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Abstract: 

The investigation of inherited disorders of erythropoiesis has elucidated many of the 

principles underlying the production of normal red blood cells and how this is 

perturbed in human disease. Congenital Dyserythropoietic Anaemia type 1 (CDA-I) 

is a rare form of anaemia caused by mutations in two genes of unknown function: 

CDAN1 and CDIN1 (previously called C15orf41), whilst in some cases, the 

underlying genetic abnormality is completely unknown. Consequently, the pathways 

affected in CDA-I remain to be discovered. To enable detailed analysis of this rare 

disorder we have validated a culture system which recapitulates all of the cardinal 

haematological features of CDA-I, including the formation of the pathognomonic 

‘spongy’ heterochromatin seen by electron microscopy. Using a variety of cell and 

molecular biological approaches we discovered that erythroid cells in this condition 

show a delay during terminal erythroid differentiation, associated with increased 

proliferation and widespread changes in chromatin accessibility. We also show that 

the proteins encoded by CDAN1 and CDIN1 are enriched in nucleoli which are 

structurally and functionally abnormal in CDA-I. Together these findings provide 

important pointers to the pathways affected in CDA-I which for the first time can now 

be pursued in the tractable culture system utilised here.    
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Introduction: 

Many key discoveries in the process of erythropoiesis have come from identification 

and analysis of individuals with forms of inherited anaemia.1-4 In some cases, 

because of the rarity of the disease and limited access to primary erythroid 

progenitors and precursors, progress can only be made by developing appropriate 

models of the disease or, ideally, methods that only require access to peripheral 

blood. Here we have utilised such an approach to study Congenital Dyserythropoietic 

Anaemia type 1 (CDA-I). 

CDA-I is a rare autosomal recessive disease associated with ineffective 

erythropoiesis and macrocytic anaemia. Disease severity is commonly mild (not 

necessitating treatment) to moderate (requiring Interferon or occasional blood 

transfusion) but patients with severe disease can be transfusion-dependent from 

birth or even present as hydrops fetalis.5, 6 Light  mic roscopy reveals  

abnormalities in erythroblast nuclei, including binucleate cells and inter-nuclear 

bridging.5 A diagnostic feature of CDA-I is the “Swiss-cheese” or spongy pattern of 

abnormal chromatin in u p  t o  5 0 %  o f  erythroblasts obtained from bone 

marrow aspirates,  visualised using transmission electron microscopy (TEM).6 In 

~90% of patients, bi-allelic mutations in CDAN1 (encoding Codanin-1) or C D I N 1  

( p r e v i o u s l y  C15orf41) (encoding CDIN1) are causative,7, 8 with the genetic 

basis of the remaining ~10% of patients yet to be determined. Both Codanin-1 and 

CDIN1 are widely expressed and appear to be essential to life5 but their precise 

functions are unclear. CDIN1 comprises a helix-turn-helix binding domain and a 

predicted nuclease domain8 whilst Codanin-1 has sequence similarity with a scaffold 

protein, CNOT1, involved in mRNA stability and translational control.9 The two 

proteins form a complex where Codanin-1 is required for stability of CDIN19-11 and 
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both directly interact with the histone chaperone ASF1.12-14 CDA-I is predominantly 

an erythroid-restricted disease but most of the structural and functional assessments 

of Codanin-1 and CDIN1 have been performed in non-erythroid cells and some 

characteristics described for the proteins are not recapitulated in patient-derived 

erythroblasts.9, 11 Here we analyse the distribution and role of these proteins in 

erythroid cells.   

Differentiation of CD34+ haematopoietic stem and progenitor cells (HSPCs) from 

peripheral blood has been used to study normal erythropoiesis15-19 and to 

elucidate disease mechanisms in a number of haematological disorders including 

Diamond Blackfan Anaemia (DBA),2, 3 Hereditary Spherocytosis,20 Congenital 

Dyserythropoietic Anaemia type II21 and Myelodysplastic Syndrome (MDS).16 To 

fully understand the defects that arise in patients who do not generate sufficient 

mature cells, any culture system must recapitulate terminal erythropoiesis 

through to enucleation and erythroblasts from controls and patients should be stage 

matched.22 Here we use an ex vivo three-phase culture system15 (broadly 

expansion, differentiation and enucleation) whereby CD34+ HSPCs, obtained from 

peripheral blood of healthy donors and patients with TEM-confirmed CDA-I, are 

successfully differentiated into reticulocytes. We use immunophenotyping by FACS 

(fluorescence activated cell sorting), morphological assessment, single cell proteomics 

using CyTOF (mass cytometry time of flight) and ATAC-seq (Assay for 

Transposase-Accessible Chromatin using sequencing) to enable direct 

comparisons of cell populations. 

This approach successfully recapitulates the pathognomonic feature of ‘ spongy’ 

heterochromatin in patient erythroblasts. We find a delay in terminal erythroid 
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differentiation and increased proliferation of CDA-I erythroblasts, associated with 

widespread changes in chromatin accessibility. We demonstrate that CDIN1 and 

Codanin-1 are enriched in nucleoli, which are structurally and functionally abnormal 

in CDA-I. These findings provide important indicators to the pathways affected in 

CDA-I, which can now be pursued in the tractable model of erythropoiesis utilised 

here.  

Methods: 

Patient Recruitment: Subjects were referred for next generation sequencing 

through the Oxford Molecular Diagnostic Centre. If a molecular diagnosis of CDA-I 

was made, patient consent was obtained for entry into this research study approved 

by the Wales Research Ethics Committee (REC5) (13/WA/0371), with written 

consent and compliance with the Declaration of Helsinki. 

Isolation and Differentiation of CD34+ HSPCs: Peripheral blood mononuclear cells 

were isolated from 50 mL of EDTA anti-coagulated peripheral blood from three 

healthy donors and ten CDA-I patients using Histopaque. The CD34+ HSPCs were 

extracted with the Human CD34 Microbead Kit (Miltenyi Biotec), according to the 

manufacturer’s instructions.  1x105 frozen CD34+ HSPCs were recovered into Phase 

I media of a three-phase protocol15 (see Supplemental Figure 2A and Supplemental 

Methods) and monitored by cytospin (see Supplemental Methods) and FACS 

(Supplemental Table 1 and Supplemental Figure 2). 

Transmission Electron Microscopy (TEM): 5x106 staged intermediate 

erythroblasts were prepared for TEM as previously described.4, 23 

Iso-electric Focusing (IEF): 1x106 cultured erythroblasts were analysed by IEF 

(see Supplemental Methods). 
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RT-qPCR for Globins: RNA was extracted using a Tri-reagent protocol and RT-

qPCR conducted with commercial TaqMan assays (Supplemental Table 2). 

Chromatin accessibility and NFE2 ChIP: ATAC-seq was performed as previously 

described.24, 25  NFE2 ChIP-seq was conducted on 5x106 day 10 erythroblasts with 

previously described modifications26 using rabbit anti-NFE2 (4 μg, sc-22827-X; 

Santa Cruz discontinued). For ATAC-seq library preparation and analysis see 

Supplemental Methods. 

Antibody labelling, barcoding and mass cytometry for CyTOF: Samples were 

prepared and analysed for CyTOF as previously described27 (Supplemental Table 

6). Subsampled events were concatenated for Uniform Manifold Approximation 

(UMAP).28 See Supplemental Methods. 

Data Availability: Sequencing data generated for this work is available on the Gene 

Expression Omnibus (GSE125175). 

Immunofluorescence (IF): Cells were washed and processed essentially as 

described previously.29 See Supplemental Methods. 

Fluorescence in situ Hybridisation (FISH): FISH probes used were p7.1 (covering 

most of the rDNA array) and BAC CT476834 (demarcating perinucleolar 

heterochromatin) and were kindly gifted by Prof B. McStay.30  Probes were labelled 

with Cy3-dUTP (GE Healthcare) or indirectly with digoxygenin-11-dUTP (Roche).31  

See Supplemental Methods. 

EU labelling and Analysis: RNA transcripts were labelled by EU incorporation 

(1mM for 30 mins or 2 hrs) and detected by click chemistry with Alexa488® azide 

using Click-iT® RNA imaging Kit (ThermoFisher Scientific). Quantitation of EU was 

performed using FIJI.32  All images were acquired using standardized settings and 

maximum-intensity projected. Mean EU intensities were quantitated using a nuclear 
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mask demarcated by DAPI. 

Results: 

CDA-I patients 

To date, ~60 mutations have been reported in CDAN1 and CDIN1,5, 7, 8, 33 and 

six mutational hotspots have been identified in the CDAN1 gene.10 There are often 

differences in the severity of the disease between individuals, even for those with 

identical mutations.34 We examined erythropoiesis in ten CDA-I patients 

(Supplemental Figure 1A, Supplemental Table 8). These patients (excluding those 

receiving regular blood transfusion or venesections) have haemoglobin (Hb) 

levels and mean cell volumes (MCV) within the normal range (Supplemental Figure 

1B), consistent with ~30% of clinical cases6 but tend to have higher mean cell 

haemoglobin (MCH), an increased red cell distribution width (RDW) and a reduced 

red cell count (RBC) compared to healthy donors (Supplemental Figure 1B). In 

one patient (UPID6) with CDA-I, confirmed by TEM, a potentially pathogenic 

homozygous variant was identified in CDAN1 although the allele frequency for this 

mutation is >1% in specific populations. Data from this patient was included in 

the CDAN1 mutation group. 

Establishing a suitable model system using peripheral blood-derived CD34+ 

HSPCs 

We initially validated a three-phase ex vivo culture system15 for differentiation of 

CD34+ HSPCs obtained from the peripheral blood of healthy donors (Supplemental 

Figures 2 and 3). In addition to the morphological assessment of cultured 

erythroblasts (Supplemental Figure 2B), we characterised their chromatin 
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landscape, globin gene expression profile and the expression of erythroid 

proteins and transcription factors, to comprehensively evaluate differentiation 

status (Supplemental Figure 4). Immunophenotyping revealed the expected gain of 

glycophorin A (CD235a) and transferrin receptor (CD71), which typically occurred 

by day 7 (Supplemental Figure 2C). As maturation progressed, cells visibly 

haemoglobinised by day 10 (Supplemental Figure 2D) and this coincided with 

increasing expression of the adult globins (Supplemental Figure 4A), with the α- to 

β-globin ratios remaining around one throughout differentiation (Supplemental 

Figure 4B). IEF confirmed that predominantly adult globin was produced 

(Supplemental Figure 4C), and ATAC-seq showed open chromatin at the HBA1/2, 

and HBB genes and their associated locus control regions, again indicative of 

definitive erythropoiesis (Supplemental Figure 4D-E). During the third phase of 

culture, erythroblasts underwent the normal final stages of differentiation, with 

increased levels of Band 3 (CD233) and loss of the adhesion protein α-4 

integrin (CD49d) (Supplemental Figure 2C). Enucleated cells were visible on 

cytospins at this stage (Supplemental Figure 2B). 

Differentiating erythroblasts from healthy donors and CDA-I patients are 

broadly equivalent by immunophenotyping  

We studied the differentiation of erythroblasts derived from CD34+ HSPCs from CDA-

I patients with a variety of mutations in CDIN1 and CDAN1 (Supplemental Figure 

1A). Flow cytometry bulk population analysis showed that differentiation of CDA-

I patient HSPCs appeared to be equivalent to that of the healthy donors with 

loss of CD34+ and gain of erythroid markers CD71 and CD235 from day 7, and 

expected changes in CD36, CD49d and Band 3 occurring from day 10.  (Figure 1A, 
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and for gating strategy Supplemental Figure 3).  

We also analysed the erythroblast immunophenotype by CyTOF, a next-generation 

flow cytometry platform that allows functional and phenotypic characterisation of 

cell populations.35 We examined the levels of 25 erythroid transcription factors and 

cell surface markers (Supplemental Table 6) at day 11 in healthy donor and CDIN1 

patient-derived erythroblasts. Visualisation by uniform manifold approximation and 

projection (UMAP), widely used to identify distinct cell populations in cytometry 

data,28 revealed that erythroblasts from both groups follow a continuous trajectory 

during differentiation with a clear separation of cells expressing, for example, low 

levels of CD235 (denoted in blue) from those in the tail which have high expression 

of CD235 (Figure 1B). Cells from healthy donors and CDIN1 patients appear 

similarly distributed along the trajectory of differentiation at day 11 for all 25 markers 

analysed by CyTOF (Figure 1B and Supplemental Figure 5) and no significant 

differences in the clustering patterns were identified by K-means clustering 

analysis.36 Together with the FACS data (Figure 1A), this indicates that the patient 

and healthy donor samples cannot be distinguished by day 10/11 on the basis of 

immunophenotype.  

Erythroblasts from CDA-I patients display delayed differentiation with 

increased proliferation 

Despite bulk population immunophenotyping indicating that patient and healthy 

donor cells are grossly stage matched in expansion and into differentiation, 

analysis of the proportions of morphologically-classed erythroid cells identified 

differences in the progression through differentiation, detectable from day 10 

(Figure 2A, B). At this timepoint, significantly more erythroblasts from healthy 
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donors than CDAN1 patients had reached the polychromatic stage. By day 17, 

there were more enucleated cells from healthy donors than CDIN1 patients, whose 

erythroblasts were still delayed at the polychromatic stage, with CDAN1 

erythroblasts having progressed a little further. Therefore CDA-I patients exhibit 

clear delay in their erythroid differentiation. In order to firmly establish whether this 

represents a delay or a block, cultures would need to be continued beyond day 17 

to look for persistence of precursor forms. 

We also observed greater expansion in patient erythroblast numbers compared 

with healthy donors (Figure 2C) and this was significant even at the end of the 

expansion phase by day 6/7 (CDAN1 P=0.0087, CDIN1 P=0.0043). The increase in 

viable cell counts for patient erythroblasts became especially marked in the later 

phase of culture, reaching significance at day 17 of P=0.0043 for both patient 

groups. 

Evidence of defective differentiation in patient erythroblasts, most severe for 

CDIN1 mutations. 

TEM revealed that the pattern of chromatin abnormalities characteristic of CDA-I 

was present in patient erythroblasts by day 11 of culture. This feature was observed 

in all our patient samples, averaging 29% (±7.7 SD) of nuclei affected (Figures 3A, 

3B and Supplemental Figure 7A). Furthermore, elevated expression of growth 

differentiation factor 15 (GDF15), a marker of ineffective erythropoiesis known to be 

increased in CDA-I patients,37 was detected at day 10 by immunofluorescence (IF) 

(Supplementary Figure 7B). Therefore, ex vivo differentiation of CDA-I erythroblasts 

successfully recapitulates abnormal cellular phenotypes observed in bone marrow 

derived erythroblasts and these features are already apparent midway through 
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terminal differentiation. 

We next assessed the effects of patient mutations on the enucleation stage of 

differentiation. Firstly, analysis of cellular morphology indicated a persistence of 

erythroid precursors in CDA-I cultures, particularly in those from patients with 

CDIN1 mutations, together with a significant reduction in the percentage of 

enucleated cells (Figure 2A). Secondly, immunophenotyping of cultured 

erythroblasts in the enucleation phase revealed changes in Band 3 expression 

in CDA-I patients.  In normal erythropoiesis Band 3 shows a marked increase 

from the pro-erythroblasts to late erythroblasts,16 and while CDA-I patient 

erythroblasts did progressively gain Band 3, the level of protein was significantly 

less at day 17 than in healthy donors (Figure 3C, D). This supports other 

indications of a delay in the progression of differentiation in patient-derived 

erythroblasts. Notably the Band 3 reduction was more severe in patients with 

CDIN1 mutations (n=3 P=0.0088) than in the CDAN1 mutant cells (n=4 

P=0.0127) (Figure 3D).  

Differentiating erythroblasts from CDA-I patients display an altered regulatory 

landscape 

Analysis of open chromatin regions can be used to distinguish cell types and 

deconvolve mixed cell populations;18, 38 therefore to further compare our 

differentiating healthy and patient cells we assayed chromatin accessibility at day 

10 and day 13 using ATAC-seq.24  We mapped healthy and patient cell 

populations against a differentiation trajectory of sorted erythropoietic cell 

populations and 136,698 nucleosome-depleted regions,18, 38 using Principal 

Component Analysis (PCA) of all open chromatin regions (Supplemental Figure 6). 
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This mapping could not distinguish patient material from healthy donors on the 

differentiation trajectory. 

Next we undertook a PCA analysis of our cultured erythroblast data alone (without 

plotting against other erythroid populations), where a distinction in the accessibility 

profile between healthy donor and patient samples became apparent (Figure 4A), 

and this was more marked by day 13. We looked at pooled day 10 and day 13 

ATAC-seq data by DESeq2 analysis for differences in DNA accessibility peaks not 

attributable to differentiation status (Figure 4B). There were 61 peaks displaying 

increased accessibility in patients and 531 less accessible sites. The latter showed 

a marked enrichment for enhancers (strong and weak) (65%) (Figure 4C) when 

assessed for chromatin state annotations.26 Furthermore, 40% of the 531 less 

accessible sites in CDA-I patients have a binding motif for the NF-E2 family of 

transcription factors (Figure 4D). 

Consistent with motif distribution, the mean level of NF-E2 binding in ChIP-seq 

from healthy donor erythroblasts and K562 erythroleukemic cells was significantly 

higher than background at the peaks with patient-specific decreased accessibility 

(CDA-I down) (Supplemental Fig 8A), indicating that NF-E2 normally binds these 

sites. Any difference in NF-E2 binding could not be attributed to altered protein 

abundance as similar levels of NF-E2 were detected in healthy donors and CDIN1 

patients by CyTOF mass cytometry (Supplemental Fig 8B). Similarly, no differences 

were seen in abundance for either MAFG, which dimerizes with NF-E2,39 or BACH1 

which competitively binds with the NF-E2 motif.40, 41 

Of note, the Band 3 encoding gene Slc4a1 has erythroid-specific enhancer elements 

(Supplemental Figure 8C). The 5' enhancer has a binding motif for NF-E2 and is 
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bound by NF-E2 in ChIP analyses of three different erythroblast cultures so that 

reduced accessibility at this site could account for reduced levels of Band 3 

observed in CDA-I patients. The decrease in accessibility at this specific site did not 

quite reach significance in patient erythroblasts however the ATAC was performed at 

day 10 and day 13 which is possibly too early to observe an effect for this gene. 

The structure of nucleoli is disrupted in CDA-I patients 

With multiple strands of evidence for an altered pattern of differentiation in CDA-I 

patients, we looked for abnormal features that might be linked to the affected 

proteins. We have previously shown both Codanin-1 and CDIN1 endogenous 

proteins to be enriched in erythroblast nucleoli.10  Both proteins also show nucleolar 

enrichment in HEK293T (human embryonic kidney cell line), G-292 (human 

osteocarcinoma line), mES E14 (mouse embryonic stem cells) and B16F10 (mouse 

melanoma cell line) (data not shown), indicating this is a common feature across a 

range of cell types. We therefore examined nucleolar structure in day 10/11 

erythroblasts by fluorescence in situ hybridisation (FISH) using probes detecting the 

heterochromatic region adjacent to rDNA arrays (BAC-CTD), and the rDNA arrays 

themselves (p7.1),30 where the heterochromatin normally surrounds the rDNA signal 

within nucleoli. In all four patients examined (UPIDs 10, 20, 22 and 25), nucleoli in a 

proportion of nuclei appeared more numerous, less ordered and less regular in 

shape, and the rDNA arrays appeared less open (Figure 5A). This was observed at a 

timepoint when 19-29% of nuclei in these patients exhibited abnormal chromatin 

distribution by TEM. Such disrupted organisation might be expected to impact on the 

synthesis of ribosomal RNA, which accounts for a major portion of RNA synthesis in 

the cell.41, 42 We therefore assessed RNA synthesis in two patients by measuring 
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incorporation of the uridine analogue 5 ethynyl uridine (EU) into newly synthesised 

RNA42-44 at day 10/11 of differentiation. In both cases there is a significant reduction 

in nuclear EU labelling (Figure 5B) despite only a percentage of nuclei apparently 

affected and, particularly in UPID15, there is a distinct cell population with low EU 

signal. We have previously shown for four patients that the two mutated proteins are 

not destabilized by missense and in-frame mutations and remain detectable.10 

Therefore, we investigated whether the normal enrichment of Codanin-1 and CDIN1 

in nucleoli is also disrupted, in patients with predicted non-destabilising mutations. 

Using IF with day 10 erythroblasts derived from CDAN1 patients UPID 6, 16, 20 and 

22, in combination with nucleolar proteins UBF and Fibrillarin, we observed that the 

disrupted appearance of nucleoli recapitulated that observed by FISH (Figure 5C). 

Further, we were able to detect that both CDIN1 and the mutant Codanin-1 remained 

associated with nucleolar proteins in patient erythroblasts (Figure 5C). 

Using the culture system to validate novel variants in CDA-I patients 

The pathogenicity of novel CDIN1 or CDAN1 variants identified by sequencing 

requires further evidence, such as chromatin abnormalities in bone marrow biopsies 

by TEM. TEM is not only relatively inaccessible but often requires a second bone 

marrow biopsy.5 By contrast, peripheral blood is usually accessible and was used here 

in the ex vivo culture system to confirm the diagnosis of CDA-I in an infant with two 

novel mutations in CDAN1 (UPID33) (Supplemental Figure 1).10 Genetic analysis 

was conducted on the patient, who presented with unexplained anaemia, using the 

Oxford Red Cell Panel (ORCP)45 (Supplemental Figure 9). Following identification 

of two novel variants, CD34+ HSPCs from UPID33 were extracted from peripheral 

blood and after 11 days in ex vivo culture, TEM on the resulting intermediate 
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erythroblasts revealed 39% of erythroblasts with abnormal chromatin morphology, 

thus confirming diagnosis of CDA-I.  

Discussion: 

Although understanding the cellular and molecular basis of CDA-I has the potential 

to elucidate new insights into the process of erythropoiesis, research is constrained 

by the limited studies that can be conducted using primary erythroid progenitors and 

precursors derived from patients with this condition. Here, using a modified ex-vivo 

culture system, we demonstrate that healthy control erythroblasts pass through the 

expected stages of differentiation with appropriate expression of erythroid cell 

surface markers16 and are able to enucleate. Further, we recapitulate the cardinal 

haematological features of CDA-I and show by TEM that up to 40% of patient-

derived erythroblasts have spongy heterochromatin, indicating that ex vivo culture 

can be used to elucidate mechanisms underlying this disease. 

We staged the cultures using an array of methods including FACS and CyTOF, 

which rely on immunophenotyping cell populations. While such methods showed 

healthy and diseased erythroblasts were immunophenotypically similar during the 

expansion phase and then into differentiation (day 10-13), aspects of disordered 

erythropoiesis were already evident at this mid-differentiation timepoint. In particular 

at this stage we noted a delay in progression through differentiation together with an 

increased proliferation of CDA-I erythroid precursors, producing increased amounts 

of GDF15, characteristic of dyserythropoiesis,37, 46. Many of these cells exhibited the 

abnormal chromatin structure associated with CDA-I. These findings show that the effects of 

the mutant proteins start to operate early in terminal differentiation, indeed the viable cell 

counts would suggest that there may already be effects by the end of the expansion phase 
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at day 6/7. 

Chromatin accessibility has become a superior approach for cell type classification, 

including haematopoietic lineages.38 The accessibility of transcription factor motifs 

within chromatin changes as subsets of regulatory elements are systematically 

activated and repressed during commitment to different lineages.47 Therefore, we 

used ATAC–seq as a genome-wide method to stage cell populations. When 

healthy donor and patient material from day 10 and day 13 cultures were aligned 

with a defined ATAC-seq erythroid trajectory,38 both map as expected with the 

intermediate and later stages of erythropoiesis. A more detailed PCA revealed a 

distinction between healthy donors and patients, more marked by day 13, identified 

a reduced accessibility in patient erythroblasts at gene enhancers containing the 

erythroid-specific NF-E2 motif.  NF-E2 (comprising NFE2-p45 and MAFG) and 

BACH1 (which binds the same motif) are important transcription factors for 

erythropoiesis and the oxidative stress pathway respectively.39-41, 48 CyTOF analysis 

indicates that levels of these three proteins appear to be normal in patient cells at 

day 11. NF-E2 motifs normally increase accessibility towards late erythropoiesis,18 

in parallel with the level of the protein complex,49, 50 and we show that in normal 

erythroblasts, NF-E2 does bind those sites. Together these facts suggest that 

reduced accessibility of this motif at enhancers could affect the later stages of 

erythroid differentiation. It is possible that reduced accessibility of this motif reflects 

a generally altered regulatory landscape due to delayed differentiation, however 

motifs for other erythroid-specific transcription factors such as Gata1 did not reach 

significance in terms of altered accessibility. 

The observation of disrupted nucleoli raises interesting ideas about the roles the two 
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proteins may play in erythropoiesis and could explain the erythroid-specific nature of 

the disease. Mutations to the ribosomal proteins themselves can underlie tissue 

restricted disorders, including erythroid-specific disorders such as Diamond-Blackfan 

syndrome, Schwachmann-Diamond syndrome, Dyskeratosis Congenita and MDS.43, 

51 Impaired function in the nucleolus could affect the number of available ribosomes 

and have similar effects to these other conditions in producing anaemia.  Beyond 

that, the nucleolus appears to have other, regulatory roles.43, 52, 53  Of interest, given 

the importance of cell cycle described above, is the proposed role for the nucleolus 

in cell cycle regulation.52  Another possibility is that CDIN1, with its sequence 

similarity to the Holliday junction resolvase family of proteins, could function in a 

repair pathway. The high transcription rate within nucleoli can lead to topological 

stress and double strand breaks53 whilst partial deletion of rDNA arrays has been 

shown to cause disordered nucleolar structure.54 Further work is required to test 

these possibilities. 

The final stages of erythropoiesis involve nuclear condensation prior to expulsion 

of the pyknotic nuclei by enucleation55, 56 and this process is highly organized50 

with chromatin condensation playing an important role.57 The abnormal spongy 

heterochromatin observed in CDA-I could have a significant impact on the usual 

processes that precede enucleation, such as the selective loss of histones.55  

Remarkably, a substantial number of erythroblasts progress to enucleation without 

developing the catastrophic changes in chromatin compaction and organisation 

apparent in spongy nuclei. This implies that the effects of the aberrant proteins must 

reach a threshold within individual cells to produce the pathognomonic phenotype 

and could be related to the balance between euchromatin and heterochromatin 

under nucleolar regulation.54, 58 
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Two distinct types of CDA-I have been reported (CDA-Ia MIM 224120 and CDA-Ib 

MIM 615631)59 based on the levels of Hb and MCV, with the CDA-Ib patients 

(caused by CDIN1 mutations) thought to be more severely affected. In our patient 

cohort (excluding those regularly transfused or venesected), there is overlap 

between the blood indices irrespective of the mutation (Supplemental Figure 1). 

However, we observe a more pronounced delay in differentiation, increased 

proliferation and significantly reduced levels of Band 3 expression in 

erythroblasts cultured from CDIN1 patients, as compared to those with mutations in 

CDAN1. This implies that there may indeed be a distinction based on patient 

genotype where the CDA-I phenotype is more severe when arising from CDIN1 

mutations. 

In this study we provide a detailed characterisation of CDA-I erythroblasts. We 

recapitulate aspects of the disease pathology seen in CDA-I, including high levels 

of cells with spongy heterochromatin and increased GDF15 expression. We report 

that CDA-I patient erythroblasts have elevated levels of proliferation, together with 

delay in the differentiation process and reduced levels of enucleation. There are 

difficulties in identifying and quantifying abnormalities in this disorder since only a 

proportion of erythroblasts exhibit defects whilst the majority differentiate and 

manage to function as red cells in many patients. Further, nurturing culture 

conditions may diminish the abnormal phenotypes observed.21 Nevertheless, ATAC-

seq analysis provides clear evidence of an altered regulatory landscape during 

terminal differentiation. This, together with the observations of aberrant nucleolar 

structure and transcriptional output, gives insight into the underlying disease 

mechanism and highlights several new avenues for further investigation of the 

functional role of the two proteins in erythroid differentiation.  
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Figure Legends 

 

Figure 1. Differentiating erythroblasts from healthy donors and CDA-I patients 

are broadly equivalent by immunophenotyping. (A) Representative FACS profiles 

of cultured erythroblasts from a healthy donor, CDA-I patient with a mutation in 

CDIN1 and CDA-I patient with a mutation in CDAN1. (B) UMAP plots showing 

CyTOF data from healthy donors (n=3) and CDIN1-patient derived erythroblasts 

(n=3) at day 11 of differentiation for the erythroid markers CD235 (glycophorin A), 

CD36 (Scavenger receptor), CD71 (Transferrin receptor) and transcription factor 

Gata1. There is no difference in the clustering patterns observed between healthy 

donors and CDIN1 patients for any of the 25 markers tested (Supplementary Table 

6). 

 

Figure 2. Erythroblasts from CDA-I patients display delayed differentiation and 

increased proliferation. (A) Cell morphology counts from cytospins on days 10 

(n=101-348), day 13 (n=92-607) and day 17 (n=63-329) of erythroblasts divided into 

Proerythroblast (Pro), Basophilic (Baso), Polychromatic (Poly), Orthochromatic 

(Ortho) and enucleated (Enuc). Data are shown as mean±SD. Statistical significance 

was tested using Mann-Whitney with a Benjamani-Hochberg adjustment where 

Q=0.05. CDIN1 patients and CDAN1 patients were tested separately against healthy 

donors for each timepoint. CDIN1 *P=0.0095 at day 17 for both polychromatic and 

enucleated erythroblasts. CDAN1 *P=0.0087 for day 10 basophilic erythroblasts and 

**P=0.0043 for day 10 polychromatic erythroblasts.  (B) Representative cytospin 

images stained with modified Wright’s stain (magnification 40x) for healthy donors, 

CDIN1 and CDAN1 patients at days 10, 13 and 17, with marked examples of cell 

types scored for (A). (C) Proliferation of cultured erythroblasts from healthy donors 

(n=6), patients with mutations in CDIN1 (n=3) and patients with mutations in CDAN1 

(n=5) showing increased proliferation in both patient cohorts. All scores are for viable 

cells only (see Supplemental Figure 10), normalised to 100,000 cells at day 5. Data 

are shown as mean±SEM. Dashed vertical lines denote the three culture phases. 

Statistical significance was tested using Mann-Whitney with a Benjamani-Hochberg 

adjustment where Q=0.05. CDIN1 patients and CDAN1 patients were tested 

separately against healthy donors for each timepoint. CDIN1 **P=0.0043 at day 7 
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and at day 17. CDAN1 *P=0.0087 at day 6 and **P=0.0043 at day 17. Cell counts 

from two patients were not scored in a comparable manner for this analysis.  

 

Figure 3. Evidence of defective differentiation in patient erythroblasts, most 

severe for CDIN1 mutations. (A) Transmission electron microscopy at day 11 of 

healthy and CDA-I cultured erythroblasts showing the diagnostic phenotype of 

abnormal chromatin in patients. Inset shows enlarged area to illustrate the pattern of 

euchromatin and heterochromatin and how this is disrupted in CDA-I patients. (B) 

Percentage of nuclei ±SD with spongy heterochromatin at day 11, determined from 

large field images. Numbers of nuclei scored were 96-436 per individual.  *P=0.0189 

with Kruskal-Wallis test. (C) FACS histograms (gated on all viable single cells in the 

CD235a+ population (nucleated and enucleated)) of Band 3 intensity at day 17 

(healthy donors n=6, CDIN1 patients n=3, and CDAN1 patients n=4). (D) Median 

fluorescence intensity (MFI) ±SD of Band 3-FITC at day 17 (** P=0.0088 and * 

P=0.0127 with Kruskal-Wallis test). 

 

Figure 4. ATAC-seq analysis reveals the emergence of an altered regulatory 

landscape in patient-derived erythroblasts. (A) Principal component analysis 

(PCA) of ATAC-seq from healthy donors (n=6) CDIN1 patients (n=3) and CDAN1 

patients (n=4). The distribution of cells along PC1 follows differentiation stage and 

PC2 distinguishes patients and healthy donors. (B) MA plot for DESeq2 comparison 

of ATAC-seq from healthy donors and CDA-I patients at Day 10 and 13 of ex vivo 

differentiation with significantly different peaks (q<0.01) highlighted as either more 

accessible in patients (red - up) or less accessible in patients (blue - down). (C) 

Comparison of chromatin state annotations26 for differentially accessible peaks 

shows enrichment for enhancers in less accessible peaks. Strong and weak refers to 

the level of H3K27ac signal. (D) MEME motif discovery identified a motif matching 

that of NF-E248, 60 as being significantly enriched (E-value < 10-50) in ATAC-seq 

peaks that were less accessible in patients. 

 

Figure 5. Nucleolar structure is disrupted in CDA-I patients. (A) Nucleoli 

detected with probe BAC-CTD (green) surrounding rDNA probe p7.1 (red) in healthy 

nuclei. In example patients UPID20 (CDAN1 mutation) and UPID25 (CDIN1 

mutation) this order is disrupted. (B) Nucleolar output, judged by EU labelling, is 



 26

significantly reduced in two CDA-I patients with CDAN1 mutations, each compared 

with a healthy donor in the same experiment. (C) Despite the disrupted nucleolar 

structure, CDIN1 and Codanin-1 proteins (green) continue to associate with 

nucleolar proteins UBF and Fibrillarin (red) respectively, in two example CDA-I 

patients with CDAN1 mutations. All analyses are on day 10/11 cultured 

erythroblasts, using DAPI counterstain (blue). 
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Supplemental Figures 
 
Supplemental Figure 1 
 

 
 
Supplemental Figure 1. CDA-I patient mutations and clinical data. (A) The location 
of pathogenic mutations associated with CDIN1 and CDAN1 of patients used in this 
study. Each patient has been given a unique personal identifier (UPID) and the type 
of mutation indicated. (B) Haematology of healthy donors (green dots) CDA-I patients 
with CDIN1 mutations (orange dots) and with CDAN1 mutations (blue dots) where full 
blood counts available. Grey boxes represent the Oxford University Hospital, NHS 
Foundation Trust normal ranges for adults. The gender of our cohort is also indicated. 
Haemoglobin (Hb), mean cell haemoglobin (MCH), mean cell volume (MCV), red 
blood cell count (RBC) and red cell distribution width (RDW). Data for UPID22 and 
UPID25 were omitted due to patients being venesected and transfused, respectively. 
For UPID10, 26 and 33 incomplete data were available. 
  



Supplemental Figure 2 

 

 
Supplemental Figure 2. Characterisation of protocol for expansion and 
differentiation of CD34+HSPCs from healthy donors. (A) Schematic of 
experimental approach for three-phase culture protocol. A common base media IMDM 
(Source BioScience UK Ltd) containing 3% (v/v) AB Serum, 10 μg mL-1, insulin, 
3 U mL-1 heparin (all from Sigma-Aldrich, Poole, UK), 2% (v/v) fetal bovine serum 
(Gibco) was supplemented as shown. (B) Representative cytospins stained with 
modified Wright’s stain (magnification 40x) showing cell morphology during erythroid 
expansion (day 7), differentiation (day 10 and 13) and enucleation (day 17). (C) 
Immunophenotyping of cultured erythroblasts from peripheral blood of healthy donors 
(n=3) using a 6-colour antibody panel at days 7, 10, 13 & 17 of differentiation.  Gates 
were set using fluorescence minus one (FMO) controls (see Supplemental Fig 3). (D) 
Images of red cell pellets from day 10 cultured erythroblasts. 
  



 
Supplemental Figure 3 
 

 
 
 
Supplemental Figure 3.  Fluorescence minus one (FMO) controls for FACS 
analysis. Gating strategy for FACS analysis using FlowJo v10.4.2. Gates were set for 
each population on FMO. Red boxes indicated positive population for each marker 
and its relative percentage. 



Supplemental Figure 4 
 

 
 
 
Supplemental Figure 4. Cultured erythroblasts from healthy donors show an 
increase in DNA accessibility and expression of the adult globin genes during 
differentiation. (A) RNA expression analysis of globins (mean ± SEM), throughout 
the differentiation normalized to RPL13A. Pabpc1 was used as a housekeeping gene. 
(B) Ratios of the alpha-like to beta-like globins (mean ± SEM) during erythroid 
differentiation. (C) IEF of erythroblasts from 2 healthy donors (Don002 and Don003) 
at three timepoints during ex vivo differentiation. HbA is adult haemoglobin and HbF 
is fetal haemoglobin. (D) ATAC-seq of the alpha-globin locus at four time-points 
throughout ex vivo differentiation of healthy controls (n=3, with technical replicates). 
(E) ATAC-seq of the beta-globin locus at four time-points throughout ex vivo 
differentiation of healthy controls (n=3, with technical replicates).  
  



Supplemental Figure 5 
 

 
 
Supplemental Figure 5. UMAP plots of CyTOF data from day 11 cultured 
erythroblasts. UMAP plots showing the panel of CyTOF markers (Supplemental 
Table 6) analysed from healthy donors (n=3) and CDIN1-patient derived erythroblasts 
(n=3) at day 11 of differentiation. Plots are graded by colour from minimum (blue) to 
maximum (red) signal intensity. UMAP plots for CD235, CD71, CD36 and GATA1 
shown in Figure 1B.  
  



Supplemental Figure 6  
 

 
 
Supplemental Figure 6. DNA accessibility for CDA-I patient and healthy donor 
cultured erythroblasts mapped against a trajectory for normal erythropoiesis. 
PCA comparison of ATAC-seq for ex vivo differentiated erythroblasts from CDA-I 
patients (CDIN1 patients n=3 and CDAN1 patients n=4) and healthy donors (n=6) 
using a trajectory of immunophenotyped sorted cell-types shows a clear overlap 
between groups. PCA was performed using 136698 peaks from haematopoietic stem 
cells (HSC), multi-potent progenitors (MPP), common myeloid progenitors (CMP), 
myeloid-erythroid progenitors (MEP) and bulk erythrocytes (Ery) from bone marrow or 
peripheral blood1 and erythroid colony forming units (CFU-E), pro-erythroblasts 
(ProE), basophilic erythroblasts (BasoE), polychromatic erythroblasts (PolyE), 
orthochromatic erythroblasts (OrthoE) and reticulocytes (Ret) from ex vivo culture.2  
Healthy and CDA-I patient counts for PC1 and PC2 were then calculated and mapped 
relevant to the sorted populations.  



Supplemental Figure 7 
 

 
 
 
Supplemental Figure 7. Ex vivo cultured patient erythroblasts show the 
diagnostic features of CDA-I. (A) Representative examples of electron micrographs 
of abnormal nuclei seen in patients with mutations in CDIN1 (n=2) and CDAN1 (n=2). 
(B) Immunofluorescence of day 10 cultured erythroblasts from a healthy donor and 
CDAN1 patients (UPID6, 16 and 20). GDF15 is detected with Alexa488 and DAPI was 
used as a nuclear counter stain. The merged images are shown in the right-hand 
panel. Bar is 8µm. 



Supplemental Fig 8  
 

 
 
 
Supplemental Fig 8. NF-E2 regulation of differentially accessible peaks and 
Band 3.  A) Counts of NF-E2 ChIP-seq reads over ATAC-seq peaks that had 
decreased accessibility (n=531), unchanged accessibility (n=3,742), or increased 
accessibility (n=61) in CDA-I patients. ChIP-seq is from day 10 ex vivo differentiation 
of CD34+ HSPCs, erythroblasts generated from peripheral blood mononuclear cells 
using the Fibach method3 (GSE125753), and erythroleukemia K562 cells 
(GSE95875). Adjusted p-values (**** p<0.0001, *** p =0.001) are from a Kruskal-



Wallis test with Dunn's multiple comparison test correction show significantly more NF-
E2 at open chromatin peaks with decreased accessibility in CDA-I patients. FPK: 
Fragments per kilobase.  B) Mean CyTOF signal for the two protein components of 
NF-E2 (NFE2-p45 and MAFG) and for the transcription factor BACH1 (which binds to 
the same motif) at day 11 of ex vivo differentiation of healthy donor (n=3) and CDIN1 
patient (n=3) CD34+ HSPCs. Bars show mean and one standard deviation. C) 
Chromatin landscape at the Band 3 encoding gene, Slc4a1, at day 10 of ex 
vivo differentiation from healthy donors, showing open chromatin (ATAC), promoter 
sites (H3K4me3), enhancers (H3K4me1), active transcription (H3K27ac) and NF-E2 
binding. NF-E2 signal is also shown from Fibach and K562 erythroid cells. Grey bars 
highlight the NF-E2 bound peaks (promoter left and 5’ enhancer right) with motif 
analysis below. P-values for FIMO comparison with NFE2_HUMAN.H11MO.0.A are 
shown. 
 
  



 
Supplemental Figure 9 
 

 

 

Supplemental Figure 9. Strategy for generation of patient specific erythroblasts 
to validate CDA-I variants.  Mutations in CDAN1 genes were identified from gDNA 
of patient peripheral blood (UPID33) using a targeted re-sequencing Oxford Red Cell 
Panel4 and validated by demonstrating the presence of ‘spongy’ heterochromatin in 
ex vivo cultured erythroblasts, thus confirming the diagnosis of CDA-I. 
  



Supplemental Figure 10   
 

 
 
 
Supplemental Figure 10. Cell viability during ex vivo culture period. Daily viability 
scores for ex vivo cultures from healthy donors (n=11) and CDA-I patients with 
mutations in CDAN1 (n=6) or CDIN1 (n=5), measured by staining with acridine orange 
and DAPI. 
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Supplemental Tables 
 
Supplemental Table 1. Fluorophore conjugated antibodies used for staging the 
erythroid differentiation by FACS. 
 

  Protein Channel Supplier 
Catalogue 
Number 

CD235a Glycophorin A PE BD Bioscience 555570 
CD71 Transferrin receptor PerCP Cy5.5 Biolegend 334114 
CD49D α-Integrin APC BD Bioscience 561892 
CD34 CD34  PE/Cy7 Biolegend 343616 
CD233 Band3 FITC IBGRL 9439FI 
CD36 Platelet glycoprotein APC/Cy7 Biolegend 336213 
Hoechst 33258 Viability dye Violet Invitrogen H3569 
 
 
Supplemental Table 2:  TaqMan probes used for globin expression analysis. 
 

  
  
  
  
  
  
 
 
 

 
 
Supplemental Table 3: Next generation sequencing depth. See file designated 
‘Supplemental Excel Tables’. 
 
Supplemental Table 4: Bed file of top 1000 ATAC peaks used for PCA plots. See 
file designated ‘Supplemental Excel Tables’. 
 
Supplemental Table 5: Bed file of ATAC-seq non-TSS nucleosome depleted 
regions (NDR) used for PCA plots. See file designated ‘Supplemental Excel Tables’. 
 
Supplemental Table 6: Pre-conjugated antibodies used for CyTOF.  
 

Label 
Antibody 
Target Clone Source 

Catalog 
number RRID 

149Sm CD34 581 Fluidigm 3149013B AB_2756285 
155Gd CD36 5-271 Fluidigm 3155012B AB_2756286 
175Lu CD71 OKT-9 Fluidigm 3175011B AB_2756287 
172Yb CD38 HIT2 Fluidigm 3172007B AB_2756288 

Gene Product Code 
HBA Hs00361191_g1 
HBB Hs00747223_g1 
HBD Hs00426283_m1 
HBE Hs00362216_m1 
HBG Hs00361131_g1 
HBZ Hs00923579_m1 
RPL13a Hs03043885_g1 
PABPC1 Hs00743792_s1 



143Nd CD45RA HI100 Fluidigm 3143006B AB_2651156 
151Eu CD123 6H6 Fluidigm 3151001B AB_2661794 
164Dy CD49F G0H3 Fluidigm 3164006B AB_2756289 
161Dy CD90 5E10 Fluidigm 3161009B AB_2756290 
153Eu CD44 691534 Fluidigm 3153021B AB_2756291 
89Y CD41 HIP8 Fluidigm 3089004B AB_2756292 

141Pr CD235ab HIR2 Fluidigm 3141001B AB_2651154 

PE GATA1 234739 R&D 
Systems C1779P AB_2108404 

156Gd* A-PE PE001 Fluidigm 3156005B AB_2756294 
167Er PU1 7C6B05 Biolegend 658002 AB_2562720 
160Gd ATRX 39f Abcam 218936 AB_2756295 
176Yb c-Myc 9E10 Fluidigm 3176012B AB_2756296 
165Ho KLF1 1B6A3 Abcam 175372 AB_2756297 

162Dy TAL1 2TL242 Thermo 14-9101-
82 AB_2572922 

158Gd RUNX1 polyclonal Thermo PA5-
12409 AB_2184103 

154Sm NFE2p45 polyclonal Genetex GTX1026
98 AB_1950992 

171Yb BACH1 GO11-1A3 Thermo 37-0900 AB_2533297 

159Tb IKZF1 polyclonal Thermo PA5-
23728 AB_2541228 

152Sm MAFG polyclonal Genetex GTX1145
41 AB_10619599 

173Yb c-JUN 2HCLC Thermo 711202 AB_2633131 

166Er KAT3B/p300 RW105 Novusbio NB100-
616 AB_10002598 

145Nd C/EBPa polyclonal Thermo PA5-
26487 AB_2543987 

*this antibody was used as a secondary 
antibody to detect the PE-labelled 
GATA1 antibody  

 
 
Supplemental Table 7: Antibodies used for IF.  
 
Antibody Source Dilution 
goat anti-GDF15 ab-39999; Abcam 1:50 
anti–goat Alexa488 A-11055; Thermo 

Fisher Scientific 
1:300 

rabbit anti-Codanin-1 Bethyl A304-951A 1:300 
rabbit anti-C15orf41 Cusabio CSB-

PA897474LA01HU 
1:50 

mouse anti-Fibrillarin Abcam ab4566 1:500 
mouse anti-UBF Santa Cruz F-9 1:100 



donkey anti-mouse 
Cy3 

Jackson 
Immunoresearch 

1:500 

donkey anti-rabbit 
Alexa 488 

ThermoFisher 
Scientific 

1:200  

 
 
Supplemental Table 8: CDA-I patient mutations and disease severity  
 

Patient 
ID  

Gende
r 

Age 
(yrs) 

Gene Mutation types Disease 
severity 

UPID6 M 54 CDAN1 Unknown effect mild 
UPID10 M 46 CDAN1 Non LOF moderate 
UPID15 M 70 CDAN1 Unknown effect/Non LOF mild 
UPID16 M 50 CDAN1 LOF/Non LOF mild 
UPID20 M 72 CDAN1 LOF/Non LOF mild 
UPID22 F 30 CDAN1 Non LOF/Unknown effect moderate 
UPID33 M 8 CDAN1 Unknown effect/Unknown 

effect 
severe 

UPID25 F 46 CDIN1 Unknown effect severe 
UPID26 F 46 CDIN1 Unknown effect mild 
UPID27 F 42 CDIN1 Unknown effect mild 

  



Supplemental Methods 

Differentiation of CD34+ HSPCs:  1x105 cells were resuspended on day 0 in Phase I 

media (see Supplemental Figure 2A) at 105 cells ml-1. Cell counts and viability was 

assessed throughout the differentiation using the cell count and viability assay on the 

Nucleocounter 3000 (Chemometec). Acridine orange was used to stain the entire 

population, DAPI to stain the non-viable cells and % viability calculated from these. 

On days 3 and 5 with additional Phase I media the cell concentration was maintained 

at 2x105 cells ml-1. On day 7, cells were counted and pelleted (400 rcf, 5 min, RT) and 

resuspended in Phase II media at 2x105 cells ml-1. Cells were counted on day 9 and 

diluted to 2x105 cells ml-1 Phase II media. On day 11, cells were counted and pelleted 

(400 rcf, 5 min, RT) and resuspended in Phase III media at 1x106 cells ml-1. Cells were 

counted on days 13 and 15 and diluted to 1x106 cells ml-1 in Phase III media. Live cell 

counts were normalized to 1x105 cells ml-1 on day 5 to take into account different 

numbers of starting cells after freezing. The Mann-Whitney rank sum test with 

Benjamini-Hochberg multiple test correction (q<0.05) was used to compare cell counts 

of healthy and CDA-I patient samples. 

Morphological analysis using Cytospins: 1x105 cells were resuspended in 200 µL 

PBS, spun (5min, 400 rpm) in a Cytospin4 (ThermoFisher), stained with modified 

Wright’s stain and mounted in DPX (Sigma). Cytospins were imaged using an 

Olympus BX60 microscope with10x and 20x objectives. Using images of the 

cytospins, the morphology of the cultured erythroblasts was scored with the following 

categories; pro-erythroblasts (Pro), basophilic erythroblasts (Baso), polychromatic 

erythroblasts (Poly), orthochromatic erythroblasts (Ortho) and enucleated (Enuc). 

Iso-electric Focusing: 1x106 cultured erythroblasts were lysed in Haemoglobin elution 

solution and 50% loaded on an iso-electric focusing (IEF) g e l  (RESOLVE® 

Haemoglobin kit, PerkinElmer, USA) t h e n  r u n  a t  1 2 0 0 v  f o r  9 0 m i n  a t  

1 5 o C  on a water- cooled horizontal electrophoresis rig (GE Healthcare). Gels 

were fixed in 10% trichloroacetic acid and stained with the JB-2 system (Perkin Elmer, 

USA) as per manufacturer instructions.  

CyTOF: CyTOF detects expression levels of multiple proteins in single cells by 

staining with antibodies conjugated to heavy metal isotopes. Levels of each isotope 



are measured by mass spectrometry which eliminates the problem of spectral overlap 

associated with FACS and thus expands the parameters that can be measured 

simultaneously. 

ATAC-Seq Library preparation and analysis: Immunoprecipitated material was 

indexed using NEB Next Ultra II DNA library prep kit for Illumina (New England 

Biolabs). ChIP-seq and ATAC-seq libraries were sequenced on the NextSeq platform 

(Illumina v2 chemistry) with 39-bp paired-end reads. Reads were mapped to the 

hg19genome using NGseqBasic5 (V20; --nextera --blacklistFilter --noWindow), 

which utilises Bowtie.6 Sequence depth and mapped reads are provided 

(Supplemental Table 3). GEO repositories of sorted cell population ATAC-seq 

(GSE75384, GSE115684),1, 2 chromatin marks (GSE125926)7 and NF-E2 ChIP-seq 

(GSE125753, GSE95875)8 (ENCODE) were analysed by the same method. For 

visualisation PCR-duplicate filtered replicates were merged using Samtools9 (v1.3) 

and converted to bigwig format with minimal smoothing using deepTools10 (v2.2.2; 

bamCoverage --binSize 10 --normalize using RPKM). ATAC-seq peaks were called 

from sorted hematopoietic populations (Supplemental Tables 4 and 5), healthy donor 

and patient samples using Macs211 (v2.0/10 callpeak -f BAMPE -g 1.87e9 -q 0.1). 

Peaks identified in less than three samples were discarded and remaining peaks were 

merged using BEDtools merge12 (v2.25.0), to form a collection of peaks detected 

across all cell types. For differentiation trajectory plotting, principal component analysis 

(PCA) was performed on published datasets using scikitlearn (v0.22), then samples 

from ex vivo differentiation cultures were projected into the same space using the 

rotation identified from purified subpopulations. Differential accessibility was 

determined using DESeq213 by comparing ATAC-seq read counts in autosomal open 

chromatin regions from both day 10 and day 13 from two separate differentiations of 

three healthy donors (n=6 for each timepoint) with CDA-I patients comprised of both 

CDIN1 patients (n=3 for each timepoint) and CDAN1 patients (n=4 for each timepoint). 

A factorial design was used to account for changes between day 10 and day 13 as 

well as changes between CDA-I patients and healthy donors. Motif identification was 

performed using MEME, using a custom background of peaks that were accessible in 

ex vivo cultured cells but which maintained the same accessibility between CDA-I 

patients and healthy donors.14 



Immunofluorescence (IF): 1-2x105 cells were washed and settled on poly-L-lysine 

treated coverslips (5 mins). Cells were fixed (4% PFA, 15 min) and permeabilized in 

0.2% Triton X100 in PBS (10 min, RT). Slides were blocked using 10% FCS in PBS 

(RT for 30 mins). Antibodies were prepared in blocking solution (Supplemental Table 

7). Following detection, slides were washed in PBS, fixed (4% PFA) and coverslips 

mounted in Vectashield with 1 µg mL-1 DAPI added as a nuclear counterstain. 

Fluorescence in situ hybridization (FISH): Cells were washed in PBS, settled on clean 

poly-l-lysine coated slides for 5 min, then slid horizontally into a dish containing 3:1 

(vol:vol) methanol : acetic acid fixative for 10 min. Following fixation slides were dried 

vertically and stored at -20 °C with desiccant. To perform FISH, slides were treated 

with 100 µg/ mL RNase at 37 °C for 1 hr, washed in 2xSSC, dehydrated through an 

ethanol series, denatured in 70% formamide in 2xSSC pH 7.0 at 74 °C for 5 min, 

dehydrated through an ice-cold ethanol series and air-dried. Labelled probes (100 ng 

each) were denatured in hybridization buffer (Leica, KBI-FHB) at 90 °C for 10 min; 

BACs were preannealed at 37 °C for 20 min. Slides were hybridized with prepared 

probes at 37 °C overnight. After hybridization, slides were washed as follows; 2 min in 

2xSSC with 0.1% IGEPAL® CA 630 (vol/vol) to remove coverslips, 2 min 2xSSC with 

0.1% IGEPAL® CA 630 (vol/vol), then 2 min exactly at 70 °C in 0.4x SSC with 0.3% 

IGEPAL® CA 630 (vol/vol). Following 1 min in 2xSSC with 0.1% IGEPAL® CA 630 

(vol/vol), slides were blocked in 3% BSA (wt/vol) in 4xSSC and digoxigenin was 

detected with sheep anti-digoxigenin FITC 1:50 (Roche, 11207741910) followed by 

rabbit anti–sheep FITC 1:100 (Vector Laboratories, FI-6000). Slides were mounted in 

Vectashield (Vector Laboratories) containing 2 µg/ mL DAPI. 

Imaging equipment, settings and image restoration: Widefield fluorescence imaging 

was performed at 20 °C on a DeltaVision Elite system (Applied Precision) using a 

100 ×/1.40 NA UPLSAPO oil immersion objective for FISH slides and a 60x/1.42 NA 

PLAPON oil immersion objective (Olympus) for immunofluorescence, a CoolSnap 

HQ2 CCD camera (Photometrics), DAPI (excitation 390/18; emission 435/40), FITC 

(excitation 475/28; emission 525/45) and TRITC (excitation 542/27; emission 593/45) 

filters. 12-bit image stacks were acquired with a z-step of 200 nm giving a voxel size 

of 64.5 nm x 64.5 nm x 200 nm (x100 objective) or 108.2 nm x 108.2 nm x200 nm (x60 

objective). For the immunofluorescence shown in Figure 6C, image restoration was 



carried out using Huygens deconvolution Classic Maximum Likelihood Estimation 

(Scientific Volume Imaging B.V.). 
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