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Abstract

Viral infections of the epididymis are associated with epididymitis, which damages the epithelium 

and impairs fertility. We showed previously that innate immune response genes were differentially 

expressed in the corpus and cauda region of the human epididymis in comparison to the caput. 

Here we investigate the antiviral defense response mechanisms of human epididymis epithelial 

(HEE) cells. Toll-like receptor (TLR) 3 and retinoic acid-inducible gene I (RIG-I)-like receptors 

(RLRs) are enriched in HEE cells from the corpus and cauda region. These HEE cells show an 

enhanced response to antiviral ligands (poly(I:C) and HSV-60), as shown by increased IFN-β 
mRNA expression and IFN-β secretion. Nuclear translocation of phosphorylated p65 occurs after 

poly(I:C) exposure. In addition, paired box 2 (PAX2), which was implicated in regulating antiviral 

response pathways, is required for basal expression of the DNA sensor, Z-DNA binding protein 

(ZBP1) and type I interferon, in caput but not in cauda cells.

Introduction

The epithelial lining of the human epididymis has a critical role in maintaining the health of 

the male genital ducts and hence preserving fertility. Bacterial, yeast and viral infections of 

the ducts may damage the epithelium, in turn impairing the maturation and movement of 

spermatozoa and compromising male fertility (Schuppe et al., 2017). Though these 

infections are more commonly caused by bacteria than viruses, rubulavirus, Coxsackie-B, 

Herpesvirus (HSV) and Human papilloma viruses (HPV) are likely viral pathogens in the 

epididymis (Dejucq and Jegou, 2001, Kapranos et al., 2003, Emerson et al., 2007, Vuorinen 
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et al., 2014). Antiviral innate immunity is mediated by two families of pattern recognition 

receptors (PRRs), which identify viral pathogens through pathogen-associated molecular 

patterns (PAMPs). One family includes Toll-like receptor (TLR)-3, -7, -8, and -9 that 

recognize double-stranded RNA (dsRNA) or single-stranded RNA (ssRNA) at the 

membrane of endosomes. The second group is the cytoplasmic retinoic acid-inducible gene I 

(RIG-I)-like receptors (RLRs), including three viral dsRNA sensors: retinoic acid-inducible 

gene I (RIG-I) (encoded by the DDX58 gene), melanoma differentiation-associated gene 5 

(MDA-5) (encoded by IFIH1) and their negative regulator, LGP-2 (laboratory of genetics 

and physiology-2)/DexH-Box Helicase 58 (encoded by the DHX58 locus) (Loo and Gale, 

2011). Recognition of the invading virus by these PRR molecules initiates signaling 

pathways that result in the production of type I interferons (IFNs) and proinflammatory 

cytokines (Schroder and Bowie, 2005, Chiang et al., 2014). IFNs bind to specific cellular 

receptors, to induce the synthesis of several proteins with antiviral activity: Ubiquitin-like 

protein ISG15 (ISG15), 2′,5′-oligoadenylate synthetase (2′,5′-AS or OAS), double-

stranded RNA-activated protein kinase (PKR), and Mx protein and (Schoggins and Rice, 

2011). In addition to RLRs, other DNA sensors are known, including Z-DNA Binding 

Protein 1 (ZBP1 or DAI), Absent In Melanoma 2 (AIM2), Interferon Gamma Inducible 

Protein 16 (IFI16 or p204), RNA Polymerase III (reviewed in Paludan and Bowie (2013)).

TLR3/RLR signaling has been characterized in human and mouse testis-derived cells (Le 

Tortorec et al., 2008, Zhu et al., 2013, Zhao et al., 2014) and in the mouse epididymis (Zhu 

et al., 2015) but to date, not in the human epididymis. The human epididymis is 

anatomically and functionally distinct from the mouse organ and has 3 functionally distinct 

regions: the head (caput), body (corpus) and tail (cauda). We previously reported a robust 

protocol for culturing primary epithelial cells from each of these regions (Leir et al., 2015). 

Gene expression analysis by RNA-seq revealed differentially expressed genes (DEG) in 

caput, corpus and cauda epithelial cells (Browne et al., 2016). Among notable DEGs were 

proteins involved in the defense response of the epididymis which were substantially 

enriched in the corpus and cauda regions. To further understand the significance of these 

gene expression patterns, we investigated the antiviral responses to PRR ligands in the 

different regions of the epididymis.

Materials and Methods

Cell Culture

De-identified human epididymis tissue was obtained with Institutional Review Board 

approval. HEE cells were isolated and cultured as described previously (Leir et al., 2015). 

Sub-confluent/confluent 24-h serum-starved cells were treated with polyinosinic-

polycytidylic acid (poly(I:C), 2 μg/ml) or transfected (using Lipofectamine® 2000) with 

HSV-60 (0.6 μg/ml), 2′3′-cGAMP (cyclic GMP-AMP)) or their appropriate negative 

controls (all from InvivoGen, San Diego, CA) for the indicated times. Cells were washed in 

cold sterile PBS and immediately harvested for RNA extraction using TRIzol® (Thermo 

Scientific (Waltham, MA, USA)) or for whole cell lysate using NET Buffer (Leir and Harris, 

2011). For cellular fractionation experiments the NE-PER Nuclear and Cytoplasmic 
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Extraction Kit (Thermo Scientific) was used to isolate cytoplasmic and nuclear fractions 

from HEE cells.

SiRNA-mediated depletion of PAX2

Cells at 40–50% confluence were transfected with non-targeting control- or PAX2-targeting 

siRNA (sc-37007 and sc-38745, Santa Cruz) using RNAiMAX Lipofectamine® transfection 

reagent (Life Technologies, Grand Island, NY) at a final concentration of 20 nM. At 72 h 

post transfection, cells were harvested for RNA extraction.

RNA-seq

RNA libraries were prepared from 2 μg of total RNA from three replicates (of one donor) 

from control- and PAX2-siRNA transfected cells. RNA quality was confirmed by NanoDrop 

measurement of OD 260/280 and 260/230 ratios. RNA-seq libraries were prepared using the 

TruSeq RNA Sample Preparation Kit v2 per the manufacturer’s Low-Throughput protocol 

(Illumina). The libraries were sequenced on an Illumina HiSeq2500 machine. Data were 

analyzed using TopHat and Cufflinks (Trapnell et al., 2012). All data are deposited at 

GEO:GSE104944. Biological processes associated with differentially expressed genes were 

identified using DAVID (Huang da et al., 2009a, Huang da et al., 2009b).

Reverse transcription and quantitative PCR (RT-qPCR)

Reverse transcription and quantitative PCR (RT–qPCR) was performed by standard 

protocols. cDNA was synthesized using a TaqMan Reverse Transcription kit (Applied 

Biosystems) with random hexamers, and qPCR experiments used SYBR Green. The primers 

specific for each target gene are shown in Suppl. Table SI and expression was normalized to 

β2-microglobulin (B2M). For RNA-seq validation experiments RNA from 3 different donor 

HEE cultures was used.

Western blotting

Cells were lysed in buffer containing 1% (vol/vol) protease inhibitor cocktail (Sigma) and 

western blots performed as described previously (Leir and Harris, 2011). Antibodies used 

were: TLR3 (#62566, Abcam); phospho-p65 (#3033), IRF3 (#11904), MDA5 (#5321), 

RIG-1 (#3743) and ISG15 (#2758) all from Cell Signaling Technology; p65 (sc-372 and 

sc-8008) and Lamin A/C (sc-7292) from Santa Cruz; and β-tubulin (T4026, Sigma).

IFN-β ELISA

Cell culture supernatant from vehicle and poly(I:C)-treated cells was collected, cleared by 

centrifugation at 280 × g and stored at −80°C. Interferon-β (IFN-β) protein was quantified 

using a bioluminescent ELISA kit (LumiKine, InvivoGen) according to the manufacturer’s 

protocol.

Statistical analysis

All data are shown as mean ± SD. Statistical tests were performed with GraphPad Prism 6 

software using one-way ANOVA and Bonferroni post-hoc test and values of P < 0.05 were 

considered significant.
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Results

Viral sensor genes are differentially expressed in the corpus and cauda regions of the 
human epididymis

To determine the functional signature of the different regions of the human epididymis, we 

earlier performed RNA-seq analysis of caput, corpus and cauda tissue and epithelial cells 

cultured from each section at passage 2 or 3 from three donors (Browne et al., 2016). 

Inspection of antiviral sensor expression in these data shows a greater abundance of 

transcripts from viral sensor genes (TLR3, DDX58 and IFIH1) in the corpus and cauda 

compared to the caput (Figure 1A and Suppl. Table II). The RNA-seq data were validated at 

the mRNA level by RT-qPCR (Figure 1B) and increased expression of TLR3, DDX58 and 

IFIH1 protein in cauda compared to caput cells was confirmed by western blotting (Figure 

1C). Also evident in Suppl. Table I is the greater expression of genes encoding other 

important components of antiviral signaling in corpus and cauda cells in comparison to 

caput. These include the signaling protein interleukin-1 receptor-associated kinase 2 

(IRAK2), the transcription factor interferon regulatory factor 7 (IRF7), the antiviral proteins 

myxovirus resistance 1 and 2 (MX1 and MX2) and 2′-5′-oligoadenylate synthetase 1, 2 and 

3 (OAS1, OAS2 and OAS3).

Cauda HEE cells show greater antiviral responses to TLR3 and RLR ligands than do caput 
cells

To characterize antiviral responses in the human epididymis epithelium, we exposed HEE 

cells to TLR3 and RLR ligands (polyinosinic-polycytidylic acid, poly(I:C) and HSV-60). 

Poly(I:C) is a synthetic analog of double-stranded RNA, that contains a molecular pattern 

associated with viral infection. It serves as a ligand for both TLRs and RLRs. HSV-60 is a 

60 bp oligonucleotide containing viral (herpes simplex virus 1 genome) DNA motifs, which 

only activates RLRs (Unterholzner et al., 2010). Since TLR3 and RLRs are both cytosolic 

rather than integral to the cell membrane, we first tested if doses of poly(I:C) (2 μg/ml) and 

HSV-60 (0.6 μg/ml) reported previously (Zhu et al., 2015) were directly taken up by HEE 

cells from the culture medium, or required lipid-mediated transfection for effective uptake. 

Activation of expression of the antiviral ISG15 ubiquitin-like modifier (ISG15) mRNA 

measured by RT-qPCR was used as a marker of ligand: receptor binding and hence uptake 

(Suppl. Figure SI). A comparable increase in ISG15 mRNA was seen in poly(I:C)-treated 

corpus cells with or without Lipofectamine® 2000 demonstrating that this ligand was freely 

taken up into HEE cells. In contrast, lipid-mediated transfection of HSV-60 was required for 

HSV-60-induced up-regulation of ISG15 mRNA.

Next, to compare antiviral responses of the human caput and cauda epididymis, we 

performed RT-qPCR analysis of interferon beta (IFN-β) mRNA in vehicle or poly(I:C)-

treated caput and cauda cells (Figure 2A). IFN-β mRNA in poly(I:C)-treated cauda cells was 

substantially higher than in poly(I:C)-treated caput cells at all time points tested (2, 6 and 

24h) and with maximum activation at 6h (P<0.0001, n=3, Figure 2A). Consistent with the 

IFN-β mRNA results, cauda cells treated with poly(I:C) for 48h secreted significantly more 

IFN-β protein into their growth media than did caput cells, as measured by IFN-β ELISA 

(P<0.01, n=3, Figure 2B). This differential effect was also seen at an earlier time point (24h) 
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(Suppl. Figure SII). Moreover, abundance of the antiviral protein, ISG15 and associated p65 

phosphorylation in 24h and 48h poly(I:C)-treated cauda cells was correspondingly elevated 

compared to the same treatment of caput cells (Figure 2C). Subcellular fractionation of 

cauda cells treated with vehicle or Poly(I:C) revealed that both total and phosphorylated 

forms of p65 accumulated in the nucleus 2h after Poly(I:C) stimulation and were still evident 

there 15 h later (Figure 2D).

RT-qPCR analysis demonstrated greater IFN-β mRNA in HSV-60-transfected cauda cells 

than in similarly treated caput cells at 6h (P<0.05, n=3, Figure 3A). The IFNB1 mRNA 

response was also greater in cauda cells than in caput cells following exposure to 2′3′-

cGAMP (an agonist of stimulator of interferon genes, STING) (Zhang et al., 2013) (Suppl. 

Figure SIII). Consistent with these data, greater levels of the antiviral protein, ISG15 were 

detected in western blots of cell lysates from HSV-60-transfected cauda cells (24 and 48h) 

compared to similarly -treated caput cells. Also, p65 was not phosphorylated in response to 

HSV-60 in caput cells (Figure 3B).

Transcriptional Regulation of Antiviral Responses of HEE Cells

We showed previously that the developmental transcription factor (TF) PAX2 has a pivotal 

role in the biology of human epididymis epithelial cell lines (Browne et al 2014). To 

determine whether PAX2 is also involved in the differentiated functions of primary HEE 

cells, including the innate immune response, we performed siRNA-mediated depletion of 

PAX2 in HEE caput cells, followed by RNA-seq analysis. Three replicas of caput cells were 

transfected with the specific siRNAs or with a non-targeting control siRNA. Efficacy of the 

siRNA-mediated reduction in PAX2 protein is shown by western blot in Figure 4A. RNA-

seq libraries were generated for each replica and six libraries sequenced together (Suppl. 

Table SIII). A Multi-Dimensional Scaling plot shows that the control- and PAX2-siRNA-

treated samples clustered together in two separate groups (Suppl. Figure SIV). RNA-seq 

data were analyzed by TopHat and Cufflinks (Trapnell et al., 2012) to obtain estimates of the 

expression levels of transcripts. PAX2-depletion in caput HEE cells differentially regulated 

the expression of 2131 transcripts of which 1006 were repressed and 1125 were activated, by 

at least 1.3-fold (FPKM ≥ 0.3) (Suppl. Table SIV). A gene ontology process enrichment 

analysis by DAVID (Huang da et al., 2009a, Huang da et al., 2009b) was then applied to the 

list of genes that were down-regulated following PAX2-depletion. The top 3 most significant 

processes (“type-I interferon signaling”, “negative regulation of viral genome replication” 
and “defense response to virus”) were all related to the innate antiviral immune response of 

the epididymis (Figure 4B). The full list of genes in the top 6 processes is provided in Suppl. 

Table SV. Next, to validate the RNA-seq data, RT-qPCR was used to measure transcript 

levels of a sub-set of genes (Figure 4C) in RNA samples from three independent HEE 

donors of PAX2 or negative control siRNA-transfected caput cells (Figure 4D). We 

confirmed the repression after PAX2 depletion of genes encoding ZBP1, a DNA sensor 

involved in the antiviral response (P < 0.05, n=3) and IFNB1 (P < 0.01, n=3). PAX2-

depletion did not significantly change DDX58, IFIH1, ISG15 and OAS1 mRNAs (Figure 

4D). Moreover, when peaks of open chromatin (DHS) in caput HEE cells (Yang et al., 2016) 

were examined, a site with a PAX2 binding motif was found in the first intron of the ZP1 

locus. (Figure 4E).
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Next, we examined the contribution of PAX2 to antiviral-related gene expression changes 

upon poly(I:C)-stimulation of caput cells. Efficacy of the siRNA-mediated reduction in 

PAX2 protein is shown by western blot in Suppl. Figure V. RT-qPCR was used to measure 

transcript levels in independent samples (from 3 HEE cell donors) of control- or PAX2-

depleted caput cells treated with vehicle or Poly(I:C). PAX2-depletion had no effect on 

poly(I:C)-stimulated ZBP1, DDX58, IFIH1, ISG15 mRNA levels but enhanced IFNB1 
mRNA abundance (Suppl. Figure V). Though the antiviral responses of cauda cells were the 

focus of the earlier experiments described here, the differentiated properties of cauda cells 

make them problematic to use for siRNA-mediated depletion experiments (Leir et al., 2015) 

and unpublished. Instead we tested corpus cells, which express similar amounts of PAX2 as 

cauda cells and also show a robust antiviral response. The expression of ZBP1, DDX58, 

IFIH1, ISG15 and IFNB1 were all increased in control corpus cells following Poly(I:C) 

treatment. Knockdown of PAX2 did not change this activation (Suppl. Figure SVI). These 

data suggest the RNA-seq data are robust and confirm the important role of PAX2 in 

regulating the basal expression of genes involved in the antiviral response only in the caput 

epididymis epithelium.

Discussion

Here we show that both the expression and functional activity of viral sensors in the human 

epididymis epithelium (HEE) is region-specific. We also show a role for the PAX2 

transcription factor in coordinating the expression of specific antiviral-related genes. Viral 

sensor expression and activity were characterized previously in the mouse epididymis (Zhu 

et al., 2015) and human testis-derived cells (Le Tortorec et al., 2008). Hence, the data 

presented here enables both species and cell-type specific comparisons with the human 

epididymis.

Our previous RNA-seq analysis of HEE cells derived from caput, corpus and cauda regions 

of the epididymis showed an abundance of antiviral-related genes in the corpus/cauda 

compared to the caput (Browne et al., 2016). Here we confirm that the HEE cells express the 

double-stranded viral RNA sensors; TLR3, DDX58, IFIH1 and the DNA sensors, IFI16 and 

ZBP1 with greatest abundance in the corpus/cauda. In contrast, the single-stranded viral 

RNA sensors, TLR7/8 (Heil et al., 2004) and TLR9, which detects unmethylated CpG 

dinucleotides (Hemmi et al., 2000) were poorly expressed in all HEE cells.

Recognition of invading virus by pattern recognition receptors initiates signaling pathways 

resulting in the production of type I interferons (e.g. interferon-β, IFN-β) and pro-

inflammatory cytokines. So, we next compared cellular and secreted IFN-β and ISG15 

levels produced in caput and cauda cells exposed to TLR3/RLR ligands. A greater increase 

in cellular IFNB1 mRNA was seen in response to all ligands, in the cauda than in the caput. 

Consistently, cauda cells secreted more IFN-β protein than caput cells, in response to 

poly(I:C) treatment. Secreted IFN-β binds to its receptor on cells to initiate JAK-STAT 

signaling that produces the interferon-stimulated gene factor 3 (ISGF3) complex. In turn this 

complex enters the nucleus, binds to IFN stimulated response elements (ISREs) and induces 

interferon-stimulated genes (ISGs), such as ISG15 (Schindler and Darnell, 1995). In 

response to either poly(I:C) or HSV-60, cellular ISG15 antiviral protein levels were greater 
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in cauda than in caput cells. However, increased p65 phosphorylation was seen only in 

poly(I:C)-treated cauda cells and there was little response to HSV-60. This is consistent with 

observations in the mouse, where p65 phosphorylation was evident in Poly(I:C)- but not in 

HSV-60-stimulated epithelial cells isolated from the entire length of epididymis (Zhu et al., 

2015). The greater and more consistent antiviral responses evoked by poly(I:C) than by 

either HSV-60 or 2′3′-cGAMP correlates with the ability of poly(I:C) to activate both TLR3 

and RLRs (Karpus et al., 2012), whereas HSV-60 or 2′3′-cGAMP only activate RLRs 

(Unterholzner et al., 2010, Gao et al., 2015, Ren et al., 2015).

Increased expression and activity of viral sensors in the distal epididymis compared to the 

proximal regions may reflect the ascending nature of epididymitis. Caput cells may also be 

enriched for negative regulators of antiviral signaling. Several RLR repressors are reported 

in other cells (Quicke et al., 2017), of which, Ring Finger Protein 122 (RNF122) and SEC14 

Like Lipid Binding 1 (SEC14L) are more abundant in caput compared to cauda cells (Suppl. 

Table SII of Browne et al., (2016)). RNF122 binds to RIG-I (DDX58) to promote its 

degradation (Yang et al., 2011) and SEC14L encodes a protein that prevents DDX58 

interacting with MAVS/IPS1 (Li et al., 2013). With respect potential inhibition of TLR3 

signaling in caput cells, these are enriched for the TF, Interferon Regulatory Factor 8 (IRF8) 

(Browne et al., 2016) which negatively regulates poly(I:C)-stimulated TLR3 expression in 

human monocyte-derived dendritic cells (Fragale et al., 2011).

Gene expression patterns along the epididymis epithelium are established and maintained by 

specific TF networks that coordinate region-specific functions. Previous work identified 

PAX2 binding sites to be overrepresented in open chromatin (the location of regulatory 

elements) in both immortalized epididymis cells (Browne et al., 2014) and primary HEE 

cells (Yang et al., 2016). The contribution of PAX2 to the transcriptome of HEE cells was 

determined by RNA-seq, following siRNA-mediated depletion of PAX2. A gene ontology 

process enrichment analysis on DEGs after PAX2 depletion found genes associated with 

defense response to virus, type I interferon signaling and negative regulation of viral genome 

replication to be among the most significantly down-regulated. Of particular were genes 

encoding viral sensors and proteins with antiviral activity. Our data suggest that in caput 

cells, PAX2 is required for basal- but not Poly(I:C)- stimulated expression of ZBP1 and 

IFNB1, which encode a viral DNA sensor (ZBP1) and type I interferon (IFN-β), 

respectively. PAX2 is differentially expressed along the epididymis epithelium with greater 

abundance in the caput (Browne et al., 2016). In corpus cells, PAX2 was not required for 

basal ZBP1 or IFNB1 expression, nor for Poly(I:C)-stimulated RLR or DNA sensor 

expression. Cauda levels of PAX2 were too low to assess its contribution to basal- or ligand-

induced sensor expression or activity. Hence, we have not determined which TFs mediate 

basal and TLR3/RLR-mediated antiviral responses of corpus and cauda cells, though IRF7 

and IRF8 which are both more abundant here than in the caput are potential candidates 

(Browne et al., 2016).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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· Antiviral gene transcripts in human epididymis are more abundant in the 

corpus and cauda than in the caput.

· These antiviral genes include the viral sensors TLR3 and RIG-I-like receptors 

(RLRs).

· Corpus and cauda epididymis epithelial cells are most responsive to viral 

ligands.

· PAX2 enhances basal ZBP1 and IFNβ expression in caput but not cauda 

cells.
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Figure 1. Differential distribution of viral sensors in HEE cells from caput, corpus and cauda 
epididymis
A, Region-specific gene expression in caput (black bar), corpus (gray bar) and cauda (white 

bar) cells, is shown as FPKM (average of 3 donors) (Browne et al., 2016). B, RT-qPCR 

analysis of the mRNA of viral sensors in caput, corpus and cauda cells from one of the 

donors shown in A; data are normalized to β-2-microglobulin and expressed relative to 

cauda. C, Western blots probed with antibodies specific for TLR3, DDX58, IFIH1 and β-

tubulin (β-Tub) loading control.
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Figure 2. Effect of poly(I:C) on antiviral responses in HEE cells
A, RT-qPCR analysis of IFNB1 mRNA in caput and cauda cells treated with vehicle or 

poly(I:C) (2 μg/ml) for 0, 2, 6 and 24h. Data are normalized to β-2-microglobulin and 

expressed relative to vehicle. B, IFN-β protein secretion (determined by ELISA) from caput 

and cauda cells treated with vehicle or poly(I:C) (2 μg/ml) for 48h. **P < 0.001 and ****P < 

0.0001 versus vehicle (n=3). C. Western blots probed with antibodies specific for ISG15 and 

phosphorylated p65 in caput and cauda cells treated with vehicle- or poly(I:C) for 24h and 

48h. D. Western blots probed with antibodies specific for p65 (phosphorylated and total 
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forms) and IRF3 in cytosolic and nuclear fractions of cauda cells treated with vehicle- or 

poly(I:C) for 2, 5, 15, 24 and 48h. β-tubulin (β-Tub) and Lamin A/C provided cytosolic and 

nuclear loading controls, respectively. For all experiments, cells were serum-starved for 24h 

prior to vehicle/poly(I:C) treatment.
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Figure 3. Effect of HSV60 on antiviral responses in HEE cells
A, RT-qPCR analysis of IFNB1 mRNA in caput and cauda HEE cells transfected with 

HSV-60 or control-HSV (0.6 μg/ml) for 6h. Data are normalized to β-2 microglobulin (mean 

± SD, n = 3, *P < 0.05 (con. HSV, clear bars; HSV-60 black bar). B, Western blot with 

antibodies specific to ISG15 and phosphorylated p65 in HSV-60-transfected caput and cauda 

cells. β-tubulin and p65 provided loading controls. For all experiments, cells were serum-

starved for 24h prior to vehicle/HSV-60 transfection.
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Figure 4. 
PAX2-depletion reveals its role in regulating the expression of antiviral-related genes in 

HEE cells. A, Efficacy of siRNA-mediated depletion of PAX2 (PAX2si) in caput cells 

shown by western blot of cell lysates probed with an antibody specific for PAX2 (43 kDa). 

β-tubulin (β-Tub) as the loading control. Negative control siRNA (NC). B, Gene ontology 

analysis by DAVID on the genes repressed in PAX2-depletion compared to control caput 

HEE cells. C, Antiviral-related genes repressed in siRNA mediated PAX2-depleted caput 

HEE cells compared to control. D, RT-qPCR validation of differentially expressed genes in 

PAX2-siRNA-depleted and control siRNA-treated cells. Data are normalized to β-2 

microglobulin (mean ± SD, n = 3, *P < 0.05 and **P < 0.01 compared to negative control 

siRNA (NC, clear bars, PAX2 siRNA black bar). E, Identification of novel candidate cis-

regulatory elements in PAX2-regulated genes in caput cells. Peaks of caput-selective open 

chromatin containing PAX2-binding motifs are shown above the ZBP1 gene, arrow denotes 

a DHS in the first intron.
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