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Abstract 

Cleavage under targets and release using nuclease coupled with sequencing (CUT&RUN sequencing) is a 

new technology to detect chromatin-associated protein binding sites and study gene regulation. This 

study uses Gli3-flagged CUT&RUN data to explore the difference in regulatory landscape between the 

wild-type and ciliopathy mutant mice in the forelimb and branchial arch tissues. Reduced binding of the 

GLI family is observed in wild-type mice in both tissues through motif analysis. Some suppressed genes 

may be reactivated in mutant mice, but binding levels in Gli genes were similar between the two genetic 

backgrounds. 
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1. Introduction 

The interactions between proteins and DNA play an important role in regulating gene expression and 

affect many biological processes. For example, proteins such as transcription factors (TFs) drive the 

transcription of genes’ DNA to messenger RNA (mRNA) by binding to specific regulatory DNA sequences 

(Latchman, 1997) (Karin, 1990). Identifying these protein-DNA binding sites is crucial for understanding 

gene regulation. With the development of next-generation sequencing (NGS), chromatin 

immunoprecipitation coupled with sequencing (ChIP-seq) has been wildly used for binding site 

detection. (Robertson, 2007) However, this technology has multiple limitations, including false positives 

created by cross-linking and bias to GC-rich content in fragment selection. (Park, 2009) In addition, ChIP-

seq has a suboptimal signal-to-noise ratio. (He, 2017). Cleavage under targets and release using nuclease 

sequencing (CUT&RUN) provides an alternative method to identify binding sites of DNA-associated 

proteins. (Skene P. J., 2017; Skene P. J., 2018). In CUT&RUN, Chromatin Immuno-Cleavage (ChIC) is 

adapted for deep sequencing. This technology uses TF-specific antibodies to tether MNase which 

cleaves DNA on both sides of the TF binding site. The cleaved DNA fragments are then sequenced. 

Compared to ChIP-seq, CUT&RUN requires lower sequencing depth and has an improved signal-to-noise 

ratio. To analyze CUT&RUN data, specialized computational tools have been developed (Yu, 2022). 

In this study, we will analyze GLI3-flagged CUT&RUN data. GLI proteins function as transcriptional 

activators or repressors in the Hedgehog (HH) pathway. (Developmental Biology(Eleventh Edition)) This 

pathway is responsible for various tissue patterning events during development. Previous studies have 

revealed how GLI repression interacts with HH signaling (Falkenstein, 2014) and GLI binding regions are 

enriched around HH target genes in the mouse limb. (Lex R. K., 2020; Lex R. Z., 2022). Here we aim to 

determine the difference in GLI binding sites between wild-type and ciliopathy mutant mice. In addition, 

we are interested in how GLI binding changes in ciliopathy. This may shed light on the alteration of GLI 
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repression in ciliopathies. The GLI3 CUT&RUN data are collected in the tissues of the forelimb (FL) and 

branchial arch (BA). 

2. Methods 

2.1 Data Cleaning 

 Forelimb Branchial arch 

Control BF-FL-42S 

BF-FL-43S 

WT-FL-43S 

BF-BA-42S 

BF-BA-43S 

WT-BA-43S 

Mutant Fuz-FL-42S 

Fuz-FL-45S 

Fuz-BA-42S 

Fuz-BA-45S 

Table 1. Samples in FL and BA set 

There were three control samples and two mutant samples in each tissue set (Table 1). Each piece had 

pair-end sequencing reads. The same pipeline for data cleaning and peak calling was applied to all 

models. First, Trimmomatic (Bolger, 2014) in paired-end mode was used to trim and crop the data and 

cut the adapter from the read. The maximum mismatch count and the matching accuracy between the 

two ligated reads are 2 and 30, respectively. Segments with low quality were removed, and the 

minimum length was 36 bps. Next, we used the bowtie2 (Langmead B, 2012)package for sequence 

alignment. The pair-end reads for one sample were aligned to the mm10 reference sequence and 

suppressed to one sequence file. We chose a ‘very sensitive’ mode to maintain the accuracy of the 

alignment process. E-coli spike-in was added to the samples when preparing the sequencing library to 

detect the genetic difference. Therefore, we perform spike-in normalization on the models. The 

sequencing reads were aligned to the E-coli genome and the total number of E-coli reads was obtained 

for each sample. The CUT & RUN binding signals in each sample was normalized by dividing by the total 
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number of E-coli reads and then multiplying a constant N = 1,000,000.  The quantitative analysis in this 

study will be conducted using the spike-in normalized sequencing data. Then, samtools (Petr Danecek, 

2021) was applied to filter reads with map quality and unwanted chromosomes. Finally, PCR duplicates 

were removed from the cleaned samples by the Picard tool (Picard Toolkit., 2019). We obtained a 

cleaned sequence file aligned to the mm10 reference genome in FL and BA sets for each instance. 

2.2 Population Difference 

Our goal is to examine the genetic difference between the control and mutant group in FL and BA sets. 

We began with a population analysis of the samples. We find the peak union for each set’s control and 

mutant groups. Then we focus on the overlapping peaks and count their log-transformed average 

occurrence in each group. We draw a scatterplot and violin plots on FL and BA set based on the read 

counts (Figure 1, Figure 2). Overall, peaks in the control group had higher signal counts than peaks in the 

mutant group in both sets. Paired t-test and Wilcoxon test gave p-values smaller than 0.05. Control 

groups in FL and BA set had higher expression levels than mutant groups in their common peaks. 

 

Figure 1. Scatterplot and violin plot for read counts BA.  
In the scatter plot on the left side, x-axis is the log average signal count in the control group. Y-axis is the log average signal 

count in the mutant group. Each dot in the plot represents a peak region. 
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Figure 2. Scatterplot and violin plot for read counts FL. 

2.3 Sample Group Structure 

This section will discuss the structure of samples in each genetic background group. The following Venn 

plots show how the samples overlap with each other.  

 

Figure 3. Venn plot for FL group structure. 
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The control group has 1107 overlapping regions in all three samples in the forelimb set (Figure 3). WT-

FL-43S has the most peak regions among the three control samples. There are 11813 peak regions in 

WT-FL-43S. Overlapping areas with other pieces account for 28.82% of the regions in WT-FL-43S. BF-FL-

42S has the least peak regions in the control group, 2234 in total. The overlapping area takes the 

domination and occupies 85.99% of the regions in BF-FL-42S. Most peak regions are the overlapping 

areas in the two samples in the mutant group. The overlapping area has 6051 peaks, and it took over 

52.02% of the peak union. The numbers of non-overlapping regions in Fuz-FL-42S and Fuz-FL-45S are 

close. 

 

Figure 4. Venn plot for BA group structure. 

There are 653 peak regions in the branchial arch set where all three control samples overlap (Figure 4). 

Similar to the outcome in the FL set. WT-BA-43S has the most peak regions among the three samples, 

with 6155 total. The overlapping area occupies 31.47% of total peak regions. BF-BA-42S has the minor 

peaks in the control group, with 1522 total. Overlapping area in BF-BA-42S accounts for 77.60% of these 

peaks. The number of peaks in BF-BA-43S is close to the number in BF-BA-42S. The proportion of 

overlapping area in BF-BA-42S peaks is 69.71%. As for the mutant group, the intersection of the two 
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samples has 4595 peaks. The overlap takes over 47.34% of the peak union. Non-overlapping areas in 

Fuz-BA-42S and Fuz-BA-45S are 3467 versus 1645. 

We find that WT samples in control groups are different from BF samples from these Venn plots. WT 

samples have a large number of non-overlapping peaks. Therefore, we calculate Pearson and spearman 

correlation tables and perform PCA for both sets. In the FL set, the correlation table indicates that the 

correlation in the control group is lower than the correlation in the mutant group. Besides, WT-FL-43S 

has a higher correlation with mutant samples than control samples (Table 2, Table 3). Meanwhile, we 

plot the first two principal components of the samples (Figure 7). The figure shows that WT-FL-43S is 

close to Fuz-FL-42S and Fuz-FL-45S, while control samples keep distances from each other. For the 

different sets, the sample structure in the BA set is similar to the FL set. Control samples have lower 

within-group correlations than mutant samples (Table 4, Table 5). Also, WT-BA-43S looks more like a 

mutant sample than a control sample (Figure 7). In fact, WT and Fuz samples come from mice of the 

same genetic background. BF samples come from mice of another genetic background. All the 

information suggests there are batch effects in our data.  

(Pearson) BF-BA-42S BF-BA-43S WT-BA-43S Fuz-BA-42S Fuz-BA-45S

BF-BA-42S 1.000 0.644 0.591 0.595 0.521

BF-BA-43S 0.644 1.000 0.600 0.606 0.512

WT-BA-43S 0.591 0.600 1.000 0.751 0.702

Fuz-BA-42S 0.595 0.606 0.751 1.000 0.696

Fuz-BA-45S 0.521 0.512 0.702 0.696 1.000  

Table 2. Pearson correlation for BA set. 

(Spearman) BF-BA-42S BF-BA-43S WT-BA-43S Fuz-BA-42S Fuz-BA-45S

BF-BA-42S 1.000 0.761 0.686 0.681 0.652

BF-BA-43S 0.761 1.000 0.682 0.677 0.640

WT-BA-43S 0.686 0.682 1.000 0.811 0.780

Fuz-BA-42S 0.681 0.677 0.811 1.000 0.764

Fuz-BA-45S 0.652 0.640 0.780 0.764 1.000  

Table 3. Spearman correlations for BA set. 
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(Pearson) BF-FL-42S BF-FL-43S WT-FL-43S Fuz-FL-42S Fuz-FL-45S

BF-FL-42S 1.000 0.678 0.581 0.590 0.559

BF-FL-43S 0.678 1.000 0.547 0.571 0.554

WT-FL-43S 0.581 0.547 1.000 0.730 0.729

Fuz-FL-42S 0.590 0.571 0.730 1.000 0.723

Fuz-FL-45S 0.559 0.554 0.729 0.723 1.000  

Table 4. Pearson correlation for FL set. 

(Spearman) BF-FL-42S BF-FL-43S WT-FL-43S Fuz-FL-42S Fuz-FL-45S

BF-FL-42S 1.000 0.775 0.692 0.683 0.663

BF-FL-43S 0.775 1.000 0.638 0.643 0.632

WT-FL-43S 0.692 0.638 1.000 0.811 0.808

Fuz-FL-42S 0.683 0.643 0.811 1.000 0.809

Fuz-FL-45S 0.663 0.632 0.808 0.809 1.000  

Table 5. Spearman correlation for FL set. 

2.4 Motif Analysis 

After exploring the group structure of the samples, we use ‘Homer’ (Brenner, 2012) to detect enriched 

motifs in control and mutant. We focus on the common peaks in each group, so we select the 

overlapping area for the control and mutant groups to perform motif analysis for two sets, respectively. 

The overlapping regions of the two groups are combined and divided into three categories: 

‘Intersect’, ’Control only’, and ’Mutant only’. First, ‘Intersect’ includes peaks occurring in all samples. 

Next, ’Control only’ records peaks occurred in all control samples but not all mutants. Last, ‘Mutant only’ 

includes peaks in all mutant samples but not all controls. The union of all peaks is the background. We 

try to identify typical motif patterns in each category. In the FL set, we discover enriched GLI2 and GLI3 

motifs in ‘Mutant only’ (FDR = 10^-12, Supplements1) and ‘Intersect’ (FDR = 10^-14, Supplements2). In 

addition, enriched GLI2 and GLI3 motifs are observed in the BA set. The FDRs are smaller than 10^-13 (). 

Compared with wild-type mice, the ciliopathy mutant has enriched GLI bindings in the forelimb and 

branchial arch tissue.  

https://github.com/TIngchangW/GLI3-cut-and-run
https://github.com/TIngchangW/GLI3-cut-and-run
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Table 6. Selected Enriched motifs in FL mutant. 

 

Table 7. Selected Enriched motifs in FL intersect. 
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Table 8. Selected Enriched motifs in BA mutant. 

 

Table 9. Selected Enriched motifs in BA intersect. 

 

In addition, we mapped previously identified GLI3 binding sites to the peak regions of each sample 

(Figure 5, Figure 6). Heatmaps are made to show the results. (Gu Z, 2018)The outcomes in the two 

tissues are similar. WT sample has a similar binding level to the mutant samples. BF samples have 

relatively lower binding levels compared with WT and Fuz. In particular, GLI3 binding in BF-42S is 

suppressed. These results are consistent with the motif analysis. The ‘Intersect’ is the region where all 

samples have signal counts. The BF-42S illustration shows limited binding in the other areas, so ‘Control 

only’ includes the regions with few GLI3 motifs. However, the Fuz samples still have signals in the 

different regions. Thus, we observe enriched GLI3 motifs in ‘Intersect’ and ‘Mutant only’ places. 
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Figure 5. Enriched heatmap for BA. 
Each row uses a known GLI3 binding site. The sites are fixed at the center and extend to 2000 base pairs in length. The color 

represents the signal at each region. Yellow indicates large read counts and blue indicates zero read counts.   

 
Figure 6. Enriched heatmap for FL. 
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2.5 Adjusted Differential Analysis 

Since the batch effect is observed in the samples, we apply batch correction on the original peak data 

and perform differential analysis on the adjusted data. The initial peak data are modified using the ‘sva’ 

package in R. In our prior knowledge, WT and Fuz samples are from the same group and BF samples are 

from another. The original WT sample is similar to the mutant samples. We select BF samples in the 

same group with Fuz samples but in the same batch with BF samples to correct batch effect.  

Correlation tables (Table 10-13) and hierarchical clustering (Figure 8) are made to check the batch 

corrected data. According to the adjusted correlation tables, the correlation structures in control 

samples are improved for both sets. WT samples have higher correlations with control samples than 

mutant samples. The WT samples are clustered with the BF samples in the adjusted data. The BF 

samples are highly correlated with each other.  

(Pearson) BF-BA-42S BF-BA-43S WT-BA-43S Fuz-BA-42S Fuz-BA-45S

BF-BA-42S 1.000 0.688 0.839 0.401 0.277

BF-BA-43S 0.688 1.000 0.860 0.382 0.240

WT-BA-43S 0.839 0.860 1.000 0.307 0.178

Fuz-BA-42S 0.401 0.382 0.307 1.000 0.575

Fuz-BA-45S 0.277 0.240 0.178 0.575 1.000  

Table 10. Adjusted Pearson correlation in BA. 

(Spearman) BF-BA-42S BF-BA-43S WT-BA-43S Fuz-BA-42S Fuz-BA-45S

BF-BA-42S 1.000 0.822 0.939 0.627 0.576

BF-BA-43S 0.822 1.000 0.947 0.622 0.564

WT-BA-43S 0.939 0.947 1.000 0.624 0.575

Fuz-BA-42S 0.627 0.622 0.624 1.000 0.619

Fuz-BA-45S 0.576 0.564 0.575 0.619 1.000  

Table 11. Adjusted Spearman correlation in BA. 
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(Pearson) BF-FL-42S BF-FL-43S WT-FL-43S Fuz-FL-42S Fuz-FL-45S

BF-FL-42S 1.000 0.660 0.815 0.494 0.470

BF-FL-43S 0.660 1.000 0.821 0.488 0.472

WT-FL-43S 0.815 0.821 1.000 0.442 0.425

Fuz-FL-42S 0.494 0.488 0.442 1.000 0.613

Fuz-FL-45S 0.470 0.472 0.425 0.613 1.000  

Table 12. Adjusted Pearson correlation in FL. 

(Spearman) BF-FL-42S BF-FL-43S WT-FL-43S Fuz-FL-42S Fuz-FL-45S

BF-FL-42S 1.000 0.815 0.934 0.677 0.669

BF-FL-43S 0.815 1.000 0.933 0.677 0.678

WT-FL-43S 0.934 0.933 1.000 0.680 0.675

Fuz-FL-42S 0.677 0.677 0.680 1.000 0.697

Fuz-FL-45S 0.669 0.678 0.675 0.697 1.000  

Table 13. Adjusted Spearman correlation in FL. 

 

Figure 7. Hierarchical clustering results in BA and FL using Pearson correlation in original data. 
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Figure 8. Hierarchical clustering results in BA and FL using Pearson correlation in batch corrected data. 

Next, we perform differential analysis (Love, 2014). For each set, a peak union for all samples is 

generated. Then the differential analysis is done based on the average signal counts of control and 

mutant groups across these regions. We obtained a peak union consisting of 19533 peaks regions in the 

FL set (Supplements7). 1366 regions have adjusted p-value smaller than 5%, and 1850 regions have 

adjusted p-value smaller than 10%. Although the p-values are calculated in two-sided tests, we still 

observe an interesting phenomenon in peak regions with extremely low p-values. The mutant group has 

a considerable advantage over the control groups in the first 203 regions with the lowest adjusted p-

values (< 10^-7). For the first 163 peaks, control samples have 0 or 1 count. However, there are 

thousands of signals in mutant samples. The massive signal reduction in these significant peaks indicates 

that some suppressed binding sites in wild-type mice are activated in ciliopathy mutant. Then we aligned 

the regions with genes within 20k bps of distance and checked the Gli family’s behaviors 

(Supplements8). Instead, we did not observe a significant difference in Gli2 and Gli3 genes. One region 

aligned to Gli1 significantly differs between control and mutant, with an FDR of 0.0004. We obtained a 

peak union consisting of 11151 peak regions in the BA set (Supplements9). Among these regions, 1139 

have an adjusted p-value smaller than 0.05, and 1497 have a p-value smaller than 0.1. Similarly, mutant 

https://github.com/TIngchangW/GLI3-cut-and-run
https://github.com/TIngchangW/GLI3-cut-and-run
https://github.com/TIngchangW/GLI3-cut-and-run
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samples dominate the first 291 regions with the lowest FDR. Especially, control samples have 0 or 1 

count in the first 229 peaks, while mutant samples have high counts. Also, we align these regions with 

genes within 20k bps and check the outcomes for the Gli family (Supplements10). There is no significant 

difference between control and mutant in all Gli genes in the BA set. The lowest FDR occurs in a region 

aligned to Gli2 with the value of 0.16. 

Last but not least, we use ‘GREAT’ (McLean, 2010) to analyze the regions with adjusted p-values smaller 

than 0.1. These regions are compared with all areas involved in the differential analysis to detect their 

regulation effect (Table 14, Table 15). The genes in the BA set are enriched in biological processes such 

as relaxation of muscles and epidermal cell differentiation regulations. In the FL set, the significant 

regions are enriched in processes such as cell division, cell proliferation, and segment specification.

 

Table 14. Biological Processes related to BA significant peaks. 

https://github.com/TIngchangW/GLI3-cut-and-run
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Table 15. Biological Processes related to FL significant peaks. 

 

3. Conclusion 

We analyzed CUT&RUN data collected from wild-type and ciliopathy mutant mice on forelimb and 

branchial arch tissues. We applied spike-in normalization to the data and conducted several analyses. 

The findings in both tissues are similar. Through motif analysis, we discovered enriched GLI bindings in 

mutant samples. Specifically, the WT sample has an equivalent GLI binding level to the mutant samples, 

while BF samples have a reduced binding. After correcting the batch effect, we performed differential 

analysis on the signal counts in the control and mutant group. About 10% of the peak regions showed a 

significant difference in signal counts between the two groups. Especially in those peaks with extreme 

differences, we observed the dominance of the mutant group. This indicated some suppressed genes in 

wild-type mice were activated in ciliopathy mutants. However, the binding difference in Gli regions was 

small in the two groups. Only one region within 20k bps of Gli1 in the FL set showed a significant 

difference between control and mutant. Finally, we compared the significant regions with the others. It 
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turned out that those peaks in FL set are enriched in cell division, cell proliferation, and segment 

specification. As for the BA set, those peaks are enriched in epidermal cell differentiation function. 

However, our study is limited. BF samples and the other samples came from two genetic backgrounds. 

Although we corrected the batch effect, the limitation of samples was a drawback. We only included five 

samples in each tissue. Other samples were discarded due to low alignment rates. As a result, the 

number of samples was insufficient to detect all the batch information. Especially, we only had one 

available WT sample in each set. The effect of batch correction is limited. In the future study, we expect 

more control samples to increase the critical information in wild-type mice. 
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