parvum infection of neonatal mice merits further 
exploration using conditional PRDM1 knockout mice.

Long ncRNAs in humans have been demonstrated to func-
tion as scaffold molecules to affect gene transcription through 
their interactions with various RNA-binding components 
in the chromatin-remodeling complexes [12, 44]. PRDM1 
is an RNA-binding protein, with several zinc-finger C2H2 
domains that can interact with DNA and RNA molecules [36, 

37]. It is possible that Cdg7_FLc_1000 is assembled into the 
G9a complex through its interaction with PRDM1. In addi-
tion, long ncRNAs may interact with DNA molecules to form 
a triple-helical structure [12]. Therefore, Cdg7_FLc_1000 
may guide the initial recruitment of the G9a/PRDM1 com-
plex to the SMPD3 locus, presumably through direct binding 
to a specific DNA motif in their promoter regions. Notably, 
transfection of host cells with a plasmid expressing Cdg7_
FLc_1000 induced the recruitment of the G9a/PRDM1 com-
plex to the SMPD3 locus, resulting in trans-suppression of the 
gene in transfected cells.

How trans-suppression of SMPD3 attenuates epithelial cell 
migration is still unclear; particularly, it appears that both 
infected and noninfected cell populations in the infected 
cultures show a decrease in cell migration. SMPD3 cata-
lyzes the hydrolysis of sphingomyelin to form ceramide and 
phosphocholine [45]. Ceramide mediates numerous cellular 

A

B C

Fluorescence

C. parvum (48 h)C. parvum (+)C. parvum (−)

C. parvum
Control

C. parvum
Control

*

*

*

Phase

0 h

48 h

0 24 48 72

pCMV6-Entry

SMPD3

GAPDH

15

1.0

0 24 48
Time after C. parvum infection (h)

Time after C. parvum infection (h)

72

0

1500

C
. p

ar
vu

m
 (−

)

1000

M
ig

ra
tio

n 
di

st
an

ce
 (µ

m
)

500

0
24 48 72

96

0 24 48

48 h0 h

72 96

.8

M
T

T
 (O

D
45

0)

.6

.4

.2

0

10

R
at

io
 o

f S
M

PD
3 

R
N

A
le

ve
ls

5

0
pCMV6-Entry Full-SMPD3

*

Full-SMPD3
Full-SMPD3 + C. parvum
pCMV6-Entry

Full-SMPD3

Full-SMPD3 + C. parvum
pCMV6-Entry
Full-SMPD3

*

*

*
#

#

#

1000

M
ig

ra
tio

n 
di

st
an

ce
 (µ

m
)

1.5

1.0

.5

0

M
T

T
 (O

D
45

0)

500

0

Time after C. parvum infection (h) Time after C. parvum infection (h)

C
. p

ar
vu

m
 (−

)
C

. p
ar

vu
m

 (+
)

Figure 6.  Inhibition of epithelial cell migration following Cryptosporidium parvum infection and its association with downregulation of SMPD3. A, Decreased migration 
of HCT-8 cells following C. parvum infection. Cell migration was assessed by measurement of the distance of cell migration after the wound-healing assay. Representative 
phase and dual fluorescent images of cell cultures after exposure to C. parvum infection for 48 hours are shown. Dual fluorescent images revealed that not only infected 
cells (parasite stained in red) but also noninfected cells were present at the migrating edge. Proliferation of HCT-8 cells following C. parvum infection was assessed by using 
the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay. B, Generation of HCT-8 cells stably expressing SMPD3. HCT-8 cells were transfected with the 
pCMV6-Entry-SMPD3 (Full-SMPD3) construct, and stably transfected cells were selected and confirmed by real-time polymerase chain reaction analysis and Western blot. C, 
Overexpression of SMPD3 attenuated the inhibition of cell migration induced by C. parvum infection. Migration of HCT-8 cells expressing the empty vector (pCMV6-Entry) and 
stably expressing SMPD3 was measured with or without C. parvum infection. Whereas a higher migration distance was detected in cells stably expressing SMPD3, a similar 
migration distance was observed for cells stably expressing SMPD3 following infection as compared to the noninfected control cells. No difference in cell proliferation was 
detected among all the treated groups. Representative phase images show the migration of stably transfected cells with or without C. parvum infection for 48 hours. Data 
represent means ± SEs from 3 independent experiments. *,#P<.01, by analysis of variance, compared with noninfected or empty vector controls.
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functions, such as apoptosis, cell growth arrest, differentia-
tion, cell senescence, cell migration, and adhesion [23, 24, 45–
47]. Pathologically, trans-suppression of SMPD3 in host cells 
through nuclear delivery of the parasite Cdg7_FLc_1000 RNA 
and consequent inhibition of epithelial cell migration may 
benefit intracellular development of the parasite after cellular 
internalization. The intestinal mucosa is a monolayer of rap-
idly self-renewing epithelial cells. New functional epithelial 
cells are produced from stem cells in the crypt base, differen-
tiate, and migrate from the crypt base to the luminal surface; 
hence, the entire intestinal epithelium is replaced every 2–3 
days in mice (and every 3–5 days in humans) [7, 48]. The com-
plete life cycle of C. parvum infection requires 4–6 days [43]. 
Thus, inhibition of epithelial cell migration would reduce the 
intestinal turnover, providing an obvious benefit to the para-
site’s replication, as the parasite develops its intracellular stage 
after cellular internalization.
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