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Cryptosporidiosis is a common cause of diarrhea morbidity and mortality worldwide. Research progress on this infection has been
slowed by lack of methods to genetically manipulate Cryptosporidium parasites. Small interfering RNA (siRNA) is widely used to
study gene function, but Cryptosporidium species lack the enzymes necessary to process siRNA. By preassembling complexes with
the human enzyme Argonaute 2 (hAgo2) and Cryptosporidium single-stranded RNA (ssRNA), we induced specific slicing in Cryp-
tosporidium RNA targets. We demonstrated the reduction in expression of target genes at the mRNA and protein levels by trans-
fecting live parasites with ssSRNA-hAgo2 complexes. Furthermore we used this method to confirm the role of selected molecules
during host cell invasion. This novel method provides a novel means of silencing Cryptosporidium genes to study their role in
host-parasite interactions and as potential targets for chemotherapy.
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The parasites of the genus Cryptosporidium are important caus-
es of diarrheal diseases worldwide. A recent multicenter study
in sub-Saharan Africa and south Asia identified Cryptosporidi-
um as second to rotavirus as a cause of childhood morbidity and
mortality due to diarrhea [1]. Similarly, studies from through-
out the resource-poor world are demonstrating that Cryptospo-
ridium is a major contributor to childhood malnutrition [2].
Despite the morbidity and mortality from this pathogen,
there is currently no reliable drug treatment for cryptosporidi-
osis in compromised hosts. The lack of methods to manipulate
gene expression has been identified as a major obstacle in the
drug development for cryptosporidiosis [2].

RNA interference is a process that most eukaryotic cells use to
silence genes. When exogenous double-stranded RNA (dsRNA)
is detected in the cytoplasm, it is processed into small interfering
RNAs (siRNAs) by the RNase III-like enzyme dicer. Transacti-
vation response RNA-binding protein, Argonaute (Ago), and the
siRNA bind to dicer to form the RNA-inducing silencing com-
plex (RISC). Target RNAs are then cleaved by the Ago guided by
the single-stranded RNA (ssRNA) to produce silencing
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(Figure 1A). Many protozoan parasites, including Cryptosporid-
ium, lack RISC components and cannot process siRNA [3-6].
Previous studies have demonstrated that human Argonaute 2
(hAgo2) produces the final cleavage in the RNA target [7-10].
We hypothesized that protein hAgo2 preloaded with heterolo-
gous ssRNA can be transferred into live organisms that lack
the RISC pathway to induce gene silencing (Figure 1A). Here
we tested this hypothesis by using preassembled Cryptosporidi-
um-ssRNA-hAgo2 complexes to transfect live Cryptosporidium
and to study molecules involved in host cell invasion.

MATERIAL AND METHODS

ssRNA-hAgo2 Complex Assembly

To form complexes, we used hAgo2 (Sino-Biological, Beijing,
China) and ssRNA designed from Cryptosporidium targets
with defined functions. Cpl5 (L34568.1) is a 15-kDa surface
antigen implicated in attachment [11], glycoprotein (Gp900;
AF068065) is a 900-kDa mucin-like protein implicated in adhe-
sion to host cells [12], calcium-dependent kinase 1 (CDPK;
XM_001388059) is implicated in parasite motility and invasion
in apicomplexans [13], inosine-5-monophosphate dehydroge-
nase (Ino-5mod; XM_625342) is part of the guanine biosynthe-
sis pathway [14], and Cpl7 is an immunodominant 17-kDa
antigen (AF1141660) [15]. We designed ssRNAs by using
RNA design tool (Integrated DNA technologies, Coralville,
Iowa). We conducted in silico analysis on RNA and ssRNA by
using RNAfold (Institute for Theoretical Chemistry, University
of Vienna). To reduce off-target effects, we conducted nucleo-
tide-blast analysis of ssRNAs. The selected ssRNAs (Supple-
mentary Table 1) were synthetized with the modifications
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Figure 1.  Complex assembling and human Argonaute 2 (hAgo2) activity. A, In human cells, dicer enzyme processes double-stranded RNA (dsRNA; left). The resulting small

interfering RNA (siRNA) is loaded by dicer and transactivation response RNA-binding protein onto hAgo2 (RISC complex) to producing target degradation. hAgo2 and single-
stranded RNA (ssRNA) are preassembled in vitro, and the complex is introduced into organisms without RISC enzymes, such as Cryptosporidium, to produce silencing (right). B,
Complex assembly was confirmed by the electrophoretic mobility-shift assay assay, using ssRNA labeled with FAM. Lanes 1-3, Samples incubated with hAgo2 (0, 50, 250 ng).
Lane 4, Molecular markers. C, ssRNA-hAgo2 complex activity is demonstrated by denaturing gel electrophoresis, using an RNA target (50 nucleotides) labeled with carboxy-
fluorescein. 1, Cp15 target; 2, Cp15-ssRNA with no target; 3, Cp15-ssRNA with hAgo2 alone; 4, Cp15 target incubated with ssRNA alone; 5, Cp15 target incubated with hAgo2
alone; 6, Cp15 target loaded with 0.01 uM of Cp15-ssRNA; 7, Cp15 target loaded with 0.1 uM of Cp15-ssRNA; 8, Cp15 target loaded with 1 uM of Cp15-ssRNA; 9, unrelated
target (60 nucleotides) with 1 uM of Cp15-ssRNA. Abbreviation: mRNA, messenger RNA.

reported by Rivas et al [8], which includes 5P-uN-(21-23)-
dTT-3’. We assembled complexes by using the method
described by Miyoshi et al [9] with modifications. Briefly, for
assembling, we used 50-250 ng of hAgo2 and 1 uM of Cp15
ssSRNA (21 nucleotides) in 14 puL of assembly buffer (30 mM
HEPES, pH 7.4, 150 mM KOAc, and 2 mM MgCl,). We incu-
bated the sample for 90 minutes at room temperature. The for-
mation of complexes was evaluated by an electrophoretic
mobility-shift assay (EMSA) as described previously [16]. For
EMSA experiments, the 3" end of the Cp15 ssRNA was labeled
with carboxyfluorescein (FAM) for the visualization of RNA in
agarose gels 4%.

ssRNA-hAgo2 Activity

To evaluate the activity of the complexes, we used the slicing
assay described by Miyoshi et al [9], with modifications. Briefly,
we assembled the complexes as described above, but we used a
fixed level of hAgo2 (250 ng) with different concentrations of
ssRNA (0, 10 nM, 100 nM, and 1 uM). After incubation (for
90 minutes at room temperature), we added 1 uL (100 nM) of
target Cpl5 RNA (50 nucleotides) or unrelated RNA sequence
(60 nucleotides) as a negative control. We stopped the reaction
by heating (for 5 minutes at 95°C). The RNA was separated by
Tris/borate/ethylenediaminetetraacetic acid—urea electrophore-
sis, using 10% agarose gels (Bio-Rad, Hercules, California). To

measure the degradation of target, RNA was visualized with
SYBR Gold (Life Technologies, Carlsbad, California).

Transfection of Parasites

Cryptosporidium parvum oocysts were purchased from the Uni-
versity of Arizona. To show protein transfection of the sporozo-
ites within oocysts, we used human immunoglobulin G (IgG)
protein labeled with phycoerythrin (New England Biolabs,
Massachusetts) and hAgo2 labeled with NHS-rhodamine
(Thermo-Fisher, Rockford, Illinois). For transfection experi-
ments, we used fluorochrome-labeled anti-Cryptosporidium an-
tibodies to detect the oocyst wall of Cryptosporidium (Merifluor,
Meridian Life Science, Memphis, Tennessee). For transfections,
the protein transfection reagent (PTR) Pro-Jet (Thermo-Fisher,
Rockford, Illinois) was resuspended in 1 mL of HEPES (100
mM). PTR (35 uL) was added to the sample (20 puL) containing
IgG-FITC, hAgo2-NHS-Rhodamine, or ssRNA-hAgo2. The
samples were incubated 5 minutes at room temperature to
allow encapsulation of the complexes within the PTR. Then,
10° oocysts were added to the sample and incubated at 37°C
for 2 hours to increase permeability and to improve transfection
into sporozoites. For silencing, the oocysts were incubated for 4
hours at 37° with the preassembled complexes. After incubation,
samples were concentrated by centrifugation (at 15000 x g for
30 seconds) and washed with phosphate-buffered saline (PBS).
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To induce excystation, the pellets were resuspended in 25 pL of
acidic water (pH 2-3) and incubated for 10 minutes on ice. We
then added 225 pL of Roswell Park Memorial Institute (RPMI)
1640-taurocholate 0.8% medium and incubated at 37°C for 30
minutes. The presence of motile sporozoites after the excysta-
tion was evaluated by microscopy. The parasites were collected
by centrifugation (at 15 000g) and then frozen for RNA extrac-
tion or fixed in formalin.

Viability Assays

A total of 1 x 10° oocysts were transfected with ssRNA-hAgo2
but followed by staining with the vital dye carboxyfluorescein
succinimidyl ester (CFSE; Life Technologies, Grand Island,
New York) as described before [17] and then analyzed by fluo-
rescent microscopy. The cytotoxicity of transfection was quan-
tified by flow cytometry. For these experiments, 1 x 10° oocysts
were transfected and then stained using the Baclight Viability
Kit, following the instructions of the vendor (Life Technologies,
Carlsbad, California). Stained oocysts were incubated (at room
temperature for 20 minutes) with 0.5 mL of fixation buffer (2%
paraformaldehyde) and washed 3 times with PBS, and the pro-
portion of viable organisms was quantitated by flow cytometry,
using the Stratedigm SE500 Analyzer (Stratedigm, San Jose,
California).

Quantitative Polymerase Chain Reaction (qPCR) Assays

We evaluated silencing by measuring the reduction of messen-
ger RNA (mRNA) by qPCR. The RNA was isolated from the
transfected parasites using a commercial kit (RNeasy Plus kit,
Qiagen, Valencia, California). The concentration of the RNA
was evaluated by spectrophotometry (NanoDrop 1000,
Thermo-Scientific, Wilmington, Delaware). For amplification,
we used 100 ng of total RNA as template and the SuperScript
III Platinum SYBR Green One-Step gRT-PCR Kit (Life Tech-
nologies, Grand Island, New York). For the reaction, we used
the following conditions: 55°C for 20 minutes, 95°C for 5 min-
utes, and 40 cycles at 95°C for 15 seconds and 65°C for 1 minute,
using the AB7500 Fast RT-PCR System (Life Technologies,
Grand Island, New York). The primers used are described in
table 2 (Supplementary data). We evaluated the relative fold
change by the delta-delta method (ratio = 24C" sample=ACt controly
which compares the cycle threshold (Ct) values of treated sam-
ples and untransfected parasites. For controls and reference
genes we used the untargeted mRNA surface protein Cp23
(DQ389174) and 18S ribosomal RNA (AB089290.1). All sam-
ples were analyzed in triplicate in at least 2 independent
experiments.

Western Blot Assays

To demonstrate correlation between silencing and reduction at
protein levels, we analyzed expression of Gp900 by Western
blot. Protein crude extracts were obtained from transfected oo-
cysts (2 x 10°) with hAgo2-Gp900 ssRNA (or not). After trans-
fection with preassembled complexes, the parasites were

concentrated by centrifugation (at 16 000 x g for 1 minute), re-
suspended in Laemmli buffer with 1% sodium dodecyl sulfate
(SDS), and lysed by heating (95°C for 15 minutes). Proteins
were resolved by SDS polyacrylamide gel electrophoresis,
using 4%-20% gradient polyacrylamide gels (Bio-Rad, Hercu-
les, California). Proteins were transferred onto a nitrocellulose
membrane and blocked for 1 hour at room temperature with 5%
bovine serum albumin-TBST (Tris/Tris-HCI 25 mM, NaCl
0.13 M, KCI 0.0027 M, and 0.05% Tween 20). The membrane
was incubated with 1 ug/mL of primary monoclonal antibody
4E9 [12] (Genway biotech, San Diego, California) diluted
(1:1000) in TBST. The membrane was blotted with an horserad-
ish peroxidase-conjugated secondary antibody diluted in TBST
(1:5000). After 3 washes with PBS, the proteins were visualized
using the Supersignal West Pico Chemiluminescent Substrate
according to manufacturer specifications (Life Technologies,
Grand Island, New York).

RNA Ligase—Mediated Rapid Amplification of Complementary DNA
Ends (RLM-RACE)

We used the RLM-RACE technique to verify the cleavage site of
the hAgo2-ssRNA [18]. For these experiments, total RNA was
purified with the RNeasy Plus kit (Qiagen) from C. parvum oo-
cysts previously transfected with hAgo2-CDPK ssRNA com-
plex. Purified total RNA was then ligated to a 45-base RNA
(5-GCU GAU GGC GAU GAA UGA ACA CUG CGU UUG
CUG GCU UUG AUG AAA-3) not present in the C. parvum
transcriptome (adapter sequence), using T4 RNA ligase (New
England Biolabs, Ipswich, Massachusetts). For ligation experi-
ments, total RNA (approximately 50 ng in 4 pL) was mixed
with 1 pL of adapter sequence (1 pug), 2 puL of T4 RNA ligase
buffer, 2 uL of 10 pM ATP, 10 uL of polyethylene glycol 1000,
and 1 pL of T4 RNA ligase. After 16 hours at room temperature,
the enzyme was inactivated (at 75°C for 15 minutes). The reac-
tion mixture (2 pL) was amplified by nested qPCR, using the
outer primers RACE-outer 5-GCT GAT GGC GAT GAA
TGA ACA CTG 3’ and CDPK-R420 5" AAT GTA GAA GCT
AGA TGA ATC-3' and the inner primers RACE-inner 5" GAA
CAC TGC GTT TGC TGG CTT TGA 3’ and CDPK-R 260 5'-
AAA AGA ACC TTT GCC AAG CA-3'". The amplified RACE
products were cloned using TOPO-TA cloning (Life Technolo-
gies, Grand Island, New York), according to the manufacturer’s
instructions, and sequenced using purified plasmid as template.

Invasion Experiments

We evaluated the effect of silencing, using an invasion model
for Cryptosporidium [19]. Briefly, we infected human intestinal
cells (HCT-8; ATCC, Manassas, Virginia) with sporozoites
transfected with PTR alone or PTR with hAgo2-Cp 15 ssRNA,
hAgo2-Gp900 ssRNA, or hAgo2-CDPK ssRNA. We incubated
the epithelial cells for 2 hours at 37°C to allow sporozoite inva-
sion. After incubation, the medium was discarded, and cells
were washed 3 times with 500 pL of RPMI 1640 medium to
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remove supernatant with dead sporozoites. After washing, the
cells were lysed by adding 350 pL of RNA extraction buffer
(Qiagen) and frozen at —80°C until use. For RNA purification,
the samples were processed with the RNeasy plus extraction kit
(Qiagen). The number of parasites in infected cells was quanti-
fied by qPCR, using a standard curve for RNA extracted from a
known number of parasites (ranging from 1 x 10° to 0.1 para-
sites). The reduction was calculated from the number of para-
sites in cells infected with parasites treated with PTR alone,
compared with those treated with each complex. All qPCR ex-
periments were conducted in triplicate in at least 2 independent
experiments.

RESULTS

ssRNA-hAgo2 Complexes Have Slicer Activity

We demonstrated formation of complexes, by EMSA (Fig-
ure 1C). In this assay, the interaction between the RNA and pro-
tein is stabilized, and the ratio of bound to unbound nucleic acid

on the gel reflects the fraction of free and bound probe mole-
cules as the binding reaction enters the gel. Only samples incu-
bated with hAgo2 produced retardation of ssSRNA-FAM, RNA
alone, or unbounded RNA migrate faster (Figure 1B). There-
fore, complex formation was observed by the appearance of ap-
proximately 50-nucleotide bands in lanes 2 and 3 (Figure 1C),
compared with naked ssRNA (Figure 1B). The bands of approx-
imately 21 nucleotides in lanes 2 and 3 correspond to the un-
bound ssRNA. Differences in intensity observed in lanes 1, 2,
and 3 correlated with the amount of protein. To test for slicer
activity of the complex, synthetic Cp15 ssRNA (50 nucleotides)
was incubated with hAgo2, ssRNA, or both. In these activity as-
says (Figure 1C), intense bands were observed in untreated tar-
get, ssSRNA alone and 0 pM (lanes 1 and 5), ssRNA and hAgo2
alone did not show fluorescence (lanes 2 and 3). Partial degra-
dation was observed with 0.01 and 0.1 uM (lanes 6 and 7) and
complete target degradation with 1 uM of ssRNA (lane 8).
However, ssRNA (1 uM) plus hAgo2 had no effect on an
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Figure 2.  Cryptosporidium transfection and viability assays. A, Fluorescent immunoglobulin G (IgG) labeled with phycoerythrin (red) was encapsulated within protein trans-

fection reagent (PTR) and then used to transfect Cryptosporidium sporozoites within oocysts. Oocysts were incubated with anti-Cryptosporidium oocyst antibody-FITC (Oocyst
Ab-FITC; green). IgG was only introduced into samples treated with PTR (top). No signal was detected in the parasites with samples incubated only with IgG (bottom). B, PTR
was loaded with labeled human Argonaute 2 (hAgo2)-NHS-rhodamine (red) and then used to transfect oocysts. Cyst wall was stained with oocyst antibody (green). hAgo2 was
detected in oocysts (white triangle; top) or in released sporozoites after excystation (white triangle; bottom). C, We stained oocysts with the vital dye carboxyfluorescein
succinimidyl ester (CFSE; green). Stained and motile sporozoites were observed (white triangles). White bar, 5 ym. D, Viability was quantified by flow cytometry for untrans-
fected parasites (wild type), heat-killed parasites, parasites treated with empty PTR, or parasites transfected with complexes of hAgo2 preloaded with scramble single-stranded
RNA (ssRNA), calcium-dependent kinase 1 (CDPK)}-ssRNA, inosine-5-monophosphate dehydrogenase (Ino-5mon)-ssRNA, and glycoprotein (Gp900}-ssRNA.
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unrelated RNA target (lane 9). The degradation varied with the
concentration of ssRNA, and the greatest degradation was ob-
served when using higher levels of protein and ssRNA (250
ng and 1 puM, respectively). No degradation was observed with
unrelated RNA target.

ssSRNA-hAgo2 CDPK complex, and then the purified total
RNA was ligated to an adaptor sequence. The molecule result-
ing from the ligation of the adaptor to the cleaved mRNA was
amplified with a forward adaptor primer and a reverse gene-
specific primer. We obtained a PCR product only in the sample
sliced with the complex (Figure 3B). Sequencing results of the
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Figure 4. Silenced genes in Cryptosporidium. A, Quantitative polymerase chain reaction (qPCR; top) shows a fold reduction in messenger RNA target from transfected
parasites with human Argonaute 2 (hAgo2) loaded with single-stranded RNA (ssRNA) specific for glycoprotein (Gp300; black bar). Control parasites were treated only with
transfection reagent (wild type [WT]). Western blot analysis of Gp300 (bottom) in parasites transfected (ssRNA Gp900) or not transfected (WT control). B, qPCR analysis was
used to calculate the percentage reduction in expression, relative to basal expression, for the Cryptosporidium targets Cp15, glycoprotein (Gp900), calcium-dependent kinase 1
(CDPK), inosine-5-monophosphate dehydrogenase (Ino-5mon), and Cp17 (gray bars). C, Transfected parasites were used to evaluate the role of silenced genes during infection.
Percentages are relative to control (parasites were transfected only with protein transfection reagent [PTR]). In panels Band C, data are mean + SD of qPCR triplicates and are

representative of at least 3 individual experiments with similar results.

of CDPK mRNA at a site in the middle of the sequence com-
plementary to the CDPK ssRNA (Figure 3C).

ssRNA-hAgo2 Silences Genes in Transfected Parasites

The majority of Cryptosporidium proteins are expressed during
excystation [24]. We incubated the parasites for 4 hours to allow
silencing and protein turnover, and then we evaluated the abun-
dance of RNA after excystation to determine the silencing rate.
qPCR results confirmed that mRNA was silenced by 10-fold,
compared with basal mRNA levels of untransfected parasites
(Figure 4A). To test the effects of silencing at the protein
level, we evaluated expression of Gp900, compared with expres-
sion in untransfected parasites, by Western blot, using a com-
mercially available antibody. There was a significant reduction
in the expression of Gp900 after silencing (Figure 4A), and

moderate levels of protein were detected in parasites treated
with Gp900 ssRNA-hAgo2; the protein levels were most likely
due the presence of residual preformed protein. To confirm the
reproducibility of the method, we silenced Cp15, CDPK, Cp17,
and Ino-5mon. All of these targets were reduced by 50%-95%,
compared with the expression in parasites transfected only with
PTR alone (Figure 4B). By contrast, expression of untargeted
genes 18S and Cp23 remained unaltered after transfection. In
addition, we demonstrated that silencing is dependent on
hAgo2 by assembling reactions with different amounts of
hAgo2 but a fixed concentration of CDPK ssRNA (Supplemen-
tary Figure 1). Induction of silencing was dose dependent for
the amount of hAgo2, and no effect was observed when
naked ssRNA was used. Overall, these results suggest that reduc-
tion in mRNA and protein levels are attributed to cleavage and
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blocking (by binding target) produced by ssRNA-Ago
complexes.

Silencing Decreased Parasite Invasion

After transfection with Cp15, CDPK, Gp900, Cpl7, and Ino-
5mon ssRNA complexes, oocysts were hatched and used to
invade HCT-8 cells. Two hours after invasion, the number of
intracellular trophozoites was evaluated by qPCR, which mea-
sured parasite RNA in the infected cells. There was a significant
reduction of parasite RNA when we tested sporozoites silenced
with Cp15 and CDPK ssRNA. By contrast, silencing of Gp900,
cpl7, and Ino-5mon did not significantly reduce the parasite
burden (Figure 4C). Thus, we showed a differential effects of si-
lencing during the invasion process.

DISCUSSION

We have developed a novel and rapid strategy to silence genes in
Cryptosporidium. Gene silencing by siRNA is a potent tool to
study gene function, but this tool has not been available for
Cryptosporidium. Human RISC enzymes expressed in other or-
ganisms are functional [25]. Thus, we reasoned that RISC com-
ponents could be used to reconstitute the siRNA pathway in
Cryptosporidium. Since ssRNA-Ago2 complexes can be assem-
bled in vitro and retain slicer activity [7-9, 26], we hypothesized
that preassembled complexes could be introduced directly to
Cryptosporidium by using protein transfection methods. Sporo-
zoites are fragile and only live for a few hours, while oocysts live
for longer periods. We demonstrated that a cationic lipid mix-
ture efficiently introduces ssRNA-hAgo2 complexes into sporo-
zoites within the oocysts, which overcomes the problem of the
limited viability of sporozoites.

For other apicomplexans, proteins expressed before and dur-
ing excystation have a key role in invasion of host cells, and
many of them have been used as targets for chemotherapy
and vaccination [27, 28]. Genes expressed by sporozoites are
also potential targets for vaccination [29]. Thus, to demonstrate
the silencing by our method, we targeted genes expressed dur-
ing the sporozoite stage. We demonstrated silencing of all the
selected targets, with up to 95% reduction in mRNA levels. In-
deed, knocking down sporozoite Cp15 and CDPK reduced in-
fection in HCT-8 cells. By contrast, knocking down expression
of Gp900, Cp17, and Ino-5mon did not interfere with the infec-
tion process. Thus, we have demonstrated variable effects on
parasite invasion by using this novel method.

The genome of Cryptosporidium has been sequenced [3, 6],
but the biological function of many genes has not been identi-
fied [24]. Therefore, it is unclear which genes are essential for
the parasite to complete its life cycle. Thus, the development
of a fast and scalable method to determine biological function
would allow a quick comparison of the role of genes during key
steps of the infection (eg, invasion, proliferation, and egress).
Vinayak et al recently reported a method of knocking out

Cryptosporidium genes [30]. However, the method is complex
and limited because it requires transfection of the fragile sporo-
zoite stage, which must be immediately surgically implanted in
the intestines of immunodeficient mice to amplify and select
for mutants. The parasites can only be studied following recovery
of oocysts from feces [30, 31]. Thus, this strategy is not amenable
to the scale-up needed for drug screening. The major advantage of
our method over other technologies is the simplicity and speed of
analysis of the silencing. The use of preloaded ssRNA-Ago com-
plexes ready to silence bypasses the transcription-translation pro-
cess associated with gene expression, reducing the time until the
parasites can be assayed from days to hours. This may allow the
scale-up of the method for high-throughput analysis.

In summary, we have developed a novel method to silence
genes expression in Cryptosporidium, using preassembled com-
plexes of hAgo2 and ssRNA. It might also be useful for other
organisms with a deficient or absent siRNA pathway [4, 5].
This method may prove to be a new tool to identify drug targets
for cryptosporidiosis and for attenuation of parasites for live
vaccines.
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