
 1 

Natural genetic variation affecting transcription factor spacing at 1 
regulatory regions is generally well tolerated 2 
 3 
Zeyang Shen1,2, Jenhan Tao1, Gregory J. Fonseca1 and Christopher K. Glass1,3,4 4 
1Department of Cellular and Molecular Medicine, School of Medicine 5 
2Department of Bioengineering, Jacobs School of Engineering 6 
3Department of Medicine, School of Medicine, University of California, San Diego, La Jolla, 7 
CA, 92093, USA 8 
4ckg@ucsd.edu 9 
 10 
Abstract 11 
Regulation of gene expression requires the combinatorial binding of sequence-specific 12 
transcription factors (TFs) at promoters and enhancers. Single nucleotide polymorphisms 13 
(SNPs) and short insertions and deletions (InDels) can influence gene expression by altering 14 
the sequences of TF binding sites. Prior studies also showed that alterations in the spacing 15 
between TF binding sites can influence promoter and enhancer activity. However, the relative 16 
importance of altered TF spacing has not been systematically analyzed in the context of 17 
natural genetic variation. Here, we exploit millions of InDels provided by five diverse strains 18 
of mice to globally investigate the effects of altered spacing on TF binding and local histone 19 
acetylation in macrophages. We find that spacing alterations resulting from InDels are 20 
generally well tolerated in comparison to genetic variants that directly alter TF binding sites. 21 
These findings have implications for interpretation of non-coding genetic variation and 22 
comparative analysis of regulatory elements across species. 23 
 24 
Introduction 25 
Genome-wide association studies (GWASs) have identified thousands of genetic variants 26 
associated with diseases and other traits (MacArthur et al., 2017, Visscher et al., 2017). 27 
Many of these variants fall into regulatory regions of the genome, implicating their effects on 28 
gene regulation (GTEx Consortium, 2015, Farh et al., 2015). Gene expression is regulated in 29 
a cell-type-specific manner by transcription factors (TFs) that bind to short, degenerate 30 
sequences in promoters and enhancers referred to as TF binding motifs. Active promoters and 31 
enhancers are selected by combinations of sequence-specific TFs that bind in an inter-32 
dependent manner to closely spaced motifs. Genetic variation that creates or disrupts TF 33 
binding motifs is a well-established mechanism for altering gene expression and biological 34 
function (Grossman et al., 2017, Deplancke et al., 2016, Heinz et al., 2015). Collaborative 35 
binding of TFs required for enhancer or promoter selection can interact over a relatively 36 
broad range of spacing (e.g., 100-200 bp; Slattery et al., 2014, Jiang and Singh, 2014, Heinz 37 
et al., 2010). Consistent with this, flexibility in motif spacing relationships has been 38 
demonstrated using reporter assays in Drosophila (Menoret et al., 2013) and HepG2 cells 39 
(Smith et al., 2013).  40 
 41 
On the contrary, substantial evidence also showed that specific spacing relationships between 42 
motifs can be important for TF binding and function (Boeva, 2016). A special category is 43 
provided by TFs that form ternary complexes recognizing composite binding sites, 44 
exemplified by CAP-SELEX studies of 9,400 TF pairs (Jolma et al., 2015), MyoD and other 45 
muscle-specific factors in muscle cells (Nandi et al., 2013), Sox2 and Oct4 in embryonic 46 
stem cells (Rodda et al., 2005), Ets and E-box in haematopoietic cells (Ng et al., 2014), etc. 47 
Similar constrained spacing between independent motifs are required for the optimal binding 48 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 3, 2020. ; https://doi.org/10.1101/2020.04.02.021535doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.02.021535
http://creativecommons.org/licenses/by/4.0/


 2 

and function of interacting TFs at the interferon-b enhanceosome (Panne, 2008). In addition, 49 
reporter assays examining synthetic alterations of motif spacing between collaborative factors 50 
revealed examples for high sensitivity of gene expression on spacing in Ciona (Farley et al., 51 
2015). However, these studies did not distinguish the impact of altered spacing on 52 
transcription factor binding or subsequent recruitment of co-activators required for gene 53 
activation. Moreover, it remains unknown the extent to which these findings are relevant to 54 
altered spacing resulting from natural genetic variation in human population or between 55 
animal species.  56 
 57 
Bone marrow-derived macrophages (BMDMs) from genetically diverse strains of mice 58 
provide a powerful system for studying the genome-wide impact of natural genetic variation 59 
on gene regulation. Single nucleotide polymorphisms (SNPs) and short insertions and 60 
deletions (InDels) represent common forms of genetic variation in the genomes of different 61 
mouse strains (Keane et al., 2011) and are associated with strain-specific variation in gene 62 
expression. SNPs and InDels could affect motif sequence and mutate a motif, while InDels 63 
could additionally change spacing between motifs. Initial studies in the BMDMs from two 64 
strains of mice used naturally occurring motif mutations to support a collaborative binding 65 
model between LDTFs (e.g., PU.1 and C/EBPβ) and a hierarchical binding model between 66 
LDTFs and signal dependent transcription factors (SDTFs) (e.g., PU.1 and p65) (Heinz et al., 67 
2013). Subsequent studies leveraging more than 50 million SNPs and 5 million InDels from 68 
five mouse strains linked ~60% of strain-specific TF binding sites to mutated motifs (Link et 69 
al., 2018a), suggesting a possibility for the remaining strain-specific sites to be impacted by 70 
InDels that alter motif spacing.  71 
 72 
To investigate the effects of altered spacing on TF binding and function, we first 73 
characterized the genome-wide binding patterns of macrophage LDTFs and SDTFs based on 74 
their binding sites determined by chromatin immuno-precipitation sequencing (ChIP-seq). By 75 
leveraging the local genetic variation at the TF binding sites from the five strains of mice, we 76 
linked the alteration of motif spacing to the change of TF binding activity and local 77 
acetylation of histone H3 lysine 27 (H3K27ac), which is a histone modification that is highly 78 
correlated with enhancer and promoter function (Creyghton et al., 2010). We find that InDels 79 
altering spacing between specific pairs of LDTFs and SDTFs can be associated with 80 
significant changes in their respective binding, but this relationship can largely be explained 81 
by effects of these InDels on the binding motifs of other collaborative factors, suggesting a 82 
general tolerance of spacing alterations resulting from natural genetic variation. These 83 
findings have implications for understanding mechanisms underlying enhancer selection, 84 
interpretation of non-coding variants associated with phenotypic variation, and comparisons 85 
of regulatory elements between species. 86 
 87 
Results 88 
Characterization of the spacing between macrophage LDTFs 89 
As a starting point, we characterized the spacing relationship between the macrophage 90 
LDTFs, PU.1 and C/EBPb (Figure 1A), which have been found to bind in a collaborative 91 
manner at regulatory regions of macrophage-specific genes (Heinz et al., 2010). We first 92 
determined reproducible PU.1 and C/EBPβ binding sites from the replicate ChIP-seq data of 93 
C57BL/6J (C57) mice (Link et al., 2018a) and then categorized them into three groups: co-94 
bound by both factors, bound by PU.1 only, and bound by C/EBPβ only (Figure 1B). For 95 
every binding site, we identified the DNA sequence best matching the motifs of PU.1 and 96 
C/EBPβ as determined by position weight matrices (PWMs) (Stormo, 2000; Materials and 97 
Methods). We then computed the spacing (i.e., distance) between the centers of best-98 
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matching sequences and plotted its distribution for sites within the same group. Co-binding 99 
sites showed a preference, but not strictness, for PU.1 and C/EBPβ motifs to occur within 100 
±75 bp of each other (Figure 1C; Figure 1—figure supplement 1), in agreement with prior 101 
studies (Heinz et al., 2010). Noticeably, a discontinuity occurred at where the two motifs 102 
overlap (spacing < 12 bp), potentially due to a steric inhibition of co-binding in these 103 
instances. For the sites bound by PU.1 or C/EBPβ alone, the spacing relationship between 104 
PU.1 and C/EBPβ motifs was statistically similar to the background distribution, consistent 105 
with few collaborative interactions between PU.1 and C/EBPβ at these sites.  106 
 107 
After observing the overall proximity between PU.1 and C/EBPβ motifs at their co-binding 108 
sites, we investigated whether this spacing preference had an impact on TF binding. The 109 
binding activities of PU.1 and C/EBPβ were quantified by ChIP-seq reads at the co-binding 110 
sites. We correlated the number of reads with either motif spacing or motif score, which 111 
represents the similarity of a sequence in comparison to PWMs. Both PU.1 and C/EBPβ 112 
binding activities were positively correlated with the motif scores of their respective motifs 113 
but showed a much weaker correlation with spacing (Figure 1D). Interestingly, PU.1 binding 114 
activity is negatively correlated with C/EBPβ motif score, implicating a synergistic binding 115 
model between these two TFs, which would allow the recognition of more degenerate motif 116 
sequence when they bind together to DNA.  117 
 118 
Effect of altered spacing on transcription factor binding based on natural genetic 119 
variation across mouse strains 120 
 121 
Table 1. P-values and effect sizes for the effects of different genetic variation between C57 and PWK on PU.1 binding, 122 
C/EBPβ binding, and H3K27ac. 123 

P-values are calculated based on 10,000 iterations of permutation tests by comparing the log fold changes of ChIP-seq reads against 124 
the variant-free category. P-value below 1e-4 is beyond the specified testing power. Effect sizes are represented by Cohen’s d, 125 
displayed by its 90% confidence interval, which is based on 10,000 iterations of sampling the variant-free regions. For the 126 
comparison of different filters for InDels altering spacing, we computed the statistics for the complete set (i.e., unfiltered) and the 127 
filtered sets after excluding InDels simultaneously mutating motifs of collaborative factors or non-collaborative factors.  128 
 129 
To investigate the requirement and tolerance of spacing proximity observed for collaborative 130 
factors, we leveraged the natural genetic variation across genetically diverse strains of mice 131 
as a mutagenesis screen. We selected five strains from which the ChIP-seq data of 132 
macrophage LDTFs and SDTFs were previously published (Link et al., 2018a): C57BL/6J 133 
(C57), BALB/cJ (BALB), NOD/ShiLtJ (NOD), PWK/PhJ (PWK), and SPRET/EiJ (SPRET). 134 
Independent comparisons were conducted between C57 and one of the other four strains, 135 
which provide 4-40 million SNPs and 1-4 million InDels with respect to C57 (Keane et al., 136 
2011). We first identified the co-binding sites of PU.1 and C/EBPβ for every strain based on 137 
ChIP-seq data. For each pairwise analysis, the co-binding sites from C57 and the compared 138 
strain were pooled and distributed into four categories based on the impacts of local variants: 139 
altered spacing, mutated PU.1 motif, mutated C/EBPβ motif, and variant-free (Figure 2A; 140 
Materials and Methods). We quantified the effects of genetic variation on TF binding based 141 
on log2 fold changes of ChIP-seq reads between the compared strains. PU.1 binding is 142 

 Mutated  
PU.1 motif 

Mutated  
C/EBPβ motif 

Altered spacing 
(unfiltered) 

Altered spacing 
(filtered by 
collabor. factors) 

Altered spacing 
(filtered by 
unrelated factors) 

p d p d p d p d p d 

PU.1 binding <1e-4 [1.07, 
1.12] <1e-4 [0.71, 

0.78] <1e-4 [0.38, 
0.58] 0.002 [0.16, 

0.52] <1e-4 [0.37, 
0.66] 

C/EBPβ binding <1e-4 [0.76, 
0.84] <1e-4 [1.03, 

1.10] <1e-4 [0.27, 
0.50] 0.16 [0.04, 

0.37] 6e-4 [0.20, 
0.55] 

H3K27ac <1e-4 [0.56, 
0.65] <1e-4 [0.55, 

0.65] <1e-4 [0.24, 
0.45] 0.17 [0.04, 

0.29] 9e-4 [0.16, 
0.45] 
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significantly affected by mutated PU.1 motif and mutated C/EBPβ motif, which have the 143 
largest and second largest effect sizes represented by Cohen’s d (Table 1; Figure 2B; Figure 144 
2—figure supplement 1). Similarly, C/EBPβ binding is most significantly affected by 145 
mutated C/EBPβ motif, followed by mutated PU.1 motif (Table 1; Figure 2C; Figure 2—146 
figure supplement 1). Altered spacing resulting from InDels showed a much smaller, but 147 
still significant effect on both PU.1 and C/EBPβ binding (Table 1 “unfiltered”). In many 148 
cases, an alteration of several nucleotides between PU.1 and C/EBPβ motifs has no 149 
observable effect on TF binding, while one SNP that alters the core sequence of a motif can 150 
disrupt TF binding (Figure 2—figure supplement 2).  151 
 152 
After observing a significant effect of altered spacing on the binding of PU.1 and C/EBPβ, 153 
we investigated whether the effect size is influenced by the scale or direction of spacing 154 
alterations. By correlating the change of binding activity with the size of InDels (positive for 155 
insertions and negative for deletions), spacing alteration demonstrated an effect independent 156 
from the scale or direction of InDels (Figure 2D; Figure 2—figure supplement 3). On the 157 
contrary, changes of motif score are strongly correlated with changes of ChIP-seq reads, 158 
consistent with the important role of motif for TF binding. The invariable effects of InDels 159 
were unexpected because, based on the spacing relationship of PU.1 and C/EBPβ, we 160 
expected a preference for closer spacing and a larger effect from longer InDels. However, 161 
InDels altering 1 or 2 bp between motifs can often have an effect as large as relatively long 162 
InDels, and such effect is not affected by the initial spacing between motifs (Figure 2—163 
figure supplement 4), suggesting that the significant effect of InDels might not be directly 164 
resulted from the alteration of spacing but from other reasons. 165 
 166 
InDels that alter spacing may simultaneously mutate motifs of other collaborative 167 
factors 168 
One possibility for seeing a significant effect of InDels that reside between PU.1 and C/EBPβ 169 
motifs could be alterations of motifs recognized by other collaborative factors. To test this 170 
hypothesis, we developed a computational framework to confidently identify collaborative 171 
factors. Considering that it would be a vast undertaking to perform ChIP-seq on all expressed 172 
TFs, our framework leverages TF binding sites identified from single ChIP-seq data and 173 
predicts collaborative factors based on high-score and closely spaced motifs (Figure 3A). 174 
This design is supported by our observations on PU.1 and C/EBPβ binding sites where an 175 
increasing threshold on the motif score of collaborative factors recovered a larger proportion 176 
of co-binding sites (Figure 3—figure supplement 1) and also recovered the spacing 177 
relationships previously identified from ChIP-seq data (Figure 3—figure supplement 2). To 178 
compare the spacing distribution predicted by our framework to the distribution identified 179 
from co-binding sites, we tested on PU.1 binding sites measured by ChIP-seq and searched 180 
for high-score motif of cJun (i.e., FOS::JUN or TGAG/CTCA), which is a known LDTF of 181 
macrophages and a collaborative factor of PU.1. The predicted distribution of cJun around 182 
PU.1 aligned well with experimentally determined distribution based on cJun ChIP-seq (Link 183 
et al., 2018a), showing the utility of identifying collaborative factors based on closely spaced 184 
high-score motifs (Figure 3B). Therefore, we applied this approach to uncover the 185 
collaborative factors of PU.1 and C/EBPβ from over five hundred TFs whose motifs are 186 
available in the JASPAR database (Fornes et al., 2020). To facilitate the comparison across 187 
motifs, we used the top 4,000 regions ranked by the motif score of every computed motif to 188 
obtain spacing distribution and compared each distribution against the background 189 
distribution using KS tests. P-values from KS tests were given signs to distinguish positive or 190 
negative associations with proximal spacing. Most TFs indicate no spacing relationship with 191 
either PU.1 or C/EBPβ (Figure 3C; Figure 3—figure supplement 3). Motifs with proximal 192 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 3, 2020. ; https://doi.org/10.1101/2020.04.02.021535doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.02.021535
http://creativecommons.org/licenses/by/4.0/


 5 

spacing relationships tend to have relatively high expression based on RNA-seq data (Link et 193 
al., 2018a).  194 
 195 
Based on our computational framework, we selected twelve predicted collaborative factors, 196 
which are closely spaced with PU.1 or C/EBPβ (KS test p-value < 1e-5) and also highly 197 
expressed in mouse macrophages (TPM value > 16). We refined the testing of co-binding 198 
sites by filtering out those with motif mutations of any collaborative factors on at least one 199 
core position (roughly equivalent to a change of motif score greater than 1). The remaining 200 
sites with InDels between PU.1 and C/EBPβ motifs, which should represent a clean set of 201 
spacing alterations, showed a diminished effect on TF binding (Table 1 “filtered by collabor. 202 
factors”; Figure 3D). When we filtered on unrelated factors identified as non-collaborative 203 
by our framework, the effect sizes were not affected (Table 1 “filtered by unrelated factors”; 204 
Figure 3—figure supplement 4).  205 
 206 
To investigate whether the effects of altered spacing on PU.1 and C/EBPβ binding can be 207 
generalized to hierarchical interactions with signal-dependent transcription factors, we 208 
repeated our analyses on another pair of TFs, PU.1 and the NFkB subunit p65. Upon 209 
macrophage activation with the TLR4-specific ligand Kdo2 lipid A (KLA), p65 enters the 210 
nucleus and primarily binds to poised enhancer elements that are selected by pioneering 211 
factors including PU.1. By leveraging the ChIP-seq data of the two TFs from C57 and PWK 212 
macrophages treated for one hour with KLA (Link et al., 2018a), we observed a preference 213 
for proximal spacing between PU.1 and p65 motifs at their co-binding sites (Figure 3—214 
figure supplement 5) and a diminished effect of altered spacing after excluding InDels that 215 
affect motifs of the predicted collaborative factors of PU.1 (Figure 3E; Figure 3—figure 216 
supplement 6), consistent with our finding from PU.1 and C/EBPβ that spacing alterations 217 
are well tolerated by TF binding.  218 
 219 
Effect of altered spacing on promoter and enhancer function 220 
Although alterations in motif spacing were generally well tolerated at the level of DNA 221 
binding, it remained possible that changes in motif spacing could influence subsequent steps 222 
in enhancer and/or promoter activation. To examine this, we extended our analysis to local 223 
histone acetylation as a surrogate of promoter and enhancer function. We leveraged the 224 
H3K27ac ChIP-seq data for the five strains of mice (Link et al., 2018a) and calculated the log 225 
fold changes of H3K27ac level within the extended 1000-bp regions of the PU.1 and C/EBPβ 226 
co-binding sites. Testing all the co-binding sites demonstrated significant effects of both 227 
spacing alteration and motif mutation (Table 1; Figure 4A; Figure 4—figure supplement 228 
1). However, the significance for altered spacing disappeared after filtering out sites 229 
potentially having motif mutations for the previous twelve collaborative factors (Table 1; 230 
Figure 4B; Figure 4—figure supplement 2). Again, filtering for unrelated factors did not 231 
influence the effect size (Table 1; Figure 4—figure supplement 3). The tolerance of 232 
spacing alteration was further reflected by a weak correlation between the change of 233 
acetylation level and the size of InDels, in comparison to a much stronger correlation with 234 
motif scores of both PU.1 and C/EBPβ (Figure 4C). Similar to what was observed for TF 235 
binding, altered spacing demonstrated trivial effects on histone acetylation, which is 236 
supported by the high consistency between change of TF binding and change of acetylation 237 
(Figure 4—figure supplement 4). Noticeably, the acetylation level has an overall smaller 238 
scale of change compared to TF binding activity, reflecting its more complex dependency on 239 
TF binding (Reiter et al., 2017). 240 
 241 
Consideration of gap penalties in cross species sequence alignments 242 
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The insignificant effect of InDels between TF binding sites on TF binding and local histone 243 
acetylation at a genome-wide scale suggested that evolutionary pressure on enhancer 244 
selection and function would be relatively tolerant of these forms of genetic variation in 245 
comparison to InDels that directly affect the sequences of TF binding motifs. This is in 246 
contrast to effects of InDels in protein coding regions of the genome, in which insertions or 247 
deletions of bases other than multiples of three would result in frame-shift mutations. To 248 
explore this possibility, we performed sequence alignments using BLAST (Boratyn et al., 249 
2013) for well-established regulatory elements of macrophage-specific genes in the mouse 250 
with the human genome using i) standard parameters that impose significant penalties for 251 
gaps or ii) lenient parameters in which gap penalties were diminished. These comparisons 252 
frequently resulted in relatively short sequence alignments when standard gap penalties were 253 
applied but much more extended alignments that contained multiple relevant TF binding 254 
motifs using lenient gap penalties (Figure 5A; Figure 5—figure supplements 1 and 2). 255 
Examples are provided for putative regulatory elements of genes with known functions in 256 
macrophages (Figure 5B; Figure 5—figure supplement 3), including Anxa7 (Li et al., 257 
2013), Fos (Hop et al., 2018), Vmp1 (Dziuba et al., 2012), Max (Ayer et al., 1993), and 258 
Sema4d (Li et al., 2018). These regions are bound by PU.1 and C/EBPb in mouse BMDMs 259 
and are acetylated at H3K27 in both mouse BMDMs and human monocytes. A standard 260 
alignment of the human genome using 300-bp sequences from the mouse genome resulted in 261 
homologies that contain neither PU.1 nor C/EBPb motif (Figure 5C; Figure 5—figure 262 
supplement 4). In contrast, lenient gap penalties captured much more extended regions, 263 
containing high-score motifs of both PU.1 and C/EBPb. The motif sequences of PU.1 and 264 
C/EBPb are well preserved between human and mouse, but the motif spacing is altered by 1-265 
6 bp, further supporting the general tolerance of spacing alterations.  266 
 267 
Discussion 268 
We investigated the global dependencies of collaborative TFs on spacing, using LDTFs and 269 
SDTFs of macrophages as the study model. PU.1 and C/EBPβ demonstrated a preference for 270 
proximal motif spacing at their co-binding sites, but this preference for proximal spacing is 271 
not a strong modifier of TF binding in comparison to the high correlation between motif 272 
scores and TF binding activities. By leveraging natural genetic variation across genetically 273 
diverse strains of mice, we revealed the effects of spacing alterations and motif mutations on 274 
TF binding and function. InDels that alter spacing between PU.1 and C/EBPβ motifs were 275 
associated with a smaller, but significant, change of TF binding and histone acetylation 276 
compared to motif mutations. However, by excluding InDels that potentially affect motifs of 277 
other collaborative factors identified by our newly developed framework, we observed an 278 
insignificant effect of the remaining sites. This finding suggests that the significant effects 279 
observed for InDels at some sites are very likely due to the motif mutations of other 280 
collaborative factors instead of spacing alterations between PU.1 and C/EBPβ motifs. This 281 
result is consistent with the slope seen in the spacing distributions of PU.1 and C/EBPβ at 282 
their co-binding sites (Figure 1C). For example, an InDel resulting in a change in spacing 283 
from 20 bp to 30 bp would still place the motifs well within the range of collaborative 284 
interactions. Similar relationships were observed for PU.1 and cJun, and for PU.1 and p65. 285 
Although these relationships are likely to be general, studies of additional LDTFs and SDTFs 286 
in other cell types will be required to establish this point.  287 
 288 
These findings provide evidence that a subset of transcriptional regulatory elements does not 289 
require strict spacing relationships between transcription factors, in contrast to the examples 290 
provided by functional and structural studies of the interferon-β enhanceosome (Panne, 2008) 291 
and demonstrated in vivo in the case of synthetically modified enhancer elements in Ciona 292 
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(Farley et al., 2015). However, these two examples represent regulatory elements in which 293 
key TF motifs are tightly spaced in their native contexts (i.e., 6-13 bp between motif centers). 294 
Direct protein-protein interactions are observed between bound TFs at the interferon-β 295 
enhanceosome, analogous to interactions defined for cooperative TFs that form ternary 296 
complexes (Morgunova and Taipale, 2017, Reményi et al., 2003). Insertions or deletions 297 
between these tightly spaced motifs may result in sequence alterations as well as the potential 298 
for steric inhibition of DNA binding. Consistent with this, spacing distributions for most 299 
collaborative TFs exhibit a discontinuity at spacings of less than 12 bp between motif centers 300 
due to overlap of their sequences (Figure 1C). The present studies were thus not able to 301 
distinguish effects of spacing from effects of motif mutations below this motif distance 302 
threshold. 303 
 304 
Another question raised by the discrepancy between the spacing dependencies discovered by 305 
previous studies and the spacing tolerance concluded by the present studies is the relative 306 
proportion of regulatory elements overall in which strict spacing relationships have functional 307 
importance. The current studies are limited by the ~5 million InDels provided by five strains 308 
of mice. Of the approximately 14,000 genomic locations co-bound by PU.1 and C/EBPb and 309 
associated with local histone acetylation, informative InDels to test for impact of spacing 310 
(i.e., between PU.1 and C/EBPb motifs, not affecting other collaborative TF motifs, and not 311 
complicated by other variants) were present at ~300 sites, representing ~2% of these regions. 312 
While this set of genomic locations enabled clear conclusions based on comparisons to ~4000 313 
variant free sites, the extent to which this set of binding sites is representative of all 314 
regulatory elements is unclear. In particular, the interferon-β enhancer is among many 315 
regulatory elements that have no InDels across the five mouse strains examined. It thus 316 
remains possible that a subset of enhancers is dependent on strict spacing relationships.  317 
 318 
Regardless of the extent of potential spacing-dependent regulatory elements, the present 319 
studies provide strong evidence that naturally occurring alterations in spacing between TF 320 
binding sites within putative regulatory elements are generally well tolerated. The 321 
conclusions are likely transferrable to explain the effects of InDels observed in human 322 
genomes, considering the similar number and size of InDels observed in human population 323 
(Mills et al., 2011). To leverage an additional source of genetic variation, we compared the 324 
regulatory elements of mouse macrophages lacking InDels to human genomic sequences. 325 
Standard gap penalties generally resulted in short sequence fragments, whereas more lenient 326 
penalties recovered extended regions of homology containing corresponding LDTF motifs. 327 
These findings support that InDels are tolerated by a large fraction of regulatory elements and 328 
provide a basis for decreasing gap penalties for sequence comparisons of putative regulatory 329 
elements across species. Nevertheless, these studies rely on natural genetic variation, which is 330 
subject to natural selection. It will therefore be of interest to systematically introduce variable 331 
sizes of InDels between LDTFs in representative variant free enhancers to obtain an unbiased 332 
answer to the generality of the tolerance of spacing alterations. 333 
 334 
Materials and Methods 335 
Sequencing data processing 336 
The mouse sequencing data used in this study were downloaded from the GEO database with 337 
accession number GSE109965 (Link et al., 2018a). We mapped the ChIP-seq reads using 338 
Bowtie2 v2.3.5.1 (Langmead and Salzberg, 2012) and mapped the RNA-seq reads using 339 
STAR v2.5.3a (Dobin et al., 2013) all with default parameters. Data from C57BL/6J mice 340 
were mapped to mm10 genome. Reads from BALB/cJ, NOD/ShiLtJ, PWK/PhJ, and 341 
SPRET/EiJ were mapped to their respective genomes built by MMARGE v1.0 with default 342 
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variant filters and were then shifted to mm10 genome using MMARGE v1.0 “shift” function 343 
(Link et al., 2018b) to facilitate comparison at homologous regions. The reproducible TF 344 
binding sites were identified from mapped ChIP-seq data by first using HOMER v4.9.1 345 
(Heinz et al., 2010) to call unfiltered 300-bp peaks (command “findPeaks -style factor -L 0 -346 
C 0 -fdr 0.9 -size 200”) and then running IDR v2.0.3 (Li et al., 2011) on replicates with 347 
default parameters. Gene expression was quantified by TPM to represent normalized RNA-348 
seq reads mapped to exons using HOMER v4.9.1 (command “analyzeRepeats.pl rna mm10 -349 
count exons -condenseGenes -tpm”). Activity of TF binding was quantified by the number of 350 
TF ChIP-seq reads within 300-bp TF binding sites normalized by library size using HOMER 351 
v4.9.1 (command “annotatePeaks.pl mm10 -norm 1e7”). Activity of promoter and enhancer 352 
was quantified by normalized H3K27ac ChIP-seq reads within extended 1000-bp regions 353 
around TF binding sites.  354 
 355 
Motif score and motif spacing calculation 356 
We extracted the DNA sequences of TF binding sites from the genomes of different mouse 357 
strains using the MMARGE v1.0 “extract_sequences” function (Link et al., 2018b). Based on 358 
DNA sequences, we computed motif scores and identified TF binding motifs as previously 359 
described (Shen et al., 2020). Generally, we first calculated dot products between position 360 
weight matrices (PWMs) and sequence vectors using Biopython package (Cock et al., 2009). 361 
PWMs for PU.1, C/EBPβ, and over 500 other TFs were obtained from the JASPAR 362 
vertebrate core database (Fornes et al., 2020). Then the highest score for each PWM and its 363 
position across 300 bp were recorded to represent the entire sequence. Changes of motif 364 
scores were computed between the highest motif scores in two compared strains at the same 365 
regions. To obtain the confident binding positions of the measured TFs, we excluded TF 366 
binding sites whose corresponding motifs are larger than 40 bp away from the peak centers or 367 
have a score lower than zero (i.e., less likely to occur than random chance). Approximately 368 
70% of total peaks passed these criteria for both PU.1 and C/EBPβ. Motif spacing was 369 
calculated from center of one motif to another, but only for sites whose highest motif scores 370 
are greater than zero.  371 
 372 
Background sequence generation 373 
We generated background sequences by shuffling the sequences of TF binding sites in a unit 374 
of dimers, which can well preserve the GC content. We then manually replaced the central 375 
part of each background sequence with a TF binding motif by sampling nucleotides based on 376 
the probabilities in its PWM. Motif score and motif spacing were calculated in the same way 377 
for these shuffled sequences as for the TF binding sites.  378 
 379 
Categorization of regions based on genetic variation 380 
To investigate the effects of genetic variation, we separated the PU.1 and C/EBPβ co-binding 381 
sites into four categories. “Mutated PU.1” and “Mutated CEBPB” include sites with variants 382 
that change the motif scores of PU.1 and C/EBPβ motifs, respectively. “Altered spacing” 383 
category includes sites where InDels exist between PU.1 and CEBPB motifs, which are not 384 
altered by any other variant. Co-binding sites classified into these three categories all 385 
experience a single impact from their local variants (either altered spacing or mutated motif, 386 
not both) so that the effect size can be clearly traced. “Variant free” is the control category, 387 
which contains sites with no genetic variation. The information about genetic variation across 388 
mouse strains were extracted using MMARGE v1.0 “mutation_info” function (Link et al., 389 
2018b).  390 
 391 
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Statistical testing of effect size 392 
Effect size of genetic variation was computed by the ratio of ChIP-seq read counts between 393 
two compared strains followed by log2 transformation. We conducted permutation tests with 394 
10,000 iterations to compare the absolute log ratios between “Variant free” and other 395 
categories. During every iteration, we randomly selected a comparable size of regions from 396 
the “Variant free” category and computed the mean of the selected set. Based on 10,000 397 
mean values, we generated the null distribution and computed the percentile of the mean 398 
from the testing category on the null distribution as p-value. We also obtained the Cohen’s d 399 
between the sampled variant-free set and the testing category as the effect size (Sullivan and 400 
Feinn, 2012) and summarized the 90% confidence interval from 10,000 d values.  401 
 402 
Identification of collaborative factors based on motif score and spacing 403 
The TF binding sites identified from ChIP-seq data were first centered around the 404 
corresponding motif based on the highest motif score within 300-bp regions. Again, we 405 
filtered out those with motif score below zero or motif located more than 40 bp away from 406 
peak center. Next, we searched for the motifs of other TFs within ±150 bp. If the motif has a 407 
score greater than zero and does not overlap with the motif of the bound TF, we compute the 408 
distance from motif center to region center (i.e., center of the bound TF motif) and obtain a 409 
predicted spacing distribution by aggregating all the distances for each motif. The predicted 410 
distribution is further smoothed by a sliding average window of 8 bp for visualization. Each 411 
spacing distribution is compared to the distribution obtained from background sequences with 412 
the Kolmogorov-Smirnov test (KS test) using Scipy package (Virtanen et al., 2019). We 413 
conducted KS test for both halves of the distribution, upstream and downstream, generating 414 
two p-values for each motif. The mean p-values are used to represent the significance of 415 
dissimilarity from background distribution. Additionally, we gave signs to the p-values 416 
depending on whether more distances occur within or beyond 75 bp. Positive sign shows a 417 
preference for close spacing while negative sign represents inhibition of close spacing. 418 
Collaborative factors are predicted to have preference for close spacing. During the analyses 419 
of PU.1 and C/EBPβ binding, the twelve predicted collaborative TFs used to filter for InDels 420 
include IRF3, E2F6, SP1, ATF4, USF family (USF1, USF2), ETS family (ELF4, ETV6, 421 
ELK4), and AP-1 family (FOS::JUN, FOSL2::JUN, JDP2), while the unrelated factors used 422 
as controls include EGR1, OLIG1, NEUROD2, STAT1, KLF13, CTCF, and BARHL2. 423 
During the analyses of PU.1 and p65 binding, ten out of the twelve predicted collaborative 424 
TFs were used after excluding USF family, which was only predicted to be collaborators of 425 
C/EBPβ. 426 
 427 
Sequence alignment between mouse and human 428 
Among 3,917 variant-free PU.1 and C/EBPβ co-binding sites merged from C57 and PWK, 429 
we quantified the H3K27ac level within the extended 1,000-bp regions and set a cutoff of 430 
H3K27ac ChIP-seq reads at 16 to obtain active regulatory elements. We extracted 300-bp 431 
sequences of these co-binding sites from the mm10 genome and aligned them to the hg38 432 
genome using BLASTn algorithm (Boratyn et al., 2013). Except for the different gap 433 
penalties (“Gap Costs” on the BLAST web interface) tested in our studies, the other 434 
parameters were used as default settings. 435 
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Figure 1. Spacing relationship of PU.1 and C/EBPβ. (A) Schematic of the collaborative 443 
binding model between PU.1 and C/EBPβ, which recognize their own motifs spaced in 444 
macrophage-specific enhancers. (B) Numbers of singly binding and co-binding sites of PU.1 445 
and C/EBPβ identified from ChIP-seq data. (C) Distributions of C/EBPβ motif around PU.1 446 
binding sites. The distributions for non-overlapping sites (spacing > 12 bp) of each category 447 
were compared against the background distribution generated from shuffled sequences using 448 
Kolmogorov–Smirnov test (KS test). P-values from KS test are displayed in brackets. The 449 
spacing distributions were smoothed by an 8-bp sliding window for visualization purpose. 450 
(D) Hexbin plots showing the correlation between TF binding activity and motif spacing or 451 
motif score for the 9849 co-binding sites. Log2 ChIP-seq reads were calculated within 300 bp 452 
to quantify the binding activity of PU.1 and C/EBPβ. The color gradients represent the 453 
density of sites. Spearman correlation coefficients together with p-values are displayed to 454 
show the level of correlation. 455 
The following figure supplements are available for figure 1. 456 
Figure supplement 1. Spacing relationship of PU.1 and C/EBPβ. (A) Spacing distributions 457 
of PU.1 motif around C/EBPβ motif at co-binding sites and C/EBPβ-singly-binding sites. P-458 
values display the comparison against the background distribution using KS tests. (B) 459 
Spacing distributions regarding different orientation of the motifs. Co-binding sites and PU.1-460 
singly-binding sites were divided into two subgroups representing same or opposite 461 
orientation of the PU.1 and C/EBPβ motifs. The overall distributions are very similar for both 462 
subgroups. 463 
 464 
Figure 2. Effects of spacing alterations resulting from natural genetic variation across mouse 465 
strains. (A) Schematic showing impacts of genetic variation on motif sequence or motif 466 
spacing. PU.1 and C/EBPβ co-binding sites can be classified into four categories based on the 467 
impacts of local variants: “altered spacing”, “mutated PU.1”, “mutated C/EBPβ”, and 468 
“variant free”. (B, C) Absolute log2 fold changes of ChIP-seq reads between C57 and PWK 469 
for (B) PU.1 binding and (C) C/EBPβ binding. Boxplot shows the median and quartiles of 470 
every distribution with its sample size displayed on top. (*) indicates a significant effect size 471 
with p < 0.001 from permutation tests compared against the "variant free" category 472 
(Materials and Methods). (D) Correlations between change of C/EBPβ binding and change of 473 
motif spacing or motif score. The co-binding sites used for change of spacing, PU.1 motif 474 
score, and C/EBPβ motif score are from the previously defined categories “altered spacing”, 475 
“mutated PU.1”, “mutated C/EBPβ”, respectively.  476 
The following figure supplements are available for figure 2. 477 
Figure supplement 1. Change of PU.1 and C/EBPβ binding affected by genetic variation for 478 
the other three pairwise comparisons. (*) indicates significance value p < 0.001 based on 479 
permutation test of every category against "variant free" category. The results from C57 vs. 480 
BALB and C57 vs. NOD are similar to what we saw for C57 vs. PWK. C57-SPRET 481 
comparison did not show significant results for “altered spacing” category, likely due to 482 
much more genetic variants between these two strains than other pairs, which introduced 483 
stronger trans effects to the “variant-free” category making the baseline effects high and 484 
potentially complicating the effects from InDels altering motif spacing. 485 
Figure supplement 2. Example sites of motif mutation and spacing alteration. (A) a 5-bp 486 
increase in spacing has little effect on TF binding. (B) an A-to-G mutation on PU.1 motif 487 
yields a loss of both PU.1 and C/EBPβ binding. 488 
Figure supplement 3. Correlations between change of PU.1 binding and change in spacing 489 
or motif score. The co-binding sites here are from the C57-PWK comparison and are the 490 
same as those in Figure 2. Motif scores showed high correlation, while scale of spacing 491 
alteration is not associated with change of PU.1 binding. 492 
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Figure supplement 4. Effect size of genetic variation in relation with the initial spacing 493 
between PU.1 and C/EBPβ motif. Co-binding sites from C57-PWK comparison are binned 494 
based on the initial motif spacing and then used to calculate the absolute log2 fold change 495 
between the two strains, which were aggregated to compute mean values for each bin. The 496 
effect size of InDels altering spacing is overall not affected by the initial motif spacing. 497 
 498 
Figure 3. Refining InDels to exclude those potentially mutating motifs of other collaborative 499 
factors. (A) Overview of our newly developed framework for identifying collaborative 500 
factors from single ChIP-seq data. Given the binding sites for TF of interest, our method 501 
searches for other motifs and uses regions with high-score motifs to compute the spacing 502 
distribution, which is further compared against the background distribution using KS test. 503 
Those with significant proximal distribution are predicted collaborative factors. (B) 504 
Comparison between the actual spacing relationship obtained from co-binding sites and the 505 
predicted spacing distribution of cJun and PU.1. P-values from KS test by comparing to the 506 
background distribution are shown in brackets. (C) Signed p-values of over five hundred 507 
motifs for PU.1 and C/EBPβ binding sites. Color gradients indicate the level of gene 508 
expression measured by RNA-seq and quantified by TPM. The complete list of p-values is 509 
available in Figure 3—source data 1. (D) Effect size of a refined set of PU.1 and C/EBPβ co-510 
binding sites for C57-PWK comparison. About half of the original “altered spacing” sites 511 
were excluded due to their impacts on at least one of the twelve predicted collaborative factor 512 
motifs. (*) indicates p < 0.001 based on permutation tests against the "variant free" category. 513 
(E) Effect size of refined PU.1 and p65 co-binding sites for C57-PWK comparison. “Altered 514 
spacing” category has excluded InDels that impacts motifs of the collaborative factors of 515 
PU.1 identified from our framework.  516 
The following figure supplements are available for figure 3. 517 
Figure supplement 1. Fractions of recovered co-binding sites by filtering with different 518 
motif score thresholds. (A) PU.1 binding sites identified from PU.1 ChIP-seq data were 519 
filtered with different thresholds on C/EBPβ motif. (B) C/EBPβ binding sites identified from 520 
C/EBPβ ChIP-seq data were filtered with different thresholds on PU.1 motif. Both 521 
demonstrated an increase in fraction of co-binding sites by a larger threshold. 522 
Figure supplement 2. Predicted spacing distributions of PU.1 and C/EBPβ. Recovered from 523 
(A) PU.1 binding sites with top C/EBPβ motif (CEBPB), and (B) C/EBPβ binding sites with 524 
top PU.1 motif (SPI1). Both predicted distributions are similar to the spacing distribution 525 
obtained from the actual co-binding sites identified from PU.1 and C/EBPβ ChIP-seq data. 526 
Figure supplement 3. Examples of predicted spacing distributions. (A) PU.1 and GFI1 as an 527 
example of no spacing relationship, and (B) PU.1 and ZEB1 as an example of distant spacing 528 
relationship. P-values shown in brackets are obtained from KS tests by comparing to the 529 
background distribution (shuffled sequences) without assigning signs to distinguish proximal 530 
and distant spacing relationship. 531 
Figure supplement 4. Fold changes of TF binding after filtering out mutations on non-532 
collaborative factors. The remaining sites in “Altered spacing” category still have a 533 
significant effect on TF binding based on permutation tests (p < 0.001). 534 
Figure supplement 5. Spacing relationship of PU.1 and p65 in mouse macrophages at pro-535 
inflammatory state induced by KLA treatment for 1 hour. Co-binding sites show clear 536 
preference for PU.1 and p65 motifs to be proximal, while p65-singly-binding sites do not 537 
have the same preference. The distributions exclude sites where PU.1 and p65 motifs overlap 538 
with a shift of 3 or 4 bp (overlapping “GGAA”/“TTCC”). 539 
Figure supplement 6. Fold changes of TF binding for four categories of PU.1 and p65 co-540 
binding sites. “Altered spacing” includes all co-binding sites where InDels occur between 541 
PU.1 and p65 motifs and alter the motif spacing without considering any impact on motifs of 542 
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other collaborative factors. (*) indicates significance value p < 0.001 based on permutation 543 
test of every category against "variant free" category. 544 
The following source data are available for figure 3.  545 
Source data 1. Complete list of signed p-values indicating predicted spacing relationships. 546 
 547 
Figure 4. Effects of spacing alteration on promoter and enhancer activity measured by local 548 
histone acetylation. (A, B) Absolute log2 fold changes of H3K27ac ChIP-seq reads between 549 
C57 and PWK for (A) unfiltered co-binding sites and (B) refined co-binding sites after 550 
excluding InDels that mutate motifs of potential collaborative factors. (*) indicates p < 0.001 551 
based on permutation tests against the "variant free" category. (C) Correlations between 552 
change of H3K27ac level and change of motif score or motif spacing. The co-binding sites 553 
used here are unfiltered.  554 
The following figure supplements are available for figure 4. 555 
Figure supplement 1. Results from the other three pairwise comparisons on the change of 556 
H3K27ac level for four categories of PU.1 and C/EBPβ co-binding sites. (*) indicates 557 
significance value p < 0.001 based on permutation test of every category against "variant 558 
free" category. Again, C57-SPRET comparison did not show significant results for “altered 559 
spacing” category, likely due to the much larger genetic diversity between these two strains, 560 
which complicates the effects from InDels altering motif spacing with trans effects from the 561 
variants nearby. 562 
Figure supplement 2. Results from the other three pairwise comparisons on the change of 563 
H3K27ac level after filtering out InDels in “Altered spacing” category that impact motifs of 564 
predicted collaborative factors. “Altered spacing” category no longer shows a significant 565 
effect on the acetylation level. 566 
Figure supplement 3. Change of H3K27ac level affected by genetic variation after filtering 567 
out InDels that mutate motifs of non-collaborative factors. The remaining sites in “Altered 568 
spacing” category still have a significant effect on local acetylation of H3K27 based on 569 
permutation tests (p < 0.001). 570 
Figure supplement 4. Correlation between change of TF binding and change of H3K27ac 571 
level at all PU.1 and C/EBPβ co-binding sites. Fold changes were calculated by dividing C57 572 
by PWK. The larger fold change between PU.1 and C/EBPβ binding was used for plotting. 573 
Overall, a strong correlation exists between H3K27ac level and TF binding, represented by a 574 
Pearson correlation of 0.7. 575 
 576 
Figure 5. Implications of reducing gap penalties in cross species sequence alignments. (A) 577 
Lengths of aligned sequences for the co-binding sites of PU.1 and C/EBPβ in mouse 578 
BMDMs that are enriched with local H3K27ac and have no genetic variation between C57 579 
and PWK. 300-bp sequences were aligned to the human genome using BLAST with either 580 
the standard or the lenient gap penalties. The complete list of regions together with alignment 581 
results are available in Figure 5—source data 1. (B) Example showing a co-binding site 582 
within intron of Anxa7 that was successfully aligned to a homology region in human. The 583 
aligned regions are enriched with H3K27ac in both mouse BMDMs and human monocytes. 584 
(C) The alignment results of the example co-binding site using standard or lenient gap 585 
penalties. Lenient gap penalties resulted in the recovery of a PU.1 motif and a C/EBPβ motif. 586 
The spacing between PU.1 and C/EBPβ motif centers is 39 bp in mouse and 42 bp in human, 587 
which did not impact the binding of PU.1 or the activity of this region. 588 
The following figure supplements are available for figure 5. 589 
Figure supplement 1. Alignment results of all PU.1 and C/EBPβ co-binding sites in mouse 590 
macrophages compared with human genome. All the co-binding sites were identified as 300-591 
bp regions in mouse genome and compared to the human genome using BLAST. Lenient gap 592 
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penalties resulted in longer alignments than standard parameters. Despite that, the majority of 593 
these co-binding sites have less than a third of the complete sequences aligned. By comparing 594 
to Figure 5A, our results suggest that acetylated co-binding sites are much more conserved 595 
between mouse and human than the rest with less acetylation and potentially less functional 596 
importance. 597 
Figure supplement 2. Alignment results of PU.1 and C/EBPβ co-binding sites that are 598 
enriched with local H3K27ac and have no genetic variation between C57 and PWK using 599 
other possible gap penalties. All the co-binding sites were identified as 300-bp regions in 600 
mouse genome and compared to the human genome using BLAST. The lenient gap penalty 601 
({2, 2}) still produced much longer aligned sequences than other penalty options. 602 
Figure supplement 3. Examples of PU.1 and C/EBPβ co-binding sites in BMDMs that are 603 
aligned to homology regions in human using lenient gap penalties. (A) Enhancer closest to 604 
Fos, which encodes AP-1 family transcription factor and is known to be important for 605 
macrophage function. (B) Enhancer proximal to Vmp1, which has been found to be 606 
associated with inflammatory response of macrophages. (C) Intron of Max, which encodes a 607 
basic-helix-loop-helix-zipper protein and is found to accumulate during macrophage 608 
differentiation. (D) Intron of Sema4d, which is found to be regulated by macrophages in 609 
tumor. 610 
Figure supplement 4. The alignment results of the example sites shown in Figure 611 
supplement 3. (A) Fos enhancer, (B) Vmp1 enhancer, (C) Max intron, and (D) Sema4d intron. 612 
The following source data are available for figure 5.  613 
Source data 1. List of aligned regions. 614 
  615 
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Figure 5—figure supplement 4 
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