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Abstract 

 

Gene expression and chromatin accessibility are highly interconnected processes. 

Disentangling one without the other provides an incomplete picture of gene regulation. 

However, simultaneous measurements of RNA and accessible chromatin are technically 

challenging, especially when studying complex organs with rare cell-types. Here, we present 

easySHARE-seq, an elaboration of SHARE-seq, providing simultaneous measurements of 

ATAC- and RNA-seq within single cells, enabling identification of cell-type specific cis-

regulatory elements (CREs). easySHARE-seq retains high scalability, improves RNA-seq data 

quality while also allowing for flexible study design. Using 19,664 joint profiles from murine 

liver nuclei, we linked CREs to their target genes and uncovered complex regulation of key 

genes such as Gata4. We further identify de novo genes and cis-regulatory elements 

displaying zonation in Liver sinusoidal epithelial cells (LSECs), a challenging cell type with low 

mRNA levels, demonstrating the power of multimodal measurements. EasySHARE-seq 

therefore provides a flexible platform for investigating gene regulation across cell types and 

scale. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

 

Gene expression and chromatin state together influence fundamental processes such as gene 

regulation or cell fate decisions 133. A better understanding of these mechanisms and their 

interactions will be a major step toward decoding developmental trajectories or reconstructing 

cellular taxonomies in both health and disease. However, to fully capture these complex 

relationships, multiple information layers need to be measured simultaneously. For example, 

prior studies have argued that chromatin state is often predictive of gene expression and can 

also prime cells toward certain lineage decisions or even induce tissue regeneration436. 

However, these studies depend on the computational integration of separately measured 

modalities. By assuming a shared biological state, this restricts the discovery of novel and 

potentially fine-scale differences and renders it challenging to identify the root cause of 

erroneous cell states7. 

The last decade has seen an explosive growth in single-cell methodologies, with new assays, 

increasing throughput and a suite of computational tools8. Most non-commercial high-

throughput methodologies rely on combinatorial indexing for single-cell barcoding, where 

sequential rounds of barcodes combine to create unique cellular barcode combinations 9,10. 

Compared to single-modality assays, multi-omic technologies, which capture two or more 

information layers, are relatively new. Therefore, they are still limited in sensitivity and 

throughput and commercial kits can be expensive such that multi-omic studies tend to have 

limited sample sizes 11,12.  

To address these problems, we built upon the previously published protocol called SHARE-

seq13 and developed easySHARE-seq, a protocol for simultaneously measuring gene 

expression and chromatin accessibility within single cells using combinatorial indexing. Major 

improvements include easySHARE-seq9s barcoding framework, which allows for expanded 

and flexible study design, all while being compatible with standard Illumina sequencing, 

thereby removing economic hurdles. Importantly, easySHARE-seq retains the scalability and 

improves upon RNA-seq sensitivity of the original SHARE-seq protocol.  Here, we used 

easySHARE-seq to profile 19,664 murine liver nuclei and show that we can recover high 

quality data in both RNA-seq and ATAC-seq channels, which are highly congruent and share 

equal power in classifying cell types. We then surveyed the cis-regulatory landscape of Liver 

Sinusoidal Endothelial Cells (LSECs), leveraging the simultaneous measurements of gene 

expression and chromatin accessibility and identified 40,957 links between expressed genes 

and nearby ATAC-seq peaks. Notably, genes with the highest number of links were enriched 

for transcription factors and regulators known to control important functions within LSECs. 

Lastly, we show that easySHARE-seq can be used to investigate micro-scale changes in 

accessibility and gene expression by identifying novel markers and open chromatin regions 

displaying zonation in LSECs. This technology improves our toolkit of multi-omic protocols 

needed for advancing our knowledge about gene regulation and cell fate decisions. 

    

 

 

 

 

 

 

 



Results 

 

easySHARE-seq reliably labels both transcriptome and accessible chromatin in 

individual cells 

To develop a multi-omic single-cell (sc) RNA and scATAC-seq protocol that allows for flexible 

study design while being highly scalable, we built upon SHARE-seq13 to create easySHARE-

seq, which uses two rounds of ligation to simultaneously label cDNA and DNA fragments in 

the same cell (Fig. 1A). Due to a much more streamlined barcoding structure, easySHARE-

seq allows 300bp sequencing of the insert. This longer read-length leads to a higher recovery 

of DNA variants, thus increasing the power to detect allele-specific signals or cell-specific 

variation, e.g., in hybrids or cancer cells14. 

To generate libraries, fixed and permeabilized cells or nuclei (we will use <cells= afterwards to 

refer to both) are transposed by Tn5 transposase carrying a custom adapter with a  single-

stranded overhang (Fig. 1B). Next, mRNA is reverse transcribed (RT) using a biotinylated 

poly(T) primer with an identical overhang. Subsequently, the cells are individually barcoded in 

two rounds of combinatorial indexing with 192 barcodes in each round, creating a total of 

36,864 possible barcode combinations.The first barcode is ligated onto the already present 

overhang and itself contains a second single-stranded overhang, onto which the second 

barcode can be ligated. Importantly, in the easySHARE-seq design, we have kept the total 

length of the barcode within 17nt (<Index 1= read; Fig. 1B, Suppl. Fig. 1A), allowing for 

multiplexing of easySHARE-seq libraries with standard Illumina libraries. In contrast, in the 

original publication, SHARE-seq libraries required Index 1 lengths of 99nt, a highly custom 

configuration which would require a costly private sequencing. 

After barcoding, the cells are aliquoted into sub-libraries of approximately 3,500 cells each 

and reverse crosslinked. A streptavidin pull-down of the biotinylated RT-primer is performed 

to separate the cDNA molecules from the chromatin (<fragments=). Each sub-library is then 

prepared for sequencing and amplified using matched indexing primers to allow identification 

of paired cellular scRNA- and scATAC-seq profiles. By scaling up the numbers of sub-libraries, 

this barcoding strategy therefore allows for high-throughput experiments of hundreds of 

thousands of cells, only limited by the availability of indexing primers. For a detailed description 

of the flexibility of easySHARE-seq, instructions on how to modify and incorporate the 

framework into new designs as well as critical steps to assess when planning to use 

easySHARE-seq see Supplementary Notes. 

To evaluate the accuracy and cell-specificity of the barcoding, we first performed easySHARE-

seq on a mixed pool between human and murine cell lines (HEK and OP-9 respecitvely). This 

design allows us to identify two or more cells sharing the same barcode (8doublets9; Fig. 1C, 

left). After sequencing, we recovered a total of 3,808 cells. Both chromatin and transcriptome 

profiles separated well within each cell (Fig. 1C, middle), with cDNA showing a lower accuracy 

with increasing transcript counts, likely due to less precise read mapping. We identified a total 

of 124 doublets (Fig, 1C, right), which gives a final doublet rate of 6.34% factoring in the 

undetectable intra-species doublets. For comparison, a 10X Chromium Next GEM experiment 

with 10,000 cells has a doublet rate of ~7.9% (www.10xgenomics.com). Importantly, 

easySHARE-seq doublet rates can be lowered further by aliquoting fewer cells within each 

sub-library. To summarise, easySHARE-seq provides a high-throughput and flexibility 

framework for accurately measuring chromatin accessibility and gene expression in single 

cells. 

 

 



Simultaneous scATAC-seq and scRNA-seq profiling in murine primary liver cells  

To assess data quality and investigate the relationship between gene expression and 

chromatin accessibility, we focused on murine liver. The liver consists of a diverse set of 

defined primary cell types, ranging from large and potentially multinucleated hepatocytes to 

small non-parenchymal cell types such as Liver Sinusoidal Endothelial Cells15 (LSECs).  

We generated matched high-quality chromatin and gene expression profiles for 19,664 adult 

liver cells across four age-matched mice (2 male, 2 female), amounting to a recovery rate of 

70.2% (28,000 input cells). Each nuclei had on average 3,629 UMIs and 2,213 fragments 

(74% of all RNA-seq reads were cDNA, 55.9% mean ATAC-seq fragments in peaks; Suppl. 

Fig. 1B & D). In terms of UMIs per cell, easySHARE-seq therefore out-performed other 

previously published multi-omic and representative single channel assays (Fig. 2B; see figure 

legend for tissue type and study). Consistent with nuclei as input material, the majority of cDNA 

molecules were intronic (69.6%, Suppl. Fig. 1C & H). Regarding DNA fragments per cell, 

easySHARE-seq performed similarly to other published multi-omic assays (Fig. 2C) and 

scATAC-seq libraries displayed the characteristic banding pattern with reads being highly 

enriched at transcription start sites (TSS; Suppl. Fig. 1 E, F, H).  

To visualise and identify cell types, we first projected the ATAC- and RNA-seq modalities 

separately into 2D Space and then used Weighted Nearest Neighbor16 (WNN) integration to 

combine both modalities into a single UMAP visualisation (Fig. 2A). Importantly, the same 

cells independently clustered together in the scRNA- and scATAC-seq UMAPs, showcasing 

high congruence between the two modalities (Suppl. Fig. 2A&B). We then annotated 

previously published cell types based on gene expression of previously established marker 

genes 17,18. Marker gene expression was highly specific to the clusters (Fig. 2D, Suppl. Fig. 

2F) and we recovered all expected cell types (Suppl. Fig.2C). Importantly, the same cell types 

were identified using each modality independently, showcasing high congruence between the 

scATAC- and scRNA-seq modalities (Fig. 2E). Altogether, our results show that easySHARE-

seq generates high quality joint cellular profiles of chromatin accessibility and gene expression 

within primary tissue, expanding our toolkit of multi-omic protocols.   

 

Uncovering the cis-regulatory landscape of key regulators through peak-gene 

associations 

As easySHARE-seq simultaneously measures chromatin accessibility and gene expression, 

it allows to direct investigation of the relationship between them to potentially connect cis-

regulatory elements (CREs) to their target genes. To do so, we adopted the analytical 

framework from Ma et al.13, which queries if an increased expression within a cell is 

significantly correlated with chromatin accessibility at a peak while controlling for GC content 

and accessibility strength. Focusing on LSECs (1,501 cells), we calculated associations 

between putative CREs (pCREs, defined as peaks with a significant peak3gene association) 

and each expressed gene, considering all peaks within ± 500kb of the TSS. We identified 

40,957 significant peak3gene associations (45% of total peaks, P < 0.05, FDR = 0.1) with 

15,061 genes having at least one association (76.8% of all expressed genes, Suppl. Fig. 

3A,C). Conversely, some rare pCREs (2.9%) were associated with five or more genes (0.03% 

when considering only pCREs within ± 50 kb of a TSS (Suppl. Fig. 3B,D)). These pCREs 

tended to cluster to regions of higher expressed gene density (2.15 mean expressed genes 

within 50kbp vs 0.93 for all global peaks) and their associated genes were enriched for 

biological processes such as mRNA processing, histone modifications and splicing (Suppl. 

Fig. 3H), possibly reflecting loci with increased regulatory activity.  



Focusing on genes, we ranked them based on their number of associated pCREs (Fig. 2F). 

Within the top 1% genes with the most pCRE associations were many key regulators and 

transcription factors. Examples include Taf5, which directly binds the TATA-box19 and is 

required for initiation of transcription, or Gata4, which has been identified as the master 

regulator for LSEC specification during development as well as controlling regeneration and 

metabolic maturation of liver tissue in adult mice 20,21. As such, it incorporates a variety of 

signals and its expression needs to be strictly regulated, which is reflected in its many pCREs 

associations (Fig. 2H). Similarly, Igf1 also integrates signals from many different pCREs22 

(Suppl. Fig. 3G). Notably, pCRES are significantly enriched at transcription start sites (TSS), 

even relative to background enrichment (Fig. 2G). 

To summarise, easySHARE-seq allows the direct investigation of the relationship between 

chromatin accessibility and gene expression and identify putative cis-regulatory elements at 

genomic scale, even in small cell types with relatively low mRNA contents (Suppl. Fig. 2D).  

 

De novo identification of open chromatin regions and genes displaying zonation in 

LSECs 

We next investigated the process of zonation in LSECs. The liver consists of hexagonal units 

called lobules where blood flows from the portal vein and arteries toward a central vein 23,24 

(Fig. 3A). The central3portal (CP) axis is characterised by a morphogen gradient, e.g. Wnt2, 

secreted by central vein LSECs, with the resulting micro-environment giving rise to spatial 

division of labour among hepatocytes 25327. Studying zonation in non-parenchymal cells such 

as LSECs is challenging as these are small cells with low mRNA content (Suppl. Fig. 2D,E), 

lying below the detection limit of current spatial transcriptomic techniques. As a result, only 

very few studies assess zonation in LSECs on a genomic level 28. However, LSECs are critical 

to liver function as they line the artery walls, clear and process endotoxins, play a critical role 

in liver regeneration and secrete morphogens themselves to regulate hepatocyte gene 

expression 29331, rendering their understanding a prerequisite for tackling many diseases.  

We therefore asked if we can recover known zonation gradients and potentially identify novel 

marker genes and open chromatin regions displaying zonation. We noticed that LSECs 

clustered in a distinct linear pattern in our UMAP projection and therefore divided them into 

equal bins along UMAP2 coordinates (Suppl. Fig. 4A, number of cells per bin 80-260, median: 

128). We then calculated mean normalised expression and mean normalised accessibility 

within each bin. This recovered gene expression and chromatin accessibility gradients for 

major known zonation marker genes28 (Fig. 3B,C). For example, Wnt2 expression decreased 

strongly along the CP axis as did chromatin accessibility of all three peaks at the Wnt2 locus 

(Fig. 3B). We also recovered the zonation profiles for the majority of known pericentral 

(increasing along the CP-axis), periportal (decrease along the CP-axis) and non-monotonic 

markers (decrease toward both ends) as well as their associated chromatin regions (Fig. 3C). 

Gene expression zonation profiles can also be recovered by ordering LSECs along 

pseudotime (Suppl. Fig. 4C,D). In contrast, simply subclustering LSECs and comparing 

expression between these clusters was too broad for the assessment of zonation (Suppl. Fig. 

4A,B). 

Next, we sought to identify novel marker genes and open chromatin regions displaying 

zonation in LSECs based on the decrease or increase of mean expression or accessibility 

along the previously established bins. In total, we classified 153 genes and 381 open 

chromatin regions as pericentral and 209 genes and 465 open chromatin regions showed 

periportal zonation profiles (Fig. 3D). The list of markers contained many genes regulating 

epithelial growth and angiogenesis (e.g. Efna1, Nrg2, Zfpm1, Zfpm2, Bmpr2)32334, related to 



regulating hepatocyte functions and communication (e.g. Dll4, Foxo1, Sp1, Snx3)35337 as well 

as immunological functions (e.g. Sirt2, Cd59a)38,39, suggesting that these processes show 

variation along the PC axis. As dysregulation of LSEC zonation is implicated in multiple 

illnesses such as liver cirrhosis or non-alcoholic fatty liver disease 40,41, these genes are 

potential new biomarkers for their identification and the open chromatin regions starting points 

for investigating the role of gene regulation in their emergence.  

 

Discussion 

Understanding complex processes such as gene regulation or disease states requires the 

integration of multiple layers of information. Here, we show that easySHARE-seq provides a 

high-quality, high-throughput and flexible platform for joint profiling of chromatin accessibility 

and gene expression within single cells. We show that both modalities are highly congruent 

with one another and we leverage their simultaneous measurements to identify peak3gene 

interactions and survey the cis-regulatory landscape of LSECs. We also show that 

easySHARE-seq can be used to assess micro-scale changes such as zonation in LSECs 

across both gene expression and chromatin accessibility. These cells have low mRNA content 

and we recovered zonation profiles of many transcription factors, which are often lowly 

expressed, further demonstrating the power of easySHARE-seq. 

Besides improving upon RNA-seq data quality, we argue that easySHARE-seq has many 

advantages, especially in terms of the sequencing flexibility due to the barcode design, which 

can help remove hurdles for incorporating multi-omic single-cell assays into study designs. 

Combined with shorter experimental times (~12h total), easySHARE-seq might be particularly 

suited for studies where higher sample sizes are required or ones that rely on identification of 

genomic variants, e.g., in diverse, non-inbred individuals or in cancer. In terms of costs per 

cell, easySHARE-seq performs similarly to standard SHARE-seq with ~0.056 cents/cell, a 

fraction of the costs (<25%) of commercially available platforms, even before factoring in the 

specialized instrument costs. A comparison between technologies can be found in Table 1.  

We envision easySHARE-seq as another technological step toward ultimately understanding 

gene regulation in health and disease, surveying cis-regulatory landscapes during 

differentiation and lineage commitment and determining genetic variants affecting those 

processes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 1: easySHARE-seq enables highly-accurate simultaneous scATAC-seq and 

scRNA-seq profiling  

 

(A) Schematic workflow of easySHARE-seq. 
(B) Generation and structure of the single-cell barcoding within Index 1. 
(C) Principle of a species-mixing experiment. Cells are mixed prior to easySHARE-seq 

and sequences associated with each cell barcode are assessed for genome of origin 
(left panel). Unique ATAC fragments per cell aligning to the mouse or human genome 
(middle left). Cells are coloured according to their assigned origin (red: human; blue: 
mouse; orange: doublet). Middle right: Same plot but with RNA UMIs.  Right: 
Percentage of ATAC fragments or RNA UMIs per cell relative to total sequencing reads 
mapping uniquely to the human genome. 3.17% of all observed cells classified as 
doublets. Accounting for same-species doublets, this results in a doublet rate of 6.34%.  

(D) Aggregate chromatin accessibility (red) and expression-seq (blue) profile of OP-9 cells 
at the Hprt locus. 
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Figure 2: Joint expression and chromatin accessibility profiling in primary liver nuclei 

 

(A) UMAP visualisation of WNN-integrated scRNAseq and scATACseq modalities of 
19,664 liver nuclei. Nuclei are coloured by cell types. 

(B) Comparison of UMIs/cell across different single-cell technologies. Red shading 
denotes all multi-omic technologies. Datasets are this study, SHARE-seq13 (murine 
skin cells), sci-CAR11 (murine kidney nuclei), SNARE-seq12 (adult & neonatal mouse 
cerebral cortex nuclei), 10x 39 Expression17 (murine liver nuclei) and sci-RNAseq3 
9(E16.5 mouse embryo nuclei). 

(C) Comparison of unique fragments per cell across different single-cell technologies. 
Colouring as in (B). Datasets differing to (B) are 10x 39scATAC42 (murine liver nuclei) 
and sciATAC-seq43 (murine liver nuclei).  

(D) Normalised gene expression of representative marker genes per cell type.  
(E) Aggregate ATAC-seq tracks at marker accessibility peaks per cell type. 
(F) Genes ranked by number of significantly correlated pCREs (P < 0.05, FDR = 0.1) per 

gene (±500kbp from TSS) in LSECs. Marked are transcription factors & regulators 
within the top 1% of genes with a critical role in LSECs.  

(G) Significantly correlated pCREs are enriched for TSS proximity. Normalised density of 
all peaks versus pCREs within ±50kbp of nearest TSS. 

(H) Aggregate scATAC-seq track of LSECs at the Gata4 locus and 500kbp upstream 
region. Loops denote pCREs significantly correlated with Gata4 and are coloured by 
Spearman correlation of respective pCRE3Gata4 comparison  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 3: Zonation profiles in LSECs across gene expression and chromatin 

accessibility 

 

(A) Schematic of a liver lobule. A liver lobule has a 8Central3Portal Axis9 starting from the 
central vein to the portal vein and portal artery. The sinusoidal capillary channels are 
lined with LSECs. 

(B) Changes along the Central3Portal Axis at the Wnt2 locus. Top: Aggregate scATACseq 
profile (red) of LSECs at Wnt2 locus. Grey bars denote identified peaks. Bottom: In 
blue, loess trend line of mean normalised Wnt2 gene expression along the Central3
Portal-Axis (central vein, CV; portal vein, PV; split into equal 10 bins). In red, loess 
trend line of mean normalised chromatin accessibility in peaks at the Wnt2 locus along 
the CP-axis.  

(C) Loess trend line of mean normalised expression (blue) and mean normalised 
accessibility along the Central3Portal axis for pericentral markers (top, increased 
toward the central vein, Dkk3, Kit and Thbp), non-monotonic markers (middle, 
increased between the veins, Lyve1, Lama4 and Bmp2) and periportal markers 
(increased toward the portal vein, Efnb2, Meis1 & Ltbp4) 

(D) Left: Zonation profiles of 362 genes along the Central3Portal axis. Right: Zonation 
profiles of 846 open chromatin regions along the Central3Portal axis. All profiles are 
normalised by their maximum.  

20.1



 

Comparison of single-cell techniques

Cost / Cell Throughput Multiomic? Special equipment? Std. sequencing? Potential insert length?

This study 5.6 ct > 200.000 Yes No Yes > 200bp
SHARE-seq 4.33 ct > 200.000 Yes No No 100bp

10x Multiome 25.8 ct 80.000 Yes Yes No 100bp
sci-RNA-seq3 1 ct > 200.000 No No Yes > 200bp



 

 
 

Supplementary Figure 1: Barcode structure and summary of quality control measures 

in liver nuclei 

 

(A) Structure of a scATAC-seq and scRNA-seq sequencing read. Created with 
Biorender.com 

(B) Percentage of total scRNAseq sequencing reads containing cDNA fragments. 
(C) Percentage of de-duplicated scRNAseq sequencing reads overlapping an exon or 

intron. 
(D) Distribution of fraction of reads in peaks (FRiP) per cell in the scATAC-seq data (mean: 

0.55). 
(E) Mean TSS enrichment score per cell in relation to distance from nearest TSS in the 

scATACseq data. 
(F) Histogram of fragment length in scATAC sequencing reads 
(G) Expressed genes and accessible peaks per cell (mean expressed genes: 1,798; mean 

accessible peaks: 1,983) 
(H) Top: Aggregate scRNA-seq (blue) and scATAC-seq (red) of all liver nuclei at 

Nop2/Iffo2/Gapdh locus. Bottom: Chromatin accessibility profiles of 100 individual 
cells. 
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Supplementary Figure 2: easySHAREseq robustly separates cell types 

(A) UMAP visualisation of merged and integrated scRNA-seq data. Nuclei are coloured 
according to their cell type. 

(B) UMAP visualisation of merged and integrated scATAC-seq data. Nuclei are coloured 
according to their cell type. 

(C) Fraction of cell types recovered relative to total cells 
(D) Distribution of UMIs per cell split by cell type. Some cell types (e.g. LSECs) consistently 

yield less UMIs. 
(E) Distribution of unique fragments per cell split by cell types. Some cell types (e.g. 

LSECs) consistently yield less fragments. 
(F) WNN-UMAPs with cells coloured according to the mean expression strength of a given 

marker gene. Red circles indicate the position of the cell population showing elevated 
expression for this marker gene. 

 



 

 

 

Supplementary Figure 3: Summary of peak3gene correlations  

 

(A) Number of significantly correlated pCREs (P < 0.05, FDR = 0.1) per gene, considering 
all peaks ±500kbp of the TSS 

(B) Number of genes a given pCREs is significantly correlated with (P < 0.05, FDR = 0.1), 
considering all peaks ±500kbp of the TSS 

(C) Number of significantly correlated pCREs (P < 0.05, FDR = 0.1) per gene, considering 
all peaks ±50kbp of the TSS 

(D) Number of genes a given pCREs is significantly correlated with (P < 0.05, FDR = 0.1), 
considering all peaks ±50kbp of the TSS 

(E) Histogram of Spearman correlations of all significant peak3gene correlations (P < 0.05) 
(F) Histogram of Spearman correlations of all non-significant peak3gene correlations (P > 

0.05) 
(G) Aggregate scATAC-seq track of LSECs at the Igf1 locus and its upstream region. 

Loops denote significantly correlated pCREs with Igf1 and are coloured by their 
respective Spearman correlation. Shaded grey area denotes potentially LSEC-specific 
cis-regulatory element regulating Igf1 expression. 

(H) Gene Ontology enrichment analysis of genes whose associated pCREs are associated 
with five or more genes. 
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Supplementary Figure 4: Investigation of LSEC zonation 

 

(A) Subclustering LSECs reveals three distinct clusters. 
(B) Comparison of marker gene expression across the three identified LSEC subclusters 

does not allow for fine-scale cell-type assignments. 
(C) Subclustered LSECs coloured by pseudotime. 
(D) Loess-Curve of marker gene expression of pericentral, non-monotonic and periportal 

marker genes along pseudotime. 
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Methods  

 

Animal Model & Tissue preparation 

 

Mice 

All animal experimental procedures were carried out under the licence number EB 01-21M at 

Friedrich Miescher Laboratory of the Max Planck Society in Tübingen, Germany. The 

procedures were reviewed and approved by the Regierungspräsidium Tübingen, Germany. 

Liver was collected from both male and female wild-type C57BL/6 and PWD/PhJ mice aged 

between 9 to 11 weeks.  

 

Study design 

From each strain, we generated easySHARE-seq libraries for one male and one female mice 

from each strain (four total). For each individual, we sequenced two sub-libraries, resulting in 

8 easySHAREseq libraries.  

 

Cell Culture 

For the species-mixing experiment, HEK Cells were cultured in media containing DMEM/F-12 

with GlutaMAX# Supplement, 10% FBS and 1% Penicillin-Streptomycin (PenStrep) at 37°C 

and 5% CO2. Cells were harvested on the day of the experiment by simply pipetting them off 

the plate and were then spun down for 5 min at 250G.  

For the second cell line, murine OP9-DL4 cells were cultured in alpha-MEM medium 

containing 5% FBS and 1% PenStrep. On the day of the experiment, the cells were harvested 

by aspirating the media and adding 4 ml of Trypsin, followed by an incubation at 37°C for 5 

min. Then, 5ml of media was added and cells were spun down for 5 min at 250G. 

After counting both cell lines using TrypanBlue and the Evos Countess II, equal cell numbers 

were mixed. 

 

Liver Nuclei  

The liver was extracted, rinsed in HBSS, cut into small pieces, frozen in liquid nitrogen and 

stored in the freezer at -80 °C for a maximum of two weeks. On the day of the experiment, 1 

ml of ice cold Lysis Solution (0.1% Triton-X 100, 1mM DTT, 10mMM Tris-HCl pH8, 0.1mM 

EDTA, 3mM Mg(Ac)2, 3mM CaCl2 and 0.32M sucrose) was added to the tube. The cell 

suspension was transferred to a pre-cooled Douncer and dounced 10x using Pestle A (loose) 

and 15x using Pestle B (tight). The solution was added to a thick wall ultracentrifuge tube on 

ice and topped up with 4ml ice cold Lysis Solution. Then 9 ml of Sucrose solution (10mM Tris-

HCl pH8.0, 3mM Mg(Ac)2, 3mM DTT, 1.8M sucrose) was carefully pipetted to the bottom of 

the tube to create a sucrose cushion. Samples were spun in a pre-cooled ultracentrifuge with 

a SW-28 rotor at 24,400rpm for 1.5 hours at 4 °C. Afterwards, all supernatant was carefully 

aspirated so as not to dislodge the pellet at the bottom and 1 ml ice cold DEPC-treated water 

supplemented with 10µl SUPERase & 15µl Recombinant RNase Inhibitor was added. Without 

resuspending, the tube was kept on ice for 20 min. The pellet was then resuspended by 

pipetting ~15 times slowly up and down followed by a 40 µm cell straining step. Counting of 

the nuclei using DAPI and the Evos Countess II was immediately followed up by fixation.  

 

 

 



easySHARE-seq protocol 

 

Preparing the barcoding oligonucleotides 

There are two barcoding rounds in easySHARE-seq with 192 unique barcodes distributed 

across two 96-well plates in each round (see Suppl. Table 1 for a full list of oligonucleotide 

sequences). Each barcode (BC) is pre-annealed as a DNA duplex for improved stability. The 

first round of barcodes contains two single-stranded linker sequences at its ends as well as a 

59 phosphate group to ligate the different barcodes together. The first single-stranded 

overhang links the barcode to a complementary overhang at the 59 end of the cDNA molecule 

or transposed DNA molecule, which originates either from the RT primer or the Tn5 adapter. 

The second overhang (3bp) is used to ligate it to the second round of barcodes (Fig.1B). Each 

duplex needs to be annealed prior to cellular barcoding, preferably on the day of the 

experiment. No blocking oligos are needed.  

The Round1 BC plates contain 10µl of 4µM duplexes in each well and Round2 BC plates 

contain 10µl of 6µM barcode duplexes in each well, all in Annealing Buffer (10mM Tris pH8.0, 

1mM EDTA, 30mM KCl). Pre-aliquoted barcoding plates can be stored at -20 °C for at least 

three months. On the day of the experiment, the oligo plates were thawed and annealed by 

heating plates to 95 °C for 2 min, followed by cooling down the plates to 20 °C at a rate of -2 

°C per minute. Finally, the plates were spun down. Until the annealed barcoding plates are 

needed, they should be kept on ice or in the fridge. 

This barcoding scheme is very flexible and currently supports a throughput of ~350,000 cells 

(assuming 96 indexing primers) per experiment, limited only by sequencing cost and 

availability of indexing primer. The barcodes were designed to have at least a Hamming 

distance of 2. See Supplementary Notes for further details on the barcoding system and 

flexibility. 

 

Tn5 preparation 

Tn5 was expressed in-house as previously described 44. Two differently loaded Tn5 are 

needed for easySHARE-seq, one for the tagmentation, loaded with an adapter for attaching 

the first barcodes (termed Tn5-B2S), and one for library preparation with a standard illumina 

sequencing adapter (termed Tn5-A-only). See Supplementary Table 1 for all sequences.  

To assemble Tn5-B2S, two DNA duplexes were annealed: 20 µM Tn5-A oligo with 22 µM Tn5-

reverse and 20 µM Tn5-B2S with 22 µM Tn5-reverse, all in 50 mM NaCl and 10mM Tris pH8.0. 

Oligos were annealed by heating the solution to 95 °C for 30 s and cooling it down to 20 °C at 

a rate of 2 °C/min. An equal volume of duplexes was pooled and then 200 µl of unassembled 

Tn5 was mixed with 16.5 µl of duplex mix. The Tn5 was then incubated at 37 °C for 1 hour, 

followed by 4 °C overnight. The Tn5 can then be stored at -20 °C. In our hands, Tn5 did not 

show a decrease in activity after 10 months of storage.  

To assemble Tn5-A-only, 10 µM of Tn5-A and 10.5 µM Tn5-reverse was annealed using the 

same conditions as described above. Again, 200 µl of unassembled Tn5 was mixed with 16.5 

µl of Tn5-A duplex and incubated at 37 °C for 1 hour, followed by 4 °C overnight. The Tn5 can 

then be stored for later and repeated use for more than 10 months at -20 °C. 

We observed an increase in all Tn5 activity during the first months of storage, possibly due to 

continued transposome assembly in storage. 

 

Fixation 

One million liver nuclei (<cells= for short) were added to ice-cold PBS for 4 ml total. After mixing, 

87 µl 16% formaldehyde solution (0.35%; for liver nuclei) or 25 µl 16% formaldehyde solution 



(0.1%; for HEK and OP9 cells) was added and the suspension was mixed by pipetting up and 

down exactly 3 times with a P1000 pipette set to 700 µl. The suspension was incubated at 

room temperature for 10 min. Fixation was stopped by adding ice-cold Stop-Mix (224 µl 2.5M 

glycine, 200 µl 1M Tris-HCl pH8.0, 53 µl 7.5% BSA in PBS). The suspension was mixed 

exactly 3 times with a P1000 pipette set to 850 µl and incubated on ice for 3 min followed by 

a centrifugation at 500G for 5 min at 4°C. Supernatant was removed and the pellet was 

resuspended in 1 ml Nuclei Isolation Buffer (NIB; 10mM Tris pH8.0, 10mM NaCl, 2mM MgCl2, 

0.1% NP-40) and kept on ice for 3 min followed by straining the suspension with a 40 µm cell 

strainer. It was then spun down at 500G for 3 min at 4°C and re-suspended in ~100-200µl 

PBSi (1x PBS + 0.4 U/µl Recombinant RNaseInhibitor, 0.04% BSA, 0.2 U/µl SUPERase, 

freshly added), depending on the amount of input cells. Cells were then counted using DAPI 

and the Countess II and concentration was adjusted to 2M cells/ml using PBSi. 

 

Tagmentation 

In a typical easySHARE-seq experiment for this study, 8 tagmentation reactions with 10,000 

cells each followed by 3 RT reactions were performed. This results in sequencing libraries for 

around 30,000 cells. To increase throughput, simply increase the amount of tagmentation and 

RT reactions accordingly. No adjustment is needed to the barcoding. Each tube and PCR strip 

until the step of Reverse Crosslinking was coated before use by rinsing it with PBS+0.5% 

BSA. 

For each tagmentation reaction, 5 µl of 5X TAPS-Buffer, 0.25µl 10% Tween, 0.25µl 1% 

Digitonin, 3 µl PBS, 1 µl Recombinant RNaseInhibitor and 9µl of H2O was mixed. TAPS Buffer 

was made by first making a 1M TAPS stock solution in H2O, followed by adjustment of the pH 

to 8.5 by titrating 10M NaOH. Then, 4.25ml H2O, 500µl 1M TAPS pH8.5, 250µl 1M MgCl2 and 

5ml N-N-Di-Methyl-Formamide (DMF) was mixed on ice and in order. When adding DMF, the 

buffer heats up so it is important to be kept on ice. The resulting 5X TAPS-Buffer can then be 

stored at 4°C for short term use (1-2 months) or for long-term storage at -20°C (> 6 months). 

Then, 5 µl of cell suspension at 2M cells/ml in PBSi was added to the tagmentation mix for 

each reaction, mixed thoroughly and finally 1.5µl of Tn5-B2S was added. The reaction was 

incubated on a shaker at 37°C for 30 min at 850 rpm. Afterwards, all reactions were pooled 

on ice into a pre-cooled 15ml tube. The reaction wells were washed with ~30 µl PBSi which 

was then added to the pooled suspension in order to maximize cell recovery. The suspension 

was then spun down at 500G for 3 min at 4°C. Supernatant was aspirated and the cells were 

washed with 200µl NIB followed by another centrifugation at 500G for 3 min at 4°C.  

We only observed cell pellets when centrifuging after fixation and only when using cell lines 

as input material. Therefore, when aspirating supernatant at any step it is preferable to leave 

around 20-30µl liquid in the tube. Additionally, it is recommended to pipette gently at any step 

as to not damage and fracture the cells. 

 

Reverse Transcription 

As stated above, three tagmentation reactions were combined into one RT reaction. When 

increasing cells to more than 30,000 per RT reaction, we observed a steep drop in reaction 

efficiency. 

The Master Mix for one RT reaction contained 3µl 100µM RT-primer, 2µl 10mM dNTPs, 6µl 

5X MaximaH RT Buffer, 4.5µl 50% PEG6000, 1.5 µl H2O, 1.5µl SUPERase and 1.66µl 

MaximaH RT. The RT primer contains a polyT tail, a 10bp UMI sequence, a biotin molecule 

and an adapter sequence used for ligating onto the first round of barcoding oligos. 



The cell suspension was resuspended in 10µl NIB per RT reaction and added to the Master 

Mix for a total of 30µl. As PEG is present, it is necessary to pipette ~30 times up and down to 

ensure proper mixing. The RT reaction was performed in a PCR cycler with the following 

protocol: 52°C for 12 min; then 2 cycles of 8°C for 12s, 15°C for 45s, 20°C for 45s, 30°C for 

30s, 42°C for 2min and 50°C for 3 min. Finally, the reaction was incubated at 52°C for 5 more 

minutes. All reactions were then pooled on ice into a pre-cooled and coated 15ml tube and 

the reaction wells were washed with ~40µl NIB, which was then added to the pooled cell 

suspension in order to maximise cell recovery. The suspension was then spun down at 500G 

for 3 min at 4°C. Supernatant was aspirated and the cells were washed in 150µl NIB and spun 

down again at 500G for 3min at 4°C. This washing step was repeated once more, followed by 

resuspension of the cells in 2ml Ligation Mix (400µl 10x T4-Buffer, 40µl 10% Tween-20, 

1460µl Annealing Buffer and 100µl T4 DNA Ligase, added last). 

 

Single-cell barcoding 

Using a P20 pipette, 10µl of cell suspension in the ligation mix was added to each well of the 

two annealed Round1 BC plates, taking care as to not touch the liquid at the bottom of each 

well. The plates were then sealed, shaken gently by hand and quickly spun down (~ 8s) 

followed by an incubation on a shaker at 25°C for 30 min at 350 rpm. After 30 min, the cells 

from each well were pooled into a coated PCR strip using a P200 multichannel pipette set to 

30µl. In order to pool, each row was pipetted up and down three times before adding the liquid 

to the PCR strip. After 8 columns were pooled into the strip, the suspension was transferred 

into a coated 5ml tube on ice. This process was repeated until both plates were pooled, taking 

care to aspirate most liquid from the plates. The cell suspension was then spun down for 3min 

at 500G at 4°C. Supernatant was aspirated and the cells were resuspended thoroughly in 2 

ml new Ligation Mix. Now, 10µl of cell suspension was added into each well of the annealed 

Round2 barcoding plates using a P20 pipette, taking care as to not touch the liquid within each 

well. The plates were sealed, shaken gently by hand and spun down quickly followed by 

incubating them on a shaker at 25°C for 45 min at 350 rpm. The cells were then pooled again 

using the above described procedure into a new coated 15ml Tube. The cells were spun down 

at 500G for 3 min at 4°C. Supernatant was aspirated, the cells were washed with 150µl NIB 

and spun down again. Finally, the cells were resuspended in ~60µl NIB and counted. For 

counting, 5µl of cells were mixed with 5µl of NIB and 1x DAPI and counted on the Evos 

Countess II, taking the dilution into account. Sub-libraries of 3,500 cells were made and the 

volume was adjusted to 25µl by addition of NIB. 

Using 3,500 cells results in a doublet rate of ~6.3%.  The recovery rate of cells after 

sequencing depends on the input material (and QC thresholds), with cell lines recovering 

around 80% of input cells (~2,800-3,000 cells) and liver nuclei around 70% (~2,300-2,500 

cells). 

 

Reverse-Crosslinking 

To each sub-library of 3,500 cells, 30µl 2x Reverse Crosslinking (RC) Buffer (0.4% SDS, 

100mM NaCl, 100mM Tris pH8.0) as well as 5µl ProteinaseK was added. The sub-libraries 

were mixed and incubated on a shaker at 62°C for one hour at 800 rpm. Afterwards, they were 

transferred to a PCR cycler into a deep well module set to 62°C (lid to 80°C) for an additional 

hour. Afterwards, each sub-library was incubated at 80°C for 10 min and finally 5µl of 10% 

Tween-20 to quench the SDS and 35µl of NIB was added for a total volume of 100µl. 

The lysates can be stored at this point at -20°C for at least two days, which greatly simplifies 

handling many sub-libraries at once. Longer storage has not been extensively tested. 



Streptavidin Pull-Down 

Each transcript contains a biotin molecule as the RT primers are biotinylated which is used to 

separate the scATAC-seq libraries from the scRNA-seq libraries. For each sublibrary, 50µl 

M280 Streptavidin beads were washed three times with 100µl B&W Buffer (5mM Tris pH8.0, 

1M NaCl, 0.5mM EDTA) supplemented with 0.05% Tween-20, using a magnetic stand. 

Afterwards, the beads were resuspended in 100µl 2x B&W Buffer and added to the sublibrary, 

which were then shaken at 25°C for one hour at 900 rpm. Now all cDNA molecules are 

attached to the beads whereas transposed molecules are within the supernatant. The lysate 

was put on a magnetic stand to separate supernatant and beads. 

It likely is possible to reduce the number of M280 beads in this step, significantly reducing 

overall costs. However, this has not been extensively tested. 

 

scATAC-seq library preparation 

The supernatant from each sub-library was cleaned up with a Qiagen MinElute Kit and eluted 

twice into 30µl 10mM Tris pH8.0 total. PCR Mix containing 10µl 5X Q5 Reaction Buffer, 1µl 

10mM dNTPs, 2µl 10µM  i7-TruSeq-long primer, 2µl 10µM Nextera N5XX Indexing primer, 

4.5µl H2O and 0.5µl Q5 Polymerase was added (All Oligo sequences in Suppl. Table 1). 

Importantly, in order to distinguish the samples, each sub-library needs to be indexed with a 

different N5XX Indexing primer. The fragments were amplified with the following protocol: 

72°C for 6 min, 98°C for 1 min, then cycles of 98°C for 10s, 66°C for 20s and 72°C for 45s 

followed by a final incubation at 72°C for 2 min. The number of PCR cycles strongly depends 

on input material (Liver: 17 PCR cycles, Cell Lines: 15 PCR cycles). The reactions were then 

cleaned up with custom size selection beads with 0.55X as upper cutoff and 1.4X as lower 

cutoff and eluted into 25µl 10mM Tris pH8.0. Libraries were quantified using the Qubit HS 

dsDNA Quantification Kit and run on the Agilent 2100 bioanalyzer with a High Sensitivity DNA 

Kit. 

 

cDNA library preparation 

The beads containing the cDNA molecules were washed three times with 200µl B&W Buffer 

supplemented with 0.05% Tween-20 before being resuspended in 100µl 10mM Tris ph8.0 and 

transferred into a new PCR strip. The strip was put on a magnet and the supernatant was 

aspirated. The beads were then resuspended in 50µl Template Switch Reaction Mix: 10µl 5X 

MaximaH RT Buffer, 2µl 100µM TS-oligo, 5µl 10mM dNTPs, 3µl Enzymatics RNaseIn, 15µl 

50% PEG6000, 14µl H2O and 1.25µl MaximaH RT. The sample was mixed well and incubated 

at 25°C for 30 min followed by an incubation at 42°C for 90 min. The beads were then washed 

with 100µl 10mM Tris while the strip was on a magnet and resuspended in 60µl H2O. To each 

well, 40µl PCR Mix was added containing 20µl 5X Q5 Reaction Buffer, 4µl 10µM i7-Tru-Seq-

long primer, 4µl 10µM Nextera N5XX Indexing primer, 2µl 10mM dNTPs, 9µl H2O and 2µl Q5 

Polymerase. The resulting mix can be split into two 50µl PCR reactions or run in one 100µl 

reaction. The PCR involved initial incubation at 98°C for 1 min followed by PCR cycles of 98°C 

for 10s, 66°C for 20s and 72°C for 3 min with a final incubation at 72°C for 5 min. Importantly, 

in order to distinguish the samples, each sub-library needs to be indexed with a different N5XX 

Indexing primer. The number of PCR cycles strongly depends on input material (Liver: 15 

cycles, Cell lines: 13 cycles).  

The PCR reactions were cleaned up with custom size selection beads using 0.7X as a lower 

cutoff (70µl) and eluted into 25µl 10mM Tris pH8.0. The cDNA libraries were quantified using 

the Qubit HS dsDNA Quantification Kit. 

 



scRNA-seq library preparation 

As the cDNA molecules are too long for sequencing (mean length > 700bp), they need to be 

shortened on one side. To achieve this, 25ng of each cDNA library was transferred to a new 

strip and volume was adjusted to 20µl using H2O. Then 5µl 5X TAPS Buffer and 0.8µl Tn5-A-

only was added and the sample was incubated at 55°C for 10 min. To stop the reaction, 25µl 

1% SDS was added followed by another incubation at 55°C for 10 min. The sample was then 

cleaned up with custom size selection beads using a ratio of 1.3X and eluted into 30µl. Then 

20µl PCR mix was added containing 10µl 5X Q5 reaction buffer, 1µl 10mM dNTPs, 2µl 10µM 

i7-Tru-Seq-long primer, 2µl 10µM Nextera N5XX Indexing primer (note: each sample needs 

to receive the same index primer as was used in the cDNA library preparation), 4.5µl H2O and 

0.5µl Q5 Polymerase. The PCR reaction was carried out with the following protocol: 72°C for 

6 min, 98°C for 1 min, followed by 5 cycles of 98°C for 10s, 66°C for 20s and 72°C for 45s 

with a final incubation at 72°C for 2 min. Libraries were purified using custom size selection 

beads with a ratio of 0.5X as an upper cutoff and 0.8X as a lower cutoff. The final scRNA-seq 

libraries were quantified using the Qubit HS dsDNA Quantification Kit and run on the Agilent 

2100 bioanalyzer with a High Sensitivity DNA Kit. 

 

Sequencing 

Both scATAC-seq and scRNA-seq libraries were sequenced simultaneously as they were 

indexed with different Index2 indices (N5XX). All libraries were sequenced on the Nova-seq 

6000 platform (Illumina) using S4 2x150bp v1.5 kits (Read 1: 150 cycles, Index 1: 17 cycles, 

Index 2: 8 cycles, Read 2: 150 cycles). Libraries were partly multiplexed with standard Illumina 

sequencing libraries. 

 

Custom Size selection beads 

To make custom size selection beads, we washed 1ml of SpeedBeads on a magnetic stand 

in 1ml of 10mM Tris-HCl pH8.0 and re-suspended them in 50ml Bead Buffer (9g PEG8000, 

7.3g NaCl, 500ul 1M Tris HCl pH8.0, 100ul 0.5M EDTA, add water to 50ml). The beads don9t 

differ in their functionality from other commercially available ready-to-use size selection beads. 

They can be stored at 4°C for > 3 months.  

 

 

Analysis 

 

Gene annotations and Genomic variants 

The reference genome and the Ensembl gene annotation of the C57BL/6J genome (mm10) 

were downloaded from Ensembl (Version GRCm38, release 102). Gene annotations for  

PWD/PhJ mice were downloaded from Ensembl. A consensus gene annotation set in mm10 

coordinates was constructed by filtering for genes present in both gene annotations.  

 

easySHARE-RNA-seq pre-processing 

Fastq files were demultiplexed using a custom C-script, allowing one mismatch within each 

barcode segment. The reads were trimmed using cutadapt48. UMIs were then extracted from 

bases 1-10 in Read 2 using UMI-Tools45 and added to the read name. Only reads with TTTTT 

at the bases 11-15 of Read 2 were kept (> 96%), allowing one mismatch. Lastly, the barcode 

was also moved to the read name.  

 

 



Species-Mixing Experiments 

RNA-seq reads were aligned to a composite hg38-mm10 genome using STAR46. The resulting 

bamfile was then filtered for uniquely mapping reads and reads mapping to chrM, chrY or 

unmapped scaffolds or containing unplaced barcodes were removed. Finally, the reads were 

deduplicated using UMItools45. ATAC-seq reads were also aligned to a composite genome 

using bwa47. Duplicates were removed with Picard tools and reads mapping to chrM, chrY or 

unmapped scaffolds were filtered out. Additionally, reads that were improperly paired or had 

an alignment quality < 30 were also removed.  

The reads were then split depending on which genome they mapped to and reads per barcode 

were counted. Barcodes needed to be associated with at least 700 fragments and 500 UMIs 

in order to be considered a cell for the analysis. A barcode was considered a doublet when 

either the proportion of UMIs or fragments assigned to a species was less than 75%. This 

cutoff was chosen to mitigate possible mapping bias within the data. 

 

easySHARE-RNA-seq processing and read alignment 

We only used Read 1 for all our RNA-seq analyses as sequencing quality tends to drop after 

a polyT tail is sequenced in R2. Each sample was mapped to mm10 using the twopass mode 

in STAR46 with the parameters --outFilterMultimapNmax 20 --outFilterMismatchNmax 15. We 

then processed the bamfiles further by moving the UMI and barcode from the read name to a 

bam flag, filtering out multimapping reads and reads without a definitive barcode. To determine 

if a read overlapped a transcript, we used featureCounts from the subread package48. UMI-

Tools was used to collapse the UMIs of aligned reads, allowing for one mismatch and de-

duplication of the reads. Finally, (single-cell) count matrices were created also using UMI-

Tools.  

 

easySHARE-ATAC-seq pre-processing and read alignment 

Fastq files were demultiplexed using a custom C-script, allowing one mismatch within each 

barcode segment. The paired reads were trimmed using cutadapt49 and the resulting reads 

were mapped to the mm10 genome using bwa mem47. Reads with alignment quality < Q30, 

unmapped, undetermined barcode, or mapped to mtDNA were discarded. Duplicates were 

removed using Picard tools. Open chromatin regions were called by subsampling the bamfiles 

from all samples to a common depth, merging them into a pooled bamfile and  using the peak 

caller MACS250 with the parameters -nomodel -keep-dup -min-length 100. The count matrices 

as well as the FRiP score was generated using featureCounts from the Subread package48 

together with the tissue-specific peak set.  

 

Filtering, Integration & Dimensional reduction of scRNAseq data 

The count matrices were loaded into Seurat51 and cells were then filtered for >200 detected 

genes, >500 UMIs and < 20.000 UMIs. The sub-libraries coming from the same experiment 

were then merged together and normalised. Merged experiments from the same species (one 

from male mouse, one from female mouse) were then integrated by first using SCTransform52 

to normalise the data, then finding common features between the two experiments using 

FindIntegrationAnchors() and finally integrated using IntegrateData(). Lastly, the integrated 

datasets from C57BL/6 and PWD/PhJ were again integrated using IntegrateData(). To 

visualise the data, we projected the cells into 2D space by UMAP using the first 30 principal 

components and identified clusters using FindClusters(). 

 

 



Filtering, Integration & Dimensional reduction of scATACseq data 

Fragments per cell were counted using sinto and the resulting fragment file was loaded into 

Signac53 alongside the count matrices and the peakset. We calculated basic QC statistics 

using base Signac and cells were then filtered for a FRiP score of at least 0.3, > 300 fragments, 

< 15.000 fragments, a TSS enrichment > 2 and a nucleosome signal < 4. Again, sublibraries 

coming from the same experiment were merged. We then integrated all four experiments 

(C57BL/6 & PWD/PhJ, one male & one female mouse each) by finding common features 

across datasets using FindIntegrationAnchors() using PCs 2:30 and then integrating the data 

using IntegrateEmbeddings(). To visualise the data, we projected the cells into 2D space by 

UMAP. 

 

Weighted-Nearest-Neigbor (WNN) Analysis & Cell type identification 

In order to use data from both modalities simultaneously, we created a multimodal Seurat 

object and used WNN16 clustering to visualise and leverage both modalities for downstream 

analysis. Afterwards, we assigned cell cycle scores and excluded clusters consisting of nuclei 

solely in the G2M-phase (2 clusters, 121 nuclei total). Cell types were assigned via expression 

of previously known marker genes, which allows subsetting the data into cell types. 

 

Calculating Peak3Gene Associations 

Peak3gene associations were calculated following the framework described by Ma et al13. In 

short, Spearman correlation was calculated for every peak3gene pair within a +-500kb window 

around the TSS of the expressed gene. To obtain a background estimation, we used 

chromVAR54 (getBackgroundPeaks()) to generate 100 background peaks matched in GC bias 

and chromatin accessibility but randomly distributed throughout the genome. We calculated 

the Spearman correlation between every background-gene comparison, resulting in a null 

distribution with known population mean and standard deviation. We then calculated the z-

score for the peak3gene pair in question ((correlation - population mean)/ standard deviation) 

and used a one-sided z-test to determine the p-value. This functionality is also implemented 

in Signac under the function LinkPeaks(). Increasing the number of background peaks to 200, 

350 or 500 for each peak3gene pair does not impact the results (data not shown).  

 
Analysis of LSEC zonation markers 

To analyse gene expression and chromatin accessibility along LSEC zonation, we subsetted 

our data for LSECs only, extracted expression values and wnnUMAP coordinates and binned 

the data along the wnnUMAP_2 axis into 10 equal sized bins. We then calculated the mean 

expression/accessibility for each gene/peak in each bin, excluding cells that contained a zero 

count. To identify novel marker genes, we excluded genes with low expression and calculated 

the moving average (for three bins) across the bins. We then required the moving average to 

continuously decrease (for pericentral marker genes) or increase ( for periportal marker 

genes), allowing two exceptions. Lastly, we divided the means for each gene by their 

maximum to normalise the values. Identification of cis-regulatory elements displaying zonation 

effects had equal requirements.  

Imputation of pseudotime was performed in Monocle355 with standard parameters. Gene 

expression was smoothed over both bins and pseudotime (separately) with local polynomial 

regression fitting (loess).  

 

 

 



Gene Ontology Analysis 

Gene Ontology Analysis was done using the R package clusterProfiler56 with standard 

parameters. 

 

Data Availability 

All data can be accessed using the accession number GSE256434. All code used in data 

analysis is available at https://github.com/vosoltys/easySHARE_seq.git. 
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Suppl. Fig. 1: General overview and trends of the data 

 

(A) Number of genomic variants of each species compared to mm10. 

(B) Percentage of total reads assignable to alleles in the F1 Hybrids. 

(C) Percentage of reads assigned to the BL6 allele in the F1 Hybrids. 

(D) Total number of expressed genes and accessible peaks in each species contrast. 

(E) Percentage of genes with allele-specific expression and allele-specific chromatin 

accessibility between the F1 Hybrid alleles.  

(F) Percentage of DE genes in each species contrast within each cell type.  

(G) Aggregated scATAC- and scRNA-seq track at the Map2k2 locus. Tracks are coloured 

by species. The first four tracks are depicting ATAC-seq, the last four tracks are 

expression data.  

(H) Gene ontology analysis of the top 1000 most differentially expressed genes in each 

species contrast.  
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Supplementary Notes 
 

 

Mitigating mapping bias in the scRNA-seq 

 

In order to minimise the potential effect of mapping bias onto our data and to circumvent the 

lack of reference genome for the PWD/PhJ strain, we modified the approach from Crowley et 

al.1 and Gao et al 2. For each species (except C57BL/6, since mm10 is the proper reference 

genome), we constructed <Artificial Genomes= (AG) using the vcf2diploid tool3 (Suppl. Fig. 

1A). Vcf2diploid incorporates SNPs and InDels of each species into the mm10 genome and 

additionally outputs a chain file for lifting genome coordinates over from mm10. This allows us 

to map reads from each species to both genomes (mm10 and the appropriate AG), compare 

mapping quality across them and keep the better mapping read, which is especially useful in 

the case of F1 hybrids. Even though reference genomes are available for CAST/EiJ and 

SPRET/EiJ mice, we used this approach for all three species in order to generate consistent 

results. Additionally, this allowed us to use mm10 gene annotations. 

After mapping each sample using STAR4, we compare the mapping quality (MAPQ) for each 

read in both alignments and discard the alignment with lower MAPQ. In case of an equal 

MAPQ, we kept the mm10 mapping read. We then discard multimapping reads, reads not 

overlapping a gene and non-primary alignments. Next, we merge corresponding bamfiles and 

use UMI-tools6 to remove transcript duplicates. Importantly, since easySHARE-seq relies on 

fragmentation after a first PCR, transcript duplicates do not necessarily have the same 

genomic sequence. However, by de-duplicating on a gene level using the 3per-gene flag, UMI-

tools still accurately identifies and removes transcript duplicates. Lastly, we use UMI-tools to 

generate a (single-cell) count matrix for each sample.  

To verify our approach, we made use of our scRNA-seq SPRET/EiJ data since it is the most 

evolutionarily distant species from C57BL/6 and thus mapping bias should have the highest 

effects. Additionally, a reference genome SPRET/EiJ is available at www.mousegenomes.org. 

We mapped this data three different ways: to mm10 only, using the AG approach or to the 

SPRET/EiJ reference genome. Using the AG approach, we recovered 5.2% more UMIs than 

compared to mm10 only (Suppl. Fig. 2B) and nearly identical UMI counts compared to the 

SPRET/EiJ reference genome (< 0.5% difference). Interestingly, 69% of reads additionally 

mapping to the AG (compared to mm10) are classified as unplaced when mapping to mm10. 

We then compared mapping efficiency for the top 10.000 expressed genes and calculated 

how many UMIs per gene are recovered when mapping to mm10 or using the AG approach, 

both compared to the SPRET/EiJ reference genome (Suppl. Fig. 2C). Mapping using the AG 

approach outperforms mapping to mm10 and is highly similar compared to mapping to the 

SPRET/EiJ reference genome (median mapping efficiency: 0.9516 (mm10) vs. 0.9976 (AG) 

vs. 1 (SPRET/EiJ)). For example, mapping using the AG approach recovers 97.5% of UMIs 

for Lsg1 compared to mapping to SPRET/EiJ, compared to 91.36%  in mm10 (Suppl. Fig. 

1D). Next, we calculated differentially expressed (DE) genes between all three differently 

mapped SPRET/EiJ datasets and the pseudobulked C57BL/6 scRNA-seq dataset generated 

for this study (Suppl. Fig. 1E). Mapping to mm10 only recovers 93% of DE genes whereas 

mapping using the AG approach recovers 96.6% of DE genes. Additionally, using the AG 

approach falsely classifies only 223 genes as DE (1.2% of expressed genes). 

Lastly, we investigated the drivers of mapping bias. We ordered genes by total amount of 

recovered UMIs (mapped with the AG approach vs mm10) and subsetted for the top genes 



that collectively have 50% of the recovered UMIs (1.193 total genes). We then calculated 

SNPs/kilobase (kb) and base pairs (bp) in InDels/kb for these genes and compared them to 

all genes (Suppl. Fig. 1F). While the frequency of SNPs did not differ, the genes with 50% of 

recovered UMIs were highly enriched for bp in InDels (p < 0.001, Welch9s t-test), indicating 

that these are the main driver of mapping bias. 

To summarise, we show that using the AG approach provides accurate mapping and mitigates 

the majority of mapping bias effects. While we cannot exclude the possibility that underlying 

mapping bias still influences some of our analysis, we presume it to play a very minor role, 

especially when comparing across species.  

 

Correcting for Mapping Bias in the ATAC-seq  

 

In order to minimise the impact of mapping bias onto comparative analyses involving the 

ATAC-seq data (e.g. differentially accessible peaks), we directly measured mapping bias for 

each species at each peak, allowing us to correct for it. To do so, we made use of three publicly 

available reference genomes for CAST/EiJ, SPRET/EiJ and PWK/PhJ, using PWK/PhJ as a 

proxy for PWD/PhJ (see main article). All genomes as well as gDNA sequencing data used to 

construct them and C57BL/6 gDNA sequencing data were downloaded from 

www.mousegenomes.org and mapped to the appropriate reference genome (e.g. CAST/EiJ 

gDNA data to the CAST/EiJ reference genome). 

We then calculated per species peak-specific correction factors (Suppl. Fig. 2A). First, we 

transferred peaks from mm10 coordinates to e.g. the CAST/EiJ reference genome using blat. 

We filtered out blat hits with more than 80 mismatches, lower than 90% of the sequence 

aligned or hits on a different chromosome. If multiple hits were retained, we chose the one 

with the highest score, resulting in 85.2% of peaks confidently transferred to CAST/EiJ 

coordinates (85.1% or 82.8% for PWK/PhJ and SPRET/EiJ, respectively). Next, we extracted 

an equal number of reads overlapping each peak from C57BL/6 and gDNA sequencing data 

of the second species (e.g. 100 CAST/EiJ and 100 C57BL/6 reads for the same peak). Peaks 

with less than 25 reads extracted were excluded from further analysis. We then remapped 

these reads to mm10. If a focal peak has no mapping bias, the ratio of mapped C57BL/6 and 

e.g. CAST/EiJ gDNA reads will be 1. If it differs from 1, it is due to mapping bias. Therefore, 

we use this ratio directly as peak-specific correction factors and multiply e.g. CAST/EiJ peak 

counts before analysing differentially accessible peaks.  

The majority of peak-specific correction factors were between 0.95 and 1.05, with SPRET/EiJ 

having slightly higher average correction factors, consistent with being the most evolutionarily 

distant species (Suppl. Fig. 2B, mean correction factors: 1.0136 (CAST/EiJ), 1.012933 

(PWD/PhJ) and 1.0221 (SPRET/EiJ)). We then analysed differentially accessible peaks 

between CAST/EiJ and C57BL/6 samples and compared the results with and without applying 

the mapping bias correction. Applying the correction leads to balanced log2 fold changes 

(Suppl. Fig. 2C). Without correcting for mapping bias, 51.7% of differentially accessible peaks 

have higher accessibility in C57BL/6. However, after correcting for mapping bias, differentially 

accessible peaks are evenly balanced between the species with only 50.4% of peaks having 

higher accessibility in C57BL/6 (Suppl. Fig. 2D), showcasing the validity and effectiveness of 

our approach to correct for mapping bias.  

To summarise, we developed a simple approach to directly measure mapping bias and show 

that it is appropriate when correcting mapping bias.    

 

 



 
Supplementary Figure 1: Using the AG Approach for scRNA-seq mapping mitigates the majority of 

mapping bias effects 

 

(A) Schematic overview of the major steps in the analytical pipeline. 

(B) Total UMIs recovered when SPRET/EiJ scRNA-seq data is mapped to the mm10 genome (red), using the AG Approach 

(blue) or to the SPRET/EiJ genome (green). Using the AG approach recoveres nearly identical to UMIs compared to 

SPRET/EiJ ( < 0.5% difference). 

(C) Relative mapping efficiency per gene compared to SPRET/EiJ mapped data. Number of UMIs recovered per gene in 

relation to number of UMIs recovered when the data is mapped to the SPRET/EiJ genome. Red: mapped to mm10. 

Blue: using the AG approach.  

(D) Representative tracks of the differently mapped scRNA-seq data at the Lsg1 locus. Red: mapped to mm10. Blue: using 

the AG approach. Top track is the mm10 track, bottom is the Artificial Genome track. Green: mapped to SPRET/EiJ 

genome. Right: Number of UMIs recovered for Lsg1 per mapping approach.  

(E) Results of differential expression (DE) analysis between C57BL/6 data and differently mapped SPRET/EiJ data. 

Colours indicate how the SPRET/EiJ data has been mapped. Top: DE analysis with mm10-mapped SPRET/EiJ data 

against C57BL/6 data only recovers 93% of DE genes compared to SPRET/EiJ-mapped SPRET/EiJ data. Bottom: 

Mapping the SPRET/EiJ data using the AG approach recovers 97% of DE genes. 

(F) Number of bp/kb in InDels or SNPs. Red: All Genes. Blue: 1.193 genes which cumulatively recover 50% of total UMIs 

when using the AG approach compared to mm10 mapping. Top genes are significantly enriched for InDels but not for 

SNPs compared to all genes (t-test, p < 0.001). 
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Supplementary Figure 2: Mapping Bias Correction in ATAC-seq analysis 

 

(A) Schematic overview of the major steps in the analytical pipeline 

(B) Distribution of correction factors for each species 

(C) Absolute log2 fold-changes with and without correction when calculating differentially accessible peaks between BL6 

and CAST. Split by directionality of higher accessibility. 

(D) Percentage of differentially accessible with higher accessibility in BL6 vs CAST, either with or without mapping bias 

correction. 
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Volker Soltysc, Yingguang Frank Chanc , and David M. Kingsleya,d,2

aDepartment of Developmental Biology, Stanford University School of Medicine, Stanford, CA 94305; bDepartment of Genetics, Stanford University School
of Medicine, Stanford, CA 94305; cFriedrich Miescher Laboratory of the Max Planck Society, 72076 Tübingen, Germany; and dHHMI, Stanford University
School of Medicine, Stanford, CA 94305

Contributed by David M. Kingsley; received September 24, 2021; accepted November 10, 2021; reviewed by Philip Reno and Clifford Tabin

Complete genome sequencing has identi!ed millions of DNA

changes that differ between humans and chimpanzees. Although

a subset of these changes likely underlies important phenotypic

differences between humans and chimpanzees, it is currently

dif!cult to distinguish causal from incidental changes and to map

speci!c phenotypes to particular genome locations. To facilitate

further genetic study of human–chimpanzee divergence, we have

generated human and chimpanzee autotetraploids and allote-

traploids by fusing induced pluripotent stem cells (iPSCs) of each

species. The resulting tetraploid iPSCs can be stably maintained

and retain the ability to differentiate along ectoderm, mesoderm,

and endoderm lineages. RNA sequencing identi!es thousands

of genes whose expression differs between humans and chim-

panzees when assessed in single-species diploid or autotetraploid

iPSCs. Analysis of gene expression patterns in interspeci!c al-

lotetraploid iPSCs shows that human–chimpanzee expression dif-

ferences arise from substantial contributions of both cis-acting

changes linked to the genes themselves and trans-acting changes

elsewhere in the genome. To enable further genetic mapping of

species differences, we tested chemical treatments for stimulating

genome-wide mitotic recombination between human and chim-

panzee chromosomes, and CRISPR methods for inducing species-

speci!c changes on particular chromosomes in allotetraploid cells.

We successfully generated derivative cells with nested deletions

or interspeci!c recombination on the X chromosome. These stud-

ies con!rm an important role for the X chromosome in trans regu-

lation of expression differences between species and illustrate the

potential of this system for more detailed cis and trans mapping

of the molecular basis of human and chimpanzee evolution.

human–chimpanzee evolution | tetraploid | cis/trans gene regulation |

genetic mapping

Humans have had a long-standing interest in the features that
distinguish our species from other animals (1, 2). Compara-

tive studies have characterized many morphological, physiologi-
cal, and behavioral similarities and differences among great apes
(3). Paleontological studies have traced the origin and timing of
the appearance of various human features in the fossil record
(4). More recently, advances in sequencing technologies have
allowed for the comparative genomic analysis of humans, chim-
panzees, other nonhuman primates, and even extinct archaic
human lineages such as Neanderthals and Denisovans (5).

Whole-genome comparisons indicate that ∼4% of the base
pairs in the human genome differ from those in chimpanzees.
Sifting through this set of ∼125 million DNA changes to sepa-
rate the causal mutations contributing to phenotypic differences
between humans and chimpanzees from inconsequential or neu-
tral changes is a daunting problem, and has been compared to
searching for needles in a haystack (3).

In evolutionary studies of other organisms, genetic crosses be-
tween different lineages have helped localize and prioritize chro-
mosome regions that influence different traits. The formation
of F1 hybrids, followed by chromosome recombination during
meiosis, can be used to produce F2 offspring that inherit different

combinations of alleles from the parental lineages. By compar-
ing different genotypes and phenotypes across a large panel of
meiotic mapping progeny, it has now been possible to map some
evolutionary traits to particular chromosome regions in yeast,
fruit flies, butterflies, sticklebacks, mice, and other organisms (6).

Traditional meiotic mapping approaches are limited to or-
ganisms that can be crossed to produce viable and fertile off-
spring. However, related approaches have also been developed
for comparing genotypes and phenotypes in somatic cells without
meiosis, when traditional crosses are not possible. Cells of even
distantly related organisms can be fused in vitro to produce
somatic cell hybrids that contain the genetic information from
both lineages. The fused cells sometimes lose chromosomes of
one or the other starting species, producing progeny cell lines that
can be used to assign genes or cellular phenotypes to particular
chromosomes (7). Hybrids can also be irradiated to fragment
chromosomes and stimulate additional segregation of genetic
information, an approach that has been used for fine mapping of
genomic linkage relationships (8). Mitotic recombination within
cultured cells can also be stimulated by mutations in DNA path-
ways, by chemicals that damage DNA, or by targeted breaks

Signi!cance

Comparative studies of humans and chimpanzees have re-

vealedmany anatomical, physiological, behavioral, andmolec-

ular differences. However, it has been challenging to map

these differences to particular chromosome regions. Here, we

develop a genetic approach in fused stem cell lines that makes

it possible to map human–chimpanzee molecular and cellular

differences to speci!c regions of the genome. We illustrate

this approach bymapping chromosome regions responsible for

species-speci!c gene expression differences in fused tetraploid

cells. This approach is general, and could be used in the future

to map the genomic changes that control many other human–

chimpanzee differences in various cell types or organoids in

vitro.
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induced by Cas9 and guide RNAs (gRNAs) designed to alter
particular locations in the genome. Mutations and chemical in-
hibitors of the Bloom Syndrome helicase gene (BLM) have been
used to recover homozygous mutants in somatic cell gene screens
(9, 10) or to induce recombination between chromosomes of
distantly related mouse strains for studies of the genomic basis
of evolutionary differences (11). The ability to induce breaks
at particular loci with CRISPR-Cas9 has also made it possible
to choose both the location and the direction of recombination
between genomes in nonmeiotic cells, enabling high-resolution
mapping without traditional crosses in yeast (12).

Development of similar approaches for human and chim-
panzee cells would be very useful for studying the genomic
basis of evolutionary differences that have evolved in hominids.
Many molecular and cellular phenotypes that can be assayed and
scored under cell culture conditions are known to differ between
humans and chimpanzees. Recent studies have generated well-
matched sets of human and chimpanzee induced pluripotent
stem cell (iPSC) lines (13), and have shown that human and
chimpanzee iPSCs can be fused to produce hybrids useful for
comparing species-specific expression in cortical spheroids and
neural crest cells (14, 15). Here we generate both autotetraploid
(same species) and allotetraploid (different species) fusion lines
from human and chimpanzee iPSCs, and use them to identify
whether gene expression differences are due to cis- or trans-
acting differences between species. We also test both random and
targeted methods for stimulating DNA breaks and chromosome
exchanges in allotetraploid iPSCs, providing a general method
for further localizing the specific genomic changes that underlie
human and chimpanzee differences in vitro.

Results

Generation and Initial Characterization of Autotetraploid and

Allotetraploid iPSC Lines. To generate autotetraploids and allote-
traploids, we labeled human and chimpanzee iPSC lines (13) with
diffusible fluorescent dyes and fused them using electrofusion
(Fig. 1A and Materials and Methods). Tetraploid cells were
enriched by either fluorescence-activated cell sorting (FACS)
or manual inspection and grown clonally. Successful fusion in
expanded clones was confirmed by FACS analysis for DNA
content using propidium iodide and by karyotyping. In total, we
generated two human autotetraploid lines (“H1H1” lines, from
human iPSC line H23555 [H1]); five chimpanzee autotetraploid
lines (“C1C1” lines from chimpanzee iPSC line C3649 [C1]); and
22 human–chimpanzee allotetraploid lines from different fusion
events including 12 “H1C1” lines derived from H1 and C1 and 10
“H2C2” lines derived from human iPSC line H20961 (H2) and
chimpanzee iPSC line C8861 (C2) (Dataset S1).

Tetraploid iPSCs were larger than diploid cells but had
normal morphology and could be routinely propagated under
the same conditions as diploid iPSCs (SI Appendix, Fig. S1). We
performed G-banded karyotyping on the initial diploid parental
lines, as well as the newly generated autotetraploid and allote-
traploid lines to examine their genome stability (Dataset S1).
Fusion lines showed the tetraploid karyotypes expected from
fusing their originating diploid lines. However, some of the
tetraploid lines contained additional chromosomal abnormal-
ities, including aneuploidies common to diploid human iPSC
cultures (16) such as deletion of human chr18q (asterisk in
Fig. 1B).

To assess the pluripotency and differentiation potential of the
tetraploid iPSC lines, we differentiated representative diploid
(H1, H2, C1, C2), autotetraploid (H1H1a, H1H1b, C1C1a,
C1C1c), and allotetraploid (H1C1a, H1C1b, H2C2a, H2C2b)
lines into ectoderm, mesoderm, and endoderm (Materials and
Methods). Quantitative PCR (qPCR) for the expression of
pluripotency (NANOG, DNMT3B), ectoderm (PAX6, RAX),
mesoderm (TBXT, HAND1), and endoderm (FOXA2, SOX17)

markers showed specific differentiation of tetraploid lines
into all three lineages (Fig. 1C, Dataset S3, and SI Appendix,
Supplemental Materials and Methods). For endoderm differen-
tiation, a subset of lines (H1, C1C1c, H1C1b) showed lower
expression of endoderm markers compared to all other cell lines,
as well as persistent expression of pluripotency marker genes.
Tetraploid cells thus retain broad differentiation abilities, but
conditions may need to be optimized for particular cell lines or
differentiation endpoints.

Diploid and Autotetraploid iPSC Lines Have Similar Gene Expression

Profiles. To examine whether tetraploidization altered normal
gene expression patterns, we used RNA sequencing (RNAseq)
to characterize transcriptional differences due to ploidy, but
not to species differences (i.e., H1 vs. H1H1 and C1 vs.
C1C1). At a false discovery rate (FDR) of 5%, we detected
189 differentially expressed genes between H1 and H1H1,
and 181 differentially expressed genes between C1 and C1C1,
with at least a twofold change in expression (Dataset S4 and
SI Appendix, Supplemental Materials and Methods). Neither set
of differentially expressed genes was enriched for gene ontology
categories (SI Appendix, Supplemental Materials and Methods),
and only 13 genes were differentially expressed in both H1
compared to H1H1 and C1 compared to C1C1. We conclude
that the creation of tetraploid cells alone does not activate a
coordinated set of gene expression changes.

To assess gene expression variability between different cell
lines from the same species, we also profiled global RNA patterns
from a second set of human and chimpanzee diploid iPSC lines.
We detected 410 differentially expressed genes between H1 and
H2 and 181 differentially expressed genes between C1 and C2
at an FDR of 5% with at least a twofold change in expression
(Dataset S4). Using principal component analysis, we found that
global transcriptional profiles grouped by species, with human-
derived lines clustering separately from chimpanzee-derived
lines, and that diploid lines clustered more closely with their
derived autotetraploid line than another diploid line of the same
species (Fig. 2A). These results indicated that the transcriptional
profiles of the diploid lines and their derived autotetraploid lines
were at least as similar as the transcriptional profiles of two
diploid lines from the same species. Taken together, our data
suggest that tetraploid iPSCs behave similarly to diploid iPSCs
at the level of gene expression.

Differential Gene Expression and Allele-Specific Gene Expression

Reveal Human- and Chimpanzee-Specific Gene Expression Profiles.

We next used our RNAseq data to identify gene expression differ-
ences between human and chimpanzee iPSCs (Dataset S5). Dif-
ferential gene expression (DE) analysis between human-only and
chimpanzee-only iPSC lines identified 5,984 genes differentially
expressed between species. There were no significant gene ontol-
ogy enrichments for DE genes with at least a twofold change in
expression (SI Appendix, Supplemental Materials and Methods).
Allele-specific expression (ASE) comparisons between the
human allele and the chimpanzee allele in allotetraploid iPSC
lines identified 4,540 allele-specific expressed genes. ASE
results from this study and the ASE results from a previous
study (14) that independently generated human–chimpanzee
allotetraploid fusions from similar diploid iPSC lines were
highly concordant (Pearson’s r = 0.72; SI Appendix, Fig. S2),
suggesting that human–chimpanzee gene expression differences
are robust and reproducible across laboratories.

cis- and trans-Acting Regulatory Changes Are Both Important

Contributors to Human–Chimpanzee Gene Expression Differences.

Determining whether gene expression differences between two
species are due to cis-acting or trans-acting regulatory changes
is possible when gene expression can be compared between
each single species and a hybrid (17). We therefore leveraged
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B

Fig. 1. Generation and differentiation of autotetraploid and allotetraploid iPSC lines. Autotetraploid and allotetraploid cells contain the expected number

of chromosomes and express expected marker genes after trilineage differentiation. (A) Human and chimpanzee diploid iPSC lines were labeled with

diffusible dyes and subjected to electrofusion to generate autotetraploid and allotetraploid iPSC lines. (B) Tetraploid lines (H2C2a shown) exhibit karyotypes

with four copies of each chromosome. Asterisk denotes location of a common iPSC human chr18q deletion (16), present in a subset of our cell lines. See

Dataset S1 for detailed karyotype description of all lines. (C) Relative expression of pluripotency (NANOG, DNMT3B), ectoderm (PAX6, RAX), mesoderm

(TBXT, HAND1), and endoderm (FOXA2, SOX17) marker genes tested via qRT-PCR after incubating cell lines under trilineage differentiation conditions. Cell

lines tested are two human diploid lines (H1, H2), two human autotetraploid lines (H1H1a, H1H1b), two chimpanzee diploid lines (C1, C2), two chimpanzee

autotetraploid lines (C1C1a, C1C1c), four allotetraploid lines (H1C1a, H1C1b, H2C2a, H2C2b), and one !uorescently marked allotetraploid line (H1C1a-X1).

Gene expression is plotted relative to a human diploid undifferentiated iPSC line (H2). Error bars represent the SD of N = 3 cell culture replicates maintained

as iPSCs or differentiated independently; 146 of 156 gene expression differences between undifferentiated cells and the tissue type in which a marker is

expected to be expressed are signi"cant by two-tailed Student’s t test at 5% FDR (see Dataset S3 for complete P value list).

the RNAseq data from human-only, chimpanzee-only, and
human–chimpanzee allotetraploid iPSC lines to determine the
regulatory type for genes that were differentially expressed
between human-only and chimpanzee-only iPSCs (Materials and
Methods). Specifically, when a cis-acting regulatory change causes
a gene to be differentially expressed, the expression difference
should be maintained in allotetraploid cells where both human
and chimpanzee alleles are in the same trans-acting environment.
Conversely, when a trans-acting regulatory change causes a gene
to be differentially expressed, the expression difference should
disappear in allotetraploid cell lines.

Our regulatory type classifications identified 5,956 genes
with no net regulatory changes between our human-only and
chimpanzee-only iPSC lines. Of these, 92.6% (5,515 genes) were
classified as conserved between human and chimpanzee, and
7.4% (441 genes) were classified as compensatory (cis- and trans-
regulatory differences acting in opposite directions resulting in
no net expression difference between species) (Fig. 2C).

Of 4,671 genes with regulatory changes between human-only
and chimpanzee-only iPSC lines, 44.4% (2,073 genes) were regu-
lated primarily in cis, 31.4% (1,465 genes) were regulated pri-
marily in trans, and the remaining 1,133 genes were regulated
both in cis and in trans (Fig. 2C). This final category was further
broken down into a cis+trans category (cis- and trans-regulatory
changes acting in the same direction) and a cis−trans category
(cis- and trans-regulatory changes acting in opposite directions).
This yielded 20.6% (961 genes) and 3.7% (172 genes) regulated
in cis+trans and cis−trans, respectively. Other genes that did
not satisfy the conditions for any category (3,515 genes) were
classified as ambiguous.

Genes with primarily cis-regulatory changes had a larger
median effect size than genes with primarily trans-regulatory
changes (median |log2(FC )| of 1.09 vs. 0.64, P < 10−56 by
two-tailed Mann–Whitney U test; Fig. 2D). Genes classified
as cis+trans had the highest effect size of any regulatory type
category (median |log2(FC )| of 1.21).

Song et al.

Genetic studies of human–chimpanzee divergence using stem cell fusions
PNAS 3 of 11

https://doi.org/10.1073/pnas.2117557118

D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
w

w
w

.p
n
as

.o
rg

 b
y
 M

A
X

-P
L

A
N

C
K

-I
N

S
T

IT
U

T
 F

U
E

R
 B

IO
L

O
G

IE
 T

U
E

B
IN

G
E

N
 o

n
 A

p
ri

l 
2
, 
2
0
2
4
 f

ro
m

 I
P

 a
d
d
re

ss
 1

9
2
.1

2
4
.2

6
.2

5
3
.



!!"!#
$%"!#

&'"(#
$")#

!"*+",-.-/

!"#$%
&'%(!"#$%
&'%)!"#$%

&*+,-$%#!*".
&*$%-"/-0
#+1'23*3%

!
"!
!!

#!
!!

$!
!!
%!
!!

&!
!!

0*
,
'

1
2
3
4
.
"5
-
4
6
"7
*
2
.
8

7
1
93
:
"5
-
4
6
"7
*
2
.
8

4
00*
#8
-
85
4
:
0*
96
/

&'%
!"#$%
&'%(!"#$%
&'%)!"#$%
&*+,-$%#!*".
&*$%-"/-0
#+1'23*3%

ï
ï

ï

ï

ï

ï ï

ï

ï

ï

ï
ï

215

210

25

0

5

10

220 210 0 10 20

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï

ï

25

0

5

210 25 0 5 10
;
<
=
"$
>
%
"*
+"
81
-
"?
4
59
4
.
7
-
&

;<("$@(%"*+"81-"?4594.7-& ;<("$A(%"*+"81-"?4594.7-&

;
<
=
"$
(
)
%
"*
+"
81
-
"?
4
59
4
.
7
-
&

'*++"+B,*

(++*+*

-+.BC/

'*++"+B,*

0B1+.BC
2*3451+.BC

ï

ïï

ï

ï

ï

6"".4"6"6"
6#
'"".4"'"'"
'#

6"'"
6#'#

ïï

ï

6785,
'9B81ï

!

"

#

0*
,
'

1
2
3
4
.
"5
-
4
6
"7
*
2
.
8

7
1
93
:
"5
-
4
6
"7
*
2
.
8

6
9:
0*
96
/
$
"4
2
8*
%8
-
85
4
:
0*
96
/

&'%
!"#
$%

&'%
(!"
#$
%

&'%
)!"
#$
%

&*
+,
-$
%#
!*"
.

&*
$%
-"/
-0

) &

!"*+"'*6D":458/"4++-78-6"'D"4",-.-

(
-
.
/
98
D

&'%

!"#$%
&'%(!"#$%
&*+,-$%#!*".
&*$%-"/-0

&'%

0*,'
1234.!5-46!7*2.8
7193:!5-46!7*2.8

69:0*96/"!428*%8-854:0*96/

A

C

B

D E

Fig. 2. Gene expression pro"ling of human and chimpanzee diploid, autotetraploid, and allotetraploid iPSC lines. Tetraploidization does not result in

coordinated gene expression changes, but thousands of genes are expressed differently between human and chimpanzee iPSCs due to a mixture of cis- and

trans-regulatory changes. (A) Principal component analysis (PCA) of RNAseq of H1, H2, C1, C2, H1H1, and C1C1 diploid and autotetraploid iPSC lines. The cell

lines cluster by species along PC1 and by cell line along PC2. Autotetraploid lines cluster with their cognate diploid line. (B) PCA of RNAseq of H1C1 and H2C2

allotetraploid lines. Allotetraploid lines are each represented by two dots, one for reads mapping to the human transcriptome and one for reads mapping

to the chimpanzee transcriptome (Materials and Methods). Expression from human alleles (triangles) cluster separately from chimpanzee alleles (circles) in

allotetraploid lines along PC1. PC2 separates the two sets of allotetraploid cell lines. (C) Each gene’s expression pattern was classi"ed by regulatory type (cis,

trans, cis+trans, cis–trans, compensatory, conserved, or ambiguous) by comparing DE between human- and chimpanzee-only iPSCs (x axis) and allele-speci"c

gene expression between human and chimpanzee alleles within allotetraploid iPSCs (y axis). (Left) Data for all genes. (Upper Right) Zoom-in of dense center

region. (Lower Right) Bar graph indicating number of genes per category and relative contribution (percentage) of each category to genes with human–

chimpanzee regulatory differences. (D) Box plot showing distribution of effect sizes for gene expression changes in each regulatory category. Median

effect size is indicated by thick horizontal lines, and mean effect size is indicated by triangles. All pairwise comparisons are statistically signi"cant (adjusted

P< 0.012 by two-tailed Mann–Whitney U test). (E) Density plot (smoothed histogram) showing the distribution of body parts in!uenced by genes [according

to the Gene ORGANizer database (20)] in each regulatory category. For genes classi"ed as cis, trans, and cis+trans, only genes with |log2(FC)|≥1 are plotted.

The cis–trans category is not included because only "ve genes have |log2(FC)|≥1. Note that genes classi"ed as cis or cis+trans tend to in!uence fewer

body parts than conserved genes (median 18 body parts for both cis and cis+trans genes compared to median 30 body parts for conserved genes, adjusted

P = 0.00028 and P = 0.0035 by two-tailed Mann–Whitney U test after FDR correction). This trend is not observed for trans and compensatory regulatory types

(median 24 and 27 body parts, adjusted P = 0.11 and P = 0.21, respectively).

Gene ontology enrichments for genes classified as trans
included processes related to the skeletal, cartilage, and muscular
systems (Dataset S6). Although we did not assess gene expression
differences in skeletal, cartilage, or muscle cells, previous
studies that assessed regulatory differences between human
and chimpanzee embryonic stem cells similarly found gene
ontology enrichments associated with differentiated tissues,

including the vocal tract (18). The enrichments seen in the
current experiments suggest that some of the dramatic skeletal
and muscular differences between humans and chimpanzees
may be driven by trans-acting regulatory changes. Additionally,
genes classified as conserved had gene ontology enrichments
related to voltage-gated ion channels (Dataset S6), which are
important for maintaining critical features of iPSCs, including
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proliferation capacity and differentiation potential (19). Finally,
genes classified as compensatory had enrichments related to
ligase activity, neurexin protein binding, and phosphatidylserine
binding, while all other regulatory type classifications had no
significant gene ontology enrichments.

We also used the Gene ORGANizer database (20), which
links genes to the body parts they affect based on phenotypes
associated with Mendelian disorders, to test whether genes that
were differentially expressed between humans and chimpanzees
tend to influence more or fewer biological systems than con-
served genes. We found that genes with primarily cis-regulatory
changes and at least a twofold change in expression influenced
a median of 18 body parts compared to a median of 30 body
parts influenced by conserved genes (adjusted P = 2.8× 10−4

by two-tailed Mann–Whitney U test; Fig. 2E). Interestingly, the
greater the expression differences between human and chim-
panzee as indicated by higher |log2(FC )|, the fewer body parts
a gene with primarily cis-regulatory changes tended to influence
(SI Appendix, Fig. S3). Similar trends were observed for genes
classified as cis+trans but not other regulatory categories.

Removing reads mapping to genes on chromosomes that were
karyotypically abnormal in any of our iPSC lines did not sig-
nificantly change our regulatory type classification or effect size
results (SI Appendix, Fig. S4). Together, our results indicate that
both cis- and trans-acting regulatory changes are important con-
tributors to the widespread gene expression differences between
humans and chimpanzees in iPSCs, with cis-regulatory changes
tending to be larger and to act on genes affecting fewer biological
systems (Fig. 2 C–E).

Prospects for Genetic Mapping. Further localization of both cis-
and trans-regulatory differences would be greatly aided if it were
possible to generate mapping panels that carry different dosages
of human and chimpanzee alleles at known locations throughout
the genome. Previous studies in yeast, Drosophila, and cultured
mammalian cell lines have used mitotic recombination to gen-
erate useful mapping panels from somatic cells (11, 12, 21, 22).
To boost the rate of mitotic recombination, common strategies
have been to treat cells with small molecules that promote DNA
damage (23, 24), or to induce targeted recombination at specific
loci using CRISPR-Cas9 (12, 21).

To assess whether small molecules could stimulate mitotic
cross-overs in iPSCs, we performed sister chromatid exchange
(SCE) assays by incubating cells with BrdU for two cell cycles
(25). Chromosomes where both strands incorporate BrdU stain
lighter than chromosomes where only one strand has incor-
porated BrdU, making it possible to visualize SCE events in
mitotic chromosome spreads (Fig. 3A). We tested camptothecin,
a topoisomerase inhibitor previously found to induce SCE events
in iPSCs (23). Consistent with prior findings, treatment of 100 nM
camptothecin for 1 h induced a 4.5-fold increase in SCE events in
both autotetraploid and allotetraploid iPSCs (P < 10−8 by one-
tailed Student’s t test; Fig. 3B).

We also tested ML216, a BLM inhibitor, which has been
found to induce SCE events in cultured human cells (9, 10, 24).
However, we found that treatment with ML216 over a range of
concentrations from 12.5 µM to 150 µM did not increase the
rate of SCE events in iPSCs. We additionally tested mitomycin
C, which cross-links DNA and is known to induce SCE events
in yeast and fungi (26). Treatment of 4 ng/mL mitomycin C for
24 h in tetraploid iPSCs increased the rate of SCE events twofold
(P < 10−5 by one-tailed Student’s t test; Fig. 3B). Although SCE
assays can only reliably assess intraspecific cross-over events,
these results suggest that the application of camptothecin or
mitomycin C to allotetraploid iPSCs has the potential to similarly
increase the rate of interspecific mitotic recombination.

An alternate approach is to induce targeted cross-overs us-
ing CRISPR-Cas9. This strategy has previously been used to

induce recombination in yeast and Drosophila (12, 21). To de-
termine the rate of interspecific recombination events at target
loci, we used a recently developed technique called haplotag-
ging to directly detect recombinant junctions by barcoding DNA
molecules prior to sequencing (27, 28). Following sequencing,
reads were aligned to a composite human–chimpanzee genome
and comparatively assigned to their species of origin. Reads
derived from the same DNA molecule were tagged with the same
barcode, enabling molecule reconstruction (Materials and Meth-
ods). Barcoded molecules that mapped to orthologous intervals
in human and chimpanzee and showed switched runs of variants
from one species to the other (human to chimpanzee, or vice
versa) were scored as likely interspecific recombination events
within the corresponding genomic interval.

In the allotetraploid line H1C1a, we targeted genomic loci
on chr20q13.33, chr21q22.3, and chrXq28 with CRISPR gRNAs
and then performed haplotagging to over 200× molecular cov-
erage (SI Appendix, Figs. S5 and S6). Based on a recent study
suggesting that ML216 acts synergistically with CRISPR-Cas9 to
induce loss of heterozygosity at targeted loci in human iPSCs
(22), we also assessed whether the addition of 25 µM of the
BLM inhibitor ML216 starting 12 h before gRNA targeting and
ending 48 h posttargeting would affect the rate of interspecific
recombination. We did not observe an enrichment in interspecific
recombination events at any of the target loci with or with-
out ML216 treatment (SI Appendix, Fig. S6). However, genome-
wide interspecific recombination events trended 1.35-fold higher
when comparing ML216-treated samples against samples that
were only treated with CRISPR-Cas9 (P = 0.052 by one-tailed
paired Student’s t test; Fig. 3B). After ML216 treatment for 60
h (approximately three cell divisions), we detected a total of
878 interspecific recombination events in ∼83 million analyzed
molecules. This translates to an endogenous rate of ∼0.8 recom-
bination events per cell per generation and an increased rate
of approximately one recombination event per cell per gener-
ation after ML216 treatment. These apparent rates in allote-
traploid cells are substantially higher than previously reported
mitotic recombination rates in diploid mouse embryonic stem
cells [0.01 to 0.04 recombination events per cell per generation
after ML216 treatment; SI Appendix, Supplemental Materials and
Methods (10, 11, 29)]. Further investigation will be required to
assess whether ML216 significantly increases the rate of interspe-
cific recombination and whether other small molecules such as
camptothecin can also increase the rate of recombination events
between human and chimpanzee chromosomes in allotetraploid
iPSCs.

Targeted cis- and trans-Mapping on the X Chromosome. To further
enrich for cells that may contain interspecific mitotic recombina-
tion events at specific loci, we fluorescently marked allotetraploid
cells at distal chromosome ends. This allowed us to use FACS to
isolate cells with expected signatures of recombination (Fig. 4A).
The gene density and enrichment of disease-related genes on
distal chrX, particularly chrXq28, made the distal region of chrX
a particularly attractive target for further study (30). Through two
rounds of CRISPR-Cas9–mediated homologous recombination
(HR), we generated five allotetraploid lines derived from H1C1a
and one from H2C2b, each carrying GFP on the human chrX and
mCherry on the chimpanzee chrX (SI Appendix, Fig. S7). Some
allotetraploid cells that underwent two rounds of CRISPR-Cas9
HR insertion maintained largely normal karyotypes, while others
showed more extensive aneuploidies (Dataset S1).

We then targeted the double fluorescently marked lines with
species-specific gRNAs to induce interspecific recombination
events on the X chromosome. Because the allotetraploids were
derived from fusions of male cells, only one X chromosome
was present from each species. In the double fluorescently
marked lines, cells with no recombination events on chrX should
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sister-chromatid
exchange (SCE)

Haplotagging

Treatment

BrdU only

 + camptothecin

 + ML216

 + mitomycin C

CRISPR only

 + ML216

Range

---

25-500 uM

12.5-150 uM

1-8 ng/ml

---

25 uM

Best

---

100 uM

---

4 ng/ml

---

---

Recomb. prop.

0.106 + 0.008

0.486 + 0.017

0.061 + 0.005

0.213 + 0.022

6.89 + 3.14 x 10-6

9.17 + 4.14 x 10-6

N

16

7

10

7

4

4

Ratio to ctrl

---

4.58 + 0.15

0.58 + 0.04

2.01 + 0.20

---

1.35 + 0.02

Assay

SCE

SCE

SCE

SCE

Haplotagging

Haplotagging

BrdU
+ small

molecules

A

B

reads map to human
or chimp genome

non-recombinant

recombinant

OR

Tn5 with
barcode

Long DNA
molecule

Fig. 3. Effect of smallmolecules on chromosome recombination frequencies in allotetraploid cells. The smallmolecules camptothecin,ML216, andmitomycin

C were assessed for their effect on intraspeci"c and interspeci"c recombination. (A) Allotetraploid cells (Center) were treated with BrdU and small molecules

to measure intraspeci"c SCE events by microscopy (Left), or treated with Cas9 and gRNAs with or without ML216 followed by haplotagging to identify

interspeci"c recombinant molecules by sequencing (Right) (Materials andMethods). (B) The proportion of chromosomes that had SCE events after treatment

with the indicated concentrations of each small molecule is listed (recomb. prop.). N denotes number of replicate experiments where the recomb. prop.

was quanti"ed for all concentrations or the best concentration (when indicated). Note that BrdU was added to all cells to visualize SCE, and all BrdU+drug

treatments were compared to the BrdU-only condition (ratio to ctrl). For haplotagging, the effect of CRISPR guides targeting speci"c loci was assessed with

or without ML216. Compared to CRISPR alone, ML216 may elevate the proportion of interspeci"c recombinant molecules genome wide (ratio to ctrl). Values

are mean ± SEM.

carry both human and chimpanzee fluorescent markers, while
recombinant cells should carry two copies of a single marker
from either human or chimpanzee chrX. We treated the double
fluorescently marked allotetraploid line H1C1a-X1 with either
a chimpanzee-specific gRNA targeting chrXq28 or a human-
specific gRNA targeting chrXq22.1, in combination with 25 µM
ML216 (SI Appendix, Fig. S8 and Materials and Methods).

Cells targeted with the chimpanzee-specific gRNA were sorted
for the absence of mCherry, which marks the chimpanzee chrX,
and increased intensity of GFP, to select for likely recombina-
tion events that result in two human alleles on the distal end
of chrXq. Because we observed higher fluorescence intensity
of the human chrX marker GFP in untreated cells during the
G2/M cell cycle phase, we also used Hoechst DNA staining
to sort specifically from G1 cells in the experiments with the
chimpanzee-specific gRNA (SI Appendix, Fig. S9 and Materials
and Methods). Similarly, cells targeted with the human-specific
gRNA were sorted for the absence of GFP, which marks the
human chrX, and increased intensity of mCherry. For the human-
specific gRNA sorts, we also incorporated an additional marker
by staining for a linked cell-surface protein, TSPAN6. Located on
chrXq, TSPAN6 has 1.4-fold higher cis-regulated expression from
the chimpanzee allele compared to the human allele (adjusted
P = 1.4× 10−4 by Welch’s t test); protein staining of TSPAN6
showed a similar difference (SI Appendix, Fig. S9 and Materials
and Methods). Cells targeted with human-specific gRNA were
thus sorted for absence of human marker GFP and increased
intensity of both chimpanzee marker mCherry and of TSPAN6.

A total of 951 allotetraploid candidate colonies were grown
from single cells after FACS. Additional genotyping confirmed
that 172 colonies carried distal chrXq from a single species
(Dataset S7). As expected, in 172/172 (100%) of these cases,
the missing chrXq corresponded to the species targeted by
the gRNA (79/79 for the human gRNA, and 93/93 for the
chimpanzee gRNA). To distinguish between deletion and
recombination events, we determined the relative dosage
of chrXq in these colonies by performing qPCR assays on
genomic DNA at chr6p, chrXp, and chrXq (Dataset S2 and
SI Appendix, Supplemental Materials and Methods). We found
that 171/172 (99.4%) colonies had lost the distal end of chrX of

one species without altering the chrX dosage of the other species,
as expected if targeting of the X chromosome had produced a
species-specific deletion in these colonies.

We also identified one colony (0.6%) that had not only lost
the distal end of the chimpanzee chrX but also doubled the
dosage of the distal end of human chrX, consistent with a
possible recombination event. Whole-genome sequencing of this
putative recombinant line confirmed that it was an interspecific
recombinant, with the first 140.1 Mb of human chrX fused to
the distal 27.6 Mb of chimpanzee chrX (Xrec1 in Fig. 4 B and C
and SI Appendix, Fig. S10). Sequence reads that span the precise
junction between the human and chimpanzee sequences show
that recombination did not occur in a region of large-scale
homology between the two X chromosomes. Instead, a 4 bp
microhomology occurs directly at the junction site, suggest-
ing that the recombination event was likely produced by
microhomology-mediated end joining and not by HR (31).
No other human–chimpanzee recombinant chromosomes were
found in the sequenced Xrec1 line when compared to an
untreated control line, suggesting that recombination events else-
where in the genome are rare in cells that survive chrX targeting,
FACS, and plating and growth of colonies from single cells.

We next leveraged the species-specific targeted lines as a panel
of deletion lines for fine-mapping studies. We performed bulk
RNAseq on seven lines with partial chimpanzee chrX deletions,
eight lines with partial human chrX deletions, and nine control
lines without chrX deletions (Dataset S1). We identified the
approximate breakpoint of each deletion by examining the ratio
of reads that uniquely map to either the human or the chim-
panzee genome along chrX (Fig. 4B, SI Appendix, Fig. S11, and
Materials and Methods). In every case, mapped breakpoints were
consistent with our results from genomic PCR and qPCR assays
(Dataset S7). Three of the seven chimpanzee chrX deletions
mapped within 1 Mb of the chimpanzee-specific gRNA target
site, and two of the eight human chrX deletions mapped within
1 Mb of the human-specific gRNA target site (Fig. 4B). The
remaining lines had a range of breakpoints that were up to
80 Mb away from the species-specific guide targeting sites, and
one cell line appeared to have lost the targeted X chromosome
completely (Fig. 4B).
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A

B

C D

Fig. 4. X chromosome targeting generates recombinant and deletion lines for genetic mapping. Cell lines with recombination and deletion events on the

X chromosome were isolated by FACS and used for further mapping of regulatory sequences. (A) Allotetraploid cells marked with GFP on the distal human

chrX and mCherry on the distal chimpanzee chrX were treated with ML216, Cas9, and species-speci"c chrX gRNAs, followed by FACS for expected signatures

of deletion or recombination (loss of !uorescent marker on targeted chrX, or retention or gain of !uorescent marker from homologous, untargeted chrX).

(B) Cell lines recovered from sorting contained either a recombinant chrX or species-speci"c distal chrX deletions. Breakpoint locations for the recombinant

(Xrec1), human deletions (hXdel#), and chimpanzee deletions (cXdel#) are shown relative to human chrX. Positions of species-speci"c gRNAs are shown. Red

diamond symbol indicates the distal portion of chimpanzee chrX that is recombined onto the "rst 140.1 Mb of human chrX in Xrec1. Yellow diamond symbol

indicates the position ofMECP2 on human chrX. (C) Whole-genome DNA sequencing of Xrec1 and a control sample (X1-S;Materials and Methods) showed

an increase in chimpanzee read depth ratio along the X chromosome and identi"ed human–chimpanzee spanning sequence reads at the point of transition,

locating the precise point of cross-over for a human–chimpanzee recombinant X chromosome (position along chrX shown in hg38 coordinates; bracket

indicates 4 bp of microhomology found in both human and chimpanzee chrX at the indicated coordinates). (D) Expression of autosomal genesMEGF10 and

TFPI2 was signi"cantly different in four lines that have lost distal chimpanzee chrX sequences (cXdel4–cXdel7) when compared to nine control lines without

deletions or to "ve lines that have lost distal human chrX sequences (hXdel3–hXdel7), as expected if a trans-regulatory factor that differs between humans

and chimpanzees maps to distal chrX (SI Appendix, Supplemental Materials and Methods).

To further characterize the breakpoints in X chromosome
deletion lines, we performed whole-genome DNA sequencing
of cXdel5 and cXdel6, which were plated and expanded from
single cells after FACS selection. DNA sequencing indicated
that cXdel5 cells had lost chimpanzee sequences distal to
147 Mb, retained chimpanzee sequences proximal to 140 Mb,
and likely contained a subclonal mixture of deletion breakpoints
in between. The cXdel6 cells had lost chimpanzee sequences

distal to 148 Mb, retained sequences proximal to 147 Mb, and
likely contained a subclonal mixture of insertions in between
(SI Appendix, Fig. S12A). CRISPR targeting can thus induce
terminal chromosome deletions, with staggered endpoints
forming in the region around the breakpoints.

The X chromosome breakpoints in cXdel5 and cXdel6 cells
were located near the genes FMR1 and AFF2. To test whether
species-specific chromosome deletions cause species-specific
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changes in gene expression near the breakpoints, we examined
the level of expression of the human and chimpanzee alleles of
FMR1 and AFF2 in cXdel4, cXdel5, cXdel6, cXdel7, and control
cells. The human alleles of FMR1 and AFF2 showed normal
expression in the chimpanzee chrX deletion lines compared
to control cells. In contrast, the chimpanzee alleles of FMR1
and/or AFF2 were not expressed when the genes were located
distal to the deletion breakpoint in cXdel4, showed reduced or
absent expression when the genes were located in the region of
staggered deletions in cXdel5, and showed normal expression
when the genes were located proximal to the terminal deletions
in cXdel6 and cXdel7 (SI Appendix, Fig. S12B). Chimpanzee-
specific chrX deletions thus can disrupt gene expression in
cis without resulting in compensatory up-regulation of the
corresponding human allele on the remaining X chromosome.

If the X chromosome encodes trans regulators of autosomal
gene targets, partial deletions of either the human or chimpanzee
X chromosome could result in significant gene expression
changes for genes located on autosomes. Indeed, 42 autosomal
genes showed significant changes in expression in the four
deletion lines that removed regions on the chimpanzee X
chromosome distal to breakpoints around 148 Mb when
compared to control lines without chrX deletions, and even
more autosomal genes (147) showed significant changes in
expression in the five cell lines that removed regions on the
human X chromosome distal to breakpoints around 95 Mb
(Dataset S8). Interestingly, seven of the genes altered by
loss of distal chimpanzee chrX regions were not significantly
different in the cell lines that had lost even larger regions of the
human X chromosome. These genes also showed the expected
signatures of a species-specific trans effect when comparing gene
expression levels among the different deletion lines (SI Appendix,
Supplemental Materials and Methods). The autosomal genes
included MEGF10 and TFPI2, which were both classified as
having a significant trans component in our studies of intact
diploid, autotetraploid, and allotetraploid cells (Fig. 4D and
Dataset S5). The magnitude of differential expression seen after
species-specific removal of the distal X chromosome ranged
from 60 to 80% of the overall expected trans component.
Thus, trans regulators encoded on the X chromosome may
contribute to a fraction of the species-specific trans-expression
differences observed in these autosomal genes. Extensions of this
approach could be used to further localize the responsible trans
factors on the X chromosome, as well as trans factors on other
chromosomes.

Discussion

Understanding the molecular basis of human evolution is a grand
and ambitious challenge in biological research. At the molecular
level, researchers have cataloged the DNA sequence changes
between humans and nonhuman primates (5) and identified
many RNA expression differences between humans and chim-
panzees across multiple tissues and developmental stages (13, 32,
33). However, it has been difficult to map the exact sequence
changes that cause particular gene expression differences or
other species-specific traits. Here, we have used intraspecific
and interspecific iPSC fusions to determine whether human–
chimpanzee gene expression changes are controlled in cis or
trans, and have developed genetic methods for further mapping
both cis and trans effects to particular locations in the genome.

Regulatory changes appear to be a key driver of evolution in
humans and other systems (34), and we and others have worked
to determine the relative contribution of cis- and trans-acting reg-
ulatory changes to gene expression differences between species.
As in previous studies with human and chimpanzee iPSCs (13,
14), we found thousands of genes with species-specific expression
differences. By comparing DE in single-species and cross-species
fusions, we found that 1) both cis- and trans-regulatory changes

are key contributors to human–chimpanzee differences, and 2)
genes with cis-regulatory changes had, on average, more diver-
gent expression than genes with trans-regulatory changes. Both
of these findings are consistent with previous genome-wide stud-
ies of human–chimpanzee tetraploid cortical spheroids, human–
chimpanzee tetraploid cranial neural crest cells, and interspecific
hybrids of mice, maize, Arabidopsis, and yeast (14, 15, 17, 35).

We also found that genes with cis-regulatory changes tended to
influence fewer body parts than genes conserved between human
and chimpanzee iPSCs. Furthermore, the number of body parts
affected by a gene declines as the expression difference between
humans and chimpanzees increases. cis-regulatory changes are
often thought to be favored in evolution because of their ability
to avoid negative pleiotropy and restrict changes to particular
tissues (34, 36). Our data suggest that genes that influence fewer
biological processes are also more likely to evolve large expres-
sion differences as species diverge during evolution.

To facilitate further genetic mapping of human–chimpanzee
differences, we examined multiple strategies to induce recom-
bination events in allotetraploid iPSCs, including both genome-
wide and targeted approaches. The BLM inhibitor ML216 has
been successfully used to induce interchromosomal recombina-
tion in other systems (11, 22). In our experiments, ML216 treat-
ments did not cause a measurable increase in intrachromosomal
exchange events scored by SCE assays, but may have stimulated
a modest ∼35% increase in the number of human–chimpanzee
recombinant molecules identified by haplotagging (Fig. 3). These
differences could be nonsignificant, or might result from molecu-
lar differences between intraspecific and interspecific recombina-
tion events; confounding effects of BrdU, which promotes DNA
damage and differentiation (SI Appendix, Fig. S13), in the SCE
assay (37); or synergistic effects with CRISPR-Cas9 targeting,
as previously reported for other mitotic recombination assays
in human iPSCs (22). Further varying BLM activity by either
pharmacological or genetic strategies (9, 10) or by treating with
ML216 for multiple passages could be tested for larger effects on
the overall rate of recombination. Camptothecin and mitomycin
C treatments are also promising candidates for further study,
given their strong promotion of SCE events in allotetraploid
iPSCs (Fig. 3B).

We also tested the ability of Cas9 and gRNAs to stimulate
interspecific chromosome exchange events at particular locations
in the genome. In contrast to prior work in yeast, Drosophila, and
human iPSCs (12, 21, 22), we did not observe an enrichment in
interspecific recombination events at the site of targeting with or
without ML216 by analyzing bulk populations with haplotagging.
We also did not recover recombination events at the site of
CRISPR targeting in the fluorescently marked lines that we
sorted to enrich for signatures of rare recombination events
on the X chromosome. We did recover many lines that carried
species-specific X chromosome deletions with breakpoints near
the site of CRISPR targeting. We further recovered a single
line carrying a confirmed human–chimpanzee recombinant X
chromosome. However, the cross-over junction in the recombi-
nant line was located tens of megabases away from the CRISPR
targeting site and may be the result of a spontaneous or ML216-
induced, rather than a CRISPR-induced, breakpoint on the X
chromosome.

Our overall rates of recovering targeted X chromosome
changes in allotetraploid lines were low (from ∼78 million
input cells, 951 colonies survived FACS selection and plating,
of which a single colony contained a recombinant chromosome
and 171 colonies contained deletion chromosomes). We note
that estimated rates of interspecific recombination appeared
orders of magnitude higher when bulk cells were analyzed by
haplotagging shortly after ML216 treatment (approximately
one genome-wide interspecific recombination event per cell per
generation). Interspecific recombination rates in allotetraploid
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cells may be overestimated by haplotagging, due to barcode
sharing between DNA molecules or errors in assigning reads
to the correct species when comparing allotetraploid cells with
reference genomes. Alternatively, high rates of interspecific
recombination may be incompatible with long-term growth
and survival in allotetraploid cells such that only cells with low
numbers of recombinant chromosomes survive FACS selection,
plating, and growth at clonal density after treatments. Despite
the low overall rate of recovering useful cells in the targeting
experiments, our experiments show that informative panels can
be successfully generated by treating large numbers of cells and
selecting for changes on particular chromosomes.

A variety of strategies may make it possible to increase the
rate of homology-directed interspecific recombination. Follow-
ing induction of double-strand breaks by small molecules or Cas9,
homology-directed repair (HDR) pathways compete with several
other pathways, including nonhomologous end joining (NHEJ)
(38). Studies in other systems have shown that the HDR pathway
can be stimulated by expressing a plasmid with RAD18, a gene
involved in the DNA damage response, or by treating cells with
the small-molecule RS-1 which increases the activity of the HDR-
promoting protein RAD51 (39, 40). Conversely, the competing
NHEJ pathway can be suppressed using the small-molecule Scr7
to inhibit DNA Ligase IV, a key component of NHEJ (39). Stud-
ies in yeast show that tethering Cas9 to Spo11, a DSB-inducing
protein with a key role in initiating meiotic recombination, can
stimulate cross-overs in naturally recombination-cold regions
(41). These and other approaches can now be tested for their
ability to stimulate targeted recombination between human and
chimpanzee chromosomes in allotetraploid cells.

Like genetic mapping using recombinants, deletion mapping
has also been used to map phenotypes to specific genomic regions
in many organisms (42, 43). Our targeting and sorting strategies
have already successfully produced a panel of deletion lines
useful for further mapping of cis effects and trans-acting factors
on the X chromosome. The fraction of the genome removed
by the induced chrX deletions is similar to the fraction of the
genome removed by typical deficiency mapping chromosomes
in Drosophila [0.2% of the genome deleted, on average (43)].
The staggered deletions that form after chromosome targeting,
both in different colonies and within the same colony (e.g.,
cXdel5) after FACS selection, could be harnessed for further
fine mapping of cis-regulatory effects in a chromosomal region
of interest.

Panels of chromosome deletion lines can also be used to
map species-specific trans regulators. trans effects appear to con-
tribute to more than 50% of the gene expression differences
identified between humans and chimpanzees in iPSCs (Fig. 2C),
and are similarly pervasive in other systems (14, 15, 17, 35, 44).
Our targeted X chromosome deletion lines suggest that human–
chimpanzee differences in the autosomal genes MEGF10 and
TFPI2 are controlled, in part, by species-specific trans effects that
map to the most distal ∼8 Mb of the X chromosome. One of
the genes located in this distal X chromosome region is MECP2,
which encodes a methyl DNA-binding protein that can activate
or repress expression of target genes (45). Loss-of-function mu-
tations in MECP2 lead to Rett syndrome, a severe neurodevelop-
mental disorder. Intriguingly, prior research has identified both
MEGF10 and TFPI2 as genes regulated by MeCP2 in human cells
(46, 47). Further, both MEGF10 and MeCP2 have been linked
to the pruning of neural synapses by astrocytes (48, 49), a cell
type that has undergone changes in number, spatial organiza-
tion, and function during human evolution (50, 51). Given that
gene regulation in iPSCs cells has been shown to be similar to
that in somatic tissues in some contexts (52), it is tempting to
speculate that this potential trans regulation might contribute to
human–chimpanzee astrocyte differences or changes in neural
processes and circuits pruned by astrocytes. Future experiments

to selectively knock out either the human or chimpanzee MECP2
allele could test whether MeCP2 indeed regulates the species-
specific expression of MEGF10 and TFPI2 in iPSCs, as well as
potentially identify other species-specific trans targets for this key
transcriptional regulator.

We have focused most of our current studies on gene expres-
sion differences that are detectable in undifferentiated iPSCs.
It is possible that tetraploidization will disrupt gene expression
or limit the differentiation potential of autotetraploid and al-
lotetraploid iPSC lines. However, previous studies have shown
that tetraploid mouse embryos can form most major organs,
and rare humans with tetraploid karyotypes have been reported
to survive for up to 2 y after birth (53, 54). In addition, our
global RNA profiling experiments showed no large-scale gene
expression disruptions between diploid and autotetraploid lines.
We also find that diploid lines are more similar to their cognate
autotetraploid lines than to other diploid lines of the same
species. Thus, diploid and tetraploid iPSCs appear remarkably
similar at the gene expression level. Future studies will be needed
to determine whether this similarity is maintained under a variety
of differentiation conditions. Our initial experiments show that
diploid, autotetraploid, and allotetraploid cells can all express
characteristic gene markers of ectoderm, mesoderm, or endo-
derm under appropriate differentiation conditions (Fig. 1C and
Dataset S3), and other tetraploid fusion lines have recently been
differentiated into cortical spheroids or neural crest cells in
vitro (14, 15). We caution that some of the lines in our own
experiments showed incomplete endoderm differentiation, and
previously reported allotetraploid lines showed substantial ex-
pression of mesenchymal markers when incubated under condi-
tions that stimulate cortical spheroid formation in diploids (14).
In vitro differentiation protocols may thus need to be altered
or optimized for tetraploid iPSCs to find conditions suitable for
formation of particular cell types of interest.

We have found that tetraploid iPSCs can be grown, repeatedly
passaged, tagged with fluorescent markers, and subcloned while
maintaining grossly normal karyotypes. Whole-genome sequenc-
ing of Xrec1 after CRISPR-Cas9 targeting of chrX shows that
induced changes also occur specifically on the targeted chro-
mosome of interest. However, we have also found karyotypic
abnormalities in some cell lines when multiple subclones are
expanded from a particular cell fusion or treatment (Dataset S1).
DNA sequencing further shows that heterogeneity may exist
within a colony grown from single cells, such as the staggered
breakpoints occurring on the X chromosome in cXdel5 and
cXdel6 (SI Appendix, Fig. S12). At times, it may be possible to
put such heterogeneity to experimental advantage. For example,
the staggered deletions occurring within cXdel5 cells may make
it possible to establish a larger panel of subclones that could be
used for additional fine mapping of cis and trans factors on the X
chromosome, all derived from a single initial round of targeting.
However, further study of karyotypic and chromosomal stability
in tetraploid iPSC lines is clearly warranted, and we recommend
that interested researchers continue to monitor key cell lines
and derivatives using periodic karyotyping and whole-genome
sequencing approaches.

Beyond mapping the cis and trans regulators of species-specific
gene expression differences, we envision that allotetraploid iPSC
lines will also be useful for mapping cellular and tissue differ-
ences between humans and chimpanzees. For example, many
metabolic differences have evolved alongside major changes in
diet between humans and chimpanzees (55). These changes are
likely accompanied by cellular changes in enzyme levels and
metabolite production that could be scored under appropriate
in vitro conditions. In addition, neural progenitors in humans
have been shown to have a longer prometaphase and longer
metaphase compared to those in chimpanzees (56). These and
other cellular traits can be assessed in culture and are compelling
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candidates for allotetraploid genetic mapping approaches. Re-
cent advances in organoid technology also make it possible to
study organ-level phenotypes that differ between humans and
chimpanzees, including differences in organ size, connectivity,
and cell type composition (33). Just as meiotic mapping panels
have propelled our understanding of evolution in other or-
ganisms, further development of mapping methods in human–
chimpanzee allotetraploids should provide powerful new genetic
approaches for our quest to understand what makes us human.

Materials and Methods
Generation and Maintenance of Tetraploid iPSC Lines. Human and chim-

panzee diploid iPSC lines were labeled with diffusible !uorescent dyes

and fused on an Eppendorf Multiporator at 4-V AC for 80 s, 16-V DC

for 20 µs, and 6-V post-AC for 95 s (SI Appendix, Supplemental Materials

and Methods). Tetraploid lines were con"rmed by propidium iodide stain-

ing and karyotyping (Dataset S1). Diploid and tetraploid iPSC lines were

routinely propagated feeder-free (SI Appendix, Supplemental Materials

and Methods).

Trilineage Differentiation. Diploid and tetraploid iPSC lines were differ-

entiated with the STEMdiff Trilineage Differentiation Kit according to

the manufacturer’s instructions (STEMCELL Technologies, catalog #05230).

Differentiation was assessed using qRT-PCR for pluripotency, ectoderm,

mesoderm, and endoderm gene markers (Dataset S2 and SI Appendix,

Supplemental Materials and Methods).

RNAseq Analysis. Sequencing reads were aligned to a composite human–

chimpanzee genome (hg38 and pt6), and the number of uniquely mapped

reads that overlap each gene was determined using a curated exon

annotation (SI Appendix, Supplemental Materials and Methods). DE analy-

sis between diploids and autotetraploid iPSCs was performed with DE-

Seq2 (57), and genes with an adjusted P < 0.05 and at least a twofold

change in expression were called as signi"cant (SI Appendix, Supplemental

Materials and Methods).

DE between single-species iPSCs, ASE in allotetraploids, and regulatory

type classi"cations were carried out as a combination of previously described

methods (35, 44). Genes were classi"ed as cis, trans, cis+trans, cis–trans, com-

pensatory, conserved, or ambiguous based on different combinations of sig-

ni"cant DE, signi"cant ASE, signi"cant log2(FC) difference between DE and

ASE (“trans effects”), and direction of cis contribution and trans contribution

to the DE log2(FC) (SI Appendix, Supplemental Materials and Methods).

SCE Assay. Camptothecin (Sigma Aldrich, catalog #C9911-100MG), ML216

(Cayman Chemical, catalog #15186), and mitomycin C (Sigma Aldrich,

catalog #M4287-2MG) were applied to iPSCs with 10 µM BrdU (SI Appendix,

Supplemental Materials and Methods). The SCE assay was then performed

as previously described (25).

Haplotagging. Haplotagging was performed as previously described (28).

Reads were aligned to a composite human–chimpanzee genome (hg38

and pt6) and assigned to their molecule of origin by barcode. Variants

between hg38 and pt6 were identi"ed for each read and "ltered by multi-

ple criteria (SI Appendix, Supplemental Materials and Methods). Molecules

were scored as recombinant if they contained one interspeci"c event and

approximately "ve supporting variants per species.

FACS of Fluorescently Marked Allotetraploid Lines. Using two rounds of HR,

we inserted an EF1a-EGFP-IRES-PuroR cassette at human chrXq28 and an

EF1a-mCherry-IRES-NeoR cassette at chimpanzee chrXq28 in allotetraploid

iPSCs (SI Appendix, Fig. S7 and Supplemental Materials and Methods).

Double-marked iPSCs were treated with 25 µM ML216 starting 12 h

before nucleofection of CRISPR-Cas9 and gRNA and continuing until

48 h postnucleofection. We then employed multiple sorting strategies to

enrich for chrX recombination or deletion events (SI Appendix, Fig. S9 and

Supplemental Materials and Methods).

DNA Sequencing Analysis of chrX Recombinant and Deletion Lines. DNA

sequencing reads from the recombinant allotetraploid cell line, two

chimpanzee chrX deletion lines, and a control allotetraploid line were

aligned to a composite human–chimpanzee (hg38–pt6) reference genome

(SI Appendix, Supplemental Materials and Methods). The read counts in the

recombinant or deletion lines were normalized to read counts in the control

line (SI Appendix, Figs. S10 and S12).

Data Availability. Data supporting the "ndings of this study are included in
the main text and SI Appendix or deposited in publicly available databases.
RNAseq data generated in this study are available at Gene Expression
Omnibus (GSE184768) (58), and the DNA sequence containing the recom-
bination site for H1C1a-X1-Xrec1 is available at GenBank (OK283040) (59).
Additional materials will be made available upon request.
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Supporting Information Text

Supplemental Materials and Methods

Cell culture maintenance. The induced pluripotent stem cell lines H23555 (H1), H20961 (H2), C3649 (C1), and C8861 (C2)
were provided by the Gilad laboratory (1). Cultures were tested for and maintained mycoplasma free. Diploid and tetraploid
lines were routinely propagated feeder-free in mTeSR1 or mTeSR Plus media (STEMCELL Technologies, cat #85850 and cat
#100-0276) on cell culture plastics coated with Geltrex basement membrane matrix (Gibco, cat #A1413302). When confluent,
cells were passaged using Accutase (Millipore, cat #SCR005) with 1µM thiazovivin (Tocris, cat #3845) or using 0.5mM EDTA
as previously described (2, 3). Cells were imaged on the EVOS FL microscope (Thermo Fisher) at 4X magnification, unless
otherwise noted.

Generation of tetraploid iPSC lines. One diploid iPSC line was labeled with CellTracker Green CMFDA Dye (1:667) (Thermo
Fisher, cat #C7025) and the other diploid iPSC line was labeled with CellTracker Blue CMAC dye (1:500) (Thermo Fisher,
cat #C2110) or CellTracker Red CMTPX Dye (1:1000) (Thermo Fisher, cat #C34552) per the manufacturer’s instructions.
Cells were washed multiple times to remove excess dye and allowed to recover after labeling in mTeSR1 + 1µM thiazovivin for
at least 1 hour prior to fusion. 7x105 cells from each line were combined, washed twice in 1ml fusion buffer, resuspended in
350µl fusion buffer, and fused in the helix fusion chamber of an Eppendorf Multiporator at 4V AC for 80s, 16V DC for 20µs,
6V post-AC for 95s. After 10 minutes at room temperature, 1ml of mTeSR1 + 1µM thiazovivin was added to the helix fusion
chamber. Fusion buffer was hypoosmolar electrofusion buffer (Eppendorf, cat #940002150) diluted in water (normally, 60%
hypoosmolar electrofusion buffer and 40% water).

Tetraploid clones were then selected in one of two ways. In the first method, 250-350µl of the resulting suspension after
fusion was immediately plated in a 10-cm plate. Double-labeled cells were screened the following day under a fluorescent
microscope and marked on the plate. The diffusible dyes were only visible for 2 days after fusion. Surrounding diploid cells were
removed on each subsequent day by manual scraping. When the originally identified double-labeled cells grew into colonies,
they were picked into a 96-well plate and screened as described below.

In the second method, 7-15 fusions were performed on the same day using the helix fusion chamber as described above and
collected in a large volume of mTeSR1 + 1µM thiazovivin for fluorescence-activated cell sorting (FACS). For increased viability
in the second method, we used only CellTracker Green CMFDA and CellTracker Blue CMAC dyes. Cells were gently pipetted
every hour to avoid CellTracker dye diffusion and undesired labeling of nearby non-fused cells. Prior to FACS, cells were
resuspended in 500µl FACS buffer (0.5% BSA fraction V, 5mM EDTA, 1% Penicillin/Streptavidin, and 1µM thiazovivin in 1X
PBS) and strained through a 30µm filter. Double-labeled cells were collected into 1 well of a 96-well plate by FACS. After 3
days, cells were collected and seeded at 1-5x103 cells in 10-cm plates. Individual colonies were then picked into 96-well plates.

To identify tetraploid colonies, we performed propidium iodide staining (Invitrogen, cat #P3566) on fixed cells to examine
ploidy via FACS analysis. Briefly, cells were fixed in 80% EtOH overnight at 4çC. The next day, cells were washed twice in
1X PBS and stained at 37çC for 10 minutes in 20µg/ml RNase A, 40µg/ml of propidium iodide, and 0.1% Triton X-100 in
1X PBS. Cells with both 4N and 8N DNA content by FACS, suggesting that they contain tetraploid cells, were expanded.
Expanded colonies were further screened for DNA content by karyotyping as described previously (4). Colonies that contained
only tetraploid cells were maintained as stocks. G-banded karyotyping was also performed by WiCell (Table S1).

Trilineage differentiation. Diploid and tetraploid iPSC lines were seeded in 12-well plates and differentiated with the STEMdiff™

Trilineage Differentiation Kit according to the manufacturer’s instructions (STEMCELL Technologies, cat #05230). Additionally,
untreated cells were collected two days after seeding. Three replicate wells of cells per cell line were collected per condition.
Differentiation was assessed using reverse transcription quantitative PCR (RT-qPCR) for pluripotency, ectoderm, mesoderm,
and endoderm gene markers (Quantitative PCR SI Methods).

Quantitative PCR (qPCR). RT-qPCR was used to assess differentiation potential for trilineage differentiation samples, and
qPCR was used to study DNA marker dosage in chrX targeted cell lines. All reactions were performed using Brilliant II SYBR
Green Low ROX qPCR Master Mix (Agilent, cat #600830) on a QuantStudio 5 Real-Time PCR System (Thermo Fisher).

For trilineage differentiation, three replicate wells of cells per condition were collected in Trizol and applied to the Direct-Zol
RNA Miniprep kit (Zymo Research, cat #R2051) for RNA extraction per the manufacturer’s instructions. cDNA was
synthesized from RNA with the SuperScriptTM VILOTM cDNA Synthesis Kit (Thermo Fisher, cat #11754250). To assess
differentiation potential of trilineage differentiation samples, qPCR was performed in triplicate on all samples with two marker
genes each for pluripotency (NANOG, DNMT3B), ectoderm (PAX6, RAX), mesoderm (TBXT, HAND1 ), endoderm (FOXA2,
SOX17 ), and housekeeping (GAPDH, YWHAZ ) (5–11). All primer pairs span a large intron, have efficiencies between 90-110%,
bind identical sequences in humans and chimpanzees, produce PCR products of identical length in both species, and were
chosen from the literature or designed in-house (Table S2). For each sample, the quantity of each marker gene was calculated
by comparing to a standard curve of pooled samples. This quantity was normalized by dividing by the geometric mean of
the quantities of the two housekeeping genes (GAPDH, YWHAZ) in the same sample and then divided by the normalized
quantity of the marker gene in undifferentiated iPSCs from the H2 human diploid line. Two-tailed Student’s t-tests were used
to determine statistically significant differences in marker gene expression between differentiated and undifferentiated iPSCs at
5% Benjamini-Hochberg FDR.
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For determination of chrXq dosage relative to other chromosomes, cells were harvested from 96-well plates using Accutase
(Millipore, cat #SCR005), and DNA was extracted using the DNeasy 96 Blood & Tissue Kit (Qiagen). Reactions were
performed either in duplicate or in triplicate with primers for chromosomes 6p, Xp and Xq (Table S2).

Library preparation for RNA sequencing. Samples were flash frozen and stored at -80çC as a pellet. RNA extraction, library
preparation, and sequencing for the chrX deletion samples were performed by Genewiz. All other RNA sequencing samples
were prepared in-house before sequencing on the Illumina HiSeq 4000 with Novogene. Briefly, samples were resuspended in
Trizol and directly applied to the Direct-Zol RNA Miniprep kit (Zymo Research, cat #R2051) for RNA extraction per the
manufacturer’s instructions. Technical replicates for each line were collected from thaws of different frozen vials. Only samples
with RIN > 9 were used for RNA sequencing.

1µg of RNA was used for library preparation. RNA sequencing libraries were prepared with the TruSeq Stranded mRNA
Library Prep (Illumina, cat #20020595) using the IDT for Illumina – TruSeq RNA UD Indexes (96 Indexes, 96 Samples)
(Illumina, cat #20022371) according to the manufacturer’s instructions with one modification. Prior to PCR amplification,
10% of a subset of samples were run under the recommended PCR conditions with SybrGreen on the QuantStudio 5 Real-Time
PCR System. We identified the number of PCR cycles required to reach the crossing point by qPCR and used that number
of cycles for PCR amplification on the entire set of samples. We ran 8 PCR cycles. Libraries were pooled and sequenced to
around 10 million reads per sample for the diploid and auto-tetraploid lines and around 20 million reads per sample for the
allo-tetraploid lines. Five independently-derived C1C1 auto-tetraploid lines, two independently-derived H1H1 auto-tetraploid
lines (two technical replicates each), twelve independently-derived H1C1 allo-tetraploid lines, and ten independently-derived
H2C2 allo-tetraploid lines were sequenced. Three technical replicates were sequenced for each diploid line.

Alignment of RNA sequencing to composite human-chimpanzee genome. Sequencing reads were trimmed for adapter sequences
using cutadapt v1.8.1 (12), and read quality was confirmed using fastqc v0.11.9 (13). Reads were aligned using STAR v2.7.1a
with two-pass mapping (14). Samples were mapped to a composite human-chimpanzee genome (hg38 and pt6). The number
of uniquely-mapped reads (MAP Q = 255) that overlap each gene was counted using featureCounts from the subread v1.6.0
package (15).

To generate the gene annotations used in featureCounts, GRCh38.94 human exon annotations from Ensembl (16) were
mapped from hg38 to pt6 using pslMap (17). After removing mappings where the number of bases that map is less than half
of the query exon size, we retained only exons that uniquely mapped from humans to chimpanzees. We then removed genes
for which exons map to opposite DNA strands, different scaffolded chromosomes, or where consecutive exons map more than
800kb apart. We further filtered out exons where more than 10% of reads from diploid or auto-tetraploid lines map to the
incorrect species when mapped to the composite genome. This resulted in 48,735 annotated genes that contain at least 1 exon
(byexon-gene). We also used a second set of annotations. We identified SNPs that differed between the human and chimpanzee
cell lines using the GATK RNA variant pipeline (18, 19) and assigned SNPs to genes annotated in humans. We also filtered
out SNPs where more than 10% of reads from diploid or auto-tetraploid lines map to the incorrect species when mapped
to the composite genome. This resulted in 14,333 annotated genes with at least 1 SNP (bysnp-gene). Read counts for the
byexon-gene annotation were also adjusted for feature length to account for differences between feature length in the human
and chimpanzee genomes. Results were very similar across both annotations, and results are reported for the byexon-gene
annotation in the current study.

Gene expression analysis of diploids and auto-tetraploid iPSC lines. After sequencing reads were aligned to the composite
human-chimpanzee genome as described above, differential gene expression analysis was performed with DESeq2 (20) using
default parameters. We called genes as significant if they had an adjusted p < 0.05 after Benjamini-Hochberg FDR correction
and at least a 2-fold change in expression.

Differential gene expression, allele-specific gene expression, and cis/trans analysis between humans and chimpanzees in

diploid, auto-tetraploid, and allo-tetraploid iPSC lines. Differential expression (DE) between single-species iPSCs, allele-specific
expression (ASE) in allo-tetraploids, and regulatory type classifications were carried out as a combination of previously described
methods (21, 22).

After RNA sequencing reads were aligned to the composite human-chimpanzee genome as described above, reads mapping to
genes on human chromosome 18 (and the orthologous chimpanzee genes) were removed. Next, each sample was downsampled
to 9,711,244 reads (for DE) or 11,490,119 reads (for ASE), and genes with fewer than 10 reads assigned to both the human
and the chimpanzee orthologs were excluded. For each gene, log2(F C) was calculated between each human-only and each
chimpanzee-only sample (for DE) or between the human allele and the chimp allele in each allo-tetraploid cell line (for ASE).
Genes with significantly different log2(F C) between human and chimpanzee were determined to be DE or ASE. Each gene
was tested for significant “trans-effects” by testing for a significant log2(F C) difference between single-species iPSCs and
allo-tetraploid iPSCs. Significance for all log2(F C) differences was determined by Welch’s t-test at 5% Benjamini-Hochberg
FDR . Importantly, only half of the allo-tetraploid samples were used to determine whether a gene is significantly ASE, and
the other half were used to determine significant “trans-effects” since this has been reported to reduce false classification as
compensatory (23).

Finally, the cis-contribution (C) and trans-contribution (T ) to the observed DE log2(F C) (D) was calculated for each gene.
Specifically, the cis-contribution (C) was equal to the ASE log2(F C), and the trans-contribution was calculated as T = D − C.
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Genes were classified by regulatory type based on the following criteria:

cis: significant DE, significant ASE, no significant “trans-effects,” cis-contribution and trans-contribution to DE log2(F C)
in the same direction

trans: significant DE, not significant ASE, significant “trans-effects”

cis+trans: significant DE, significant ASE, significant “trans-effects,” cis-contribution and trans-contribution to DE
log2(F C) in the same direction

cis-trans: significant DE, significant ASE, significant “trans-effects,” cis-contribution and trans-contribution to DE
log2(F C) in opposite directions

compensatory: not significant DE, significant ASE, significant “trans-effects”

conserved: not significant DE, not significant ASE, no significant “trans-effects”

ambiguous: all other patterns

All results reported in this paper used the “by-exon-gene” annotation as described in the “Alignment of RNA sequencing
to composite human-chimpanzee genome” section above (except for TSPAN6, which was not included in the “byexon-gene”
annotation and was assessed using the “bysnp-gene” annotation).

Gene ontology enrichments. Significant gene ontology enrichments (adjusted p < 0.05 after Benjamini-Hochberg FDR correc-
tion) were determined using the R package clusterProfiler’s enrichGO function (24) for the annotation data sets “Biological
Process,” “Molecular Function,” and “Cellular Component.” The set of analyzed genes was used as the background reference
list.

Gene expression analysis of X chromosome deletion lines. RNA sequencing reads were aligned to the composite human-
chimpanzee genome as described above. To identify the approximate location of X chromosome deletions, we computed the
ratio of human read counts to chimpanzee read counts for each deletion line normalized to control (non-deletion) lines. A count
of 1 was added to any sample with allele counts of zero, and ratios were calculated for genes with more than 10 counts on
average and where at least half of the samples had at least 5 counts. Approximate deletion breakpoints were then determined
by visual inspection.

To identify autosomal genes whose expression may be affected by trans-regulators on the X chromosome, we carried out
differential gene expression analysis of control and human and chimpanzee chrX targeted deletion lines using DESeq2 (20) with
the Wald test at 5% Benjamini-Hochberg FDR. Trans-regulated candidates were identified by the following five criteria: (1)
Genes on autosomes that showed significant expression changes when comparing the four lines with deletion breakpoints of the
chimpanzee chrX around 148Mb (cXdel4-cXdel7) to the nine control lines that lack deletions; (2) Genes on autosomes that did
not show significant expression changes when comparing the five lines with deletion breakpoints of the human chrX around
95Mb (hXdel3-hXdel7) to the nine control lines that lack deletions; (3) Genes that met the first two criteria whose expression
level was also significantly different in comparisons between the chimpanzee (cXdel4-cXdel7) and human (hXdel3-hXdel7)
terminal deletions; (4) Genes that also showed the same direction of change in cell lines carrying shorter (cXdel4-cXdel7) and
larger chimpanzee chrX deletions (cXdel1-cXdel3) compared to control lines; and (5) Genes where the hXdel8 line which has
a human deletion breakpoint near the distal chimpanzee chrX deletion lines maintained expression within the range of the
control lines.

Sister chromatid exchange (SCE) assay. Cells were passaged the day before testing. For camptothecin (Sigma Aldrich, cat
#C9911-100MG), camptothecin and 10µM BrdU were applied to cells for 1 hour before being replaced with fresh media
containing 10µM BrdU overnight. For ML216 (Cayman Chemical, cat #15186) and mitomycin C (Sigma Aldrich, cat
#M4287-2MG), cells were incubated with the small molecule and 10µM BrdU for 24-48 hours with a media change every 24
hours. Cells were then moved to fresh media containing 10µM BrdU and 0.1µg/ml colcemid for 4 hours and subsequently
collected for sister chromatid exchange (SCE) assay as previously described (25). Cells were alternatively first collected into
a 1.5ml tube before adding new media containing 10µM BrdU and 0.1µg/ml colcemid, with no obvious change in results.
Multiple metaphase spreads were imaged at 100X, and recombination events were counted using the ImageJ Cell Counter
function. P -values were calculated using the 1-tailed Student’s t-test.

Haplotagging. Haplotagging was performed as previously described (26). Briefly, genomic DNA from each sample was mixed
with individually barcoded magnetic beads containing bead-immobilized active Tn5 transposase for tagmentation with up to 21
million barcode diversity. Tagged DNA was then PCR amplified, size selected, and sequenced on a NovaSeq 6000 instrument
(Illumina).

Reads were aligned to a composite human-chimpanzee genome (hg38 and pt6) using EMA, a barcode-first variant of the
bwa aligner (27). For the analysis, we focused on regions that reciprocally and uniquely mapped between the two species
assemblies, with the mapping based on the hg38 to pt6 chain files from the UCSC Genome Browser (28) and pslMap (17).
500bp orthologous regions with greater than 2-fold difference in read coverage were excluded from further analysis. Each read
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was also assigned to a molecule based on its barcode (retained as the BX beadTag). For each read, we identified variants
between hg38 and pt6 (SNPs and indels). The variant annotation file was generated by first parsing the maf file between hg38
and pt6 from the UCSC Genome Browser (28). We also included variants identified by running the GATK variant pipeline
(18, 19) on reads that map uniquely to either hg38 or pt6 and where all reads assigned to a given barcode map to only one
species. If no variants in our resulting annotation file were identified in a read but the read uniquely mapped to either hg38 or
pt6, the read itself was considered as a variant.

Along each molecule, we coded the species assignment (e.g H-H-H-H-H-C-C-C where H is a human variant and C is a
chimpanzee variant). We then applied the following strict filters to identify a high-confidence set of recombinant molecules: (1)
Identified SNPs must have a phred quality score of at least 30; (2) Given the low rate of mitotic recombination, multiple “switch”
events (e.g. H-H-H-C-H-H-H) are likely artifacts and such variants were removed; (3) We also excluded possible mapping
artifacts where particular variants were found at the boundary of multiple recombination events; (4) Variants contained in
500bp regions with greater than 2-fold difference in the directionality of switch events (e.g. switch events were predominantly
H → C instead of C → H) were removed; (5) We included only paired recombinant molecules that could be “reciprocal events”
to further account for biases in the directionality of switch events; (6) We excluded any variants that are in ENCODE blacklist
regions (29); (7) All recombinant molecules must contain only 1 switch event and > 5 supporting variants per species.

To calculate the genome-wide recombination rate, we divided the number of recombination events by the approximate
number of analyzed human-chimpanzee tetraploid genomes (molecular coverage of molecules that passed the above filters). To
compare the inter-specific recombination rate from haplotagging to previously reported recombination rates in the literature,
we examined previous reports that selected for recombination events near single-locus, drug-selectable markers following ML216
treatment in mouse embryonic stem cells (30–32). To extrapolate single-locus marker rates to genome-wide estimates, we
calculated the genomic distance between the centromere and the drug-selectable marker, and estimated the genome-wide
recombination rate as (size of diploid genome / genomic distance studied) * reported recombination rate.

To assess the effect of CRISPR targeting to specific loci, we examined the recombination rate in the 250kb interval
surrounding the target loci with and without filters, with no difference in the relative enrichment at the target loci. Data
visualizations were generated with ggplot2 (33) and karyoploteR (34). In Fig. S6, samples were plotted with their experimental
batch due to differences in read and molecular coverage.

Generation of fluorescently-tagged allo-tetraploid lines. We cloned two plasmids, one with homology arms (chrX:153,850,316-
153,851,493, hg38) flanking a EF1a-EGFP-IRES-PuroR cassette to target human chrX and the second with homology arms
(chrX:149,205,726-149,208,867, pt6) flanking a EF1a-mCherry-IRES-NeoR cassette to target chimpanzee chrX (Fig. S7), into
the pMAXGFP plasmid backbone (Lonza). Guide RNAs (gRNAs) were designed to linearize the plasmid containing the
insertion cassette and cut the target insertion site (HR_X_gRNA_1 and HR_X_gRNA_2 in Table S2). gRNAs were then in

vitro transcribed as described above.
2.5µl of 40µM Cas9-NLS purified protein (QB3, UC Berkeley) was mixed with 2.5µg each of both gRNAs for 10 minutes

at room temperature. This complex and 1.875µg of the plasmid targeting human chrX were nucleofected into 3x106 cells
using the Nucleofection Stem Cell Kit 2 (Lonza, cat #VPH-5022) and program A-33 on the Nucleofector 2b Device (Lonza).
Immediately after nucleofection, 1ml of pre-warmed media (mTeSR1 + 1µM thiazovivin) was added to the reaction. The
reaction was allowed to recover for 20 minutes at room temperature, and 5 separate reactions were pooled and plated on one
10-cm plate. We also nucleofected pMAXGFP separately as a positive control for nucleofection efficiency.

After cells recovered and expanded (∼5 days post-nucleofection), cells with insertion events were selected by multiple days
of puromycin treatment. We examined selection efficacy via fluorescence under an EVOS FL microscope. After multi-day
selection, we picked colonies into 96-well plates. When colonies reached confluency, they were split and screened for proper
insertion events by PCR, using primer pairs where one primer targets nearby genomic DNA and a second primer targets the
insertion construct. We verified target-site insertion events using primer sets at both the 5’ and 3’ ends and separately with
species-specific primers (Table S2). We confirmed the insertion sequence via PCR followed by Sanger sequencing with primers
chrX-F2 and chrX-R2 (Table S2). To confirm that the insertion was inserted into the target locus and nowhere else in the
genome, we expanded promising colonies for Southern blot analysis. Colonies verified by both PCR and Southern blot were
then subject to a second round of nucleofection to insert the mCherry cassette into chimpanzee chrX. Double-marked colonies
were selected for using Geneticin (Thermo Fisher, cat #10131035) and puromycin (Sigma-Aldrich cat #P8833). Double-marked
lines were confirmed by PCR, Southern blot, and visual inspection of fluorescence.

CRISPR/Cas9 treatment of iPSC lines. Guide RNAs were designed (Table S2) and in vitro transcribed (IVT) as previously
described (35). Briefly, CRISPR IVT target oligos containing the gRNA and the CRISPR IVT scaffold oligo (HPLC-purified)
were synthesized by Integrated DNA Technologies. 40 cycles of PCR were performed between the CRISPR IVT scaffold oligo
using Phusion DNA polymerase (Thermo Scientific, cat #F530L) and the CRISPR IVT target oligo, and the PCR product
was purified using the QIAquick PCR Purification Kit (Qiagen, cat #28104). The PCR product was then in vitro transcribed
using the MEGAscript T7 transcription kit (Thermo Fisher, cat #AM1334) for 16 hours at 37çC. The reaction was treated
with DNase, and transcribed gRNA was extracted with phenol/chloroform and precipitated with isopropanol. Transcribed
gRNA was resuspended to approximately 2µg/ul.

To select the highest efficiency guides, we tested performance in 96-well plate format. For each guide, 1µl of 40µM Cas9-NLS
purified protein (QB3, UC Berkeley) was complexed with 2µg of gRNA for 10 minutes at room temperature. We performed
nucleofection of 2x105 cells per reaction using the P3 Primary Cell 96-well Nucleofector Kit (Lonza, cat #V4SP-3096) on
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the Amaxa 96-well Shuttle Device (Lonza) with program CA-137. Two days post-nucleofection, cells were collected for DNA
extraction using phenol/chloroform. We used primers bracketing the target cut site (Table S2) and Sanger sequenced the
products for analysis using TIDE (36) to determine guide efficiency. For a subset of guides, we further confirmed cutting events
by cloning the gel-extracted PCR product into the TOPO TA vector (Life Technologies, cat #450641) and performing colony
PCR followed by Sanger sequencing to identify lesions at the target cut site.

For targeted recombination, we nucleofected cells with CRISPR/Cas9 and gRNA using the same nucleofection conditions as
described above in the “Generation of fluorescently-tagged allo-tetraploid lines” section. For CRISPR+ML216 conditions, we
treated cells with 25µM ML216 starting 12 hours before nucleofection, as previously described (37). After recovering for 1
hour, nucleofected cells were plated directly into media with ML216, and ML216 media was replaced again after 24 hours. At
48 hours post-nucleofection, cells were collected for FACS or haplotagging experiments.

Fluorescence activated cell sorting (FACS). Allo-tetraploid cells with fluorescently-marked chrX were subjected to CRISPR+
ML216 treatment as described above.

For cells treated with chimpanzee-specific gRNA, we selected for loss of mCherry (from the chimpanzee chrX insertion)
and possible duplication of GFP (from the human chrX insertion) by sorting for mCherry-negative, high-intensity-GFP cells.
To eliminate cells with high GFP due to duplicated DNA content at the G2/M phase of the cell cycle, we stained cells with
Hoechst 33342 (Thermo Fisher, cat #62249) for 30 minutes at 37çC to sort only from cells in the G1 cell cycle phase.

For cells treated with human-specific gRNA, we selected for loss of GFP (from the human chrX insertion) and possible
duplication of mCherry (from the chimpanzee chrX insertion) by sorting for GFP-negative, high-intensity-mCherry cells. As a
second marker of two copies of chimpanzee chrX downstream of the gRNA cutsite, we chose a cell-surface protein, TSPAN6,
that has cis-regulatory changes with 1.4-fold higher expression in chimpanzee relative to human (adjusted p = 1.4x1024 by
Welch’s t-test after Benjamini-Hochberg FDR correction). Because this human-chimpanzee gene expression difference can also
be observed at the level of protein expression by antibody staining, sorting for high TSPAN6 protein acted as a second marker
to potentially sort for two copies of chimpanzee chrX downstream of the gRNA cutsite (Fig. S9).

Treated cells were stained with either Hoechst 33342 at 10µg/mL for 30 minutes at 37çC, or with TSPAN6 primary antibody
(1:10; LS Bio, cat #LS-C160272-400) for 1 hour at 4çC followed by 30 minutes at 4çC with a goat anti-rabbit secondary
antibody conjugated with APC fluorophore (1:500; Thermo Fisher, cat #A-10931). Cells were sorted single-cell into 96-well
plates on a BD Influx cell sorter at the Stanford Shared FACS Facility. Representative sorting gating schemes are shown in Fig.
S9.

DNA sequencing analysis of chrX recombinant and deletion lines. DNA from the recombinant allo-tetraploid cell line (H1C1a-
X1-Xrec1), two chimpanzee chrX deletion lines (H1C1a-X1-cXdel5 and H1C1a-X1-cXdel6), and a control allo-tetraploid line
(H1C1a-X1-S) (Table S1) were extracted and sequenced to 30X coverage with 150bp paired-end reads by GeneWiz. Illumina
adapters were removed using Picard Tools (http://broadinstitute.github.io/picard/), and reads were then aligned to a composite
human-chimpanzee (hg38-pt6) reference genome using BWA-MEM with the -M flag (38). Duplicate reads were marked
with Picard Tools and removed using samtools (39). We filtered out reads with MAP Q < 30 and reads that did not lift
over between hg38 and pt6 using pslMap (17). For the recombinant line (Fig. S10) or the deletion lines (Fig. S12), we
normalized observed read counts to the read counts in the control H1C1a-X1-S over 10kb sliding windows to account for any
sequencing or mapping bias and visualized this ratio along human chrX coordinates. For the recombinant line, inspection of
reads at the likely recombination site revealed the exact junction site as a 4bp microhomology (CACC) found at both human
chrX:140133478-140133481 (hg38) and chimpanzee chrX:124020937-124020940 (pt6).
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H1H1a

C1 C1C1a

H1C1a-X1H1C1a

H1

Fig. S1. Morphologies of auto- and allo-tetraploid iPSC lines are similar to those of diploid iPSC lines. Representative brightfield images of human diploid (H1), human

auto-tetraploid (H1H1a), chimpanzee diploid (C1), chimpanzee auto-tetraploid (C1C1a), allo-tetraploid (H1C1a), and chrX-marked allo-tetraploid (H1C1a-X1) lines are shown.

Scale bars are 1mm.
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log2(human read count/chimp read count) in allo-tetraploids
Agoglia et al. 2021
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Fig. S2. Allele-specific expression in human-chimpanzee allo-tetraploid iPSCs is reproducible across studies. Allele-specific expression (ASE) log2(F C) values

from RNAseq generated by Agoglia et al. 2021 (40) (x-axis) and ASE log2(F C) values from the RNAseq data reported in this study (y-axis) are highly concordant (Pearson’s

r = 0.72). Allo-tetraploid cells were derived from independent human-chimpanzee iPSC fusion events in the two studies, and different pipelines were used for mapping reads,

assigning reads to the human or chimpanzee version of a gene, and calling genes with significant ASE. ASE differences in human-chimpanzee allo-tetraploid iPSCs are thus

highly reproducible and robust to different analysis methods.
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Fig. S3. Genes with increasingly divergent expression between human and chimpanzee iPSCs influence fewer body parts for cis and cis+trans regulatory types.

Density plots (smoothed histograms) showing the distribution of body parts influenced by genes (according to the Gene ORGANizer database (41)) with human-chimpanzee

expression differences due to cis (upper left), trans (upper right), and cis+trans (lower left) regulatory changes at increasing |log2(F C)| cutoffs. The cis-trans category

is not included because only 5 genes have |log2(F C)≥1|. For genes classified as cis and cis+trans, the median number of body parts influenced decreases with higher

|log2(F C)| cutoffs (22, 18, 17, 15, 15 body parts and 22.5, 18, 16, 14, 14 body parts, respectively, for |log2(F C)|≥0.5, 1, 1.5, 2, 2.5). All comparisons between the median

number of body parts influenced by conserved genes (median of 30 body parts influenced) and by cis or cis+trans genes at the various |log2(F C)| cutoffs are statistically

significant (adjusted p < 0.04 by two-tailed Mann-Whitney U test after FDR correction). This trend does not hold for gene expression differences due to trans-regulatory

changes (adjusted p > 0.19 for all comparisons between conserved genes and trans genes at the various |log2(F C)| cutoffs).
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Fig. S4. Cis and trans analysis results are robust to aneuploidies. Removing chromosomes with aneuploidies or abnormalities in any of the cell lines used for RNAseq

does not meaningfully change the observed cis and trans trends demonstrated in Fig. 2C-D. In addition to genes on human chromosome 18 and their orthologous genes in

chimpanzee (deletion of one copy of human chr18q is shared by a subset of cell lines and was removed for the cis and trans analysis shown in Fig. 2C-E), genes on human

chromosomes 7, 12, 20, and Y (and orthologous genes in chimpanzee) and chimpanzee chromosomes 1, 2A, 2B, 11, 13, 14, 17, 19, 20, and Y (and orthologous genes in

human) were removed prior to analysis. (A) See Fig. 2C legend. (B) See Fig. 2D legend. All pairwise comparisons are statistically significant by two-tailed Mann-Whitney

U test after FDR correction with adjusted p < 10−5 except trans compared to cis-trans (p = 0.28). (C) See Fig. 2E legend. Genes classified as cis, trans, or cis+trans

tend to influence fewer body parts than conserved genes (median 19, 20, 19.5 body parts, respectively, compared to median 29 body parts for conserved genes, adjusted

p = 0.0029, 0.024, 0.024 by two-tailed Mann-Whitney U test after FDR correction). Note that the comparison between the trans and conserved categories is not statistically

significant in Fig. 2E.
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Fig. S5. Distribution of genome-wide inter-specific recombination events identified by haplotagging. Representative chromosome plots showing locations of inter-

specific molecules detected by haplotagging after genome-wide sequencing and filtering. Green: cells treated with gRNA-chr20 (g20). Orange: cells treated with gRNA-chr20

and ML216 (g20+ML216).
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Fig. S6. CRISPR targeting does not elevate inter-specific recombination rates at target loci. Plot of inter-specific recombination events in the 250 kb window surrounding

CRISPR target loci on chr20 (A), chrX (B), chr21 (C), or a second guide location on chrX (D). Each horizontal rectangle represents the boundaries of an inter-specific

recombination event detected by haplotagging. Vertical lines indicate the gRNA target site. Events are filtered for molecules that contain only 1 inter-specific event and have

> 5 supporting variants per species but are otherwise pre-filtering. The lack of enrichment at the target sites does not change with different filters (SI Methods).
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Fig. S7. Generation of fluorescently-marked allo-tetraploid lines. Construct diagram and microscopy images for fluorescently-marked line. (A) Constructs containing

EGFP or mCherry were inserted onto the human or chimpanzee chrX, respectively, using CRISPR-guided homologous recombination (Materials and Methods). Coordinates

show locations of human and chimpanzee homology arms used in the constructs. (B) Allo-tetraploid H1C1a-X1 shown in brightfield, GFP, and mCherry. Cells marked with both

GFP and mCherry appear yellow.
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Fig. S8. CRISPR/Cas9 gRNA editing efficiency and indel spectra for human and chimpanzee chrX guides. (A) For human- and chimpanzee-specific gRNAs, the

spectrum and frequency of small insertions and deletions, gRNA efficiency, and (B) aberrant sequence signal plots are shown. Plots generated with Sanger sequence data in

TIDE (Tracking of Indels by DEcomposition) (36).
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Fig. S9. Fluorescence activated cell sorting (FACS) plots for chrX targeting. (A) Cell cycle phase determined by Hoechst peaks shows that G2/M cells exhibit higher

GFP fluorescence than G1 cells. (B) Staining for TSPAN6 cell-surface protein with APC secondary antibody shows that chimpanzee TSPAN6-APC fluorescence intensity is

higher than human TSPAN6-APC fluorescence intensity, with allo-tetraploid cells intermediate between human and chimpanzee values. (C) After G1 gating, cells treated

with chimpanzee-specific gRNA are sorted for negative mCherry and high GFP fluorescence. (D) Cells treated with human-specific gRNA are sorted for negative GFP, high

mCherry, and high TSPAN6-APC.
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Fig. S10. DNA sequencing identifies the site of recombination between human and chimpanzee X chromosomes. Whole-genome DNA sequencing data from the

recombinant allo-tetraploid line H1C1a-X1-Xrec1 (Xrec1). (A) Read counts that align to either the human or chimpanzee allele along chrX were normalized to read counts for

H1C1a-X1-S (X1-S), a control sample also sequenced in parallel (see Materials and Methods). This ratio was plotted along the X chromosome in hg38 coordinates. Blue

bracket: region with no human read counts in Xrec1. Red bracket: larger region with twice as many chimpanzee read counts in Xrec1. (B) Reads that span the inter-specific

recombination site in Xrec1 align to the appropriate locations in human chrX and chimpanzee chrX. The recombination site is a 4bp microhomology (highlighted region in

close-up) that is found in both human chrX and chimpanzee chrX at the indicated coordinates.
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deletion lines (Table S1). The y-axis is the ratio of reads that map to the human or chimpanzee allele in the deletion line (black) normalized to the ratio of reads that map to the

human or chimpanzee allele in the control (non-deletion) lines (gray) (see SI Methods). Each dot represents a gene on chromosome X plotted along the x-axis at its hg38

coordinate. The vertical line is the species-specific gRNA target site used to generate each deletion line.
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Fig. S12. Mapping chromosome breakpoints and gene expression levels in chrX deletion lines. (A) Whole-genome DNA sequencing was performed for two chimpanzee

chrX deletion lines, cXdel5 and cXdel6. The ratio of the read counts that align to the chimpanzee allele for each deletion line was normalized to a control line, X1-S, and

plotted along the X chromosome in hg38 coordinates (SI Methods). Colored bars above each plot indicate regions showing evidence of staggered deletions in cXdel5 (pink)

or staggered insertions in cXdel6 (dark red), likely arising from a mixture of endpoints within the cell lines. Yellow line: location of FMR1. Green line: location of AFF2. (B)

Expression of human alleles of FMR1 or AFF2 in the four chimpanzee chrX deletion lines is similar to control lines, as expected. Expression of the chimpanzee alleles of FMR1

and AFF2 is missing in cXdel4, whose terminal deletion includes both genes. Expression of chimpanzee FMR1 is lower in cXdel5, likely corresponding to heterogeneous

deletion of the gene in approximately ∼75% of cells (panel A above). Expression of chimpanzee FMR1 and AFF2 appears normal in cXdel6 and cXdel7, whose terminal

deletions do not include these loci. Red: regions of chimpanzee chrX present in line. Pink: region in cXdel5 containing non-clonal deletions. Dark red: region in cXdel6

containing non-clonal insertions. Gray: regions containing deletion breakpoints based on PCR assays and gene expression profiling (Materials and Methods).
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10 ¿M BrdUuntreated

Fig. S13. BrdU induces differentiation of iPSCs. After passaging, iPSCs treated with 10µM of BrdU (right panel) are flatter and more spread out compared to untreated

iPSCs (left panel). BrdU-treated cells also do not form the colonies typical of iPSCs and fail to divide, suggesting that they have terminally differentiated. Scale bars are 1mm.
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SI Dataset S1 (Table S1)
iPSC lines used and generated in the current study.

SI Dataset S2 (Table S2)
Primers and gRNAs.

SI Dataset S3 (Table S3)
Trilineage diûerentiation results.

SI Dataset S4 (Table S4)
Diûerential gene expression analysis of diploid and auto-tetraploid iPSC lines.

SI Dataset S5 (Table S5)
Diûerential gene expression, allele-specific gene expression, and regulatory type (cis/trans) analysis between humans and

chimpanzees in diploid, auto-tetraploid, and allo-tetraploid iPSC lines.

SI Dataset S6 (Table S6)
Gene ontology enrichments for regulatory type (cis/trans) categories.

SI Dataset S7 (Table S7)
qPCR and PCR results on chrX for sorted colonies treated with CRISPR+ML216.

SI Dataset S8 (Table S8)
Diûerential gene expression analysis of chrX deletion iPSC lines.

20 of 22 J.H.T. Song, R.L. Grant, V.C. Behrens, M. Kucka, G.A. Roberts Kingman, V. Soltys, Y.F. Chan, D.M. Kingsley



References

1. I Gallego Romero, et al., A panel of induced pluripotent stem cells from chimpanzees: A resource for comparative
functional genomics. eLife 4, e07103 (2015).

2. J Beers, et al., Passaging and colony expansion of human pluripotent stem cells by enzyme-free dissociation in chemically
defined culture conditions. Nat. Protoc. 7, 2029–2040 (2012).

3. KM Loh, et al., Mapping the pairwise choices leading from pluripotency to human bone, heart, and other mesoderm cell
types. Cell 166, 451–467 (2016).

4. B Howe, A Umrigar, F Tsien, Chromosome preparation from cultured cells. J. Vis. Exp., e50203 (2014).
5. O Fedrigo, et al., A pipeline to determine RT-qPCR control genes for evolutionary studies: Application to primate gene

expression across multiple tissues. PLoS ONE 5, e12545 (2010).
6. C Bock, et al., Reference maps of human ES and iPS cell variation enable high-throughput characterization of pluripotent

cell lines. Cell 144, 439–452 (2011).
7. CE Filby, et al., Stimulation of Activin A/Nodal signaling is insuûcient to induce definitive endoderm formation of cord

blood-derived unrestricted somatic stem cells. Stem Cell Res. & Ther. 2, 16 (2011).
8. Y Panina, A Germond, S Masui, TM Watanabe, Validation of common housekeeping genes as reference for qPCR gene

expression analysis during iPS reprogramming process. Sci. Reports 8, 8716 (2018).
9. YL Kuang, et al., Evaluation of commonly used ectoderm markers in iPSC trilineage diûerentiation. Stem Cell Res. 37,

101434 (2019).
10. A Gunne-Braden, et al., GATA3 mediates a fast, irreversible commitment to BMP4 -driven diûerentiation in human

embryonic stem cells. Cell Stem Cell 26, 693–706.e9 (2020).
11. Y Li, et al., Generation of an induced pluripotent stem cell line SDUBMSi005-A from a patient with double primary

gastric and colon carcinoma. Stem Cell Res. 53, 102253 (2021).
12. M Martin, Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 17, 10–12 (2011).
13. S Andrews, et al., FastQC. (2010) Babraham Institute.
14. A Dobin, et al., STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21 (2013).
15. Y Liao, GK Smyth, W Shi, featureCounts: An eûcient general purpose program for assigning sequence reads to genomic

features. Bioinformatics 30, 923–930 (2014).
16. AD Yates, et al., Ensembl 2020. Nucleic Acids Res. 48, D682–D688 (2020).
17. J Zhu, et al., Comparative genomics search for losses of long-established genes on the human lineage. PLoS Comput. Biol.

3, e247 (2007).
18. A McKenna, et al., The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing

data. Genome Res. 20, 1297–1303 (2010).
19. GA Van der Auwera, et al., From FastQ data to high confidence variant calls: The Genome Analysis Toolkit best practices

pipeline. Curr. Protoc. Bioinforma. 43, 1–11 (2013).
20. MI Love, W Huber, S Anders, Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2.

Genome Biol. 15, 550 (2014).
21. CJ McManus, et al., Regulatory divergence in Drosophila revealed by mRNA-seq. Genome Res. 20, 816–825 (2010).
22. X Shi, et al., Cis- and trans-regulatory divergence between progenitor species determines gene-expression novelty in

Arabidopsis allopolyploids. Nat. Commun. 3, 950 (2012).
23. HB Fraser, Improving estimates of compensatory cis–trans regulatory divergence. Trends Genet. 35, 88 (2019).
24. G Yu, LG Wang, Y Han, QY He, clusterProfiler: An R package for comparing biological themes among gene clusters.

OMICS 16, 284–287 (2012).
25. DM Stults, MW Killen, AJ Pierce, The sister chromatid exchange (SCE) assay. Methods Mol. Biol. 1105, 439–455 (2014).
26. JI Meier, et al., Haplotype tagging reveals parallel formation of hybrid races in two butterfly species. Proc. Natl. Acad.

Sci. USA 118, e2015005118 (2021).
27. A Shajii, I Numanagi�, B Berger, Latent variable model for aligning barcoded short-reads improves downstream analyses.

Res. Comput. Mol. Biol. 10812, 280–282 (2018).
28. J Navarro Gonzalez, et al., The UCSC Genome Browser database: 2021 update. Nucleic Acids Res. 49, D1046–D1057

(2021).
29. HM Amemiya, A Kundaje, AP Boyle, The ENCODE blacklist: Identification of problematic regions of the genome. Sci.

Reports 9, 9354 (2019).
30. G Luo, et al., Cancer predisposition caused by elevated mitotic recombination in Bloom mice. Nat. Genet. 26, 424–429

(2000).
31. K Yusa, et al., Genome-wide phenotype analysis in ES cells by regulated disruption of Bloom’s syndrome gene. Nature

429, 896–899 (2004).
32. S Lazzarano, et al., Genetic mapping of species diûerences via in vitro crosses in mouse embryonic stem cells. Proc. Natl.

Acad. Sci. USA 115, 3680–3685 (2018).
33. H Wickham, ggplot2: Elegant graphics for data analysis. (Springer-Verlag New York), (2016).
34. B Gel, E Serra, karyoploteR: An R/Bioconductor package to plot customizable genomes displaying arbitrary data.

Bioinformatics 33, 3088–3090 (2017).
35. JI Wucherpfennig, CT Miller, DM Kingsley, Eûcient CRISPR-Cas9 editing of major evolutionary loci in sticklebacks.

J.H.T. Song, R.L. Grant, V.C. Behrens, M. Kucka, G.A. Roberts Kingman, V. Soltys, Y.F. Chan, D.M. Kingsley 21 of 22



Evol. Ecol. Res. 20, 107–132 (2019).
36. EK Brinkman, T Chen, M Amendola, B van Steensel, Easy quantitative assessment of genome editing by sequence trace

decomposition. Nucleic Acids Res. 42, e168–e168 (2014).
37. Y Yoshimura, A Yamanishi, T Kamitani, JS Kim, J Takeda, Generation of targeted homozygosity in the genome of human

induced pluripotent stem cells. PLoS ONE 14, e0225740 (2019).
38. H Li, R Durbin, Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25, 1754–1760

(2009).
39. H Li, et al., The Sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078–2079 (2009).
40. RM Agoglia, et al., Primate cell fusion disentangles gene regulatory divergence in neurodevelopment. Nature 592, 421–427

(2021).
41. D Gokhman, et al., Gene ORGANizer: Linking genes to the organs they aûect. Nucleic Acids Res. 45, W138–W145

(2017).
42. L Yu, et al., Core pluripotency factors promote glycolysis of human embryonic stem cells by activating GLUT1 enhancer.

Protein Cell 10, 668–680 (2019).
43. SP Bharathan, et al., Systematic evaluation of markers used for the identification of human induced pluripotent stem cells.

Biol. Open 6, 100–108 (2017).

22 of 22 J.H.T. Song, R.L. Grant, V.C. Behrens, M. Kucka, G.A. Roberts Kingman, V. Soltys, Y.F. Chan, D.M. Kingsley


	Summary
	Zusammenfassung
	Publications
	Introduction
	Overview of Gene Regulation
	Methodologies to investigate Gene Regulation
	Investigating the Evolution of Gene Regulation
	The cis-regulatory Hypothesis
	The genus Mus and its Application in Evolutionary Biology
	Objectives

	Chapter One
	Chapter Two
	Discussion
	The impact of easySHARE-seq
	Global trends of regulatory evolution in Mus
	Cell-type specific evolutionary dynamics
	Linking CREs to their target gene
	An updated cis-regulatory hypothesis?
	Closing Remarks

	Glossary
	Acknowledgements
	References
	Appendix
	Appendix I: Flexible and high-throughput simultaneous profiling of gene expression and chromatin accessibility in single cells
	Appendix II: The evolutionary dynamics of cell-type specific regulatory evolution in Mus
	Appendix III: Genetic studies of human–chimpanzee divergence using stem cell fusions


