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Abstract 16 

Transcription factors (TFs) control gene expression by direct binding to regulatory regions of target 17 

genes but also by impacting chromatin landscapes and thereby modulating DNA accessibility for other 18 

TFs. To date, the global TF reservoir in plasmacytoid dendritic cells (pDCs), a cell type with the unique 19 

capacity to produce unmatched amounts of type I interferons, has not been fully characterized. To fill 20 

this gap, we have performed a comprehensive analysis in naïve and TLR9-activated pDCs in a time 21 

course study covering early timepoints after stimulation (2h, 6h, 12h) integrating gene expression (RNA-22 

Seq), chromatin landscape (ATAC-Seq) and Gene Ontology studies. We found that 70% of all described 23 

TFs are expressed in pDCs for at least one stimulation time point and that activation predominantly 24 

“turned on” the chromatin regions associated with TF genes. We hereby define the complete set of 25 

TLR9-regulated TFs in pDCs. Further, this study identifies the AP-1 family of TFs as potentially 26 

important but so far less well characterized regulators of pDC function. 27 
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 32 

Introduction 33 

Transcription factors (TFs) are known to bind to DNA-regulatory sequences to either enhance or inhibit 34 

gene transcription during cell differentiation, at steady state, and for exertion of cell effector functions 35 

(Vaquerizas et al., 2009; Wingender et al., 2018; Zhou et al., 2017). TFs also show unique expression 36 

patterns for different cell types and cellular states. The differentiation of distinct cell types from 37 

pluripotent stem cells is enabled by the expression of cell fate-determining TFs in progenitor cells. 38 

Transcription factors not only regulate cell development and effector functions by binding to cis-39 
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regulatory elements but also impact the accessibility of chromatin in different cell states (Serebreni and 40 

Stark, 2020). These latter TFs are called pioneering TFs and have the ability to remodel chromatin and 41 

thus modify the epigenome (Drouin, 2014). Chromatin is dynamically modified during cell differentiation 42 

leading to a cell-type specific landscape (Chauvistre and Sere, 2020; Deaton and Bird, 2011), which 43 

may be altered after cell activation. This process changes DNA accessibility for a particular set of TFs, 44 

that in turn modulate the expression of other genes important for cell identity and function. Efforts have 45 

been made to list and integrate all known mouse TFs in dedicated databases (db), such as Riken mouse 46 

TFdb (Kanamori et al., 2004) and TFCat (Fulton et al., 2009), amongst others. However, most of these 47 

were built before 2010 and have not been updated. The AnimalTFDB, most recently updated in 2019, 48 

classifies the mouse TF reservoir based on the structure of the DNA binding domains (Hu et al., 2019; 49 

Zhang et al., 2012). This database provides an accurate TF family assignment combined with TF 50 

binding site information in 22 animal species which also allows insight into TF evolution. 51 

Plasmacytoid dendritic cells (pDCs) comprise a rare population of 0.2 to 0.8% of peripheral blood 52 

mononuclear cells (Liu, 2005). They were first described more than 40 years ago as natural interferon 53 

(IFN)-producing cells (IPCS) that activate NK cells after virus recognition (Trinchieri and Santoli, 1978). 54 

As we and others have shown, pDCs are now known for their capacity to produce unmatched amounts 55 

of type I IFN in response to stimulation of their toll like receptors (TLRs) (Ali et al., 2019; Asselin-Paturel 56 

et al., 2001; Bauer et al., 2016; Gilliet et al., 2008; Reizis, 2019). In contrast to other dendritic cell (DC) 57 

subsets, pDCs express only a limited repertoire of TLRs, namely predominantly TLR7 and TLR9 58 

(Hornung et al., 2002), which recognize guanosine- and uridine-rich ssRNA and DNA containing CpG 59 

motifs (Diebold et al., 2004; Ishii and Akira, 2006; Wu et al., 2019). After TLR7 and TLR9 activation, in 60 

addition to type I IFN production, pDCs acquire the ability to prime T cell responses (Salio et al., 2004). 61 

CpG can be considered as an optimal and specific microbial stimulus for pDCs which induces TLR9 62 

mediated signaling that leads to activation of IRF7 and NF-kB signaling pathways (Swiecki and 63 

Colonna, 2015). With regard to immunopathologies, unremitting production of type I IFN by pDCs has 64 

been reported in autoimmune diseases like systemic lupus erythematosus (Elkon and Wiedeman, 65 

2012). Moreover, when recruited to the tumor microenvironment pDCs may induce immune tolerance 66 

and thus contribute to tumor progression (Le Mercier et al., 2013; Li et al., 2017). Thus, exploiting CpG 67 

for immunotherapeutic treatment to both enhance and repress pDC responses to mediate antitumor 68 

activity (Lou et al., 2011), treat allergy (Hayashi et al., 2004), and autoimmunity (Christensen et al., 69 

2006) has been attempted in recent years. In addition, targeting specific TFs with the aim to control 70 

immunity and autoimmune disease (Lee et al., 2018) or to enhance cancer gene therapy (Libermann 71 

and Zerbini, 2006) has become the focus of attention in recent decades to develop immunomodulatory 72 

drugs.  73 

Over the last years, different TFs have been determined as cell fate-instructive TFs in DCs. In particular, 74 

absence of the interferon regulatory factor 8 (IRF8) resulted in pDC-deficient mice (Tamura et al., 2005; 75 

Tsujimura et al., 2002). Bornstein et al. further identified IRF8 as an inducer of cell-specific chromatin 76 

changes in thousands of pDC enhancers (Bornstein et al., 2014). Further, mice deficient in the Ets 77 

family transcription factor Spi-B showed decreased pDC numbers in the bone marrow (BM) while pDC 78 

numbers were increased in the periphery. This indicated an involvement of Spi-B in pDC development, 79 
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caused by a defective retainment of mature nondividing pDCs in the BM (Sasaki et al., 2012). In contrast 80 

to the phenotype of Spi-B-deficient mice, Runx2-deficient animals exhibited normal pDC development 81 

in the BM but reduced pDC numbers in the periphery due to a reduced egress of mature pDCs from the 82 

BM into the circulation (Chopin et al., 2016; Sawai et al., 2013). Finally, the Tcf4-encoded TF E2-2 is 83 

essentially required for pDC development as either its constitutive or inducible deletion in mice blocked 84 

pDC differentiation (Cisse et al., 2008). Using a combined approach to evaluate genome-wide 85 

expression and epigenetic marks a regulatory circuitry for pDC commitment within the overall DC subset 86 

specification has been devised (Lin et al., 2015). Even though the functions of selected cell fate TFs 87 

have been well described in pDCs, to our knowledge no global TF expression analysis after pDC 88 

activation has been performed for this cell type. 89 

In the present study, we performed a detailed analysis on the changes in expression and chromatin 90 

accessibility for the complete set of all known TFs in pDCs in an early time course after activation. To 91 

this purpose, we used the AnimalTFDB data base and combined RNA-Seq, ATAC-Seq, and Gene 92 

Ontology analyses to define global TF gene expression, chromatin landscapes, and biological pathways 93 

in pDCs following activation. We defined epigenetic and transcriptional states using purified murine BM-94 

derived Flt3-L cultured pDCs 2h, 6h, and 12h after TLR9 activation as compared to steady state. Based 95 

on our findings, we suggest a novel set of CpG-dependent TFs associated with pDC activation. We 96 

further identify the AP-1 family of TFs, which are so far less well characterized in pDC biology, as novel 97 

and possibly important players in these cells after activation. 98 

 99 

Results 100 

 101 

Expression of transcription factors in naïve and activated pDCs 102 

To assess the impact of pDC activation on global TF expression in these cells, we simulated early 103 

events after virus infection in a time course study. To this end, we performed RNA-Seq of sorted BM-104 

derived Flt3-L pDCs from C57BL/6N mice that were either left untreated or stimulated with CpG for 2h, 105 

6h, or 12h. This synthetic double-strand DNA specifically activates endosomal TLR9 and is known to 106 

induce a robust type I IFN production (Gilliet et al., 2008). As the global definition of the mouse TF 107 

reservoir in this study we used 1,636 genes annotated by Hu et al. as TFs in the mouse genome (Hu 108 

et al., 2019). We evaluated the expression of all TFs in pDCs according to a formula by Chen et al., 109 

which takes into consideration the library length of the RNA-Seq run and the gene length to determine 110 

whether the gene is expressed or not (Chen et al., 2016). We found that 1,014 TFs (70% of all annotated 111 

TFs) are expressed in at least one condition, naïve or after TLR9 activation (2h, 6h, 12h) (Fig. 1A). The 112 

TFs expressed in pDCs were allocated to the different TF classes based on their DNA binding domain 113 

as described in the AnimalTFDB (Hu et al., 2019) (Fig. 1B). We found that more than half of all TFs 114 

(55%, 558 TFs in total) expressed in pDCs belong to the Zinc-coordinating TF group which use zinc 115 

ions to stabilize its folding and classically consist of two-stranded β-sheets and a short α-helix. Helix-116 

turn-helix factors, of which 158 (16%) were expressed in pDCs under the defined conditions, comprise 117 

several helices mediating multiple functions such as insertion into a major DNA groove, stabilization of 118 

the backbone and binding to the overall structure of the DNA (Aravind et al., 2005). Furthermore, 10% 119 
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(104 TFs) of all TFs expressed in pDCs belong to the Basic Domain group, which contains TFs that 120 

become α-helically folded upon DNA binding (Patel et al., 1990; Weiss et al., 1990). 44 expressed TFs 121 

(4%) belong to the Other α-Helix group exhibiting α-helically structured interfaces are required for DNA 122 

binding. In addition, 32 of the TFs (3%) found in pDCs are β-Scaffold factors which use a large β-sheet 123 

surface to recognize DNA by binding in the minor groove. Lastly, another ~100 TFs (12%) were of 124 

unclassified structure, meaning their mode of action for DNA binding is unknown. Strikingly, some TF 125 

families were not expressed in pDCs at all (Fig. 1C), such as the AP-2 family in the Basic Domain 126 

group, the GCM family in the β-Scaffold group, the Orthodenticle homeobox (Otx) TFs in the Helix-turn-127 

helix group, Steroidgenic factor (SF)-like factors in the Zinc-coordinating group, and the DM group, first 128 

discovered in Drosophila melanogaster, among the unclassified TFs. Other TF families showed 129 

expression of all family members in at least one condition (steady state, or CpG 2h, 6h, 12h), such as 130 

the Transforming growth factor-β stimulated clone-22 (TSC22) family in the Basic Domain group, Runt 131 

and Signal Transducers and Activators of Transcription (STAT) factors from the β-scaffold classification, 132 

and E2F and Serum response factor (SRF) factors in the Helix-turn-helix group. In summary, 70% of all 133 

genes annotated as TFs in the mouse genome (1,014 out of 1,636) were expressed either in naïve or 134 

activated pDCs (CpG 2h, 6h, 12h), covering a wide range of TF classes based on different DNA binding 135 

mechanisms.  136 

 137 

Activation-dependent TF expression changes 138 

We next investigated the impact of pDC activation on changes in expression of TFs using our time 139 

course RNA-Seq study. The similarity of our biological replicates in each condition was evaluated with 140 

a Pearson correlation analysis. Our results revealed high similarity (<95%) for the biological replicates 141 

used in the respective conditions of the RNA-Seq data set. Notably, the differences in the Pearson 142 

correlation coefficient between the naïve and first stimulation time point (CpG 2h) were higher than the 143 

differences observed between the later CpG stimulation time points (6h, 12h) (Fig. 2A). We used the 144 

data for differential expression analysis of genes between pDC states, not only comparing TF 145 

expression levels between different CpG stimulation time points vs steady state but also between the 146 

different CpG stimulation time points between each other (Fig. 2B). The total number of differentially 147 

expressed TFs (DETFs) with a fold change |FC|>2 and a p<0.05 between stimulated vs naïve pDCs 148 

(452 DETFs in 2h vs 0h; 400 DETFs in 6h vs 0h; 335 DETFs in 12h vs 0h) was higher than the absolute 149 

number of TFs showing expression changes between the CpG conditions (270 DETFs in 6h vs 2h; 119 150 

DETFs in 12h vs 6h; 358 DETFs in 12h vs 2h). This reflects the results from the Pearson correlation 151 

analysis (Fig. 2A). Interestingly, by comparing TF gene expression in 2h stimulated vs unstimulated 152 

pDCs, a higher number of TF genes were down-regulated in expression after TLR9 stimulation than 153 

were upregulated in these cells (271 vs 181). With increased duration of pDC stimulation, the difference 154 

in the number of TFs that were up- vs down-regulated diminished (208 down vs 192 up in 6h vs 0h). 155 

Finally, at the longest stimulation time used in this study (12h vs 0h), the number of up-regulated TF 156 

genes was higher than the number of down-regulated TF genes (179 vs 156). Comparing the CpG 157 

stimulated samples amongst each other, more TFs exhibited increased expression with longer 158 

stimulation times than there were TFs showing reduced expression levels (171 up vs 99 down in 6h vs 159 
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2h; 63 up vs 56 down in 12h vs 6h; 234 up vs 124 down in 12h vs 2h) (Fig. 2B and C). In total, we 160 

identified 661 unique TF genes that are differentially expressed between at least one of the compared 161 

pDC states |FC|>2, p<0.05, pDC at steady state, or after CpG activation at 2h, 6h, 12h). To evaluate 162 

patterns of expression changes for all 661 differentially expressed TFs, we next carried out hierarchical 163 

clustering of all TF genes based on the normalized expression in naïve and stimulated pDCs (Fig. 2B). 164 

This led to the definition of five different clusters of TFs according to their expression pattern (Fig. 2D). 165 

Cluster I, IV and V contained TFs with large expression changes after short duration of pDC stimulation 166 

(2h), while cluster II and III contained TFs that exhibit altered expression only with longer duration of 167 

cell stimulation (6h, 12h). Cluster V contained genes that were all down-regulated at any time point after 168 

CpG stimulation as compared to the unstimulated condition (Fig. 2D). In more detail, TFs driving either 169 

pDC (e.g. Tcf4, Spib, Runx2) or classical DC (cDC) (e.g. Nfil3, Spi1, Id2) development (Bornstein et al., 170 

2014; Sasaki et al., 2012; Sawai et al., 2013; Tamura et al., 2005; Tsujimura et al., 2002) were 171 

distributed over all clusters I to V. This highlights variable expression patterns of DC cell fate TFs after 172 

pDC activation. In summary, in this time course study that models early events after virus infection, we 173 

identified in total 661 unique CpG-dependent TF genes that show significant differential expression in 174 

at least one condition compared to another |FC|>2, p<0.05, pDC at steady state, or after CpG activation 175 

at 2h, 6h, 12h). Further, pDC activation showed time dependent activating as well as inhibiting effects 176 

on the expression of TFs. 177 

 178 

Gene ontology analysis of CpG-dependent TFs 179 

Next, downstream gene ontology (GO) analyses of RNA-Seq data were performed to unravel the 180 

biological processes in which CpG-dependent TFs are involved. For this purpose, functional annotation 181 

clustering with the 661 TF encoding genes defined as CpG-dependent |FC|>2, p<0.05) was performed 182 

on DAVID including terms for biological processes (BP), molecular functions (MF), and cellular 183 

components (CC). The analysis produced 16 clusters, out of which the 9 non-redundant and most 184 

relevant in the context of innate immunity are depicted in Fig. 3A (complete list in Table S1). The GO 185 

analyses produced an individual fold enrichment for each GO term (Fig. 3A, right column), and in 186 

addition, an enrichment score for each cluster containing several GO terms (Table S1). The order of 187 

the clusters from top to bottom follows a decrease in the cluster enrichment score, establishing a 188 

hierarchy of importance for the biological processes affected. Cluster one contained GO terms for DNA 189 

binding, transcription, and nuclear localization with a ~5 fold enrichment comprising more than 400 190 

genes in each term. This confirmed the inherent DNA binding capacity of the defined murine TF 191 

reservoir by Hu et al. (Hu et al., 2019) and proved the applicability of our approach. The following 192 

clusters comprised less than 25 unique genes per GO term but significant fold enrichments for most 193 

GO terms drawing attention to specific TFs involved in particular biological processes in pDC activation. 194 

Cluster 2 contained GO terms associated with the circadian rhythm and regulation of gene expression 195 

(e.g. Klf10, Jun). We further found GO terms enriched for the IκB/NFκB complex, NIK/NFκB signaling, 196 

and IκB kinase/NFκB signaling (e.g. Nfkb1, Nfkb2, Rel), which showed the highest fold enrichment (up 197 

to 25 fold) among all GO terms and clusters. In line with this, it is well known that CpG activates the 198 

canonical TLR9-Myd88-NFκB/IRF7 signaling pathway in pDCs (Tomasello et al., 2018). Another cluster 199 
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contained processes involving SMAD proteins (e.g. Smad1, Smad2, Smad3), signal transducers for 200 

TGFβ receptors, involved in receptor binding, signal transduction, and protein complex assembly. Of 201 

note, it is known that pDCs exposed to TGFβ lose their ability to produce type I IFN after TLR9 202 

stimulation (Saas and Perruche, 2012). Another significantly enriched cluster comprised GO terms for 203 

various processes involving the endoplasmic reticulum (e.g. Cebpb, Ddit3), an important site of 204 

intracellular protein and lipid assembly. GO terms containing TFs that regulate sumoylation (e.g. Pias4, 205 

Egr2), posttranslational modifications that e.g. coordinate the repression of inflammatory gene 206 

expression during innate sensing (Decque et al., 2016), were also significantly enriched and clustered 207 

together. As expected, CpG-dependent TFs were enriched in GO terms for the JAK-STAT signaling 208 

pathway (e.g. Stat1, Stat2, Stat3) activated by binding of type I IFN to the type I IFN receptor. TFs 209 

affecting mRNA binding processes (e.g. Mbd2, Ybx2) which are required for synthesizing proteins at 210 

the ribosomes, were also affected. The fact that epigenetic modulators (e.g. Prdm9, Kmt2c) were 211 

enriched, highlights the importance of gene expression regulation of TFs in pDCs by modifications that 212 

alter the physical structure of the DNA after CpG stimulation. In summary, we find that CpG-dependent 213 

TFs are involved in a wide variety of biological processes, such as circadian regulation, mRNA binding, 214 

and signaling pathways such as the NFκB and JAK-STAT pathways. The analyses revealed the 215 

importance of these biological processes being affected by pDC activation in a hierarchical manner 216 

according to their attributed relevance. This opens up the opportunity to investigate specific TFs 217 

involved in processes that have not been fully elucidated for pDC biology.  218 

 219 

pDC activation modulates chromatin accessibility for binding of TF families 220 

Another hallmark of cell activation is the modification of the chromatin landscape. To better understand 221 

how the chromatin accessibility of different TF families is altered in pDCs in the course of activation, we 222 

performed ATAC-Seq in naïve and 2h CpG activated pDCs. Pearson correlation analysis for the ATAC-223 

Seq data reveals >95% similarity for all biological replicates (Fig. 4A). A quantitative analysis of peak 224 

intensities across sample conditions and a differential analysis to determine the number and regions of 225 

activation-dependent accessible chromatin peaks was performed. Comparing the specific genomic 226 

locations such as introns, 3’-UTRs, distal (1-3kb) and proximal (0-1kb) promoter regions with accessible 227 

chromatin between naïve and 2h CpG stimulated pDCs, we found that chromatin is mostly open in distal 228 

intergenic and intron regions in both conditions. However, there was no apparent shift in the distribution 229 

of genomic locations where chromatin is accessible in pDCs after cell activation (Fig. 4B). This suggests 230 

that TLR9 activation regulates the chromatin accessibility globally in pDCs but does not induce shifts in 231 

the chromatin landscape per se. Overall, we detected ~116,000 accessible regions (peaks) across 232 

samples in naïve and activated states. Next, we performed a differential analysis using the DESeq2 233 

algorithm to quantify the number of CpG-dependent accessible peaks. pDC activation substantially 234 

altered the chromatin landscape leading to ~16,600 altered accessible regions (|FC|>2, p<0.05, Fig.4C, 235 

D). In detail, 2h CpG stimulation of pDCs resulted in 13,226 peaks with increased accessibility and 236 

3,381 peaks with decreased accessibility (Fig. 4C, D). Roughly 80% of all CpG-dependent chromatin 237 

regions in 2h stimulated pDCs exhibited increased DNA accessibility as compared to naïve pDCs. This 238 

suggests that more of the pDC chromatin landscape is „turned on“ rather than being „turned off“ after 239 
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pDC activation. To unravel the biological significance of the activation-dependent chromatin states for 240 

the more accessible vs the less accessible DNA regions in pDCs, a differential motif analysis using the 241 

HOCOMOCO database (Kulakovskiy et al., 2018) was performed (Fig. 4E). The purpose of the analysis 242 

was to identify TF families that gain or lose access to DNA after pDC activation which would hint at 243 

pathways being affected after activation. At the same time, this unbiased approach allows the 244 

identification of TFs that have not been associated with this cell type before. This motif analysis revealed 245 

that TFs belonging to the JAK-STAT and the NFκB signaling pathway have increased accessibility to 246 

their specific DNA binding regions after CpG stimulation. Besides the NFκB family, we identified the 247 

AP-1 family of TFs as one of the most significant hits to gain access to the DNA in our search. This type 248 

of TF remains so far less well characterized in pDCs after pathogen encounter or in pDC-specific 249 

functions in chronic inflammatory or autoimmune disorders. Albeit the AP-1 member c-Fos has been 250 

shown to be required for type I IFN induction, a hallmark function of pDCs, in osteoclast precursor cells 251 

after RANKL treatment (Takayanagi et al., 2002). On the other hand, Ets family members belonging to 252 

the Helix-turn-helix family of TFs and Zinc-coordinating zf-C2H2 TFs had less access to DNA. Strikingly, 253 

pDC-driving cell fate TFs such as IRF8 and RUNX2 showed motif enrichment in two sets of regions, 254 

one set with increased and another set with decreased chromatin accessibility after pDC activation. 255 

Hence, pDC-driving cell fate TFs both gained and lost access to specific DNA regions after TLR9 256 

activation. We next performed a more detailed analysis searching for enrichment of TF motifs among 257 

all regions that contain the promoter sequence of one or more genes. As TFs can regulate gene 258 

expression by binding to the promoter site of genes this analysis hints at TF families that exert a 259 

functional binding occupancy in the investigated chromatin regions. We previously determined that 260 

13,226 regions exhibit increased chromatin accessibility after pDC activation. Out of these, 2,174 261 

regions were associated with the promoter of one or more genes. An unbiased motif enrichment search 262 

revealed that TFs belonging to the NFκB family (e.g. NFκB1, NFκB2, TF65), the AP-1 family (e.g. ATF3, 263 

JUN, FOSB), and the JAK-STAT family (e.g. STAT1, STAT2), as well as pDC cell fate TFs (e.g. RUNX2, 264 

IRF8) are among the top hits for TFs with DNA binding domains present in promoter associated 265 

chromatin regions which gain accessibility after pDC activation (Table S2). In summary, the differences 266 

in chromatin landscapes of naïve and 2h CpG stimulated pDCs point to a substantial amount of 267 

epigenetic modulation of thousands of pDC regions. Also, these analyses unravelled the AP-1 family of 268 

TFs, which have so far been less well characterized in pDC biology, as possibly important players in 269 

these cells after activation. 270 

 271 

TFs show activation-dependent expression and chromatin accessibility 272 

As shown above, pDC activation results in significant alterations of the chromatin landscape in pDCs 273 

making the DNA more or less accessible to specific TF families on a global level. We next analysed the 274 

impact of pDC activation on regions associated with TF genes themselves by evaluating regions ranging 275 

from 1kb upstream of the transcriptional start site (TSS) to 1kb downstream of the poly adenylation site. 276 

pDC activation altered the chromatin landscape of ~750 accessible regions associated with TF genes 277 

(|FC|>2, p<0.05, Fig. 5A). In detail, 2h stimulation of pDCs resulted in 627 peaks with increased 278 

accessibility and 126 peaks with decreased accessibility to regions associated with TF genes (Fig. 5A). 279 
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83% of all CpG-dependent chromatin regions in 2h stimulated pDCs exhibited increased DNA 280 

accessibility as compared to naïve pDCs. This suggests that most of the chromatin landscape 281 

associated with TF genes is „turned on“ rather than being „turned off“ after CpG stimulation. Finally, an 282 

integrative approach using the RNA-Seq and ATAC-Seq data was conducted analysing the differential 283 

chromatin states of regions associated with differentially expressed TF genes. This revealed 540 TF 284 

regions out of the overall ~750 chromatin regions that are significantly associated with a differential 285 

RNA expression of the respective TF gene (Fig. 5B). Out of these chromatin peaks we found 209 286 

unique TF genes being associated with the differentially opened chromatin regions. Thus, pDC 287 

activation modulates the chromatin of most genes in more than one region associated with the 288 

respective gene, as shown here for the NFκB family members Nfkb1 and Rela (Fig. 5B). To identify 289 

potential novel players in pDC biology after cell activation, we integrated the results of our motif analysis, 290 

the RNA expression levels, and chromatin states for all TFs. We focused our search on factors that fulfil 291 

the following criteria after pDC stimulation: (i) increased gene expression, (ii) enhanced chromatin 292 

accessibility, and (iii) enriched TF DNA binding motif in the genomic regions that are more accessible. 293 

Mining our dataset, we found that TFs already known to be important in TLR9-mediated signaling such 294 

as IRF and NFκB TFs met the requirement as expected. Additionally, members of the AP-1 family such 295 

as ATF3 and JUN, which received little mention for pDC biology in literature so far, also fulfilled these 296 

criteria. The candidates of all three families exhibited a significantly increased mRNA expression 2h 297 

after pDC activation as compared to naïve pDCs. At 6h after stimulation, expression remained at the 298 

same level (Jun, Rela), increased further (Irf7) or decreased (Atf3, Nfkb1). After 12h pDC stimulation, 299 

expression remained at the same level (Irf7, Atf3) or even decreased (Jun, Nfkb1, Rela) (Fig. 5C). In 300 

line with an increased expression of the selected TFs 2h after cell activation as compared to the naïve 301 

state, we found an increased accessibility of chromatin in the proximal promoter region of the Irf7, Jun, 302 

Atf3, Nfkb1, and Rela genes. Two regions of the Nfkb1 gene, one proximal and another distal from the 303 

TSS of the gene, indicated increased DNA accessibility after CpG stimulation at 2h as compared to the 304 

naïve condition. While Atf3, Nfkb1 and Rela are characterized by single or a small number of open 305 

chromatin peaks, several peaks in the Irf7 and Jun gene were found, both proximal and after the TSS 306 

in the intergenic region. Of note, the core structural elements regulating gene expression for the 307 

proximal promoter and the intergenic regions were well conserved between mouse and human for all 308 

newly identified candidates (top panels, Fig. 5D). The potential relevance of the AP-1 factors for pDC 309 

biology was further investigated by searching for the common AP-1 motif (TGA[G/C]TCA) (Risse et al., 310 

1989) among all open chromatin regions associated with pDC driving TF genes (Runx2, Tcf4, Spib, 311 

Irf8, Bcl11a). Using the MEME-FIMO search tool, we found an AP-1 motif in the proximal promoter site 312 

of the Tcf4 gene which encodes the E2-2 protein (Fig. 5E). As AP-1 has not been implicated so far in 313 

E2-2 gene regulation this finding warrants further investigation. In summary, we found that pDC 314 

activation mostly “turns on” TF genes resulting in significant expression changes along with more 315 

accessible DNA in promoter and or intergenic regions. Moreover, we newly identified the AP-1 family 316 

as a set of TFs associated with pDC activation.  317 

 318 

Discussion 319 
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In this study we investigated the yet unknown global expression patterns of the TF reservoir of pDCs in 320 

in a time course after activation in combination with DNA accessibility analysis for implicated TF 321 

families. Combining RNA-Seq, ATAC-Seq, and GO analyses, we defined specific sets of TLR9-322 

modulated TFs with known roles in pDC differentiation and function, but also TFs so far not implicated 323 

in pDC biology.  324 

We used as the basis of our study the definition of the murine TF reservoir in the AnimalTFDB (Hu et 325 

al., 2019) and found that 70% of all genes annotated as TFs in the mouse genome (1,014 out of 1,636) 326 

were expressed in at least one condition, naïve or CpG-activated pDCs (2h, 6h, or 12h). These covered 327 

a wide range of TF classes defined by their respective DNA binding mechanisms. Interestingly, some 328 

TF families showed expression of all family members. Among those, we found factors that have been 329 

shown to be of particular importance in pDC biology, such as Runx2 of the Runt family (Sawai et al., 330 

2013). Downstream GO analyses of RNA-Seq data allowed a biological classification of all TFs showing 331 

involvement in a wide variety of biological processes, such as the NFκB and JAK-STAT signaling. It 332 

has been well established that the production of type I IFN by pDCs upon TLR9 activation depends on 333 

the canonical TLR9-Myd88-NFκB/IRF7 signaling pathway (Tomasello et al., 2018). In this regard, it has 334 

been reported that NFκB and cREL are key players in pDC differentiation and survival programs after 335 

TLR9 activation by CpG. Nfkb1-/- cRel-/- double knock-out pDCs were still able to produce type I IFN 336 

upon CpG administration but failed to produce IL-6 or IL-12 and did not acquire a dendritic phenotype 337 

but rather underwent apoptosis (O'Keeffe et al., 2005). Here, we show for the first time the time-338 

dependent patterns of gene expression for TFs involved in NFκB and JAK-STAT signaling upon pDC 339 

stimulation. Not only expression of these factors was enhanced in pDCs after CpG treatment, but also 340 

DNA binding sites for factors from the NFκB and JAK-STAT signaling pathways were identified as 341 

globally enriched in a differential motif analysis comparing regions with increased vs decreased 342 

chromatin accessibility. In addition, we found changed expression patterns of TFs important for 343 

circadian gene regulation in activated pDCs over time. In this regard, it has been reported that up to 344 

10% of the transcriptome is under circadian regulation (Panda et al., 2002; Storch et al., 2002), 345 

suggesting that some pDC activation-dependent changes in gene expression may be under circadian 346 

control of global TF expression. Along this line, Silver et al. showed that TLR9 function is controlled by 347 

the circadian molecular clock in a number of cell types including DCs (Silver et al., 2012). Another group 348 

of TFs that show significant changes in expression after pDC activation could be classified as SMAD 349 

proteins, classical effectors of TGFβ signaling. It is known that stimulating DC progenitors with TGFβ 350 

accelerates DC differentiation, directing development toward cDCs (Felker et al., 2010). Also, one of 351 

the SMAD proteins, SMAD3, has been determined as a key player in determining cDC versus pDC cell 352 

fates (Jeong-Hwan Yoon, 2019). Interaction of SMAD proteins with known pDC driving factors such as 353 

Zeb2 have also been described (Vandewalle et al., 2009; Wu et al., 2016). Other SMAD members do 354 

not affect pDC numbers, as shown in vivo in Smad7-deficient mice (Lukas et al., 2017). Further, TFs 355 

involved in various processes of the endoplasmic reticulum are differentially expressed in TLR9 356 

activated pDCs. Notably, mouse and human pDCs are morphologically characterized by an extensive 357 

rough ER, enabling them to rapidly secrete copious amounts of type I IFN after TLR7 and TLR9 358 

stimulation (Alculumbre et al., 2018; Fitzgerald-Bocarsly et al., 2008). The enrichment of TFs involved 359 
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in mRNA binding processes, sumoylation and epigenetic modifications further highlights the changing 360 

biology of pDCs in protein production, posttranslational protein modifications, and alteration of the 361 

physical DNA structure that regulates gene expression after cell activation. We hereby define a novel 362 

set of expressed TFs in TLR9 activated pDCs, thus identifying TFs involved in particular biological 363 

processes that may require further investigation for their functional role in activated pDCs. The global 364 

transcriptomics approach allows a comparison for the expression patterns of several TFs belonging to 365 

the same TF family or involved in the same biological process, which may help to further narrow down 366 

interesting candidates.  367 

Using CpG as an optimal TLR9 agonist and focusing on early events after virus infection, we found that 368 

after pDC activation more of the pDC chromatin landscape is „turned on“ rather than „turned off“, both 369 

globally in the genome and also among the regions associated with TF genes themselves. Specifically, 370 

about 80% of all regions that show significant chromatin changes exhibited increased accessibility for 371 

TFs. However, with regard to gene expression, 2h after pDC activation more genes were down-372 

regulated than up-regulated as compared to the naïve state. One explanation could be that while DNA 373 

is more accessible, the TFs that possibly bind to these DNA stretches may inhibit rather than activate 374 

gene expression. An extensive motif analysis revealed that TFs belonging to the JAK-STAT and the 375 

NFκB signaling pathways exhibit increased accessibility to DNA binding regions after pDC stimulation. 376 

This underlines the importance of the JAK-STAT and NFκB signaling pathways in activated pDCs.  377 

In contrast, Ets family members belonging to the Helix-turn-helix family of TFs and Zinc-coordinating 378 

zf-C2H2 TFs were both found to have less access to DNA after pDC activation. Ets family members 379 

include SPI1, also known as PU.1, which has been shown to drive the development of precursor cells 380 

toward cDC rather than pDC development (Chopin et al., 2019). Regarding pDC-driving cell fate TFs, 381 

IRF8 and RUNX2 belonging to the helix-turn-helix and β-scaffold TF groups, respectively, show motif 382 

enrichment in two sets of regions exhibiting increased versus decreased chromatin accessibility after 383 

pDC activation. Hence, cell fate TFs that drive pDC development both gain and lose access to distinct 384 

DNA regions after TLR9 activation. 385 

Gene expression of the key pDC cell fate TFs IRF8, E2-2, and RUNX2 has been shown to steadily 386 

increase in expression during pDC precursor development into fully differentiated pDCs (Bornstein et 387 

al., 2014; Sasaki et al., 2012; Sawai et al., 2013; Tamura et al., 2005; Tsujimura et al., 2002). However, 388 

the role of these TFs for pDC survival and differentiation has not been investigated in detail after TLR9 389 

activation. Here we observed different gene expression patterns for E2-2, and RUNX2 after pDC 390 

activation. E2-2 expression is strongly up-regulated at 2h and 6h of CpG stimulation vs no stimulation, 391 

but not at 12h after CpG activation vs steady state. Runx2, on the other hand, is strongly down-regulated 392 

at each CpG stimulation time point as compared to the naïve state. 393 

Our results therefore warrant further investigations of pDC cell fate TFs to explore the biological 394 

relevance of distinct expression patterns as well as the simultaneous gain and loss of accessibility to 395 

DNA by modulation of chromatin after pDC activation. We found that IRF7, NFκB1, and RELA as well 396 

as ATF3 and JUN, two AP-1 family members, fulfil three criteria relevant in this context: They exhibit (i) 397 

increased gene expression, (ii) enhanced chromatin accessibility for their gene regions, and (iii) 398 

enriched TF DNA binding motifs in the accessible genomic regions after pDC stimulation. We used this 399 
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integrative omics approach to identify potential novel players important in pDC biology after cell 400 

activation. While the role for IRF7, NFκB1, and RELA have been described in activated pDCs, there is 401 

little known about any function of AP-1 factors in pDCs. Activator Protein-1 (AP-1) was one of the first 402 

TFs to be described in the 1980s (Angel et al., 1987). It consists of a dimeric protein complex with 403 

members from the JUN, FOS, ATF, BATF, or MAF protein families (Eferl and Wagner, 2003; Shaulian 404 

and Karin, 2002). A shared feature between the members is a basic leucine-zipper (bZIP) domain which 405 

is required for dimerization and DNA binding. The AP-1 family of TFs are known to regulate various 406 

biological processes such as proliferation, differentiation, and cell survival (Eferl and Wagner, 2003; 407 

Murphy et al., 2013; Sopel et al., 2016; Wagner and Eferl, 2005). They have further been implicated in 408 

a variety of pathologies ranging from cardiovascular disease to cancer, hepatitis, and Parkinson’s 409 

disease (Meijer et al., 2012; Muslin, 2008; Uchihashi et al., 2011). A connection has been established 410 

between NFκB and AP-1 activity, which may be regulated by NFκB (Fujioka et al., 2004) suggesting a 411 

possible common molecular mechanism of these TFs in activated pDCs. Further, AP-1 has been shown 412 

to be required for spontaneous type I IFN production in pDCs, whereas type I IFN production triggered 413 

by pathogen receptor recognition such as TLR stimulation was not affected by AP-1 inhibition (Kim et 414 

al., 2014). In contrast, our in silico analyses suggest a close link between AP-1 factors and pDC biology 415 

after TLR9 stimulation: The AP-1 motif is present within the open chromatin region of the proximal 416 

promoter site of the Tcf4 gene, a prominent pDC cell fate TF. Grajkowska et al. showed that there are 417 

two Tcf4 isoforms, the expression of which is controlled during pDC differentiation by two respective 418 

promoters as well as distal enhancer regions within 600-900 kb 5’ and ~150 kb 3’ of the Tcf4 gene 419 

(Grajkowska et al., 2017). However, the binding site of specific TFs to these cis-regulatory sites has not 420 

been fully evaluated. This calls for further investigations on the AP-1 binding site in activated pDCs 421 

newly identified in our study. One of the key AP-1 candidates in our investigation, ATF3, has been 422 

described as a negative regulator of antiviral signaling in Japanese encephalitis virus infection in mouse 423 

neuronal cells (Sood et al., 2017). The hallmark of pDCs is their importance in antiviral immune 424 

responses, pointing toward ATF3 as an interesting candidate to investigate in TLR9 activated pDCs. 425 

Another AP-1 family member, JUN, was the first oncogene to be described (Curran and Franza, 1988) 426 

and has since been studied in detail in the context of various tumor entities. In contrast, knowledge 427 

about its role in the context of infection is limited. For example, it has been shown to have a regulatory 428 

role in H5N1 influenza virus replication and host inflammation in mice (Xie et al., 2014). Our analyses 429 

revealed a distinct regulation of Jun expression and chromatin structure combined with an increased 430 

global DNA binding accessibility in pDCs after activation. Further studies are required to assess the role 431 

of Jun regulation in pDCs upon a microbial stimulus or in a chronically activated state that might unravel 432 

unknown functions of this TF in immunity. While targeting TFs for therapeutic purpose has been proven 433 

difficult so far, recent advances have been made through novel chemistries and the use of staples 434 

peptides to disrupt protein-protein interactions (Ball et al., 2016; Rezaei Araghi et al., 2018). Thus, the 435 

in silico analyses of the global TF reservoir in pDCs from our study led to the identification of novel 436 

candidates that warrant further investigation regarding their role in pDC biology, in particular after cell 437 

activation, which may lead to the development of novel therapeutics to treat infection, autoimmune 438 

disease and cancer.  439 
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Materials and Methods 449 

 450 

Mice 451 

C57BL/6N mice were housed under specific pathogen-free conditions in the animal research facility of 452 

the University of Düsseldorf according to German animal welfare guidelines. All experiments were 453 

performed with sex and age matched littermates between 7 to 14 weeks of age.  454 

 455 

Generation and stimulation of BM-derived pDCs for RNA-Seq and ATAC-Seq 456 

BM-derived Flt3-L cultured pDCs were generated as previously described (Scheu et al., 2008). For 457 

RNA-Seq, BM-derived pDCs (CD3-CD19-CD11c+CD11blowB220+SiglecH+ CD317+) were FACS purified 458 

using FACS Aria III (BD). The pDCs were left untreated or stimulated with 1µM CpG 2216 (Tib Molbiol, 459 

Nr. 930507l) complexed to transfection reagent DOTAP (Roche) for 2h, 6h or 12 h. RNA was isolated 460 

by using the NucleoSpin II RNA mini kit (Macherey-Nagel) and subjected to RNA-Seq. For ATAC-Seq 461 

BM-derived pDCs (CD3-CD19-CD11c+CD11blowB220+SiglecH+CD317+) were FACS purified using 462 

FACS Aria III (BD). The pDCs were left untreated or stimulated with 1µM CpG 2216 complexed to 463 

transfection reagent DOTAP (Roche) for 2h. At the end of stimulation time, cells were kept on ice and 464 

stained for 7AAD (BD). Live cells (7AAD-) were further purified by FACS and kept frozen in complete 465 

RPMI medium containing 5% DMSO. The frozen cells were transported on dry ice to Active Motif 466 

(Belgium) for ATAC-Seq. 467 

The following antibodies have been used: CD3-PerCP (BD Bioscience, Clone: 145-2C11), CD19-468 

PerCP-Cy5.5 (BD Bioscience, Clone:1D3), CD11c-PE-Cy7 (BioLegend, Clone: N418), CD11b-APC-469 

Cy7 (BD Bioscience, Clone: M1/70), B220-FITC (BD Bioscience, Clone: RA3-6B2), SiglecH-APC 470 

(BioLegend, Clone 551), CD317-PE (eBioscience/Thermoscientific, Clone: ebio927).  471 

 472 

RNA-Seq Analyses 473 

DNase digested total RNA samples used for transcriptome analyses were quantified (Qubit RNA HS 474 

Assay, Thermo Fisher Scientific) and quality measured by capillary electrophoresis using the Fragment 475 

Analyzer and the ‘Total RNA Standard Sensitivity Assay’ (Agilent Technologies, Inc. Santa Clara, USA). 476 

All samples in this study showed high RNA Quality Numbers (RQN; mean = 9.9). The library preparation 477 

was performed according to the manufacturer’s protocol using the Illumina® ‘TruSeq Stranded mRNA 478 

Library Prep Kit’. Briefly, 200 ng total RNA were used for mRNA capturing, fragmentation, the synthesis 479 
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of cDNA, adapter ligation and library amplification. Bead purified libraries were normalized and 480 

sequenced on the HiSeq 3000/4000 system (Illumina Inc. San Diego, USA) with a read setup of SR 481 

1x150 bp. The bcl2fastq tool was used to convert the bcl files to fastq files as well for adapter trimming 482 

and demultiplexing.  483 

Data analyses on fastq files were conducted with CLC Genomics Workbench (version 11.0.1, QIAGEN, 484 

Venlo. NL). The reads of all probes were adapter trimmed (Illumina TruSeq) and quality trimmed (using 485 

the default parameters: bases below Q13 were trimmed from the end of the reads, ambiguous 486 

nucleotides maximal 2). Mapping was done against the Mus musculus (mm10; GRCm38.86) (March 487 

24, 2017) genome sequence. Samples (three biological replicates each) were grouped according to 488 

their respective experimental condition. Raw counts were next re-uploaded to the Galaxy web platform. 489 

The public server at usegalaxy.org was used to perform multi-group comparisons (Afgan et al., 2016). 490 

Differential expression of genes between any two conditions was calculated using the edgeR quasi-491 

likelihood pipeline which uses negative binomial generalized linear models with F-test (Liu et al., 2015; 492 

Robinson et al., 2010). Low expressing genes were filtered with a count-per-million (CPM) value cut-off 493 

that was calculated based on the average library size of our RNA-Seq experiment (Chen et al., 2016). 494 

The resulting p values were corrected for multiple testing by the false discovery rate (FDR) (Benjamini, 495 

1995). A p value of <0.05 was considered significant. RNA-Seq data are deposited with NCBI’s Gene 496 

Expression Omnibus (GEO) and are accessible through GEO Series accession number GSE170750 497 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE170750). 498 

 499 

ATAC-Seq 500 

Cells were harvested and frozen in culture media containing FBS and 5% DMSO. Cryopreserved cells 501 

were sent to Active Motif to perform the ATAC-Seq assay. The cells were then thawed in a 37°C water 502 

bath, pelleted, washed with cold PBS, and tagmented as previously described (Buenrostro et al., 2013), 503 

with some modifications (Corces et al., 2017). Briefly, cell pellets were resuspended in lysis buffer, 504 

pelleted, and tagmented using the enzyme and buffer provided in the Nextera Library Prep Kit (Illumina). 505 

Tagmented DNA was then purified using the MinElute PCR purification kit (Qiagen), amplified with 10 506 

cycles of PCR, and purified using Agencourt AMPure SPRI beads (Beckman Coulter). Resulting 507 

material was quantified using the KAPA Library Quantification Kit for Illumina platforms (KAPA 508 

Biosystems), and sequenced with PE42 sequencing on the NextSeq 500 sequencer (Illumina). 509 

Reads were aligned using the BWA algorithm (mem mode; default settings). Duplicate reads were 510 

removed, only reads mapping as matched pairs and only uniquely mapped reads (mapping quality ≥1) 511 

were used for further analysis. Alignments were extended in silico at their 3’-ends to a length of 200 bp 512 

and assigned to 32-nt bins along the genome. The resulting histograms (genomic “signal maps”) were 513 

stored in bigWig files. Peaks were identified using the MACS 2.1.0 algorithm at a cut off of p-value 1e-514 

7, without control file, and with the –nomodel option. Peaks that were on the ENCODE blacklist of known 515 

false ATAC-Seq peaks were removed. Signal maps and peak locations were used as input data to 516 

Active Motifs proprietary analysis program, which creates Excel tables containing detailed information 517 

on sample comparison, peak metrics, peak locations, and gene annotations. For differential analysis, 518 

reads were counted in all merged peak regions (using Subread), and the replicates for each condition 519 
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were compared using DESeq2. ATAC-Seq data are deposited with NCBI’s GEO and are accessible 520 

through GEO Series accession number GSE171075 521 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE171075). 522 

 523 

Downstream analyses and visualization of omics data 524 

Volcano plots were created using ggplot2 (Wickham, 2016) and ggrepel (Slowikowski, 2020). 525 

Heatmaps were created using Morpheus (https://software.broadinstitute.org/morpheus). Pearson 526 

correlation matrices were calculated in R and plotted as heatmaps using gplots (Gregory R. Warnes, 527 

2020). Pathway analyses for different gene ontology (GO) terms and subsequent functional 528 

classification and annotation clustering were performed using the Database for Annotation, 529 

Visualization and Integrated Discovery (DAVID) (Huang da et al., 2009). Evolutionary conserved 530 

regions (ECR) for selected genes were shown by taking a screenshot from the ECR browser 531 

(Ovcharenko et al., 2004). Bar graphs were plotted in Gradphpad Prism version 8.4.3 on Windows 532 

(GraphPad Software, La Jolla California USA, www.graphpad.com). ATAC-Seq peaks were 533 

visualized using IGV (Robinson et al., 2011; Thorvaldsdottir et al., 2013). 534 

 535 

TF Motif Analyses 536 

ATAC-Seq regions that indicated differentially accessible chromatin regions between naive and 2h CpG 537 

stimulated samples (DESeq2, |FC|>2, p<0.05) were used for motif analysis. The regions were adjusted 538 

to the same size (500bp). The MEME-Centrimo differential motif analysis pipeline (Bailey and 539 

Machanick, 2012) was run on the fasta files representing each chromatin region (significantly increased 540 

vs decreased chromatin access after CpG stimulation) to identify overrepresented motifs, using default 541 

parameters and the HOCOMOCO v11 motif database. The search for the AP-1 motif among selected 542 

sequences was performed with MEME-FIMO. 543 

 544 

 545 

Figure legends 546 

 547 

Fig. 1 Expression of transcription factors in pDCs. A Expression of TFs in pDCs in at least one of 548 

the following conditions: naïve, CpG 2h, 6h or 12h (n=3 per condition). B Categorization of the 549 

expressed TFs according to Hu et al. (Hu et al., 2019). C Number of expressed vs non-expressed genes 550 

per TF family of a TF class is plotted.  551 

 552 

Fig. 2 RNA-Seq reveals significant TF expression changes after pDC activation. A Pearson 553 

correlation plot for samples used in RNA-Seq. pDCs (CD3-CD19-554 

CD11c+CD11blowB220+SiglecH+CD317+) were sorted from BM-derived Flt3-L cultures of C57BL/6N 555 

mice and cells were left either naïve or stimulated with CpG for 2h, 6h or 12h. B Volcano plots showing 556 

global expression of genes in sorted pDCs at steady state and after 2h, 6h, and 12h of CpG stimulation. 557 

TF genes with a |FC|>2 and a p-value of <0.05 corrected for the false discovery rate (FDR) were 558 

considered significantly differentially expressed and are marked in colour (red and blue). C Heatmap 559 
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showing normalized expression values (cpm, count per million) of differentially expressed TF genes 560 

from (B) in pDCs at steady state and after 2h, 6h, and 12h of CpG stimulation. Hierarchical clustering 561 

on rows with average linkage and the One minus Pearson correlation metric was performed.  562 

 563 

Fig. 3 Gene Ontology analysis of CpG-dependent TFs. 661 CpG-dependent TFs (|FC|>2, p<0.05) 564 

were analysed by DAVID functional annotation to produce gene clusters (>2 genes/cluster) 565 

corresponding to biological process (BP), molecular function (MF), and cellular component (CC) GO 566 

annotation terms. Those significantly associated with the TF gene list are plotted with the numbers of 567 

genes for each term along with the fold enrichment for each term. A few terms were excluded as being 568 

redundant or having wider meaning (Table S1). Abbreviations are as follows: casc = cascade; cyt = 569 

cytokine; horm = hormone; med = mediated; reg = regulation; rERs = response to endoplasmic 570 

reticulum stress; resp = response; sig = signaling.  571 

 572 

Fig. 4 pDC activation increases and decreases chromatin accessibility of thousands of regions. 573 

A Pearson correlation plot for samples used in ATAC-Seq. pDCs (CD3-CD19-574 

CD11c+CD11blowB220+SiglecH+CD317+) were sorted from BM-derived Flt3-L cultures of C57BL/6N 575 

mice and cells were left either naïve or stimulated with CpG for 2h (n=2). B Genomic location distribution 576 

of open chromatin sites in naïve and CpG stimulated pDCs according to ATAC-Seq. Two biological 577 

replicates were used per condition, and results are shown for pooled samples per condition. C Number 578 

of differentially accessible peaks detected using DESeq2, comparing naïve to 2h CpG stimulated pDCs, 579 

|FC|>2 and p<0.05. D Heatmap of normalized ATAC-Seq peak intensities (log2FC relative to the mean 580 

for each peak). Limited to peaks (16,607) that are condition-dependent with |FC|>2 and p<0.05 for at 581 

least one pairwise comparison of interest. E Differential motif analysis for cluster I and II from (D) using 582 

MEME Centrimo and the HOCOMOCO v11 motif database. Significant motifs were categorized into 583 

known TF families for visualization and interpretation.  584 

 585 

Fig. 5 TFs show CpG-dependent expression and chromatin accessibility. A Number of 586 

differentially accessible peaks of genomic regions associated with TF genes detected using DESeq2 587 

comparing naïve to 2h CpG stimulated pDCs, |FC|>2 and p<0.05. B Heatmap of normalized ATAC-Seq 588 

peak intensities (log2FC relative to the mean for each peak) limited to 540 peaks from (A) that are 589 

condition-dependent with |FC|>2 and p<0.05 for at least one pairwise comparison of interest. C The bar 590 

graph depicts normalized expression values obtained from RNA-Seq and statistics calculated with 591 

edgeR. D, E Top panel presents screen shots from the ECR (evolutionary conserved regions) Browser 592 

web site of the respective indicated gene. Exonic regions are shown in blue, intronic regions in pink, 593 

UTRs in yellow, and CNS in red. Bottom panels present ATAC-Seq peaks in naïve and CpG stimulated 594 

(2h) pDCs for the indicated genes visualized with IGV. The AP-1 motif within the promoter sequence of 595 

the Tcf4 gene is highlighted in (E).  596 
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SUPPLEMENTAL TABLE S1
Functional cluster analysis with 661 CpG-dependent TF genes

Annotation Cluster 1 Enrichment Score: 224.49086249688912
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_MF_DIRECT GO:0003677~DNA binding 431 65.70122 1.39E-273 EHF, SPI1, BACH1, BACH2, ELK3, SPIB, SPIC, HOXA9, ZFP281, CREB3L4, SOX15, MYC, CREB3L1, GPBP1, CREB3L2, HOXA3, HOXA2, BBX, HOXA1, HOXA7, HOXA6, HOXA5, ZFP287, HOXA4, HES7, HES6, WDHD1, MEF2C, RFX2, SOX12, RFX1, BHLHA15, AR, ZFP292, DDIT3, RFX5, HOXB4, HOXB3, ATF5, ATF6, ATF3, ATF4, ZBTB8A, AIRE, XPA, BAZ2A, BAZ2B, PRDM16, ALX3, HESX1, ZFP184, ZBTB7B, ZBTB7A, NFE2, JUN, JUND, GTF2IRD2, SNAI3, NFATC3, PBX2, NFATC2, NR1D2, NR1D1, PBX4, ST18, FLI1, NR2F6, POU6F1, THAP11, FOSL2, TADA2B, FOSL1, TADA2A, SNAI1, REL, HBP1, GTF2IRD1, ZFP369, RARG, BHLHE41, HIF3A, GLI1, ZFP120, CIC, JARID2, TEAD3, BATF2, BATF3, TET2, EN2, PAX5, FOS, NCOR2, GCFC2, PLSCR1, ZEB2, AEBP2, MTF1, ZFP131, RARA, AHRR, PPARG, JDP2, PPARD, CENPA, FOXS1, PLAGL1, STAT4, ZFP263, STAT6, ZFP382, MEF2D, MBD4, STAT1, STAT2, STAT3, MBD2, NR1H3, HINFP, NFIA, NFIC, ZFP395, GZF1, ZFP687, ZBTB25, ZFP329, RORC, ZBTB20, RORA, DACH2, DACH1, SALL2, PIAS4, ZFP579, ZBTB37, GTF3A, ZBTB32, ZBTB33, FOXP4, HIC1, PIAS2, FOXP1, PIAS1, MAF, ZFP41, ZFP692, ERF, ZFP691, ADN

644 1847 17446 6.321503 4.18E-271 2.10E-271 1.70E-271
GOTERM_BP_DIRECT GO:0006351~transcription, DNA-templated 413 62.95732 1.24E-260 EHF, SPI1, GABPB1, BACH1, BACH2, ELK3, SPIB, SPIC, HOXA9, ZFP281, CREB3L4, ZMIZ1, MYC, CREB3L1, GPBP1, CREB3L2, HOXA3, HOXA2, BBX, HOXA1, HOXA7, HOXA6, HOXA5, ZFP287, HOXA4, HES7, HES6, MEF2C, MEF2B, RFX2, SOX12, RFX1, BHLHA15, AR, ZSCAN20, ZFP292, ZSCAN22, DDIT3, RFX5, HOXB4, ZFP296, HOXB3, ZFP174, ATF5, ATF6, ATF3, ZSCAN29, ATF4, ZBTB8A, AIRE, BAZ2A, PRDM16, ALX3, HESX1, ZFP184, ZBTB7B, ZBTB7A, NFE2, JUN, JUND, GTF2IRD2, SNAI3, NFATC3, PBX2, NFATC2, NR1D2, NR1D1, PBX4, ST18, FLI1, NR2F6, POU6F1, THAP11, FOSL2, TADA2A, REL, HBP1, GTF2IRD1, ZFP369, RARG, BHLHE41, HIF3A, GLI1, ZFP385A, ZFP120, CIC, JARID2, TEAD3, BATF2, BATF3, PAX5, NCOR2, GCFC2, ZEB2, AEBP2, MTF1, ZFP131, RARA, AHRR, PPARG, JDP2, PPARD, FOXS1, STAT4, ZFP263, STAT6, ZFP382, MEF2D, STAT1, STAT2, STAT3, MBD2, NR1H3, HINFP, NFIA, NFIC, GZF1, ZFP446, ZFP687, ZFP444, ZFP329, ZFP449, RORC, ZBTB20, RORA, DACH2, DACH1, SALL2, MAF1, PIAS4, ZFP579, PIAS3, ZFP213, GTF3A, ZBTB32, ZBTB33, FOXP4, HIC1, PIAS2, FOXP1, PIAS1, MAF, ZFP41, ZFP692, ERF, ZFP691, A624 1885 18082 6.34893 2.57E-257 1.29E-257 1.25E-257
GOTERM_CC_DIRECT GO:0005634~nucleus 495 75.45732 1.96E-141 EHF, SPI1, THYN1, GABPB1, BACH1, BACH2, ELK3, GM4924, SPIB, SPIC, HOXA9, A430033K04RIK, ZFP281, CREB3L4, ZMIZ1, SOX15, MYC, CREB3L1, GPBP1, CREB3L2, HOXA3, HOXA2, BBX, HOXA1, HOXA7, HOXA6, HOXA5, ZFP287, HOXA4, HES7, HES6, WDHD1, MEF2C, MEF2B, RFX2, SOX12, RFX1, BHLHA15, AR, ZSCAN20, ZFP292, ZSCAN22, DDIT3, RFX5, HOXB4, ZFP296, HOXB3, CDIP1, ZFP174, ATF5, ATF6, ATF3, ZSCAN29, ATF4, ZBTB8A, AIRE, XPA, PRDM15, BAZ2A, BAZ2B, PRDM16, ALX3, HESX1, ZFP184, ZBTB7B, ZBTB7A, NFE2, JUN, JUND, GTF2IRD2, SNAI3, NFATC3, PBX2, NFATC2, NR1D2, NR1D1, PBX4, ST18, FLI1, NR2F6, POU6F1, THAP11, FOSL2, FOSL1, MLLT10, CPEB1, TADA2A, SNAI1, REL, HBP1, GTF2IRD1, ZFP369, RARG, BHLHE41, HIF3A, GLI1, ZFP385A, ZFP120, CIC, JARID2, ZFP366, TEAD3, TCF19, BATF2, BATF3, TET2, EN2, PAX5, FOS, NCOR2, GCFC2, PLSCR1, ZEB2, AEBP2, MTF1, ZFP131, RARA, AHRR, PPARG, JDP2, PPARD, CENPA, FOXS1, PLAGL1, STAT4, ZFP263, ZFP383, PLAGL2, STAT6, ZFP382, MEF2D, MBD4, STAT1, STAT2, STAT3, MBD2, NR1H3, HINFP, ZNFX1, NFIA, NFIC, ZFP395, GZF1, ZFP446, ZFP687, Z628 6019 19662 2.574832 3.58E-139 3.58E-139 3.33E-139

Annotation Cluster 2 Enrichment Score: 11.744756217221672
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_BP_DIRECT GO:0043401~steroid hormone mediated signaling pathway22 3.353659 1.48E-17 ESRRA, RARG, THRB, THRA, VDR, RORC, NR1H3, NR1D2, RORA, NR1D1, NR2C2, ESR1, NR2F6, NR4A2, RXRB, NR4A1, AR, NR6A1, NR4A3, RARA, PPARG, PPARD624 53 18082 12.02842 3.07E-14 3.83E-15 3.72E-15
GOTERM_MF_DIRECT GO:0003707~steroid hormone receptor activity 21 3.20122 3.62E-15 ESRRA, RARG, THRB, THRA, VDR, RORC, NR1H3, NR1D2, RORA, NR1D1, NR2C2, ESR1, NR2F6, NR4A2, RXRB, NR4A1, NR6A1, NR4A3, RARA, PPARG, PPARD644 56 17446 10.15877 1.11E-12 6.09E-14 4.94E-14
GOTERM_MF_DIRECT GO:0004879~RNA polymerase II transcription factor activity, ligand-activated sequence-specific DNA binding17 2.591463 3.55E-14 THRA, VDR, STAT3, RORC, NR1H3, RORA, ESR1, NR2F6, NR4A2, RXRB, NR4A1, AR, NR6A1, NR4A3, RARA, PPARG, PPARD644 36 17446 12.79253 1.07E-11 5.66E-13 4.60E-13
GOTERM_MF_DIRECT GO:0008270~zinc ion binding 57 8.689024 0.00552464 RERE, RARG, THRB, THRA, RORC, RORA, ZMIZ1, TRPS1, ZFP385A, RAG1, PIAS4, PIAS3, ZBTB32, TET2, PIAS2, PIAS1, AR, RARA, PPARG, PPARD, AIRE, KMT2C, SP140, BAZ2A, BAZ2B, NR2C2, RXRB, MTA1, ZMAT1, ZMAT3, HIVEP1, MTA2, MTA3, ESRRA, EGR1, ZFHX3, SMAD3, ZFHX2, ZFP318, VDR, SETDB2, NFXL1, NR1H3, NR1D2, NR1D1, ESR1, ST18, THAP11, NR2F6, NR4A2, TADA2B, NR4A1, MLLT10, ZNFX1, NR6A1, NR4A3, LHX2644 1075 17446 1.436403 0.8123294 0.0309994 0.0251678

Annotation Cluster 3 Enrichment Score: 7.656034402823103
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_BP_DIRECT GO:0048511~rhythmic process 24 3.658537 7.06E-11 HES7, KLF10, HLF, BHLHE41, RORC, CREM, NR1D2, RORA, NR1D1, NPAS2, RELB, NFKB2, MTA1, DBP, NFIL3, TEF, SP1, ID2, KLF9, BHLHE40, ID1, ID3, PPARG, ATF4624 128 18082 5.433293 1.46E-07 1.33E-08 1.29E-08
GOTERM_BP_DIRECT GO:0007623~circadian rhythm 18 2.743902 1.63E-07 KLF10, JUN, JUND, BHLHE41, RORC, CREM, RORA, NR1D1, NPAS2, DBP, NFIL3, ID2, KLF9, BHLHE40, ID1, ID3, ATF5, ATF4624 108 18082 4.829594 3.38E-04 1.99E-05 1.93E-05
GOTERM_BP_DIRECT GO:0032922~circadian regulation of gene expression 13 1.981707 9.35E-07 ZFHX3, BHLHE41, RORC, CREM, HNF1B, RORA, NR1D1, NPAS2, RELB, MTA1, ID2, BHLHE40, ATF4624 61 18082 6.175546 0.0019372 1.02E-04 9.91E-05

Annotation Cluster 4 Enrichment Score: 2.5280383426155817
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_BP_DIRECT GO:0034097~response to cytokine 12 1.829268 1.01E-04 FOSL1, JUN, JUND, STAT1, STAT3, REL, RARA, STAT6, FOS, NFKB1, RELB, NFKB2624 81 18082 4.292972 0.1887868 0.0065348 0.0063487
GOTERM_CC_DIRECT GO:0033256~I-kappaB/NF-kappaB complex 4 0.609756 3.08E-04 REL, NFKB1, RELB, NFKB2628 5 19662 25.04713 0.0547449 0.0056292 0.0052293
GOTERM_BP_DIRECT GO:0038061~NIK/NF-kappaB signaling 4 0.609756 3.86E-04 REL, NFKB1, RELB, NFKB2624 5 18082 23.18205 0.5512363 0.0186213 0.0180911
GOTERM_BP_DIRECT GO:0007249~I-kappaB kinase/NF-kappaB signaling 5 0.762195 0.0233617 IRF1, REL, NFKB1, RELB, NFKB2624 32 18082 4.527744 1 0.3457532 0.33590789
GOTERM_BP_DIRECT GO:0045087~innate immune response 12 1.829268 0.81701294 SP110, IRF1, REL, ZBTB1, IRF7, HMGB3, IRF5, PRDM1, NFKB1, ZFP809, RELB, NFKB2624 400 18082 0.869327 1 1 0.97199421

Annotation Cluster 5 Enrichment Score: 2.4533584885560358
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_BP_DIRECT GO:1902895~positive regulation of pri-miRNA transcription from RNA polymerase II promoter8 1.219512 6.05E-06 SMAD1, JUN, SMAD3, SPI1, STAT3, FOS, SMAD6, NFKB1624 22 18082 10.5373 0.0124634 5.97E-04 5.80E-04
GOTERM_MF_DIRECT GO:0070410~co-SMAD binding 6 0.914634 2.57E-05 SMAD2, TGIF1, SMAD1, SMAD3, FOXH1, SMAD6644 11 17446 14.7764 0.0077362 2.16E-04 1.76E-04
GOTERM_MF_DIRECT GO:0070412~R-SMAD binding 7 1.067073 1.87E-04 SMAD2, ZEB2, JUN, SMAD3, FOXH1, FOS, SMAD6644 24 17446 7.901268 0.0548194 0.0013795 0.00112001
GOTERM_BP_DIRECT GO:0001657~ureteric bud development 8 1.219512 0.00120144 SMAD2, SMAD1, SMAD3, TSHZ3, RARA, SMAD9, SMAD6, SMAD7624 48 18082 4.829594 0.9172627 0.0469695 0.04563209
GOTERM_BP_DIRECT GO:0007179~transforming growth factor beta receptor signaling pathway9 1.371951 0.00420828 SMAD2, SMAD1, JUN, SMAD3, FOXH1, SMAD9, FOS, SMAD6, SMAD7624 75 18082 3.477308 0.9998403 0.1171341 0.11379869
GOTERM_MF_DIRECT GO:0070411~I-SMAD binding 4 0.609756 0.00658823 SMAD2, SMAD1, SMAD6, SMAD7644 11 17446 9.850932 0.8641533 0.0352692 0.02863444
GOTERM_BP_DIRECT GO:0009880~embryonic pattern specification 5 0.762195 0.00856577 SMAD2, SMAD1, SMAD3, SATB2, ZBTB16624 24 18082 6.036993 1 0.1888113 0.18343496
GOTERM_BP_DIRECT GO:0060395~SMAD protein signal transduction 8 1.219512 0.01673176 SMAD2, SMAD1, JUN, SMAD3, SUB1, ATOH8, SMAD9, FOS624 77 18082 3.010656 1 0.2988638 0.29035373
GOTERM_BP_DIRECT GO:0007183~SMAD protein complex assembly 3 0.457317 0.02891013 SMAD2, SMAD1, SMAD3624 8 18082 10.86659 1 0.3967006 0.38540459
GOTERM_MF_DIRECT GO:0034713~type I transforming growth factor beta receptor binding3 0.457317 0.05016191 SMAD2, SMAD6, SMAD7644 10 17446 8.127019 0.9999998 0.2140712 0.17380041
GOTERM_MF_DIRECT GO:0046332~SMAD binding 5 0.762195 0.13076376 SMAD2, SMAD3, CREB3L1, PRDM16, FOXH1644 53 17446 2.555666 1 0.4891533 0.39713439
GOTERM_BP_DIRECT GO:0017015~regulation of transforming growth factor beta receptor signaling pathway3 0.457317 0.13799761 SMAD2, SMAD3, SMAD7624 19 18082 4.575405 1 0.9725546 0.94486121

Annotation Cluster 6 Enrichment Score: 1.8310626466925868
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_BP_DIRECT GO:1990440~positive regulation of transcription from RNA polymerase II promoter in response to endoplasmic reticulum stress6 0.914634 1.86E-05 CEBPB, CREB3L1, DDIT3, ATF6, ATF3, ATF4624 11 18082 15.80594 0.0377754 0.0014803 0.00143817
GOTERM_BP_DIRECT GO:0070059~intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress3 0.457317 0.35347399 CEBPB, DDIT3, ATF4624 36 18082 2.414797 1 1 0.97199421
GOTERM_BP_DIRECT GO:0034976~response to endoplasmic reticulum stress 4 0.609756 0.48923142 CEBPB, DDIT3, CREB3L2, ATF4624 76 18082 1.525135 1 1 0.97199421

Annotation Cluster 7 Enrichment Score: 1.6923550652467598
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_BP_DIRECT GO:0016925~protein sumoylation 6 0.914634 0.0020548 PIAS4, PIAS3, EGR2, BCL11A, PIAS2, PIAS1624 27 18082 6.439459 0.985934 0.069796 0.06780855
GOTERM_MF_DIRECT GO:0061665~SUMO ligase activity 3 0.457317 0.00774499 PIAS4, PIAS2, PIAS1644 4 17446 20.31755 0.9044488 0.0404609 0.03284945
GOTERM_BP_DIRECT GO:0033235~positive regulation of protein sumoylation 4 0.609756 0.01115387 PIAS4, PIAS3, AHRR, PIAS1624 14 18082 8.279304 1 0.2265766 0.22012486
GOTERM_MF_DIRECT GO:0019789~SUMO transferase activity 4 0.609756 0.01950048 PIAS4, PIAS3, PIAS2, PIAS1644 16 17446 6.772516 0.9973872 0.0909022 0.07380181
GOTERM_MF_DIRECT GO:0016874~ligase activity 6 0.914634 0.99761374 PIAS4, PIAS3, EGR2, PIAS2, PIAS1, RAG1644 362 17446 0.449007 1 1 0.99761374

Annotation Cluster 8 Enrichment Score: 1.4823485732155635
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_MF_DIRECT GO:0035497~cAMP response element binding 6 0.914634 6.74E-05 JUN, CREB3L4, CREB3L1, CREB3L2, HMGA2, ATF6644 13 17446 12.50311 0.0201379 5.23E-04 4.25E-04
GOTERM_BP_DIRECT GO:0030968~endoplasmic reticulum unfolded protein response7 1.067073 0.00585734 CREB3L4, CREB3L1, DDIT3, CREB3L2, BHLHA15, ATF6, ATF3624 48 18082 4.225895 0.9999949 0.1498322 0.14556576
GOTERM_BP_DIRECT GO:0006986~response to unfolded protein 5 0.762195 0.09820951 CREB3L4, CREB3L1, DDIT3, CREB3L2, ATF6624 51 18082 2.840938 1 0.8145034 0.79131049
GOTERM_CC_DIRECT GO:0005789~endoplasmic reticulum membrane 4 0.609756 0.99999998 CREB3L4, CREB3L2, ATF6, NFE2L1628 710 19662 0.176388 1 1 0.99999998
GOTERM_CC_DIRECT GO:0005783~endoplasmic reticulum 8 1.219512 1 CREB3L4, CREB3L1, CREB3L2, PREB, FOS, ATF6, SREBF2, NFE2L1628 1323 19662 0.189321 1 1 1

Annotation Cluster 9 Enrichment Score: 1.3953787168799636
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_BP_DIRECT GO:0044344~cellular response to fibroblast growth factor stimulus5 0.762195 0.01878653 NR4A1, EGR3, MYC, ZFP36L2, ZFP36L1624 30 18082 4.829594 1 0.3217 0.31253962
GOTERM_BP_DIRECT GO:1904628~cellular response to phorbol 13-acetate 12-myristate3 0.457317 0.02891013 MYC, ZFP36L2, ZFP36L1624 8 18082 10.86659 1 0.3967006 0.38540459
GOTERM_BP_DIRECT GO:0000165~MAPK cascade 7 1.067073 0.03136762 SMAD1, MEF2C, MEF2B, MYC, MEF2D, ZFP36L2, ZFP36L1624 69 18082 2.939753 1 0.4189961 0.40706521
GOTERM_BP_DIRECT GO:0009611~response to wounding 6 0.914634 0.04905994 HHEX, MYC, ID3, GLI1, ZFP36L2, ZFP36L1624 58 18082 2.997679 1 0.5616143 0.54562242
GOTERM_BP_DIRECT GO:0071364~cellular response to epidermal growth factor stimulus4 0.609756 0.12618308 MYC, ID1, ZFP36L2, ZFP36L1624 36 18082 3.219729 1 0.9447928 0.91788988

Annotation Cluster 10 Enrichment Score: 1.3590519762597917
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_BP_DIRECT GO:0051591~response to cAMP 6 0.914634 0.03050679 FOSL1, JUN, JUND, STAT1, CREM, FOS624 51 18082 3.409125 1 0.4131377 0.40137367
GOTERM_BP_DIRECT GO:0071277~cellular response to calcium ion 6 0.914634 0.03526261 JUN, MEF2C, JUND, NFATC3, FOS, CARF624 53 18082 3.280479 1 0.4566508 0.4436477
GOTERM_BP_DIRECT GO:0032870~cellular response to hormone stimulus 5 0.762195 0.0778275 NCOA1, JUN, JUND, STAT3, FOS624 47 18082 3.08272 1 0.72639 0.70570614

Annotation Cluster 11 Enrichment Score: 1.2275392798040106
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_BP_DIRECT GO:0009612~response to mechanical stimulus 7 1.067073 0.02108733 FOSL1, JUN, JUND, STAT1, MBD2, PPARG, ETS1624 63 18082 3.219729 1 0.3366217 0.32703645
GOTERM_BP_DIRECT GO:0051591~response to cAMP 6 0.914634 0.03050679 FOSL1, JUN, JUND, STAT1, CREM, FOS624 51 18082 3.409125 1 0.4131377 0.40137367
GOTERM_BP_DIRECT GO:0042542~response to hydrogen peroxide 4 0.609756 0.32282261 FOSL1, JUN, NR4A3, STAT1624 58 18082 1.998453 1 1 0.97199421
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Annotation Cluster 12 Enrichment Score: 1.1533564963509588
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_BP_DIRECT GO:0001843~neural tube closure 9 1.371951 0.01876662 TGIF1, RARG, ZEB2, LHX2, DEAF1, RARA, TULP3, GRHL3, ARID1A624 97 18082 2.68864 1 0.3217 0.31253962
GOTERM_BP_DIRECT GO:0060348~bone development 6 0.914634 0.04321059 SMAD1, RARG, RARA, SMAD9, BBX, TULP3624 56 18082 3.104739 1 0.5329306 0.51775547
GOTERM_BP_DIRECT GO:0031076~embryonic camera-type eye development 3 0.457317 0.08205379 RARG, RARA, TULP3624 14 18082 6.209478 1 0.7427525 0.72160273
GOTERM_BP_DIRECT GO:0060173~limb development 3 0.457317 0.3660151 RARG, RARA, TULP3624 37 18082 2.349532 1 1 0.97199421

Annotation Cluster 13 Enrichment Score: 0.9360546220269985
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_BP_DIRECT GO:0007259~JAK-STAT cascade 5 0.762195 0.00856577 STAT5A, PIAS4, STAT1, STAT3, PIAS1624 24 18082 6.036993 1 0.1888113 0.18343496
GOTERM_BP_DIRECT GO:0071345~cellular response to cytokine stimulus 5 0.762195 0.02588086 STAT5A, PLSCR1, STAT1, STAT3, NFKB1624 33 18082 4.39054 1 0.368523 0.3580293
GOTERM_BP_DIRECT GO:0060397~JAK-STAT cascade involved in growth hormone signaling pathway3 0.457317 0.07192523 STAT5A, STAT1, STAT3624 13 18082 6.68713 1 0.6867699 0.66721423
GOTERM_BP_DIRECT GO:0019221~cytokine-mediated signaling pathway 8 1.219512 0.23911635 STAT5A, CEBPA, KLF6, STAT1, STAT3, STAT4, IRF5, STAT6624 146 18082 1.587812 1 1 0.97199421
GOTERM_MF_DIRECT GO:0019903~protein phosphatase binding 4 0.609756 0.6345088 STAT5A, STAT3, STAT6, PPARG644 88 17446 1.231366 1 1 0.81456954
GOTERM_MF_DIRECT GO:0004871~signal transducer activity 7 1.067073 0.99999809 STAT5A, STAT1, STAT2, STAT3, STAT4, STAT6, CC2D1A644 648 17446 0.29264 1 1 0.99999809

Annotation Cluster 14 Enrichment Score: 0.6460632072222745
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_MF_DIRECT GO:0003730~mRNA 3'-UTR binding 7 1.067073 0.01292527 CARHSP1, CPEB1, ZFP385A, YBX2, YBX3, ZFP36L2, ZFP36L1644 53 17446 3.577933 0.9803343 0.063167 0.05128414
GOTERM_MF_DIRECT GO:0003729~mRNA binding 4 0.609756 0.89902274 CPEB1, MBD2, YBX2, ZFP36L1644 142 17446 0.7631 1 1 0.89902274
GOTERM_CC_DIRECT GO:0030529~intracellular ribonucleoprotein complex 5 0.762195 0.9922019 CPEB1, NFATC2, YBX2, YBX3, ZFP36L1628 320 19662 0.489202 1 1 0.9922019

Annotation Cluster 15 Enrichment Score: 0.18670644339195458
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_MF_DIRECT GO:0018024~histone-lysine N-methyltransferase activity 3 0.457317 0.34474797 PRDM9, KMT2C, SETDB2644 33 17446 2.462733 1 1 0.81456954
GOTERM_BP_DIRECT GO:0032259~methylation 6 0.914634 0.69625626 PRDM9, KMT2C, SETDB2, PRDM5, PRDM1, TFB1M624 169 18082 1.028789 1 1 0.97199421
GOTERM_MF_DIRECT GO:0008168~methyltransferase activity 6 0.914634 0.74628275 PRDM9, KMT2C, SETDB2, PRDM5, PRDM1, TFB1M644 168 17446 0.967502 1 1 0.81456954
GOTERM_MF_DIRECT GO:0016740~transferase activity 9 1.371951 1 NCOA1, PRDM9, KMT2C, SETDB2, PRDM5, NME2, PRDM1, TFB1M, PARP12644 1472 17446 0.165632 1 1 1

Annotation Cluster 16 Enrichment Score: 0.04973056863696993
Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold EnrichmentBonferroni Benjamini FDR
GOTERM_BP_DIRECT GO:0030030~cell projection organization 5 0.762195 0.76842612 PLEK, RFX2, FOXJ1, E2F4, E2F5624 151 18082 0.959522 1 1 0.97199421
GOTERM_BP_DIRECT GO:0042384~cilium assembly 3 0.457317 0.93979174 RFX2, FOXJ1, E2F4624 129 18082 0.673897 1 1 0.97199421
GOTERM_BP_DIRECT GO:0060271~cilium morphogenesis 3 0.457317 0.9821426 RFX2, FOXJ1, E2F4624 170 18082 0.511369 1 1 0.9821426
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SUPPLEMENTAL TABLE S2
Centrimo motif enrichment analysis using the HOCOMOCO database and 2174 gene promoter associated regions with increased chromatin accessibility after pDC activation

db_index motif_id motif_alt_idconsensus E-value adj_p-valuelog_adj_p-valuebin_locationbin_width total_widthsites_in_bin total_sites p_success p-value mult_tests
1 TF65_MOUSE.H11MO.0.A KGGRMTTTCCC4.50E-55 1.30E-57 -131.02 0 166 490 1015 1956 0.33878 5.20E-60 244
1 NFKB2_MOUSE.H11MO.0.C GGGRAAKYCCC1.10E-53 3.00E-56 -127.84 0 152 490 937 1924 0.3102 1.20E-58 244
1 NFKB1_MOUSE.H11MO.0.A GGGAAAKYCCC2.80E-51 7.80E-54 -122.28 0 176 490 989 1830 0.35918 3.20E-56 244
1 FOS_MOUSE.H11MO.0.A SDRTGAGTCAYC3.20E-45 9.00E-48 -108.32 0 247 489 699 941 0.50511 3.70E-50 244
1 FOSL1_MOUSE.H11MO.0.A KRVTGAGTCAYH1.70E-38 4.70E-41 -92.85 0 261 489 859 1177 0.53374 1.90E-43 244
1 FOSL2_MOUSE.H11MO.0.A KVTGAGTCABY 5.30E-32 1.50E-34 -77.9 0 162 490 767 1582 0.33061 6.10E-37 244
1 RELB_MOUSE.H11MO.0.C RGGGRMTTTCCM6.00E-32 1.70E-34 -77.77 0 177 489 1010 2020 0.36196 6.90E-37 244
1 REL_MOUSE.H11MO.0.A DRWRGGGRAATKCCA3.90E-31 1.10E-33 -75.91 0 156 486 952 2106 0.32099 4.50E-36 242
1 FOSB_MOUSE.H11MO.0.A VTGAGTCAB 6.90E-31 1.90E-33 -75.33 0 208 492 1129 2012 0.42276 7.80E-36 245
1 JUND_MOUSE.H11MO.0.A GRRTGAGTCAY2.00E-30 5.50E-33 -74.28 0 260 490 1127 1657 0.53061 2.30E-35 244
1 JUN_MOUSE.H11MO.0.A DVTGAGTCAY 3.70E-29 1.00E-31 -71.34 0 247 491 1160 1798 0.50305 4.30E-34 245
1 ATF3_MOUSE.H11MO.0.A VTGAGTCAB 1.10E-27 3.10E-30 -67.93 0 244 492 1273 2031 0.49593 1.30E-32 245
1 JUNB_MOUSE.H11MO.0.A VTGAGTCAY 7.20E-25 2.00E-27 -61.47 0 208 492 1050 1903 0.42276 8.20E-30 245
1 BACH2_MOUSE.H11MO.0.A TGCTGAGTCAY 3.40E-23 9.40E-26 -57.63 0 170 490 855 1810 0.34694 3.80E-28 244
1 SPI1_MOUSE.H11MO.0.A VRAAAGAGGAAGTGV3.00E-20 8.40E-23 -50.83 0 192 486 907 1753 0.39506 3.50E-25 242
1 IRF8_MOUSE.H11MO.0.A RAAARRGGAASTGAAASTDR1.20E-14 3.30E-17 -37.96 0 227 481 1025 1772 0.47193 1.40E-19 240
1 RUNX1_MOUSE.H11MO.0.A BYYTGTGGTTWB1.30E-14 3.60E-17 -37.85 0 197 489 965 1912 0.40286 1.50E-19 244
1 RUNX2_MOUSE.H11MO.0.A BYCTGTGGTTWB1.70E-14 4.90E-17 -37.56 0 249 489 1258 2071 0.5092 2.00E-19 244
1 EHF_MOUSE.H11MO.0.B VWACSAGGAAGTDVS3.90E-14 1.10E-16 -36.77 0 232 486 940 1599 0.47737 4.50E-19 242
1 IRF1_MOUSE.H11MO.0.A RRAANWGAAASTGAAASYRR1.10E-13 3.10E-16 -35.7 0 187 481 718 1428 0.38877 1.30E-18 240
1 BATF_MOUSE.H11MO.0.A DSTYYYRAWATGASTSAK4.10E-13 1.10E-15 -34.4 0 189 483 965 1984 0.3913 4.80E-18 241
1 NFE2_MOUSE.H11MO.0.A ATGACTCAGCARWW5.80E-13 1.60E-15 -34.06 0 121 487 386 1048 0.24846 6.60E-18 243
1 SPIB_MOUSE.H11MO.0.A RAAAGAGGAAGTGRRAV6.00E-12 1.70E-14 -31.72 0 190 484 591 1151 0.39256 7.00E-17 241
1 CREB1_MOUSE.H11MO.0.A NRRTGACGTMA1.20E-11 3.30E-14 -31.04 0 134 490 629 1727 0.27347 1.40E-16 244
1 IRF2_MOUSE.H11MO.0.B RAAAVHGAAAGTGAAASTRV3.20E-11 8.90E-14 -30.05 0 147 481 569 1395 0.30561 3.70E-16 240
1 RUNX3_MOUSE.H11MO.0.A KKCTGTGGTTWS2.50E-10 6.90E-13 -28 0 229 489 1086 1949 0.4683 2.80E-15 244
1 ELF1_MOUSE.H11MO.0.A SRACCCGGAAGTGS7.20E-10 2.00E-12 -26.94 0 231 487 809 1401 0.47433 8.20E-15 243
1 NF2L1_MOUSE.H11MO.0.C HGTCATN 7.30E-10 2.10E-12 -26.91 0 174 494 922 2128 0.35223 8.30E-15 246
1 IRF4_MOUSE.H11MO.0.A RAAARRGGAASTGARASH1.50E-09 4.20E-12 -26.2 0 195 483 1002 2058 0.40373 1.70E-14 241
1 ELF3_MOUSE.H11MO.0.B RAABVAGGAAGTRR4.30E-09 1.20E-11 -25.15 0 203 487 950 1892 0.41684 4.90E-14 243
1 ETV4_MOUSE.H11MO.0.B SAGGAAGT 2.40E-08 6.80E-11 -23.42 0 219 493 1133 2171 0.44422 2.70E-13 246
1 PRDM1_MOUSE.H11MO.0.A RAAAGTGAAAGTGR2.60E-08 7.40E-11 -23.33 0 127 487 677 2032 0.26078 3.00E-13 243
1 NF2L2_MOUSE.H11MO.0.A RTGACTCAGCADWW7.30E-08 2.00E-10 -22.32 0 119 487 643 2050 0.24435 8.30E-13 243
1 IRF9_MOUSE.H11MO.0.C GAAAGCGAAAYT7.40E-08 2.10E-10 -22.3 0 197 489 457 875 0.40286 8.50E-13 244
1 GABPA_MOUSE.H11MO.0.A GGVRCCGGAAGTGV3.20E-07 8.80E-10 -20.85 0 233 487 893 1580 0.47844 3.60E-12 243
1 ELF2_MOUSE.H11MO.0.C TDNCAGGAAGTRRVT4.40E-06 1.20E-08 -18.22 0 226 486 815 1483 0.46502 5.10E-11 242
1 PEBB_MOUSE.H11MO.0.C TYTGTGGTYWB7.10E-06 2.00E-08 -17.73 0 194 490 960 2062 0.39592 8.10E-11 244
1 STAT2_MOUSE.H11MO.0.A RRGRAAAHGAAACTGAAAV2.80E-05 7.70E-08 -16.38 0 140 482 611 1696 0.29046 3.20E-10 240
1 ATF1_MOUSE.H11MO.0.B VTGACGTCAS 4.50E-05 1.30E-07 -15.89 0 217 491 498 916 0.44196 5.10E-10 245
1 ELK1_MOUSE.H11MO.0.B RCCGGAAGTGV1.70E-04 4.80E-07 -14.54 0 238 490 986 1773 0.48571 2.00E-09 244
1 FLI1_MOUSE.H11MO.0.A GGVRCCGGAAGYGS1.90E-04 5.30E-07 -14.45 0 179 487 828 1910 0.36756 2.20E-09 243
1 PO2F2_MOUSE.H11MO.0.B AYATGCAAATK 2.40E-04 6.60E-07 -14.23 0 198 490 883 1875 0.40408 2.70E-09 244
1 ETV6_MOUSE.H11MO.0.C RCAGGAARK 2.80E-04 7.90E-07 -14.05 0 234 492 1165 2165 0.47561 3.20E-09 245
1 ETS1_MOUSE.H11MO.0.A VRRRCMGGAAGTGG4.00E-04 1.10E-06 -13.71 0 231 487 1071 1986 0.47433 4.60E-09 243
1 ATF2_MOUSE.H11MO.0.A RRTGABGTCAY 4.00E-04 1.10E-06 -13.71 0 118 490 545 1815 0.24082 4.60E-09 244
1 NFIL3_MOUSE.H11MO.0.C DRTTATGYAAB 5.70E-04 1.60E-06 -13.35 0 200 490 776 1623 0.40816 6.50E-09 244
1 DDIT3_MOUSE.H11MO.0.C MTGATGHAAT 7.20E-04 2.00E-06 -13.12 0 259 491 1033 1735 0.52749 8.20E-09 245
1 BACH1_MOUSE.H11MO.0.C TGCTGAGTCAYGGT7.50E-04 2.10E-06 -13.08 0 167 487 166 336 0.34292 8.60E-09 243
1 ETV2_MOUSE.H11MO.0.A RRARRCAGGAARYRGS1.40E-03 3.90E-06 -12.46 0 231 485 918 1687 0.47629 1.60E-08 242
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1 IRF7_MOUSE.H11MO.0.C GAAASYGAAA 1.50E-03 4.20E-06 -12.38 0 129 491 649 2044 0.26273 1.70E-08 245
1 ERG_MOUSE.H11MO.0.A VVRCMGGAAGYRVV9.20E-03 2.60E-05 -10.57 0 175 487 844 2032 0.35934 1.10E-07 243
1 FEV_MOUSE.H11MO.0.B GCVGGAAGYG 1.30E-02 3.70E-05 -10.2 0 207 491 1036 2174 0.42159 1.50E-07 245
1 CEBPG_MOUSE.H11MO.0.B RKMTGATGCAAY1.50E-02 4.30E-05 -10.05 0 77 489 226 1036 0.15746 1.80E-07 244
1 GFI1B_MOUSE.H11MO.0.A KCWGTGRTTT 8.10E-02 2.30E-04 -8.4 0 195 491 946 2110 0.39715 9.20E-07 245
1 ATF4_MOUSE.H11MO.0.A RNMTGATGCAAY9.00E-02 2.50E-04 -8.29 0 77 489 127 535 0.15746 1.00E-06 244
1 BATF3_MOUSE.H11MO.0.A BRSTTTCADTWTGASWM1.20E-01 3.30E-04 -8 0 134 484 651 2006 0.27686 1.40E-06 241
1 NFAC3_MOUSE.H11MO.0.B TGGAAAAHY 1.60E-01 4.40E-04 -7.73 0 222 492 1003 1992 0.45122 1.80E-06 245
1 ELK4_MOUSE.H11MO.0.B SRRCCGGAAGYRG4.80E-01 1.30E-03 -6.61 0 232 488 1105 2111 0.47541 5.60E-06 243
1 IRF3_MOUSE.H11MO.0.A RAAARGGAAAVDGAAASDGA7.20E-01 2.00E-03 -6.21 0 145 481 713 2062 0.30146 8.40E-06 240
1 NFAC2_MOUSE.H11MO.0.C TGGAAAAWY 7.90E-01 2.20E-03 -6.11 0 56 492 302 2084 0.11382 9.10E-06 245
1 RORG_MOUSE.H11MO.0.B RRAASTRGGTCA8.30E-01 2.30E-03 -6.06 0 131 489 628 2020 0.26789 9.60E-06 244
1 KLF1_MOUSE.H11MO.0.A DGGGYGKGGCYGGG8.70E-01 2.40E-03 -6.02 0 213 487 788 1605 0.43737 1.00E-05 243
1 MITF_MOUSE.H11MO.0.A YCWYGTGACY 1.10E+00 3.20E-03 -5.75 0 169 491 793 2039 0.3442 1.30E-05 245
1 SIX4_MOUSE.H11MO.0.C WGWAACCTGASMSY1.30E+00 3.60E-03 -5.63 0 203 487 1003 2173 0.41684 1.50E-05 243
1 MAFK_MOUSE.H11MO.0.A DWWWYTGCTGAGTCAKCWHW1.50E+00 4.30E-03 -5.44 0 217 481 387 733 0.45114 1.80E-05 240
1 TBX21_MOUSE.H11MO.0.A RRAGGTGWGARD1.60E+00 4.50E-03 -5.4 0 179 489 890 2174 0.36605 1.80E-05 244
1 STAT1_MOUSE.H11MO.0.A RRRAAAHWGAAASTVAARVARR1.90E+00 5.40E-03 -5.21 0 167 479 808 2060 0.34864 2.30E-05 239
1 NR1D2_MOUSE.H11MO.0.A RRRDAWGTRRGTCASDRRR2.10E+00 5.90E-03 -5.13 0 156 482 783 2144 0.32365 2.50E-05 240
1 CREM_MOUSE.H11MO.0.C CRVTGACGTCA3.10E+00 8.70E-03 -4.75 0 182 490 548 1288 0.37143 3.60E-05 244
1 KLF4_MOUSE.H11MO.0.A KRRRVWGGGTGKGGC3.80E+00 1.10E-02 -4.56 0 216 486 1018 2088 0.44444 4.40E-05 242
1 CEBPA_MOUSE.H11MO.0.A DRTTGTGCAAY3.80E+00 1.10E-02 -4.54 0 298 490 992 1509 0.60816 4.40E-05 244
1 MAF_MOUSE.H11MO.0.A RWWBTGCTGASWCWGCH4.20E+00 1.20E-02 -4.45 0 216 484 986 2012 0.44628 4.90E-05 241
1 SUH_MOUSE.H11MO.0.A BYSTGGGAAAV4.90E+00 1.40E-02 -4.3 0 96 490 498 2168 0.19592 5.60E-05 244
1 E2F2_MOUSE.H11MO.0.B GGCGCGAAAC5.80E+00 1.60E-02 -4.13 0 169 491 359 883 0.3442 6.60E-05 245
1 CEBPB_MOUSE.H11MO.0.A DRTTGYGCAAY6.10E+00 1.70E-02 -4.07 0 266 490 801 1346 0.54286 7.10E-05 244
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