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Abstract

Intestinal infection by Cryptosporidium parvum causes significant alterations in the gene 

expression profile in host epithelial cells. Previous studies demonstrate that a panel of parasite 

RNA transcripts of low protein-coding potential are delivered into infected host cells and may 

modulate host gene transcription. Using in vitro models of human intestinal cryptosporidiosis, we 

report here that trans-suppression of the cadherin 3 (CDH3) and lysyl oxidase like 4 (LOXL4) 

genes in human intestinal epithelial cells following C. parvum infection involves host delivery of 

the Cdg7_FLc_1000 RNA, a C. parvum RNA that has been previously demonstrated to be 

delivered into the nuclei of infected host cells. Downregulation of CDH3 and LOXL4 genes was 

detected in host epithelial cells following C. parvum infection or in cells expressing the parasite 

Cdg7_FLc_1000 RNA. Knockdown of Cdg7_FLc_1000 attenuated the trans-suppression of 

CDH3 and LOXL4 genes in host cells induced by infection. Interestingly, Cdg7_FLc_1000 was 

detected to be recruited to the promoter regions of both CDH3 and LOXL4 gene loci in host cells 

following C. parvum infection. Host delivery of Cdg7_FLc_1000 promoted the PH domain zinc 

finger protein 1 (PRDM1)-mediated H3K9 methylation associated with trans-suppression in the 

CDH3 gene locus, but not the LOXL4 gene. Therefore, our data suggest that host delivery of 

Cdg7_FLc_1000 causes CDH3 trans-suppression in human intestinal epithelial cells following C. 
parvum infection through PRDM1-mediated H3K9 methylation in the CDH3 gene locus, whereas 

Cdg7_FLc_1000 induces trans-suppression of the host LOXL4 gene through H3K9/H3K27 

methylation-independent mechanisms.
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1. Introduction

Cryptosporidium, a genus of protozoa in the phylum Apicomplexa, represents a group of 

protozoan parasites that can infect humans and many other species of animals such as 

mammals, birds and reptiles (O’Donoghue, 1995; Striepen, 2013). The Cryptosporidium 
parvum and Cryptosporidium hominis spp. cause the majority of Cryptosporidium infections 

in humans. Whereas C. hominis mostly infects humans, C. parvum has a rather broad host 

range (Checkley et al., 2015). Clinically, Cryptosporidium remains an important 

opportunistic pathogen in AIDS patients and is one of the most common pathogens 

responsible for moderate-to-severe diarrhea in children under 2 years of age in developing 

regions (Kotloff et al, 2013; Checkley et al., 2015).

The primary infection site of the parasite in humans is the small intestine and one of the 

pathological hallmarks of intestinal cryptosporidiosis is the inhibition of intestinal epithelial 

turnover and disturbances in epithelial homeostasis (Savidge et al., 1996; Sasahara et al., 

2003). The intestinal mucosa is a monolayer of rapidly self-renewing epithelial cells. New 

functional epithelial cells are produced from stem cells in the crypt base, differentiated, and 

migrated from the crypt base to the luminal surface and hence, the entire intestinal 

epithelium is replaced every 2–3 days in mice (3–5 days in humans) (Creamber et al., 1961; 

Barker, 2014). Thus, inhibition of epithelial turnover would provide an obvious benefit to 

parasite replication, particularly for the parasite cell cycle during its intracellular stages 

(O’Donoghue, 1995). Mechanistic understanding of how C. parvum infection inhibits 

epithelial turnover and disturbs intestinal epithelial homeostasis would provide new insights 

into pathogenesis, relevant to the development of novel therapeutic strategies.

Cryptosporidium infection causes significant alterations in the gene expression profile in 

host epithelial cells (Deng et al., 2004; Yang et al., 2009). These genes that are upregulated 

in infected intestinal epithelial cells include interleukin 8 (IL8), nitric oxide synthase 2 
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(NOS2), C-X-C motif chemokine ligand 2, and intercellular adhesion molecule 1, reflecting 

host defense responses to infection in general (Laurent et al., 1997; Tarver et al., 1998; 

Alcantara et al., 2003; Deng et al., 2004; Goel et al., 2012). In contrast, many of the 

downregulated genes code effector proteins important for cell proliferation, differentiation 

and metabolism, including low density lipoprotein receptor related protein 5 (LRP5), 

frizzled class receptor 7, polycomb group ring finger 2, and solute carrier family 7 member 8 

(SLC7A8) (Deng et al., 2004; Kuhnert et al., 2004; Won et al., 2012). Interestingly, 

downregulation of this panel of genes appears to be specific to Cryptosporidium infection 

and may not be a general epithelial cell response to pathogen infection or inflammatory 

stimulation (Deng et al., 2004; Wang et al., 2017). Nevertheless, how C. parvum infection 

causes downregulation of specific genes in infected intestinal epithelial cells is still unclear.

The interactions between protozoan parasites and host cells involve exchanges of distinct 

effector molecules from both sides of the host cell and the parasite at the host-parasite 

interface (Sibley, 2004). Several C. parvum proteins have been demonstrated to be delivered 

into host epithelial cells at the host-parasite interface and are involved in parasite 

intracellular development (Sibley, 2004; O’Connor et al., 2007). In our previous studies 

(Wang et al., 2016), we demonstrated that several C. parvum RNA transcripts of low 

protein-coding potential are selectively delivered into intestinal epithelial cells during host-

parasite interactions and may modulate gene transcription in infected host cells. Specifically, 

delivery of parasite Cdg7_FLc_0990 RNA (GenBank accession number: FX115678.1) (Puiu 

et al., 2004; Yamagishi et al., 2011) into infected intestinal epithelial cells suppresses 

transcription of the LRP5, SLC7A8 and IL33 genes through histone modification-mediated 

epigenetic mechanisms (Wang et al., 2016, 2017). Delivery of the parasite Cdg7_FLc_1000 

transcript (GenBank accession number: FX115830.1) (Puiu et al., 2004; Yamagishi et al., 

2011) causes trans-suppression of the host sphingomyelin phosphodiesterase 3 (SMPD3) 

gene, resulting in attenuation of intestinal epithelial cell migration (Ming et al., 2017). 

Downregulation of the cadherin 3 (CDH3) and lysyl oxidase like 4 (LOXL4) genes in 

intestinal epithelial cells following C. parvum infection has been reported in previous studies 

(Ming et al., 2017); their protein products have been demonstrated as important regulators of 

cell migration and adherence (Baek et al., 2010; Paredes et al., 2012; Samuelov et al., 2015; 

Comptour et al., 2016). Here, we report that host delivery of Cdg7_FLc_1000 promotes the 

PH domain zinc finger protein 1 (PRDM1)-mediated H3K9 methylation in the CDH3 gene 

locus, resulting in trans-suppression in infected intestinal epithelial cells; whereas 

Cdg7_FLc_1000 induces trans-suppression of the LOXL4 gene through H3K9/H3K27 

methylation-independent mechanisms.

2. Materials and methods

2.1. Cryptosporidium parvum, cell lines and infection models

Cryptosporidium parvum oocysts of the Iowa strain were purchased from a commercial 

source (Bunch Grass Farm, Deary, ID, USA). INT cells (FHs 74 Int, CCL-241™) and HCT-8 

(CCL-244™) were purchased from American Type Culture Collection (ATCC, Manassas, 

VA, USA). Models of intestinal cryptosporidiosis using cultured cell lines were employed as 
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previously described; infection was done in serum-free culture medium for 4 h with a 1:1 

ratio of C. parvum oocysts and host cells (Ming et al., 2017; Wang et al., 2016, 2017).

2.2. Real-time quantitative PCR (qPCR)

For quantitative analysis of mRNA and C. parvum RNA expression, comparative real-time 

qPCR was performed as previous reported (Wang et al., 2016, 2017; Ming et al., 2017), 

using the SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA). 

Briefly, RNA was extracted using TRI-reagent, treated with a DNA-free™ Kit (Ambion, 

USA) to remove any remaining DNA. Quantified RNA (500 ng) was reverse-transcribed 

using T100 thermal cyclers (Bio-Rad, USA). Real-time qPCR was then performed using 25 

ng of template cDNA for each RNA gene of interest. Each sample was run in triplicate. The 

relative abundance of each RNA was calculated using the ΔΔCt method and normalised to 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (total mRNA) or the U2 small 

nuclear RNA (RNU2-1) (a nuclear RNA). The sequences for all the primers are listed in 

Supplementary Table S1.

2.3. Small interfering RNAs (siRNAs) and plasmids

Custom designed siRNA oligos against Cdg7_FLc_1000 and a scrambled siRNA were 

synthesized by Integrated DNA Technologies (Coralville, Iowa, USA) and transfected into 

cells with Lipofectamine RNAimax (Invitrogen, USA). The Cdg7_FLc_1000 expression 

plasmid was generated by reverse transcription-PCR amplification of Cdg7_FLc_1000 

cDNA, using RNA from C. parvum sporozoites (Iowa strain) and cloned into the 

pcDNA3.1(+) vector in accordance with the manufacturer’s protocol (Invitrogen). Full-

Cdg7_FLc_1000 was transfected into cells with lipofectamine 2000 (Invitrogen), a 

pcDNA3.1(+) empty vector was transfected as a control. The primer sequences for 

Cdg7_FLc_1000 plasmid generation are listed as following: forward (NheI), 5′-

CGGCTAGCAGTTTTTACATTTTGTATCTCAGTT-3′ and reverse (KpnI), 5′-

GGGGTACCTGAGCGAAATTAGAGTAGTCTGA-3′. Stable HCT-8-G9a−/− cells were 

generated through transfection of cells with the G9a-CRISPR/Cas9 KO(h) and G9a-HDR 

plasmids (Santa Cruz, USA). HCT-8 cells stably expressing the empty vector were selected 

for controls.

2.4. Whole cell extracts, nuclear extracts and western blots

Whole cell extracts were prepared using the M-PER Mammalian Protein Extraction Reagent 

(Fisher, USA) supplemented with cocktail protease inhibitors, according to the 

manufacturer’s instructions. The cell pellet was incubated in the M-PER Mammalian Protein 

Extraction Reagent on ice for 30 min, centrifuged at 16,100 g for 20 min and the 

supernatants were saved as the whole cell extracts. Nuclear extracts were obtained using the 

standard approach, as previously reported (Wang et al., 2016, 2017; Ming et al., 2017). The 

protein concentration of each fraction or whole cell lysate was determined and subsequently 

analyzed by western blots. The following antibodies were used for blotting: anti-CDH3 

(ThermoFisher, USA), anti-LOXL4 (Santa Cruz), anti-trimethylation of lysine 9 on histone 

H3 (H3K9me3) (Abcam, USA), anti-trimethylation of lysine 27 on histone H3 (H3K27me3) 

(Abcam), anti-euchromatic histone lysine methyltransferase 2 (G9a) (Millipore), anti-

PRDM1 (Santa Cruz), anti-GAPDH (Santa Cruz) and anti-β-Actin (Sigma).
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2.5. Chromatin immunoprecipitation (ChIP) and chromatin isolation by RNA purification 
(ChIRP)

For ChIP analysis, a commercially available ChIP Assay Kit (Upstate Biotechnologies, 

USA) was used in accordance with the manufacturer’s instructions. In brief, cells were fixed 

with 1% formaldehyde for 10 min and the genomic DNA was then sheared to lengths 

ranging from 200 to 1000 bp by sonication, as previously described (Ma et al., 2016; Wang 

et al., 2016, 2017; Ming et al., 2017). While one percent of the cell extracts was taken as 

input, the rest of the extracts were incubated with specific antibodies overnight at 4°C, 

followed by precipitation with protein G agarose beads. The DNA-protein complex was 

eluted; after reversal of cross-links with NaCl at 65°C overnight, proteins were digested with 

proteinase K, and the DNA was detected by real-time qPCR analysis. The following 

antibodies were used for ChIP analysis: anti-H3K9me3 (Abcam), and anti-H3K27me3 

(Abcam), anti-G9a (Millipore), anti-PRDM1 (Santa Cruz).

ChIRP analysis was performed as previously reported (Chu et al., 2011; Wang et al., 2016, 

2017; Ming et al., 2017). Briefly, a pool of tiling oligonucleotide probes with affinity 

specific to the C. parvum Cdg7_FLc_1000 RNA sequences was used and glutaraldehyde 

cross-linked for chromatin isolation. The DNA sequences of the precipitates from chromatin 

isolation by RNA purification were confirmed by real-time qPCR using the same primer sets 

covering the gene promoter regions of interest as for ChIP analysis.

2.6. Statistical analysis

All values are given as mean ± S.E.M. Means of groups were from at least three independent 

experiments and compared with a Student’s t test (two-tailed unpaired) or the ANOVA test 

when appropriate. P < 0.05 was considered statistically significant.

3. Results

3.1. Expression of parasite Cdg7_FLc_1000 RNA in cultured human intestinal epithelial 
cells results in suppression of both CDH3 and LOXL4 genes

Cryptosporidium parvum infection causes significant dysregulation of intestinal epithelium 

homeostasis but underlying mechanisms are unclear (Deng et al., 2004; Kuhnert et al., 2004; 

Won et al., 2012; Wang et al., 2017). In our previous studies (Ming et al., 2017; Wang et al., 

2017), we identified that the parasite RNA Cdg7_FLc_1000 is delivered to the nuclei of 

infected host cells and modulates host gene transcription. Genome-wide array analysis 

revealed that a panel of host genes are downregulated in INT cells transfected with Full-

Cdg7_FLc_1000, including CDH3 and LOXL4; their protein products are important 

regulators of cell migration and adherence (Baek et al., 2010; Paredes et al., 2012; Samuelov 

et al., 2015; Comptour et al., 2016). We further confirmed by real-time qPCR the 

suppression of CDH3 and LOXL4 genes in INT cells transfected with Full-Cdg7_FLc_1000 

for various periods of time, compared with cells transfected with the control empty vector 

(Fig. 1A–B). Suppression of CDH3 and LOXL4 genes was also detected in HCT-8 cells, a 

different human intestinal epithelial cell line, following transfection with Full-

Cdg7_FLc_1000 (Fig. 1C and D).
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3.2. Suppression of CDH3 and LOXL4 genes in host cells induced by C. parvum infection 
is mediated by delivery of Cdg7_FLc_1000

We questioned whether C. parvum infection inhibits expression of CDH3 and LOXL4 genes 

in infected host cells with the involvement of host delivery of Cdg7_FLc_1000. When INT 

and HCT-8 cells were exposed to C. parvum infection for 24, 36 and 48 h, the expression 

levels of both CDH3 and LOXL4 genes were significantly downregulated as measured using 

real-time qPCR (Fig. 2A–D). Consistent with results from previous studies (Deng et al., 

2004; Yang et al., 2009; Ming et al., 2017; Wang et al., 2017), upregulation of several 

epithelial cell defense genes such as IL8 and NOS2 was detected in INT and HCT-8 cells 

following C. parvum infection (Supplementary Fig. S1). Downregulation of both CDH3 and 

LOXL4 genes at the protein level was further confirmed using western blots in HCT-8 cells 

following C. parvum infection (Fig. 2E and F).

To define whether host delivery of Cdg7_FLc_1000 is involved, we measured the effects of 

Cdg7_FLc_1000 knockdown on CDH3 and LOXL4 expression in cells following infection. 

Because conventional genetic tools are very difficult, if not impossible, to use to modify C. 
parvum genes (Striepen, 2013; Vinayak et al., 2015), we designed an siRNA to 

Cdg7_FLc_1000 and transfected host cells for 12 h, followed by exposure to C. parvum 
infection. A non-specific scrambled siRNA was used as a control. The increase in 

Cdg7_FLc_1000 RNA levels in INT or HCT-8 cells induced by C. parvum infection was 

partially suppressed by pre-treatment of the siRNA against Cdg7_FLc_1000 (Fig. 3A and 

Supplementary Fig. S2). Accordingly, suppression of CDH3 and LOXL4 RNA expression 

induced by C. parvum infection was significantly attenuated through pre-treatment of the 

siRNA against Cdg7_FLc_1000 in INT and HCT-8 cells (Fig. 3B and C, respectively). 

These data suggest that suppression of CDH3 and LOXL4 genes in host cells Induced by C. 
parvum infection may be mediated through host delivery of Cdg7_FLc_1000.

3.3. PRDM1/G9a-mediated H3K9 methylation within the regulatory promoter region is 
correlated with trans-suppression of the CDH3 gene, but not the LOXL4 gene

In our previous study (Ming et al., 2017), we demonstrated that nuclear delivery of 

Cdg7_FLc_1000 is involved in the trans-suppression of the SMPD3 gene in C. parvum-

infected intestinal epithelial cells through gene-specific enrichment of H3K9 methylations. 

We then preformed the ChIP analysis of infected cells using anti-H3K9me3 or anti-

H3K27me3 and PCR primer pairs (Set1 – Set5; see more details in Supplementary Table S1) 

specific to the various promoter regions of the CDH3 and LOXL4 gene loci (Fig. 4A and B, 

respectively). Increased enrichment of H3K9me3, but not H3K27me3, was detected in the 

CDH3 gene locus in infected HCT-8 cells (Fig. 4A). Similarly, increased enrichment of 

H3K9me3, but not H3K27me3, was detected in the CDH3 gene locus in HCT-8 cells after 

transfection with Full-Cdg7_FLc_1000 (Supplementary Fig. S3). In contrast, no significant 

enrichment of either H3K9me3 or H3K27me3 was detected in the LOXL4 gene locus in 

infected HCT-8 cells (Fig. 4B), suggesting that different mechanisms are involved in the 

trans-suppression of host CDH3 and LOXL4 genes correlated with the delivery of 

Cdg7_FLc_1000 during C. parvum infection.
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Given the enrichment of H3K9me3 in the promoter region of the CDH3 gene in cells 

following exposure to C. parvum infection, we then tested the potential involvement of the 

euchromatic histone lysine methyltransferase 2 (G9a), a histone methyltransferase for H3K9 

methylation which mediates gene trans-suppression in many cell types (Shinkai and 

Tachibana, 2011) and is required for trans-suppression of the SMPD3 gene in C. parvum-

infected intestinal epithelial cells (Ming et al., 2017). Increased recruitment of G9a to the 

CDH3 gene locus was detected in infected HCT-8 cells using anti-G9a and the PCR primer 

sets as designed for ChIP analysis (Fig. 5A). In addition, PRDM1 (also known as BLIMP-1) 

is a G9a-interacting protein (Shinkai et al., 2011) and a RNA-binding protein (John and 

Garrett-Sinha, 2009) that has been implicated in G9a-mediated histone methylation (Gyory 

et al., 2004). Recruitment of PRDM1 to the CDH3 gene locus was detected in infected 

HCT-8 cells (Fig. 5B).

To further define the involvement of G9a in Cdg7_FLc_1000-mediated trans-suppression of 

the host CDH3 gene, we measured the effects of G9a knockdown on CDH3 expression 

levels in HCT-8 cells following C. parvum infection. We first 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 using western blotting 

(Fig. 5C). Whereas a similar expression level of CDH3 RNA was found between the stable 

G9a−/− HCT-8 cells and the non-transfected HCT-8 cells, downregulation of the CDH3 gene 

induced by C. parvum infection was not detected in the G9a−/− HCT-8 cells following 

infection (Fig. 5D).

3.4. Cdg7_FLc_1000 is recruited to the promoter regions of both CDH3 and LOXL4 gene 
loci in host cells during C. parvum infection

RNA transcripts, particularly long non-coding RNAs, have been demonstrated to be 

recruited to specific gene loci to modulate gene transcription (Ulitsky and Bartel, 2013). To 

test whether Cdg7_FLc_1000 RNA is directly recruited to the CDH3 and LOXL4 gene loci, 

we adapted the ChIRP approach originally developed for the measurement of specific 

recruitment of long non-coding RNAs to various gene loci (Chu et al., 2011). A pool of 

biotinylated tiling oligonucleotide probes specific to Cdg7_FLc_1000 were synthesized for 

the ChIRP analysis (Ming et al., 2017). Recruitment of Cdg7_FLc_1000 was detected within 

the promoter regions of both CDH3 and LOXL4 gene loci in HCT-8 cells following C. 
parvum infection (Fig. 6A and B). Sequence alignment analysis of the regions with the 

recruitment of Cdg7_FLc_1000 within the CDH3 and LOXL4 gene loci revealed no obvious 

consensus sequences for potential Cdg7_FLc_1000 binding (data not shown). Taken 

together, our data indicate that host delivery of Cdg7_FLc_1000 promotes PRDM1/G9a-

mediated H3K9 methylation in the CDH3 gene locus, resulting in trans-suppression, 

whereas Cdg7_FLc_1000 induces trans-suppression of the LOXL4 gene through H3K9/

H3K27 methylation-independent mechanisms (Fig. 6C).

4. Discussion

Emerging evidence indicates that histone modifications are key targets for pathogen 

manipulation of host gene transcription during microbial infection (Hamon and Cossart, 
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2008; Gómez-Díaz et al., 2012). It is well recognized that the epigenetic modulation of a 

host’s transcriptional program linked to host defense genes is a relatively common 

occurrence during pathogenic viral and bacterial infections (Hamon and Cossart, 2008; 

Paschos and Allday, 2010). A diverse array of bacterial and viral effectors has been 

identified that either mimic or inhibit the host cellular machinery, thus facilitating the 

pathogen’s lifecycle. Better understanding of the molecular mechanisms underlying the 

gene-specific alterations in the host modulated by the pathogens would provide new insights 

into the pathogenesis. In this regard, our data in this study suggest that trans-suppression of 

host CDH3 and LOXL4 genes in cultured human intestinal epithelial cells following C. 
parvum infection involves nuclear delivery of parasite Cdg7_FLc_1000 RNA. Interestingly, 

although Cdg7_FLc_1000 is recruited to both the CDH3 and LOXL4 gene loci, host 

delivery of Cdg7_FLc_1000 causes CDH3 trans-suppression through PRDM1/G9a-

mediated H3K9 methylation in the CDH3 gene locus, whereas Cdg7_FLc_1000 induces 

trans-suppression of LOXL4 gene through H3K9/H3K27 methylation-independent 

mechanisms.

Histone modifications such as H3K9 and H3K27 methylations are generally associated with 

gene transcriptional suppression (Dong and Weng, 2013). Previous studies demonstrated that 

nuclear delivery of Cdg7_FLc_1000 RNA suppresses SMPD3 gene transcription in infected 

host epithelial cells through H3K9 methylation-mediated epigenetic mechanisms (Ming et 

al., 2017). Similarly, enrichment of H3K9 methylation was detected in the CDH3 gene locus 

in host cells following infection. Moreover, recruitment of G9a (a key methyltransferase for 

H3K9) (Shinkai and Tachibana, 2011) and PRDM1 (a G9a-interacting protein) (Gyory et al., 

2004; John and Garrett-Sinha, 2009) happened in the promoter region of the host CDH3 
gene during C. parvum infection. In addition to its capacity to interact with G9a, PRDM1 

has several Zinc-finger C2H2 domains that can interact with DNA and RNA molecules 

(John and Garrett-Sinha, 2009). Therefore, the interactions between PRDM1 and G9a 

modulating H3K9 methylation associated with CDH3 suppression in infected cells remain to 

be further validated. Given the fact that knockdown of G9a can completely attenuate 

suppression of the CDH3 gene in the infected cells, our data support the notion that host 

delivery of Cdg7_FLc_1000 causes CDH3 trans-suppression through PRDM1/G9a-

mediated H3K9 methylation in the CDH3 gene locus.

How nuclear delivery of Cdg7_FLc_1000 RNA enhances PRDM1/G9a-mediated H3K9 

methylation in the CDH3 gene locus is still unclear. Intriguingly, Cdg7_FLc_1000 RNA was 

physically recruited to the promote region of the CDH3 gene locus. RNA molecules, 

particularly long non-coding RNAs, can act as scaffold molecules through their interactions 

with RNA-binding proteins in chromatin remodeling complexes to modulate gene 

transcription (Ulitsky and Bartel, 2013). In addition, RNAs may interact with DNA 

molecules to form a triple helical structure, resulting in transcriptional regulation of gene 

expression (Ulitsky and Bartel, 2013). As such, Cdg7_FLc_1000 may “guide” the initial 

recruitment of the G9a/PRDM1 complex to the CDH3 gene locus or may function as a 

scaffold molecule to enhance PRDM1/G9a-mediated gene trans-suppression. Obviously, 

Cdg7_FLc_1000-mediated trans-suppression of CDH3 through PRDM1/G9a-mediated 

H3K9 methylation is a gene-specific procedure. Although Cdg7_FLc_1000 is recruited to 

both CDH3 and LOXL4 gene loci, enrichment of H3K9me3 and increased recruitment of 
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the G9a/PRDM1 complex was detected in the promoter region of the CDH3 gene locus, not 

the LOXL4 gene. Notably, transfection of host cells with a plasmid expressing 

Cdg7_FLc_1000 caused trans-suppression of both CDH3 and LOXL4 genes in the 

transfected cells, suggesting an “initial” role for Cdg7_FLc_1000 in C. parvum-induced 

trans-suppression of host CDH3 and LOXL4 genes. Furthermore, sequence alignment 

analysis of the promotor regions of CDH3 and LOXL4 genes with the recruitment of 

Cdg7_FLc_1000 revealed no obvious consensus sequences for potential Cdg7_FLc_1000 

binding. How promoter recruitment of Cdg7_FLc_1000 RNA may suppress LOXL4 
transcription in infected cells through H3K9/H3K27 methylation-independent mechanisms 

is currently under investigation.

Increasing evidence suggests that RNA molecules may play important regulatory roles in 

diverse biological processes including regulation of gene transcription (Prasanth and 

Spector, 2007; Ulitsky and Bartel, 2013). Recent genomic research has revealed the 

expression of novel non-protein coding RNA genes in the protozoan group of parasites such 

as Plasmodium falciparum and C. parvum (Puiu et al., 2004; Yamagishi et al., 2011; Liao et 

al., 2014; Vembar et al., 2014). Our recent observations of selective delivery of C. parvum 
RNA transcripts of low protein-coding potential into infected host epithelial cells (Wang et 

al., 2016) and consequent trans-suppression of host genes through distinct mechanisms 

(Ming et al., 2017; Wang et al., 2017) support the notion that Cryptosporidium infection 

causes transcriptional gene suppression with pathological significance in infected cells 

through nuclear transfer of specific parasite RNAs. This study on Cdg7_FLc_1000-mediated 

trans-suppression of CDH3 and LOXL4 genes in infected intestinal epithelial cells provides 

additional evidence that delivery of parasite RNAs is involved in the parasite-host cell 

interactions. The pathological significance of CDH3 and LOXL4 trans-suppression in the 

pathogenesis of intestinal cryptosporidiosis merits future investigation.
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Highlights

• Cryptosporidium parvum infection causes downregulation of CDH3 and 

LOXL4 genes in host intestinal epithelial cells.

• A parasite RNA Cdg7_FLc_1000 is recruited to the promoter regions of both 

CDH3 and LOXL4 gene loci following infection.

• Cdg7_FLc_1000 promotes PRDM1/G9a-mediated H3K9 methylation 

associated with trans-suppression of CDH3, but not LOXL4.
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Fig. 1. 
Downregulation of CDH3 and LOXL4 genes in INT and HCT-8 cells expressing 

Cdg7_FLc_1000. Downregulation of CDH3 and LOXL4 genes associated with 

Cdg7_FLc_1000 transfection was validated by real-time quantitative PCR in INT and 

HCT-8 cells. Cells were transfected with the Full-Cdg7_FLc_1000 for 24, 36 and 48 h, 

followed by real-time quantitative PCR analysis of CDH3 and LOXL4 RNA levels (A–D, 

respectively). Cells transfected with the empty vector were used as the control. Data 

represent three independent experiments. *P<0.01, ANOVA compared with empty vector 

controls.
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Fig. 2. 
Downregulation of the CDH3 and LOXL4 genes in INT and HCT-8 cells following 

Cryptosporidium parvum infection. (A–D) INT and HCT-8 cells were exposed to C. parvum 
infection for various periods of time, followed by real-time quantitative PCR analysis of 

CDH3 and LOXL4 RNA levels. Downregulation of both CDH3 and LOXL4 genes was 

confirmed in INT and HCT-8 cells following C. parvum infection (A–D, respectively). (E–F) 

Protein contents of CDH3 and LOXL4 in HCT-8 cells following C. parvum infection for 24, 

36 and 48 h, as assessed by western blots. Representative gel images for CDH3 and LOXL4 

protein blotting are shown and signal intensities on the blots were quantified by 

densitometry (E and F, respectively). Data represent three independent experiments. 

*P<0.01, ANOVA compared with non-infected cells.
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Fig. 3. 
Downregulation of the CDH3 and LOXL4 genes in epithelial cells following 

Cryptosporidium parvum infection is correlated with delivery of Cdg7_FLc_1000 into the 

infected host cells. (A) Inhibition of delivery of Cdg7_FLc_1000 into infected cells through 

pre-treatment of host cells with a small interfering RNA (siRNA)to Cdg7_FLc_1000 

followed by exposure of cells to C. parvum infection. INT and HCT-8 cells were treated 

with an siRNA to Cdg7_FLc_1000 for 12 h and then exposed to C. parvum infection for an 

additional 24 h. Contents of Cdg7_FLc_1000 in the whole infected cells were quantified by 

real-time quantitative . A non-specific scrambled siRNA was used as the control (Ctrl). (B–

C) Inhibition of Cdg7_FLc_1000 in host cells by the siRNA treatment attenuated the 

downregulation of CDH3 and LOXL4 following C. parvum infection. INT and HCT-8 cells 

were treated with an siRNA to Cdg7_FLc_1000 for 12 h and then exposed to C. parvum 
infection for an additional 24 h. Expression levels of CDH3 and LOXL4 in the infected cells 

were quantified by real-time quantitative PCR. Data represent three independent 

experiments. *P<0.01, ANOVA compared with non-infected cells treated with the control 

siRNA; # P<.01, ANOVA compared with infected cells treated with the control siRNA.
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Fig. 4. 
Enrichment of H3K9me3 within the CDH3 gene locus, but not for the LOXL4 gene locus, in 

HCT-8 cells following Cryptosporidium parvum infection. (A) Levels of the suppression 

markers, H3K9me3 and H3K27me3, associated with the CDH3 gene locus in HCT-8 cells 

following C. parvum infection. Cells were exposed to C. parvum infection for 24 h, followed 

by Chromatin immunoprecipitation (ChIP) analysis using anti-H3K9me3 or anti-

H3K27me3, respectively, and with designed five pairs of PCR primers specific to the various 

promoter regions of the CDH3 gene (Set1 – Set5; see more details in Supplementary Table 

S1). The non-infected cells were used as the control (Ctrl). Increased enrichment of 

H3K9me3, but not H3K27me3, was detected in the CDH3 gene locus in cells following 

infection. (B) Levels of the suppression markers, H3K9me3 and H3K27me3, associated with 

the LOXL4 gene locus in HCT-8 cells following infection. Cells were exposed to C. parvum 
infection for 24 h, followed by ChIP analysis using anti-H3K9me3 or anti-H3K27me3 and 

with designed PCR primers (Set1–5) covering the regulatory promoter regions of the 

LOXL4 gene locus. No significant increase in the enrichment of H3K9me3 or H3K27me3 

was detected in the LOXL4 gene locus in cells following infection. Data represent means ± 

S.E.M. from three independent experiments. *P<0.01, ANOVA compared with non-infected 

cells.
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Fig. 5. 
Enrichment of H3K9me3 within the CDH3 gene locus in HCT-8 cells following 

Cryptosporidium parvum infection involves the recruitment of G9a and PRDM1. (A–B) 

Increased recruitment of G9a and PRDM1 to the CDH3 gene locus in HCT-8 cells following 

C. parvum infection. Cells were exposed to C. parvum infection for 24 h, followed by 

Chromatin immunoprecipitation (ChIP) analysis using anti-G9a and anti-PRDM1, 

respectively, and the PCR primer sets as designed. Increased recruitment of Ga9 (A) and 

PRDM1 (B) was detected in the CDH3 gene locus in cells following infection. (C) 

Knockdown of G9a in HCT-8 cells. Cells were transfected with the G9a-CRISPR/Cas9 

KO(h) and G9a-HDR plasmids; stably transfected cells were cloned and confirmed by 

western blot analysis. (D) Knockdown of G9a attenuated the downregulation of the CDH3 
gene in cells following C. parvum infection. The CDH3 RNA levels were quantified using 

real-time quantitative PCR in HCT-8 and HCT-8-G9a−/− cells after exposure to C. parvum 
infection for 24 h. Data represent means ± S.E.M. from three independent experiments. 

*P<0.05, ANOVA compared with non-infected controls or empty vector controls; #P<0.05, 

ANOVA compared with infected controls.
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Fig. 6. 
Cdg7_FLc_1000 is recruited to the promoter regions of both CDH3 and LOXL4 gene loci 

and is associated with their trans-suppression in HCT-8 cells following Cryptosporidium 
parvum infection through different mechanisms. (A–B) Recruitment of Cdg7_FLc_1000 to 

the CDH3 and LOXL4 gene loci in HCT-8 cells following C. parvum infection. Cells were 

exposed to C. parvum infection for 24 h, following by chromatin isolation by RNA 
purification (ChIRP) analysis using a pool of probes specific to Cdg7_FLc_1000 and the 

PCR primer sets as designed. Increased recruitment of Cdg7_FLc_1000 was detected in the 

CDH3 and LOXL4 gene loci in cells following infection or Full-Cdg7_FLc_1000 

transfection. Data represent means ± S.E.M. from three independent experiments. *P<0.01, 

ANOVA compared with non-infected control (Ctrl). (C) Schematic representation of the 

proposed model for transcriptional suppression of host CDH3 and LOXL4 genes in infected 

cells through nuclear transfer of C. parvum Cdg7_FLc_1000. Cryptosporidium parvum 
Cdg7_FLc_1000 transcript is selectively delivered into the nuclei of infected host cells. Host 

delivery of Cdg7_FLc_1000 promotes PRDM1/G9a-mediated H3K9 methylation in the 

CDH3 gene locus, resulting in trans-suppression; whereas Cdg7_FLc_1000 induces trans-

suppression of the LOXL4 gene through H3K9/H3K27 methylation-independent 

mechanisms.
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