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ABSTRACT Interferon (IFN) signaling is key to mucosal immunity in the gastrointestinal
tract, but cellular regulatory elements that determine interferon gamma (IFN-g)-mediated
antimicrobial defense in intestinal epithelial cells are not fully understood. We report here
that a long noncoding RNA (lncRNA), GenBank accession no. XR_001779380, was increased
in abundance in murine intestinal epithelial cells following infection by Cryptosporidium, an
important opportunistic pathogen in AIDS patients and a common cause of diarrhea in
young children. Expression of XR_001779380 in infected intestinal epithelial cells was trig-
gered by TLR4/NF-kB/Cdc42 signaling and epithelial-specific transcription factor Elf3.
XR_001779380 primed epithelial cells for IFN-g-mediated gene transcription through facili-
tating Stat1/Swi/Snf-associated chromatin remodeling. Interactions between XR_001779380
and Prdm1, which is expressed in neonatal but not adult intestinal epithelium, attenuated
Stat1/Swi/Snf-associated chromatin remodeling induced by IFN-g, contributing to suppres-
sion of IFN-g-mediated epithelial defense in neonatal intestine. Our data demonstrate that
XR_001779380 is an important regulator in IFN-g-mediated gene transcription and age-
associated intestinal epithelial antimicrobial defense.

IMPORTANCE Epithelial cells along the mucosal surface provide the front line of defense
against luminal pathogen infection in the gastrointestinal tract. These epithelial cells rep-
resent an integral component of a highly regulated communication network that can
transmit essential signals to cells in the underlying intestinal mucosa that, in turn, serve
as targets of mucosal immune mediators. LncRNAs are recently identified long noncod-
ing transcripts that can regulate gene transcription through their interactions with other
effect molecules. In this study, we demonstrated that lncRNA XR_001779380 was upreg-
ulated in murine intestinal epithelial cells following infection by a mucosal protozoan
parasite Cryptosporidium. Expression of XR_001779380 in infected cells primed host epi-
thelial cells for IFN-g-mediated gene transcription, relevant to age-dependent intestinal
antimicrobial defense. Our data provide new mechanistic insights into how intestinal
epithelial cells orchestrate intestinal mucosal defense against microbial infection.

KEYWORDS Cryptosporidium, lncRNAs, gastrointestinal infection, interferon gamma,
histone methylation, Prdm1, Swi/Snf, Pias1, innate immunity

Epithelial cells along the mucosal surface provide the front line of defense against
luminal pathogen infection in the gastrointestinal tract. Upon microbial challenge,

intestinal epithelial cells quickly initiate a series of defense responses, including production of
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antimicrobial molecules and release of inflammatory chemokines/cytokines. These chemo-
kines/cytokines of epithelial cell origin may mobilize and activate immune effector cells to
the infection sites. Molecular mechanisms regulating epithelial signaling pathways for this
communication network are not fully understood. Large-scale transcriptome studies have
revealed that transcription of protein-coding genes is far outweighed by the production of
noncoding RNAs (ncRNAs), including thousands of long ncRNAs (lncRNAs) (1, 2). The expres-
sion of many lncRNAs is highly cell type specific, perhaps even more so than that of lineage-
determining proteins (3, 4). This specificity appears to be tightly regulated given that expres-
sion patterns and lncRNA promoter sequences are conserved across evolutionary time (4).
Physically, lncRNAs can interact with DNA, other RNAs, and proteins, either through nucleo-
tide base pairing or via formation of structural domains generated by RNA folding (5). These
properties endow lncRNAs with a versatile range of capabilities to modulate gene expression,
which is only beginning to be appreciated (5). Under normal circumstances, most lncRNAs
are expressed at a basal level and may be involved in maintaining cellular function (6). Many
lncRNAs have been found to be targets of inflammatory pathways, and, consequently, their
expression profile is altered in various cell types during inflammation or microbial infection.
LncRNAs are differentially regulated in virus-infected cells (7), in host cells following parasitic
infection (8), and in dendritic cells or macrophages following stimulation by ligands for Toll-
like receptor 4 (TLR4) and TLR2 (9). We previously demonstrated that a long intergenic
ncRNA, lincRNA-Cox2, one of the most highly induced lncRNAs in macrophages, regu-
lates inflammatory gene transcription in intestinal epithelial cells through modulating ATP-
dependent chromatin remodeling (10, 11).

Cryptosporidium, a protozoan parasite that infects the gastrointestinal epithelium and
other mucosal surfaces in humans and animals, is an important opportunistic pathogen
in patients with AIDS (12, 13). Cryptosporidium is also a common cause of diarrhea in
young children in developing countries. After rotavirus, Cryptosporidium is the most com-
mon pathogen responsible for moderate-to-severe diarrhea in children younger than 1-
year-old in developing countries (14). Infection with Cryptosporidium shows significant
association with mortality in young children and appears to predispose them to lasting
deficits in body growth and cognitive development (14–17). The majority of human cryp-
tosporidial infections are caused by two species, C. parvum and C. hominis (12, 13).
Humans are infected by ingesting Cryptosporidium oocysts. After oocyst excystation in
the gastrointestinal tract to release infective sporozoites, each sporozoite then attaches
to the apical membrane of intestinal epithelial cells and forms an intracellular but extrac-
ytoplasmic parasitophorous vacuole (12, 18). Therefore, epithelial cells provide the first
line of defense and play a critical role in the initiation, regulation, and resolution of both
innate and adaptive immune reactions (19). Indeed, the invasion of intestinal epithelial
cells by C. parvum activates TLR4/nuclear factor kappa B (NF-kB) signaling, resulting in the
production and secretion of various cytokines, chemokines, and antimicrobial peptides (20,
21). Interferon gamma (IFN-g) from NK cells and other immune cells infiltered at the infection
sites is key to mucosal anti-C. parvum defense (22–26). However, the key cellular regulatory
elements that determine IFN-g-mediated intestinal epithelial anti-Cryptosporidium defense, as
well as its association with the high susceptibility of infection in AIDS patients and young
children, have not been fully elucidated (12, 13).

In this study, we report that GenBank accession no. XR_001779380, a lncRNA
transcript from the 2610027F03Rik gene (27), was increased in abundance in murine
intestinal epithelial cells following infection by Cryptosporidium. Transcription of XR
_001779380 is controlled by TLR4/NF-kB signaling and by epithelial-specific tran-
scription factor Elf3 (E74-like factor epithelial-specific transcription factor 3). XR
_001779380 primes intestinal epithelial cells for IFN-g-mediated gene transcription
and antimicrobial defense, a process that is suppressed in neonatal intestinal epi-
thelium through its interactions with PR/SET domain 1 (Prdm1). Our data support
that XR_001779380 may be an important regulator in IFN-g-mediated and age-associated
intestinal epithelial antimicrobial defense.
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RESULTS
XR_001779380 is increased in abundance in intestinal epithelium following

Cryptosporidium infection or LPS stimulation. We previously performed a genome-
wide transcriptome analysis of IEC4.1 cells following C. parvum infection for 24 h (8). IEC4.1
cells are transformed but nontumorigenic intestinal epithelial cells from neonatal mice (28).
Infected IEC4.1 cells demonstrated a significant alteration in lncRNA expression profile (GEO
accession no. GSE112247) (8). One of the top induced lncRNAs was the noncoding transcript
XR_001779380 from the 2610027F03Rik gene (27) (Fig. S1 in the supplemental material),
which was increased 2.006 0.12-fold in infected cells versus noninfected control (P, 0.001)
(8). An increased level of XR_001779380 expression was further confirmed using quantitative
real-time PCR (qRT-PCR) in IEC4.1 cells following C. parvum infection (Fig. 1A). Using a well-
documented model of intestinal cryptosporidiosis in neonatal mice through oral administra-
tion of C. parvum oocysts (29, 30), we detected infection of C. parvum in the villus regions of
ileum from infected animals by immunofluorescent staining (Fig. 1B). Consistent with results
from previous studies (20, 31), enhanced expression of inflammatory and defense genes,
such as nitric oxide synthase 2 (Nos2), indoleamine 2,3-dioxygenase 1 (Ido1), colony-stimulat-
ing factor 2 (Csf2), regenerating islet-derived 3 gamma (Reg3g), dickkopf WNT signaling path-
way inhibitor 1 (Dkk1), suppressor of cytokine signaling 1 (Socs1), and 29-59 oligoadenylate
synthetase 1G (Oas1g) was confirmed in the ileum epithelium of infected neonates com-
pared with that of the noninfected control (Fig. 1C). Induction of XR_001779380 was
detected in infected ileum epithelium by qRT-PCR (Fig. 1C). LincRNA-Cox2, a previously iden-
tified lncRNA induced in intestinal epithelial cells following C. parvum infection (10), was
measured for control. Moreover, using an ex vivo infection model employing enteroids from
neonatal mice (32), we detected C. parvum infection and induction of XR_001779380 in
enteroids following C. parvum infection (Fig. 1D).

FIG 1 Expression of XR_001779380 and its induction in intestinal epithelial cells following C. parvum infection or LPS stimulation. (A) Expression level of XR_001779380
in IEC4.1 cells following C. parvum infection was measured using quantitative real-time PCR (qRT-PCR). (B) C. parvum infection of intestinal epithelium in neonatal mice.
Indirect immunofluorescent staining of ileum confirms C. parvum infection. (C) Expression levels of XR_001779380 and lincRNA-Cox2 and several inflammatory genes in
the isolated ileum epithelium following C. parvum infection in vivo were measured using qRT-PCR. (D) Ex vivo infection of enteroids by C. parvum. Infection was
measured by quantification of Cp18S with qRT-PCR. Upregulation of XR_001779380 was detected in enteroids following C. parvum infection. (E) Upregulation of XR
_001779380, lincRNA-Cox2, and C-X-C motif chemokine ligand (Cxcl2) in IEC4.1 cells following LPS stimulation. (F) Expression levels of XR_001779380 in murine cell lines
(IEC4.1 and RAW264.7 cells) and primary cells (peritoneal macrophages and neonatal intestinal epithelial cells). Data are shown as the means 6 SD from at least three
independent experiments. Statistical significance (two-tailed unpaired t test): *, P , 0.05 versus noninfection or non-LPS-treated controls. Scale bars, 50 mm.
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Increased abundance of XR_001779380 and lincRNA-Cox2 was further detected in
IEC4.1 cells following lipopolysaccharide (LPS) stimulation (Fig. 1E). Although XR
_001779380 is highly expressed in the central neuron system (27), it appears that it is
an intestinal epithelial cell-enriched lncRNA. In our previous studies (8, 10, 11, 33), we
performed several genome-wide transcriptome analyses on IEC4.1 cells and two mu-
rine macrophage cell lines (BV2 microglia and RAW264.7 cells). Comparative analysis of
XR_001779380 in these cells revealed that the basal expression level of XR_001779380
was 15.54 6 2.46-fold higher in IEC4.1 cells than that in BV2 cells and 14.17 6 3.72-fold
higher than that in RAW264.7 cells. The enriched expression of XR_001779380 in intes-
tinal epithelial cells was further confirmed in primary peritoneal macrophages and in-
testinal epithelium from neonatal mice by using qRT-PCR (Fig. 1F).

XR_001779380 promotes IFN-c-mediated epithelial anti-Cryptosporidium defense.
Due to the “minimally invasive” nature of Cryptosporidium infection, epithelial cells play a cen-
tral role in activating and orchestrating host immune responses (19). We asked whether
XR_001779380 can modulate host antiparasite defense. We took the RNA interference (RNAi)
approach to knockdown XR_001779380 in IEC4.1 cells and then exposed them to C. parvum
infection for 24 h. Two separate nonspecific scrambled small interfering RNAs (siRNAs) were
used as the control. While siRNA treatment decreased the expression of each targeted lncRNA
and significantly attenuated its induction in infected cells (Fig. S2), siRNA knockdown of
XR_001779380 revealed no significant effect on the parasite infection burden (Fig. 2A).

IFN-g represents a key effector molecule for epithelial anti-C. parvum defense (19,
22). Consistent with previous reports (22), we detected a decreased infection burden in
IEC4.1 cells pretreated with IFN-g (Fig. 2B). Intriguingly, knockdown of XR_001779380
in IEC4.1 cells resulted in significant suppression of IFN-g-mediated epithelial defense,
reflected by a higher infection burden in XR_001779380 siRNA-treated and IFN-
g-primed cells compared than that in IFN-g-primed cells treated with the nonspecific
siRNA controls (Fig. 2B). We then measured cell response to IFN-g stimulation using
IEC4.1 cells transfected with the siRNA to XR_001779380 or nonspecific siRNA controls.

FIG 2 Upregulation of XR_001779380 promotes IFN-g-mediated epithelial antimicrobial defense. (A) Impact of siRNA knockdown of XR_001779380 on C. parvum
infection burden in intestinal epithelial cells. Knockdown of XR_001779380 in IEC4.1 cells showed no detectable effects on C. parvum infection burden. (B) siRNA
knockdown of XR_001779380 on IFN-g-mediated epithelial anti-C. parvum defense. Pretreatment of IEC4.1 cells with IFN-g decreased C. parvum infection burden.
Treatment of IEC4.1 cells with the siRNA to XR_001779380, but not the nonspecific siRNA controls, attenuated the inhibitory effects of IFN-g pretreatment on C.
parvum infection burden. (C) Knockdown of XR_001779380 attenuated IFN-g-induced expression of Ido1, Nos1, and Csf2 in IEC4.1 cells as assessed using qRT-PCR.
(D) Knockdown of XR_001779380 did not alter Stat1 phosphorylation in IEC4.1 cells induced by IFN-g. Representative gel images from at least three independent
experiments are shown. (E) IFN-g treatment decreased C. parvum infection burden and induced the expression of Ido1 in enteroids, which are attenuated by
siRNA knockdown of XR_001779380. Data are shown as the means 6 SD from at least three independent experiments. Statistical significance (ANOVA test): *,
P , 0.01 versus noninfection or non-IFN-g-treated control; #, P , 0.01 versus IFN-g- and control siRNA-treated group.
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Induced expression of selected IFN-g-controlled defense genes, Nos2, Ido1, and Csf2,
was attenuated in cells transfected with the siRNA to XR_001779380 (Fig. 2C). This in-
hibitory effect is specific to XR_001779380 siRNA knockdown, as two nonspecific siRNA
controls had no impact on IFN-g-mediated gene transcription (Fig. 2C). Suppression of
these genes by XR_001779380 siRNA is at the transcriptional level, as their mRNA sta-
bility was not altered by XR_001779380 siRNA knockdown (Fig. S3). In addition, the XR
_001779380 siRNA had no significant effect on the cytoplasmic activation of the Stat1
pathway triggered by IFN-g, as there was no significant difference in the cytoplasmic
Stat1 phosphorylation in siRNA-treated IEC4.1 cells (Fig. 2D). Complementarily, overex-
pression of XR_001779380 resulted in enhanced IFN-g-mediated inhibition of infection
burden in IEC4.1 cells (Fig. S4). Accordingly, a further increase of IFN-g-controlled
defense gene transcription was detected in XR_001779380-overexpressed cells in response
to IFN-g stimulation (Fig. S4). Moreover, a higher infection burden was detected in
XR_001779380 siRNA-treated and IFN-g-primed enteroids than that in IFN-g-primed
enteroids treated with the nonspecific siRNA controls (Fig. 2E). The expression level of Ido1
induced by IFN-g was significantly reduced in the XR_001779380 siRNA-treated and C. par-
vum-infected enteroids compared with that in infected enteroids treated with the nonspe-
cific siRNA control (Fig. 2E). These data suggest that XR_001779380 promotes IFN-g-mediated
gene transcription and epithelial cell anti-Cryptosporidium defense.

Expression of XR_001779380 is controlled by TLR4/NF-jB/Cdc42 signaling and
epithelial-specific transcription factor Elf3 in infected intestinal epithelial cells.
The invasion of intestinal epithelial cells by C. parvum in vitro activates the TLR4/NF-kB signal
pathway to trigger host defense responses (34). Because XR_001779380 can be induced by C.
parvum infection and LPS stimulation, we asked whether TLR4/NF-kB signaling is required for
XR_001779380 induction. In addition, it is possible that epithelial-specific transcription factors,
such as Elfs, caudal type homeobox 1 (CDX1), and CDX2 (35, 36), may also contribute to its
higher expression level in intestinal epithelial cells. Based on TFSEARCH (http://www.cbrc.jp/
research/db/TFSEARCH.html) and MOTIF (http://motif.genome.jp/) database search (37, 38),
we failed to detect the classical NF-kB consensus sequence in the potential regulatory regions
of these epithelial lncRNA genes. Nevertheless, we detected a potential binding sequence in
the promoter region of 2610027F03Rik gene locus for Elf3 (also known as Ese-1 or Esx) (35).
We then knocked down Elf3 in IEC4.1 cells using a specific siRNA or a CRISPR/Cas9 construct
(Fig. 3A). Knockdown of Elf3 with either the siRNA or the CRISPR/Cas9 construct attenuated
the induction of XR_001779380 by C. parvum infection (Fig. 3B). Inhibition of NF-kB signaling
with an IKK2 inhibitor, SC-514 (39), also attenuated C. parvum-induced XR_001779380 expres-
sion (Fig. 3B). By using immunofluorescent microscopy, we detected nuclear translocation of
both Elf3 and NF-kB p50 subunit in IEC4.1 cells following C. parvum infection (Fig. 3C). Using
coimmunoprecipitation (co-IP), we observed direct interactions between Elf3 and the NF-kB
p50 subunit in infected IEC4.1 cells (Fig. 3C). In our previous studies, we detected TLR4-de-
pendent activation of NF-kB signaling (34) and activation of the cell division control protein
42 homolog (Cdc42) signaling in cells following C. parvum infection (40). Intriguingly, transfec-
tion of cells with the TLR4-dominant negative (DN) mutant or Cdc42-DNmutant attenuated C.
parvum-induced XR_001779380 expression in IEC4.1 cells (Fig. 3D). Therefore, TLR4/NF-kB/
Cdc42 signaling and epithelial-specific transcription factor Elf3 may coordinate XR_001779380
induction in intestinal epithelial cells in response to C. parvum infection.

XR_001779380 facilitates Stat1-associated chromatin remodeling to promote
IFN-c-mediated transcription of defense genes in intestinal epithelial cells. To
address the molecular mechanisms underlying XR_001779380-promoted gene transcription
in intestinal epithelial cells in response to IFN-g, we measured the enrichment of transcrip-
tionally active histone methylations in the promoter regions of Nos2 and Ido1 gene loci in
IEC4.1 cells following IFN-g stimulation. Using chromatin immunoprecipitation (ChIP) analysis,
we detected in IFN-g-treated cells a significant increase of H3K36me3 and H3K4me3 at multi-
ple sites within the regulatory promoter regions of Nos2 (Fig. 4A) and Ido1 (Fig. S5). Using
the chromatin isolation by RNA purification (ChIRP) analysis, we detected the recruitment of
XR_001779380 to several sites within the regulatory promoter regions of Nos2 (Fig. 4B) and
Ido1 (Fig. S5) gene loci in IEC4.1 cells following IFN-g stimulation.
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In response to IFN-g stimulation, Stat1 forms homodimers or heterodimers with Stat3 that
bind to the IFN-g-activated sequence promoter element to trigger gene transcription (41).
Increasing evidence supports that the ATP-dependent SWItch/Sucrose NonFermentable
(Swi/Snf) remodeling complex may be a coregulator for IFN-g-mediated gene transcription
(42–47). Important components of the Swi/Snf complex include Brg1 (Swi/Snf-related, ma-
trix-associated, actin-dependent regulator of chromatin, subfamily a, member 4), Snf5 (sub-
family b, member 1), and Baf170 (subfamily c, member 2) (42). Recruitment of Stat1 was
detected in the promoter region of the Nos2 gene in IFN-g-treated IEC4.1 cells (Fig. 4C).
Recruitment of Brg1 was detected to the same sequence region of the Nos2 gene in IEC4.1
cells following IFN-g stimulation (Fig. 4C). Consistent with data from previous reports in lym-
phocytes and HeLa cells (44, 45), we demonstrated that Stat1 is recruited to the Swi/Snf
remodeling complex in IFN-g-treated IEC4.1 cells using specific antibodies to Brg1, Snf5, and
Baf170 for co-IP analysis (Fig. 4D), suggesting that the physical association between Stat1
and the Swi/Snf complex and the subsequent chromatin remodeling may be involved in
IFN-g-mediated gene transcription in intestinal epithelial cells.

To define whether XR_001779380 is involved in this process, we tested if XR
_001779380 is recruited to the Stat1/Swi/Snf complex. Of these various components of
the Swi/Snf complex, Snf5 is an RNA-binding protein and thus can bind to specific
lncRNAs (48) and can be assembled into the SWI/SNF complex in cells following IFN-g
stimulation (46, 47). Using anti-Snf5 for RNA immunoprecipitation (RIP) analysis, we
detected the presence of XR_001779380, but not lincRNA-Cox2, in the Swi/Snf complex
in IFN-g-treated IEC4.1 cells (Fig. 4E). Knockdown Snf5 in IEC4.1 cells caused a signifi-
cant decrease in the assembly of XR_001779380 to the Swi/Snf complex induced by
IFN-g (Fig. 4F). Furthermore, siRNA knockdown XR_001779380 reduced IFN-g-induced

FIG 3 Transcription of XR_001779380 from the 2610027F03Rik gene through activation of TLR4/NF-rB/Cdc42/
Elf3 signaling. (A) Knockdown of Elf3 using the RNAi interference and CRISPR/Cas9 approaches in IEC4.1 cells.
(B) Knockdown of Elf3, as well as inhibition of NF-rB signaling by SC-514, inhibited the induction of XR
_001779380 in IEC4.1 cells induced by C. parvum infection. (C) Nuclear translocation of NF-rB p50 and Elf3 in
IEC4.1 cells following infection by fluorescence microscopy and physical association between p50 and Elf3 in
infected cells as assessed using coimmunoprecipitation. Representative gel images from at least three
independent experiments are shown. (D) Knockdown of either TLR4 or Cdc42 inhibited the induction of XR
_001779380 in IEC4.1 cells by C. parvum infection. Data are shown as the means 6 SD from at least three
independent experiments. Statistical significance (ANOVA test): *, P , 0.01 versus noninfection control. Scale
bars, 5 mm.
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physical association between Stat1 and the Swi/Snf complex (Fig. 4G), as well as IFN-
g-induced recruitment of Brg1 and enrichment of the active histone modifications
(H3K36me3 and H3K4me3) at the promoter regions of Nos2 (Fig. 4H) and Ido1 (Fig. S6)
gene loci. These data suggest that that XR_001779380 may act as a coregulator for
Stat1-Swi/Snf interactions or their chromatin occupancy in intestinal epithelial cells in
response to IFN-g stimulation.

IFN-c-mediated anti-Cryptosporidium defense is suppressed in neonatal intestinal
epithelium. While immunocompetent adult mice are resistant to Cryptosporidium
infection, only neonatal mice and adults in immunocompromised strains are suscepti-
ble (18, 49). Deficiency in epithelial cell defense and adaptive immunity in neonates
may account for the high susceptibility to C. parvum infection in neonates (18). Taking
advantage of the minimal involvement of adaptive immunity in the ex vivo enteroid
infection model, we investigated the epithelial innate defense to C. parvum infection in

FIG 4 XR_001779380 modulates Stat1/Swi/Snf-associated chromatin remodeling to promote IFN-g-mediated transcription of defense genes in intestinal
epithelial cells. (A) Enrichment of H3K4me3 and H3K36me3 at the Nos2 promoter in IEC4.1 cells following IFN-g stimulation as assessed using ChIP analysis.
H3K4me3 and H3K36me3 signal distributions at the Nos2 promoter region were quantified by qRT-PCR. (B) Recruitment of XR_001779380 to the Nos2
promoter in IEC4.1 cells following IFN-g stimulation. Recruitment of XR_001779380 was assessed using ChIRP analysis with a pool of probes specific to XR
_001779380 and quantified by qRT-PCR using the same primer sets as for ChIP analysis. Probes to LacZ were used as control. (C) Increased recruitment of
Stat1 and Brg1 to the Nos2 promoter in IEC4.1 cells following IFN-g stimulation as assessed by ChIP analysis. (D) Increased physical association between
pStat1 and Swi/Snf complex was detected by co-IP in IEC4.1 cells following IFN-g stimulation. Antibodies to Baf170, Snf5 and Brg1 (components of Swi/Snf
complex) were used separately for immunoprecipitation, followed by Western blotting of pStat1. (E) Assembly of XR_001779380, but not lincRNA-Cox2, to
the Swi/Snf complex in IEC4.1 cells induced by IFN-g. Anti-Snf5 Ab was used for immunoprecipitation and anti-IgG as the control for RIP analysis. (F)
Knockdown of Snf5 blocked IFN-g-induced recruitment of XR_001779380 to the Swi/Snf complex. Cells were treated with the control siRNA or Snf5-siRNA
for 24 h and then stimulated with IFN-g for 2 h, followed by RIP analysis using anti-Brg1 (anti-IgG as the control). The unrelated ncRNA RNU2-1 was
measured for control. (G) siRNA knockdown of XR_001779380 blocked IFN-g-induced assembly of Stat1 to the Swi/Snf complex in IEC4.1 cells. Cells were
treated with the control siRNA or XR_001779380-siRNA for 14 h and then stimulated with IFN-g for 2 h, followed by co-IP analysis using anti-Snf5 for
immunoprecipitation and anti-Stat1 for Western blotting. Inputs were blotted with anti-Snf5 and the heavy chain of IgG in the immunoprecipitation
blotting (marked as Input:IgG) was also shown for control. (H) Knockdown of XR_001779380 inhibited IFN-g-induced recruitment of Brg1 and enrichment of
H3K4me3 and HeK36me3 at the Nos2 promoter region in IEC4.1 cells. Data are shown as the means 6 SD from at least three independent experiments.
Representative gel images from three independent experiments are shown in panels D and G. Statistical significance (ANOVA test): *, P , 0.01 versus non-
IFN-g-treated control; #, P , 0.01 versus IFN-g- and control siRNA-treated group.
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neonates versus in adults. When the same number of C. parvum sporozoites was
applied to infect enteroids, we detected a slightly higher infection burden at 24 and
48 h after infection in enteroids from neonates than that in enteroids from adults
(Fig. 5A and B). In the presence of IFN-g, a significant decrease in the infection burden
in enteroids from neonates was observed (Fig. 5B). However, a much stronger decrease
in the infection burden was detected in adult enteroids after treatment with the same
dose of IFN-g (Fig. 5B). When enteroids were exposed to IFN-g only (without C. parvum
infection), a stronger response (reflected by the induction of several IFN-g-responsive
genes) was observed in enteroids from adults than that in enteroids from neonates
(Fig. 5C). Interestingly, the expression levels of TLR4, IFN-gR1, IFN-gR2, and Stat1 were
similar in enteroids from neonates and adults (Fig. 5D). Upregulation of epithelial cell-
enriched lncRNAs, such as XR_001779380 and lincRNA-Cox2, was also similar in enter-
oids from neonatal and adult mice following C. parvum infection (Fig. 5E).

Prdm1 mediates suppression of IFN-c-mediated anti-Cryptosporidium defense in
neonatal intestinal epithelium. PRDM1 (also known as Blimp1) is a transcription
repressor important to cell differentiation and acts as a master regulator of intestinal epi-
thelium maturation (50). It is strongly expressed throughout the epithelium of the em-
bryonic gut and orchestrates orderly and extensive reprogramming of the postnatal in-
testinal epithelium in mice and humans (50, 51). Previous studies have identified the
immunological functions of PRDM1 in various immune cell types such as T and B lym-
phocytes (52), including its action as a critical negative regulator of NK function (53). We
then investigated a potential role for Prdm1 in regulating IFN-g-mediated anti-C. parvum
defense in intestinal epithelial cells in neonates. We consistently detected a high expres-
sion level of Prdm1, both at the mRNA and protein levels, in intestinal epithelial cells pri-
marily isolated from neonatal mice and in cultured IEC4.1 cells (Fig. 6A). Consistent with
results from previous studies (51), Prdm1 was absent in intestinal epithelial cells isolated
from adult mice (Fig. 6A). Knockdown of Prdm1 in IEC4.1 cells resulted in enhanced

FIG 5 IFN-g-mediated antimicrobial defense to C. parvum infection is suppressed in neonatal intestinal epithelium. (A) C. parvum infection in
enteroids from neonatal and adult mice in the absence of IFN-g as assessed by fluorescence microscopy (C. parvum in green by arrows). (B) C.
parvum infection burden in enteroids from neonatal and adult mice. Enteroids were first infected for 8 h and then cultured for additional 24
and 48 h in the presence or absence of IFN-g. Statistical significance (ANOVA test): *, P , 0.01 versus control (0 h); #, P , 0.01 versus adult
enteroids treated with IFN-g for the same time period. (C) Expression levels of defense genes in enteroids from neonatal and adult mice
following infection in the presence or absence of IFN-g. Statistical significance (ANOVA test): *, P , 0.01 versus non-IFN-g-treated control; #,
P , 0.01 versus IFN-g-treated adult enteroids. (D) RNA levels of key signaling components in enteroids from neonatal and adult mice as
assessed by qRT-PCR. (E) Upregulation of XR_001779380 and lincRNA-Cox2 in enteroids from neonatal and adult mice following C. parvum
infection. Data are shown as the means 6 SD from at least three independent experiments. Statistical significance (ANOVA test): *, P , 0.01
versus noninfection control. Scale bars, 20 mm.
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antimicrobial activity against C. parvum infection induced by IFN-g, with a significant fur-
ther decrease in the infection burden and a further increase in the expression of defense
genes, including Nos2, Ido1, and Csf2 (Fig. 6B). Complementarily, IEC4.1 cells with forced
expression of Prdm1 resulted in an increase of the infection burden and a decrease in
the expression of those defense genes in infected cells in response to IFN-g stimulation
(Fig. 6B). Furthermore, knockdown of Prdm1 in cultured enteroids from neonatal mice
promoted IFN-g-mediated defense response to C. parvum infection, reflected by a further
decrease in infected burden induced by IFN-g (Fig. 6C). Accordingly, the expression level
of IFN-g-controlled Nos2 gene was markedly enhanced in infected neonatal enteroids
with the Prdm1 siRNA treatment (Fig. 6C). Due to absence of Prdm1 in adult intestine, as

FIG 6 Prdm1 mediates suppression of IFN-g-mediated antimicrobial defense in neonatal intestinal epithelium. (A)
Expression of Prdm1 in primarily intestinal epithelial cells isolated from neonates, but not from adult mice, and in
cultured IEC4.1 cells as measured using qRT-PCR and Western blotting. Representative gel images from at least three
independent experiments are shown. (B) Effects of Prdm1 knockdown or forced Prdm1 expression on IFN-g-mediated
decrease of infection burden and IFN-g-triggered gene expression in IEC4.1 cells in response to C. parvum infection.
Statistical significance (ANOVA test): *, P , 0.01 versus control siRNA-treated/empty vector-transfected and C. parvum-
infected cells; #, P , 0.01 versus control siRNA-treated/empty vector-transfected and C. parvum-infected and IFN-
g-treated cells. (C) Knockdown of Prdm1 in neonatal enteroids enhanced IFN-g-mediated antimicrobial defense, with a
further decrease of infection burden (Cp18s level) and increase of Nos2 expression in IFN-g-treated infected neonatal
enteroids. Data are shown as the means 6 SD from at least three independent experiments. Statistical significance
(ANOVA test): *, P , 0.01 versus C. parvum-infected enteroids; #, P , 0.01 versus IFN-g-treated and C. parvum-infected
enteroids.
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predicted, siRNA knockdown of Prdm1 showed no effects on IFN-g-induced Nos2 expression
in cultured enteroids from adult mice (Fig. S7). Thus, Prdm1 may suppress IFN-g-mediated
anti-Cryptosporidium defense in intestinal epithelial cells in neonates.

Prdm1 interacts with XR_001779380 to attenuate Swi/Snf-mediated anti-
Cryptosporidium defense induced by IFN-cin neonatal intestinal epithelium. Prdm1
can interact with protein inhibitor of activated Stat1 (Pias1, also called as Ddxbp1) to
modulate Stat1-mediated gene transcription (54). In addition, Prdm1 is an RNA-binding
protein, and its PR zinc finger domain mediates specific interactions with RNA mole-
cules (50, 55). We detected Prdm1 in the Pias1/Stat1 complex immunoprecipitated
from IEC4.1 cells following IFN-g stimulation (Fig. 7A). We also detected the assembly
of XR_001779380 to the Prdm1/Pias1 complex in IEC4.1 cells following IFN-g stimula-
tion using RIP analysis (Fig. 7B). Such IFN-g-induced assembly of XR_001779380 to the
Prdm1/Pias1 complex was not detected in IEC4.1 cells deficient with Prdm1 (Fig. 7B).
Knockdown of Pias1 with a specific siRNA or knockout of Prdm1 using the CRISPR/Cas9
approach in IEC4.1 cells resulted in a significant increase of IFN-g-induced expression
level of Nos2 and Ido1 (Fig. 7C). An increase in the recruitment of the Swi/Snf complex
and Stat1 to the Nos2 promoter induced by IFN-g was detected in IEC4.1 cells treated
with the Prdm1 siRNA (Fig. 7D). Nevertheless, knockdown of XR_001779380 showed
no detectable changes in the assembly of Stat1 to the Prdm1/Pias1 complex in IEC4.1
cells in response to IFN-g stimulation (Fig. 7E). However, a significant increase of Stat1
assembly to the Swi/Snf complex in response to IFN-g was detected in IEC4.1 cells
treated with the Prdm1 siRNA (Fig. 7F). Taken together, our data support the model
that C. parvum infection increases expression of XR_001779380 in intestinal epithelial
cells through the TLR4/NF-kB/Cdc42 signaling and epithelial-specific transcription fac-
tor Elf3. XR_001779380 modulates Stat1/Swi/Snf-associated chromatin remodeling and
primes intestinal epithelial cells for IFN-g-mediated host antimicrobial gene transcription.
However, Prdm1 is highly expressed in neonatal intestinal epithelium and can interact with
XR_001779380 to attract Stat1 and form the Prdm1/Pias1/Stat1 complex, thus attenuating
Stat1/Swi/Snf-mediated transcription of defense genes in response to IFN-g (Fig. 7G).

DISCUSSION

Identification of regulatory lncRNAs in intestinal epithelial cells and characterization of
their involvement in epithelial antimicrobial defense may provide new insights into the regu-
lation of gastrointestinal immune homeostasis. The expression of many lncRNAs is highly cell
type specific and tightly regulated by lineage-determining proteins or cell type-specific tran-
scription factors (4). Indeed, transcription of XR_001779380 from the 2610027F03Rik gene is
coordinated by epithelial-specific transcription factor Elf3 and by activation of TLR4/Cdc42/
NF-kB signaling in intestinal epithelial cells following C. parvum infection or LPS stimulation.
It appears that Elf3 and NF-kB subunit p50 are assembled and recruited together to the pro-
moter region of the 2610027F03Rik gene locus, implicating cross-linking between the Elf3
and NF-kB signaling pathways. Both Elf3 and NF-kB pathways may be downstream signal-
ing for TLR4. Previous studies demonstrated that p21-activated kinase 1 (Pak1), an evolutio-
narily conserved family of serine/threonine kinases, is an upstream kinase of Elf3 and that
Pak1 serine phosphorylation of Elf3 regulates the transforming ability of Elf3 (56, 57). Cdc42
has been implicated in activating Pak1 (58) and, thus, may induce Elf3 nuclear translocation.

Given the fact that TLR/NF-kB signaling is key to mucosal defense, coupled with an
emerging role for lncRNAs in immune regulation, we speculate that lncRNAs, such as
intestinal epithelial cell-enriched XR_001779380, may be important regulators in gas-
trointestinal mucosal defense. Specifically, XR_001779380 may act as a coregulator for
the interactions between Stat1 and Swi/Snf complex and/or for their chromatin occu-
pancy in intestinal epithelial cells in response to IFN-g stimulation. Consequently, XR
_001779380 primes epithelial cells for IFN-g-mediated antimicrobial gene transcription
through modification of Stat1/Swi/Snf-mediated chromatin remodeling. The Swi/Snf
complex is a nucleosome remodeling complex composed of several proteins encoded
by the Swi and Snf genes (i.e., Swi, Brg1, or Brm) (42, 59). The Swi/Snf complex has
DNA-stimulated ATPase activity and can destabilize histone-DNA interactions in reconstituted
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nucleosomes in an ATP-dependent manner (42, 43). The Swi/Snf-mediated chromatin remod-
eling is a key coregulator to Stat1 signaling to enhance IFN-g-mediated gene transcription
(44–47). It has been demonstrated that the activated phosphorylated form of Stat1 can inter-
act with the Brg1 subunit of the Swi/Snf complex and recruits the complex to IFN-g-activated
sequences of individual genes, eliciting an increase in gene activity (46, 47). Functionally, XR
_001779380 may act as a coregulator for the Stat1-Swi/Snf interactions or for their chromatin

FIG 7 Prdm1 interacts with XR_001779380 to attenuate IFN-g-mediated antimicrobial defense in neonatal intestinal epithelium. (A) Physical association of
Prdm1 with Pias1 in the nuclei extracts of IEC4.1 cells induced by IFN-g, as measured by co-IP. Whole-cell extracts were used as the input control. (B)
Assembly of XR_001779380 to the Prdm1/Pias1 complex induced by IFN-g in IEC4.1 cells, as assessed by RIP assay with anti-Pias1 (anti-IgG as the control).
IFN-g-induced assembly of XR_001779380 to the Prdm1/Pias1 complex was not detected in IEC4.1-Prdm12/2 cells. (C) Knockdown of Pias1 or Prdm1 in
IEC4.1 cells resulted in an increased expression of Nos2 and Ido1 in response to IFN-g stimulation. (D) siRNA knockdown of Prdm1 resulted in a significant
increase in the recruitment of the Swi/Snf/Stat1 complex to the Nos2 promoter region in IEC4.1 cells in response to IFN-g, as revealed by ChIP analysis
using anti-Brg1 or anti-Stat1. (E) Knockdown of XR_001779380 showed no effects on the assembly of Stat1 to the Prdm1/Pias1 complex, as revealed by co-
IP analysis using anti-Prdm1 for immunoprecipitation and anti-Stat1 for Western blotting. (F) Knockdown of Prdm1 in IEC4.1 cells decreased the assembly
of Stat1 to the Pias1 complex but increased the assembly of Stat1 to the Swi/Snf complex in response to IFN-g stimulation. IEC4.1 and IEC4.1-Prdm12/2

cells were treated IFN-g for 2 h, followed by co-IP analysis using anti-Pias1 or anti-Snf5 for immunoprecipitation and anti-Stat1 for Western blotting,
respectively. (G) Model of XR_001779380 in IFN-g-induced epithelial cell antimicrobial defense. Induction of XR_001779380 primes epithelial cells for IFN-
g-mediated antimicrobial gene transcription through modification of Stat1/Swi/Snf-mediated chromatin remodeling. Prdm1 may suppress IFN-g-mediated
antimicrobial defense through its interaction with Pias1 and XR_001779380, contributing to the higher susceptibility to infection in infants. Data are shown
as the means 6 SD from at least three independent experiments. Representative gel images from three independent experiments are shown in panels A,
E, and F. Statistical significance (ANOVA test): *, P , 0.01 versus non-IFN-g-treated control; #, P , 0.01 versus IFN-g-treated group.
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occupancy in intestinal epithelial cells, as XR_001779380 knockdown significantly attenuated
Swi/Snf-associated histone modifications and gene transcription in cells in response to IFN-g
stimulation.

As a key innate defense effector molecule, IFN-g is mainly synthesized and released
from NK cells and other innate lymphoid cells (e.g., groups I and III) at intestinal mu-
cosa (60). Intestinal epithelial cells express various receptors for IFN-g and can trigger
transcription of antimicrobial defense genes upon their ligation (61). Mechanistically,
IFN-g triggers a broad spectrum of cell-intrinsic responses that may target parasite
growth by nutrient deprivation and generation of effective defense molecules, such as
colony-stimulating factors, C-X-C motif chemokines, and reactive oxygen and nitrogen
species (24–26). In our previous studies, we demonstrated that Nos2 is involved in anti-
C. parvum defense in intestinal epithelial cells potentially through regulation of nitric
oxide production (20). Although it is still not clear how upregulation of certain defense
genes would impact epithelial cell anti-C. parvum defense in vitro, from an immunolog-
ical point of view, upregulation of XR_001779380 in intestinal epithelial cells following
microbial infection may prime epithelial cells for IFN-g-mediated antimicrobial gene
transcription. This may be relevant to mucosal epithelial antimicrobial defense in general
and is of particular importance for epithelial defense to these “mucosal pathogens,” such
as Cryptosporidium.

While immunocompetent adult individuals are resistant to infection, AIDS patients
are highly susceptible to C. parvum infection (12, 13). Similarly, adult mice are resistant
to infection; only neonatal mice and adults in immunocompromised strains are suscep-
tible (18, 49). Underlying mechanisms are unclear and have been speculated to be due
to immunodeficiency or malnutrition in early life (62, 63). The JAK-STAT signaling path-
way appears well developed in intestinal epithelial cells in neonates/infants, but IFN-
g-mediated antimicrobial defense is usually reduced in the cells (64–66). Here, our data
from an ex vivo enteroid infection model strongly support that Prdm1, which is prefer-
entially expressed in neonatal intestinal epithelial cells (51), may suppress IFN-g-medi-
ated antimicrobial defense in intestinal epithelial cells, contributing to the higher sus-
ceptibility to C. parvum infection in infants or neonates. A high expression level of
Prdm1 in the neonatal intestinal epithelium and its absence in adult intestinal epithe-
lium were consistent with a higher infection burden in the neonatal enteroids. Accordingly,
adult enteroids showed a stronger transcriptional response to IFN-g stimulation than neona-
tal enteroids. Moreover, Prdm1 silencing could restore the response to IFN-g stimulation in
neonatal enteroids to a level comparable to that in the adult enteroids. Of note, PRDM1 has
also been demonstrated to be induced in various cell types from AIDS patients during HIV
infection (51, 67–69). Given the limitation of the murine models of intestinal cryptosporidio-
sis (70, 71), the immunological significance for Prdm1 in intestinal cryptosporidiosis war-
rants future investigations using enteroids derived from humans. Nevertheless, we cannot
exclude the potential involvement of insufficient development of adaptive immunity in the
neonates.

Prdm1 may suppress IFN-g-mediated antimicrobial gene transcription in neonatal
intestinal epithelial cells through its interaction with Pias1 and XR_001779380. Prdm1
has been demonstrated to interact with Pias1 and modulate Stat1-mediated gene tran-
scription (52, 54). We confirmed the presence of Prdm1 in the Pias1/Stat1 complex pre-
cipitated from neonatal intestinal epithelial IEC4.1 cells following IFN-g stimulation. In
addition, we detected physical association of XR_001779380 with Prdm1/Pias1 com-
plex in IEC4.1 cells following IFN-g stimulation. Knockdown of either Pias1 or Prdm1
promoted the recruitment of Stat1/Swi/Snf complex to the promoter regions of
defense gene loci in cells in response to IFN-g. Therefore, Prdm1 may sequester XR
_001779380 and Stat1 to form the Prdm1/Pias1 complex, resulting in inhibition of
Stat1/XR_001779380 assembly into the Swi/Snf complex and, consequently, suppres-
sion of defense gene transcription in intestinal epithelial cells in response to IFN-g stim-
ulation. Due to the absence of Prdm1 in adult intestinal epithelial cells, such inhibitory
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cross-linking is not available in adults and may contribute to associated resistance of
infection to Cryptosporidium.

Because induction of XR_001779380 was also detected in intestinal epithelium fol-
lowing LPS stimulation, it is plausible to speculate that priming of intestinal epithelial
cells by XR_001779380 for IFN-g-mediated gene transcription may be a general epithe-
lial response to mucosal pathogen infection in the gastrointestinal tract. Nevertheless,
it is unclear whether this mechanism is relevant to other mucosal epithelial cells, such as
these at the respiratory and urogenital mucosal surfaces. It is also important to know whether
XR_001779380 can promote gene transcription in other cells in response to all IFN types, par-
ticularly type I and III IFNs. These questions merit future investigations.

MATERIALS ANDMETHODS
C. parvum oocysts. C. parvum oocysts harvested from calves inoculated with the Iowa strain origi-

nally obtained from Harley Moon at the National Animal Disease Center (Ames, IA) were purchased from
a commercial source (Bunch Grass Farms, Deary, ID). Oocysts were purified using a modified ether
extraction technique and then suspended in phosphate-buffered saline (PBS) and stored at 4°C. For in
vitro and in vivo infection, oocysts were treated with 1% sodium hypochlorite on ice for 20 min and
washed 3 times with Dulbecco’s modified Eagle medium (DMEM) culture media. For ex vivo infection of
cultured enteroids, oocysts were treated with 1% sodium hypochlorite on ice for 20 min and subjected
to an excystation solution consisting of 0.75% taurodeoxycholate and 0.25% trypsin for 30 min at 37°C.
The excystation rate was calculated as previously described by others (72) and was determined for each
new batch of oocysts. These freshly excysted infective sporozoites were collected and added to the cul-
tures for ex vivo infection. All parasite preparations were tested using the Limulus amebocyte lysate gel
formation test as previously described to exclude the possibility of contamination with lipopolysaccha-
rides (73).

Cell lines, enteroids, and animals. The neonatal intestinal epithelial cell line (IEC4.1) was a kind gift
from Pingchang Yang (McMaster University, Hamilton, Canada). The RAW264.7 mouse macrophage cells
were obtained from ATCC. Culture media were supplied with 10% fetal bovine serum (FBS) (Ambion)
and antibiotics. Intestinal villus/crypt components from adults or neonatal mice were isolated and cul-
tured as described in our previous studies (32). Briefly, 2.0-cm small intestine tissues above the cecum
were collected from adult mice (1.5 cm for neonatal mice) and were opened longitudinally. Collected tis-
sues were then put in 15-ml tubes with 10 ml cold PBS and inverted gently several times to wash the in-
testinal contents. Obtained tissues were further cut into 1-2 mm pieces and transferred into a 15-ml
tube containing 10 ml cold PBS with 2 mmol/liter ethylene-diamine-tetraacetic acid, rotated for 30 min
at 4°C, and shaken vigorously until it became mostly opaque with dislodged crypt and villus particles.
The villus-crypt mix was transferred to 50-ml tubes containing 10 ml cold PBS and filtered through a 70-
mm cell strainer (MidSci; catalog no. 258368-70). The villus-crypt pellets were collected after centrifuga-
tion at 200 � g at 4°C for 5 min, washed with 20 ml cold PBS, and centrifuged one more time under the
same condition. The pellets were then resuspended with cold PBS-Matrigel media (1:1 ratio in volume)
and plated in 35-mm dishes (30 ml mix per spot, 12 spots) or 60-mm dishes (30 spots). All the above
steps were carried out in buffers kept on ice. Enteroid culture media (2 ml for 35-mm dishes and 4 ml for
60-mm dishes) were added, and culture medium was changed every other day. The content of enteroid
three-dimensional culture medium was epidermal growth factor (EGF), Noggin, R-spondin 1, B 27 supplement,
N2 supplement, gentamicin, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer, and GlutaMAX supple-
ment, with the DMEM-nutrient mixture F-12 (DMEM-F-12). For enteroid propagation, EGF, Noggin, R-spondin 1,
and N2 supplement were added immediately before usage of the culture medium.

C57BL/6J mice were originally purchased from the Jackson Laboratory. Mice at the age of 5 days af-
ter birth were used as neonates for enteroid isolation or in vivo infection. Animals at 6 weeks after birth
were used as adults for enteroid isolation. The study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health
under the Assurance of Compliance number A3348-01. All animal experiments were done in accordance
with procedures (protocol number 0959) approved by the Institutional Animal Care and Use Committee
of Creighton University.

Infection models and assays. For in vitro infection using IEC4.1 cells, infection was done in culture
medium (DMEM-F-12 with 100 U/ml penicillin and 100 mg/ml streptomycin) containing viable C. parvum
oocysts after treatment with 1% sodium hypochlorite (oocysts with host cells in a 1:1 ratio). Cells were
then cultured for 4 h at 37°C for attachment and invasion by the parasites. After extensive washing with
DMEM-F-12 medium three times to remove free parasites. Cells were cultured for additional time periods
as described. A model of C. parvum infection using enteroids was employed as previously described
(32). The crypt/villus units immediately after isolation were exposed to freshly excysted C. parvum sporo-
zoites for 10 min at 37°C and then for an additional 2 h on ice, followed by culture at 37°C in the enter-
oid three-dimensional culture medium at various time periods as described above. The neonatal murine
infection model of intestinal cryptosporidiosis was used for in vivo experiments (29, 30, 74). Neonates
(5 days after birth) received C. parvum oocysts by oral gavage (105 oocysts per mouse) to develop intesti-
nal cryptosporidiosis. Mice that received PBS by oral gavage were used as control. At 24, 48, and 72 h af-
ter C. parvum oocysts or PBS administration, animals were sacrificed, and ileum intestine tissues were col-
lected. At least five animals from each group were sacrificed, and ileum epithelium tissues were obtained for
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biochemical analyses. qRT-PCR, immunofluorescence microscopy, and immunohistochemistry were used to assay
C. parvum infection as previously reported (72, 75, 76). The intestinal tissues were collected and parasite burden
was performed by counting all intracellular parasite stages as previously reported (75). For immunohistochemis-
try, tissue slides were first incubated with the primary antibodies, followed by the secondary antibody (Molecular
Probes), and visualized according to the standard approach.

qRT-PCR. For quantitative analysis of RNA and C. parvum RNA expression, comparative qRT-PCR was
performed as previously reported (32, 75–77), using the SYBR green PCR master mix (Applied
Biosystems, Carlsbad, CA, USA). Briefly, total RNA was isolated and possible remaining DNA was removed
using TRI reagent and treated with DNA-free kit (Ambion, MA, USA). qRT-PCR was then performed using
25 ng of template cDNA from reverse transcription for each RNA gene of interest. The expression level
of each RNA was calculated using the threshold cycle (DDCT) method and normalized to glyceraldehyde-
3-phosphate dehydrogenase (Gapdh). All sequences of PCR primers are listed in Table S1 in the supple-
mental material.

Transfections with siRNAs and plasmids. Custom-designed RNA oligonucleotides against XR
_001779380 and two scrambled RNAs (as the siRNA control) were synthesized by IDT (Integrated DNA
Technologies, Coralville, IA) and transfected into cells with Lipofectamine RNAiMAX according to the
manufacturer’s protocol (Invitrogen). siRNAs to Elf3, Snf5, and Prdm1 were purchased from the Santa
Cruz Biotechnology. Sequences of siRNAs are listed in Table S1. siRNAs were transfected into IEC4.1 cells
with Lipofectamine RNAiMAX. For siRNA transfection into enteroids, the electroporation approach was
used with the Neon transfection system (Thermo Fisher Scientific, Waltham, MA; electroporation param-
eter, 1600 V, 10 ms, pulse 3). The sequence of XR_001779380 was cloned into the pTarget vector accord-
ing to the manufacturer’s protocol. XR_001779380-pTarget was transfected to cells with Lipofectamine
2000 (Invitrogen). The mouse Elf3 CRISPR/Cas9 knockout and the control plasmids were purchased from
Santa Cruz Biotechnology. The pKR5-Cdc42(17N)-Myc construct (a dominant negative form) (78) was a
gift from A. Hall (University College London, London, United Kingdom), and the TLR4-DN was kindly pro-
vided by M. F. Smith (University of Virginia, Charlottesville, VA).

Nuclear extracts andWestern blotting. Nuclear extracts were isolated using the standard approach
(73, 79, 80). Briefly, cells were grown to 80% confluence and then exposed to C. parvum for various
times. Cells were treated with EDTA (Sigma) and washed with PBS, and the cell pellet was resuspended
in 1 ml of cold buffer A (10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, and 1 mM dithiothreitol [DTT]).
Nuclear pellets were isolated from the whole-cell protein by centrifugation at 14,000 rpm for 1 min at
4°C and resuspended in cold buffer B (20 mM HEPES, 1.5 mM MgCl2, 25% glycerol, 420 mM NaCl, 0.2 mM
EDTA, and 1 mM DTT) with vigorous agitation in the cold room for 30 min. The supernatant containing
nuclear proteins was collected after centrifugation at 14,000 rpm for 5 min at 4°C. Protein concentration
of each nuclear extract or whole-cell lysate was determined and subsequently analyzed by Western blot-
ting. The following antibodies were used for blotting (details in Table S1): anti-Brg1 (Santa Cruz), anti-
H3K36me3 (Abcam), anti-H3K4me3 (Abcam), anti-Stat1 (Cell Signaling), anti-pStat1 (Cell Signaling), anti-
Pias1 (Santa Cruz), anti-Snf5 (Santa Cruz), anti-Baf170 (Cell Signaling), anti-p50 (Abcam), anti-Elf3 (Santa
Cruz), anti-Cdc42 (Fisher Scientific), anti-Actin (Sigma), and anti-Prdm1 (Cell Signaling).

RNA stability. RNA stability assay was performed by qRT-PCR as previously reported (76, 81). Briefly,
cells were treated with actinomycin D (10 mg/ml, Fisher) to block transcription, and RNAs were isolated
at various time points after actinomycin D treatment. qRT-PCR was then performed using 25 ng of tem-
plate cDNA for each mRNA gene of interest. Each sample was run in triplicate. The relative abundance of
each mRNA was calculated using the DDCT method and normalized to Gapdh. The relative amount of
mRNA at 0 h following actinomycin D treatment was arbitrarily set to 1. Curve fittings of the resultant
data were performed using Microsoft Excel and the half-lives of the RNAs calculated.

IP and co-IP. Cells were lysed with the lysis buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40,
20mM MG132, 1 mM phenylmethylsulfonyl fluoride [PMSF], 10mg/ml leupeptin, and 2mg/ml pepstatin).
A total of 500 mg of lysate protein was incubated with the primary antibodies at 4°C overnight to immu-
noprecipitate the protein complexes. Immune complexes were then collected by direct binding to pro-
tein A-Sepharose. The immunoprecipitates were then blotted with the corresponding antibody against
the protein as indicated. Anti-Prdm1 (Cell Signaling), anti-Baf170 (Cell Signaling), anti-pStat1 (Cell
Signaling), anti-Stat1 (Cell Signaling), anti-Snf5 (Santa Cruz), anti-Pias1 (Santa Cruz), anti-p50 (Cell
Signaling), anti-IgG (Santa Cruz), and anti-Elf3 (Santa Cruz) were used for IP/co-IP analysis.

RIP, ChIP, and ChIRP analyses. The formaldehyde cross-linking RIP was performed as described
(82). Briefly, cells in culture were first treated with 0.05 M EDTA/PBS, washed once with culture medium
containing 10% FBS, washed twice with 10 ml PBS, and resuspended in 10 ml of PBS. Formaldehyde
(37% stock solution) was then added to a final concentration of 0.3% (vol/vol) and incubated at room
temperature for 10 min with slow mixing. Cross-linking reactions were quenched by the addition of gly-
cine (pH 7.0) to a final concentration of 0.25 M followed by incubation at room temperature for 5 min.
The cells then harvested by centrifugation using a clinical centrifuge at 3,000 rpm (237 � g) for 4 min fol-
lowed by two washes with ice-cold PBS. Cell pellets were resuspended in 1 ml of lysis buffer (10 mM
Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.5% NP-40, and cocktail protease inhibitor and RNase inhibi-
tor, 100 units). After a 10-min incubation on ice, nuclei were collected by centrifugation (500 � g, 5 min)
and washed with lysis buffer devoid of NP-40. After centrifugation, the pellets were resuspended in
100ml nuclei lysis buffer (10 mM Tris-HCl, pH 7.4, 400 mM NaCl, 1 mM EDTA, 1 mM DTT, and cocktail pro-
tease inhibitor plus RNase inhibitor, 10 units) and mixed thoroughly for 30 min at 4°C. The nuclei lysates
were diluted 5-fold in WCE buffer (20 mM HEPES, pH 7.4, 0.2 M NaCl, 0.5% Triton X-100, 10% glycerol,
1 mM EDTA, 1 mM EGTA, 10 mM b-glycerophosphate, 2 mM Na3VO4, 1 mM NaF, 1 mM DTT, and cock-
tail protease inhibitor plus RNase inhibitor). Solubilization of cross-linked complexes was done by
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mechanical sonication by three rounds of sonication, 20 s each, in a Microson XL2007 ultrasonic homog-
enizer with a microprobe at an amplitude setting of 7 (output, 8 to 9 W). Insoluble materials were
removed by microcentrifugation at 14,000 rpm (16,000 � g) for 20 min at 4°C. Preclearing lysates with
20 ml of PBS-washed Magna ChIP protein A1G magnetic beads (Millipore, Massachusetts). The pre-
cleared lysate (250 ml) was then diluted with WCE buffer (250 ml), mixed with the specific antibody-
coated beads, and incubated with rotation at 4°C for 4 h, followed by 4 times washing with WCE buffer
containing protease and RNase inhibitors. The collected immunoprecipitated RNP complexes and input
were digested in RNA PK buffer, pH 7.0 (100 mM NaCl, 10 mM Tris-HCl, pH 7.0, 1 mM EDTA, and 0.5%
SDS), with addition of 10 mg proteinase K and incubated at 50°C for 45 min with end-to-end shaking at
400 rpm. Formaldehyde cross-links were reversed by incubation at 65°C with rotation for 4 h. RNA was
extracted from these samples using TRIzol reagent according to the manufacturer’s protocol (Invitrogen
Corp.) and treated with DNA-free DNase removal kit according to the manufacturer’s protocol (Ambion
Inc., Austin, TX). The presence of RNA was measured by quantitative, strand-specific qRT-PCR using the
iCycler iQ real-time detection system (Bio-Rad). Gene-specific PCR primer pairs are listed in Table S1.
ChIP assay was performed as previously reported (8, 10, 11) using the ChIP Assay Kit (Millipore Sigma).
The following antibodies (details in Table S1) were used for RIP or ChIP analysis: anti-H3K36me3 (Abcam), anti-
H3K4me3 (Abcam), anti-Stat1 (Cell Signaling), anti-IgG (Santa Cruz), and anti-Brg1 (Santa Cruz).

ChIRP analysis was performed as previously reported (83). Briefly, glutaraldehyde cross-linked for
chromatin isolation and a pool of tiling oligonucleotide probes with affinity specific to the XR
_001779380 sequence were used. The sequences for each probe are listed in Table S1. The DNA sequen-
ces of the chromatin immunoprecipitates were confirmed by qRT-PCR using the same primer sets cover-
ing the gene promoter regions of interest as for ChIP analysis. A pool of scrambled oligonucleotide
probes for LacZ (Table S1) was used as controls.

Statistical analysis. Statistical analysis was performed using GraphPad Prism 5 (GraphPad Software).
All values are given as mean 6 standard deviation (SD). Means of groups were from at least three inde-
pendent experiments and compared with Student's t test (unpaired) or the analysis of variance (ANOVA)
test when appropriate. P values of,0.05 were considered statistically significant.
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