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ABSTRACT

he investigation of inherited disorders of erythropoiesis has eluci-

dated many of the principles underlying the production of normal

red blood cells and how this is perturbed in human disease.
Congenital dyserythropoietic anemia type 1 (CDA-I) is a rare form of
anemia caused by mutations in two genes of unknown function: CDAN1
and CDIN1 (previously called C150rf41), whilst in some cases, the under-
lying genetic abnormality is completely unknown. Consequently, the
pathways affected in CDA-I remain to be discovered. In order to enable
detailed analysis of this rare disorder we have validated a culture system
which recapitulates all of the cardinal hematological features of CDA-,
including the formation of the pathognomonic ‘spongy’ heterochromatin
seen by electron microscopy. Using a variety of cell and molecular bio-
logical 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 accessibil-
ity. 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 path-
ways affected in CDA-I which for the first time can now be pursued in
the tractable culture system utilized here.

Introduction

Many key discoveries in the process of erythropoiesis have come from identifi-
cation and analysis of individuals with forms of inherited anemia."* In some cases,
because of the rarity of the disease and limited access to primary erythroid progen-
itors 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 ane-
mia type 1 (CDA-I).

CDA-l is a rare autosomal recessive disease associated with ineffective erythro-
poiesis and macrocytic anemia. Disease severity is commonly mild (not necessitat-
ing treatment) to moderate (requiring Interferon or occasional blood transfusion)
but patients with severe disease can be transfusion-dependent from birth or even
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present as hydrops fetalis.”® Light microscopy reveals
abnormalities in erythroblast nuclei, including binucleate
cells and inter-nuclear bridging.” A diagnostic feature of
CDA-I is the “Swiss-cheese” or spongy pattern of abnor-
mal chromatin in up to 50% of erythroblasts obtained
from bone marrow aspirates, visualised using transmis-
sion electron microscopy (TEM).° In ~90% of patients, bi-
allelic mutations in CDAN1 (encoding Codanin-1) or
CDIN1 (previously C15orf41) (encoding CDIN1) are
causative,”® 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
life® but their precise functions are unclear. CDIN1 com-
prises a helix-turn-helix binding domain and a predicted
nuclease domain® whilst Codanin-1 has sequence similar-
ity with a scaffold protein, CNOTT1, involved in mRNA
stability and translational control.” The two proteins form
a complex where Codanin-1 is required for stability of
CDIN1*" and both directly interact with the histone
chaperone ASF1.”'* CDA-I is predominantly an ery-
throid-restricted disease but most of the structural and
functional assessments of Codanin-1 and CDIN1 have
been performed in non-erythroid cells and some charac-
teristics described for the proteins are not recapitulated in
patient-derived erythroblasts.”!! Here we analyze the dis-
tribution and role of these proteins in erythroid cells.

Differentiation of CD34* hematopoietic stem and pro-
genitor cells (HSPC) from peripheral blood has been used
to study normal erythropoiesis'>" and to elucidate disease
mechanisms in a number of hematological disorders
including Diamond Blackfan anemia (DBA),*® hereditary
spherocytosis,” congenital dyserythropoietic anemia
type II*! and myelodysplastic syndrome (MDS)." In order
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 enu-
cleation and erythroblasts from controls and patients
should be stage matched.”” Here we use an ex vivo three-
phase culture system' (broadly expansion, differentiation
and enucleation) whereby CD34" HSPC, obtained from
peripheral blood of healthy donors and patients with
TEM-confirmed CDA-l, are successfully differentiated
into reticulocytes. We use immunophenotyping by fluo-
rescence activated cell sorting (FACS), morphological
assessment, single cell proteomics using mass cytometry
time of flight (CyTOF) and assay for transposase-accessi-
ble chromatin using sequencing (ATAC-seq) to enable
direct comparisons of cell populations.

This approach successfully recapitulates the pathogno-
monic feature of ‘spongy’ heterochromatin in patient ery-
throblasts. We find a delay in terminal erythroid differen-
tiation and increased proliferation of CDA-I erythroblasts,
associated with widespread changes in chromatin accessi-
bility. We demonstrate that CDIN1 and Codanin-1 are
enriched in nucleoli, which are structurally and function-
ally 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
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through the Oxford Molecular Diagnostic Center. 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* hematopoietic
stem and progenitor cells

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*
HSPC were extracted with the Human CD34 Microbead Kit
(Miltenyi Biotec), according to the manufacturer’s instructions.
1x10° frozen CD34* HSPC were recovered into Phase I media of
a three-phase protocol' (see Online Supplementary Figure S2A and
the Online Supplementary Appendix) and monitored by cytospin
(see the Omnline Supplementary Appendix) and FACS (Online
Supplementary Table S1; Online Supplemental Figure S2).

Transmission electron microscopy
5x10° staged intermediate erythroblasts were prepared for
TEM as previously described.**

Iso-electric focusing
1x10° cultured erythroblasts were analysed by iso-electric
focusing (IEF) (see the Online Supplementary Appendix).

Real-time quantitative polymerase chain reaction for
globins

RNA was extracted using a Tri-reagent protocol and real-time
quantitative polymerase chain reaction (RT-qPCR) conducted

with commercial TagMan assays (Online Supplementary Table
S2).

Chromatin accessibility and NF-E2 chromatin
immunoprecipitation sequencing

ATAC-seq was performed as previously described.”** NF-E2
chromatin immunoprecipitation sequencing (ChIP-seq) was
conducted on 5x10° day 10 erythroblasts with previously
described modifications® using rabbit anti-NFE2 (4 ug, sc-22827-
X; Santa Cruz discontinued). For ATAC-seq library preparation
and analysis see the Online Supplementary Appendix.

Antibody labeling, barcoding and mass cytometry for
mass cytometry time of flight

Samples were prepared and analysed for CyTOF as previously
described” (Online Supplementary Table S6). Subsampled events
were concatenated for uniform manifold approximation and
projection (UMAP).”® See the Online Supplementary Appendix.

Data availability
Sequencing data generated for this work is available on the
Gene Expression Omnibus (GSE125175).

Immunofluorescence
Cells were washed and processed essentially as described pre-
viously.” See the Online Supplementary Appendix.

Fluorescence in situ hybridization

Fluorescence i situ hybridization (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.*® Probes were labeled with Cy3-dUTP
(GE Healthcare) or indirectly with digoxygenin-11-dUTP
(Roche).*! See the Online Supplementary Appendix.




- C. Scott et al.

- haematologica | 2021; 106(11)

A

Healthy Donor Day 7

Don001 7
CD34

Ayrsc

CD36
A,y rsc

CD235

Day 10

Day 13

CDIN1
UPID25

CD34

CD36

CD235

CD235*
CD49d

ﬁ,cmw T )

A ke o
Ay Fsc -

4, cord

e e

v

A, Fsc

bz s

CD235*
CD49d

Day 7 Day 10 Day 13 CDAN1 Day 7
] ‘ ‘ | ’ ‘ UPID16 -
b A CD34 ;
.8 Yorsc 1.8
‘| u‘ﬁ CD36 . *

SR

1 cozzs  J o |1 @
tcon 78R | E ]

‘Day10
L)
el

e

Day 13

||

e

ra

H
H
i
K
i

t} Band&t . '

CD235* - ]
cDasd e
t}Bandal' B A

B Healthy CDA-I
15 Tcoss N CD36
o 7 »* = s
= 1§ zffte
c ! S/l 4
(0] ~ fred
£ 7 \\,;; e
a 1 ™ o o HE] B
Lt .
T T T T T T T T
5 0 5 10 5 0 5 10
15 {CD235 JcD235 E
Y 4 Y i 5[ts
& 107 K . 1 ' ° Elte
5 : z
S 54 - W
2 SN2
@ <M,
£ 04 P ? T s
] 5 2 HE .
w iy w4 0
T T T T T T T T
5 0 5 10 5 0 5 10

t} Band3,

Healthy

CD71

ArcSinh(Intensity)

cCavmRao~

Dimension 2

-5 0 5 10 -5 10
5 {Gata Gatat Z 7
« 10 A » b 2 2
e g N =]
§ s f ke | &l '
= 4 & o SR
9 - o <M,
-5 a <, (]
T T T T T T T T
-5 0 5 10 =5 0 5 10

Figure 1. Differentiating erythroblasts from healthy donors and CDA-I patients are broadly equivalent by immunophenotyping. (A) Representative fluorescence acti-
vated cell sorting profiles of cultured erythroblasts from a healthy donor, CDA-I patient with a mutation in CDIN1 and CDA-l patient with a mutation in CDAN1. (B)
Uniform manifold approximation and projection (UMAP) plots showing mass cytometry time of flight (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 Gatal. There is no difference in the clustering patterns observed between healthy donors and CDIN1 patients for any of the 25 markers tested

(Online Supplementary Table S6).

Ethynyl uridine labeling and analysis

RNA transcripts were labeled by 5Sethynyl uridine (EU) incor-
poration (1 mM for 30 minutes or 2 hours) and detected by click
chemistry with Alexa488® azide using Click-iT® RNA imaging
Kit (ThermoFisher Scientific). Quantitation of EU was per-
formed using FIJ1.* All images were acquired using standardized
settings and maximume-intensity projected. Mean EU intensities
were quantitated using a nuclear mask demarcated by DAPI.

Results

CDA-I patients

To date, approximately 60 mutations have been report-
ed in CDAN1 and CDIN1°7%% and six mutational
hotspots have been identified in the CDAN7Y gene.”
There are often differences in the severity of the disease
between individuals, even for those with identical muta-
tions.** We examined erythropoiesis in ten CDA-I
patients (Omnline Supplementary Figure S1A; Online
Supplementary Table S8). These patients (excluding those
receiving regular blood transfusion or venesections) have
hemoglobin (Hb) levels and mean cell volumes (MCV)
within the normal range (Online Supplementary Figure 1B),
consistent with ~30% of clinical cases® but tend to have
higher mean cell hemoglobin (MCH), an increased red

cell distribution width (RDW) and a reduced red cell
count (RBC) compared to healthy donors (Online
Supplementary Figure S1B). In one patient (UPID6) with
CDA-], confirmed by TEM, a potentially pathogenic
homozygous variant was identified in CDANY 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* hematopoietic stem and
progenitor cells

We initially validated a three-phase ex vivo culture sys-
tem” for differentiation of CD34* HSPC obtained from
the peripheral blood of healthy donors (Online
Supplementary Figures S2 and S3). In addition to the mor-
phological assessment of cultured erythroblasts (Online
Supplementary Figure S2B), we characterized their chro-
matin landscape, globin gene expression profile and the
expression of erythroid proteins and transcription factors,
to comprehensively evaluate differentiation status (Online
Supplementary Figure S4). Immunophenotyping revealed
the expected gain of glycophorin A (CD235a) and trans-
ferrin receptor (CD71), which typically occurred by day 7
(Online Supplementary Figure S2C). As maturation pro-
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Figure 2. Erythroblasts from CDA-l patients display delayed differentiation and increased proliferation. (A) Cell morphology counts from cytospins on day 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 +* standard deviation. Statistical significance was tested using Mann-Whitney with a Benjamani-Hochberg adjust-
ment 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 Online Supplementary Figure
$10), normalised to 100,000 cells at day 5. Data are shown as mean + standard error of the mean. 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 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.

gressed, cells visibly hemoglobinized by day 10 (Online
Supplementary Figure S2D) and this coincided with
increasing expression of the adult globins (Online
Supplementary Figure S4A), with the a- to B-globin ratios
remaining around one throughout differentiation (Online
Supplementary Figure S4B). Iso-electric focusing (IEF) con-
firmed that predominantly adult globin was produced
(Online Supplementary Figure S4C), and ATAC-seq showed
open chromatin at the HBA1/2, and HBB genes and their
associated locus control regions, again indicative of defin-
itive erythropoiesis (Online Supplementary Figure S4D to
E). During the third phase of culture, erythroblasts under-
went the normal final stages of differentiation, with
increased levels of Band 3 (CD233) and loss of the adhe-
sion protein a-4 integrin (CD49d) (Online Supplementary
Figure S2C). Enucleated cells were visible on cytospins at
this stage (Online Supplementary Figure S2B).
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Differentiating erythroblasts from healthy donors and
CDA-I patients are broadly equivalent by
immunophenotyping

We studied the differentiation of erythroblasts derived
from CD34* HSPC from CDA-I patients with a variety of
mutations in CDIN1 and CDAN1 (Online Supplementary
Figure S1A). Flow cytometry bulk population analysis
showed that differentiation of CDA-I patient HSPC
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, and
for gating strategy see Online Supplementary Figure S3).

We also analysed the erythroblast immunophenotype
by CyTOE a next-generation flow cytometry platform
that allows functional and phenotypic characterisation of
cell populations.” We examined the levels of 25 erythroid
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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 euchro-
matin and heterochromatin and how this is disrupted in CDA-I patients. (B) Percentage of nuclei + standard deviation with spongy heterochromatin at day 11, deter-
mined from large field images. Numbers of nuclei scored were 96-436 per individual. *P=0.0189 with Kruskal-Wallis test. (C) Fluorescence activated cell sorting
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 (MFl) £ standard deviation of Band 3-FITC at day 17 (**P=0.0088 and *P=0.0127 with

Kruskal-Wallis test).

transcription factors and cell surface markers (Online
Supplementary Table S6) at day 11 in healthy donor and
CDIN1 patient-derived erythroblasts. Visualization by
UMAP, widely used to identify distinct cell populations in
cytometry data,”® revealed that erythroblasts from both
groups follow a continuous trajectory during differentia-
tion with a clear separation of cells expressing, for exam-
ple, 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; Online Supplementary Figure S5) and no significant dif-
ferences in the clustering patterns were identified by K-
means clustering analysis.* 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 indicat-
ing 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 differen-
tiation, detectable from day 10 (Figure 2A and B). At this
time point, significantly more erythroblasts from healthy
donors than CDAN1 patients had reached the polychro-
matic stage. By day 17, there were more enucleated cells

from healthy donors than CDIN1 patients, whose ery-
throblasts were still delayed at the polychromatic stage,
with CDAN1 erythroblasts having progressed a little fur-
ther. 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 persist-
ence of precursor forms.

We also observed greater expansion in patient erythrob-
last 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 abnormali-
ties characteristic of CDA-I was present in patient ery-
throblasts by day 11 of culture. This feature was observed
in all our patient samples, averaging 29% (+7.7 standard
deviation) of nuclei affected (Figures 3A and B; Online
Supplementary Figure S7A). Furthermore, elevated expres-
sion of growth differentiation factor 15 (GDF15), a marker
of ineffective erythropoiesis known to be increased in
CDA-I patients,” was detected at day 10 by immunofluo-
rescence (IF) (Online Supplementary Figure S7B). Therefore,
ex vivo differentiation of CDA-I erythroblasts successfully
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Figure 4. ATAC-seq analysis reveals the emergence of an altered regulatory landscape in patient-derived erythroblasts. (A) Principal component analysis (PCA) of
assay for transposase-accessible chromatin using sequencing (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 differential expression analysis (DESeq2) compar-
ison of ATAC-seq from healthy donors and CDA-l 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 annotations 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 match-
ing that of NF-E2*3%° as being significantly enriched (E-value <10°) in ATAC-seq peaks that were less accessible in patients.

recapitulates abnormal cellular phenotypes observed in
bone marrow derived erythroblasts and these features are
already apparent midway through terminal differentia-
tion.

We next assessed the effects of patient mutations on the
enucleation stage of differentiation. Firstly, analysis of cel-
lular morphology indicated a persistence of erythroid pre-
cursors in CDA-I cultures, particularly in those from
patients with CDIN1 mutations, together with a signifi-
cant reduction in the percentage of enucleated cells (Figure
2A). Secondly, immunophenotyping of cultured erythrob-
lasts 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-erythrob-
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lasts to late erythroblasts,'® and while CDA-I patient ery-
throblasts did progressively gain Band 3, the level of pro-
tein was significantly less at day 17 than in healthy donors
(Figure 3C and 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 CDIN{ 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 dis-
tinguish cell types and deconvolve mixed cell popula-
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tions;'®* therefore to further compare our differentiating

healthy and patient cells we assayed chromatin accessibil-
ity at day 10 and day 13 using ATAC-seq.” We mapped
healthy and patient cell populations against a differentia-
tion trajectory of sorted erythropoietic cell populations
and 136,698 nucleosome-depleted regions,'®* using prin-
cipal component analysis (PCA) of all open chromatin
regions (Online Supplementary Figure S6). This mapping
could not distinguish patient material from healthy donors
on the differentiation trajectory.

Next we undertook PCA of our cultured erythroblast
data alone (without plotting against other erythroid popu-
lations), 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 differential expression analysis (DESeq2) for dif-
ferences in DNA accessibility peaks not attributable to dif-
ferentiation status (Figure 4B). There were 61 peaks dis-
playing increased accessibility in patients and 531 less
accessible sites. The latter showed a marked enrichment
for enhancers (strong and weak) (65%) (Fi igure 4C) when
assessed for chromatin state annotations. Furthermore
40% of the 531 less accessible sites in CDA-I patients have
a binding motif for the NF-E2 family of transcription fac-
tors (Figure 4D).

Consistent with motif distribution, the mean level of
NF-E2 binding in ChIP-seq from healthy donor erythrob-
lasts and K562 erythroleukemic cells was significantly
higher than background at the peaks with patient-specific
decreased accessibility (CDA-I down) (Ounline
Supplementary Figure S8A), 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 NE-E2 were detected in healthy donors and
CDIN1 patients by CyTOF mass cytometry (Online
Supplementary Figure S8B). Similarly, no differences were
seen in abundance for either MAFG, which dimerizes
with NF-E2,*” or BACH1 which competitively binds with
the NF-E2 motif.**"!

Of note, the Band 3 encoding gene Slc4al has erythroid-
specific enhancer elements (Online Supplementary Figure
S8C). The 5' enhancer has a binding motif for NF-E2 and
is bound by NF-E2 in ChIP analyses of three different ery-
throblast 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 abnor-
mal 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 nucle-
oli.' 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 FISH using probes
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detecting the heterochromatic region adjacent to rDNA
arrays (BAC-CTD), and the rDNA arrays themselves
(p7.1),° where the heterochromatin normally surrounds
the rDNA signal within nucleoli. In all four patients exam-
ined (UPID10, 20, 22 and 25), nucleoli in a proportion of
nuclei appeared more numerous, less ordered and less reg-
ular 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 organiza-
tion might be expected to impact on the synthesis of ribo-
somal RNA, which accounts for a major portion of RNA
synthesis in the cell.**> We therefore assessed RNA syn-
thesis in two patients by measuring incorporation of the
uridine analogue 5 ethynyl uridine (EU) into newly syn-
thesised RNA** at day 10/11 of differentiation. In both
cases there is a significant reduction in nuclear EU labeling
(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."” Therefore, we investigated whether
the normal enrichment of Codanin-1 and CDINT1 in nucle-
oli is also disrupted, in patients with predicted non-desta-
bilizing 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 CDINY 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.” 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) (Omnline Supplementary Figure S1)."° Genetic
analysis was conducted on the patient, who presented
with unexplained anemia, using the Oxford Red Cell
Panel (ORCP)45 (Online Supplementary Figure S9).
Following identification of two novel variants, CD34*
HSPC from UPID33 were extracted from peripheral blood
and after 11 days in ex vivo culture, TEM on the resulting
intermediate erythroblasts revealed 39% of erythroblasts
with abnormal chromatin morphology, thus confirming
diagnosis of CDA-L

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
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erythroblasts pass through the expected stages of differen-
tiation with appropriate expression of erythroid cell sur-
face markers's and are able to enucleate. Further, we reca-
pitulate the cardinal hematological features of CDA-I and
show by TEM that up to 40% of patient-derived erythrob-
lasts 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 immunophe-
notyping cell populations. While such methods showed
healthy and diseased erythroblasts were immunopheno-
typically similar during the expansion phase and then into
differentiation (day 10-13), aspects of disordered erythro-
poiesis 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.””** Many of these cells exhibited the
abnormal chromatin structure associated with CDA-L
These findings show that the effects of the mutant pro-
teins 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 at
day 6/7.

Chromatin accessibility has become a superior
approach for cell type classification, including hematopoi-
etic lineages.*® The accessibility of transcription factor
motifs within chromatin changes as subsets of regulatory
elements are systematically activated and repressed dur-
ing commitment to different lineages.” 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,® both map as
expected with the intermediate and later stages of ery-
thropoiesis. A more detailed PCA revealed a distinction
between healthy donors and patients, more marked by
day 13, identified a reduced accessibility in patient ery-
throblasts at gene enhancers containing the erythroid-spe-
cific NF-E2 motif. NF-E2 (comprising NFE2-p45 and
MAFG) and BACHI1 (which binds the same motif) are
important transcription factors for erythropoiesis and the
oxidative stress pathway respectively.**"** Cy TOF analy-
sis indicates that levels of these three proteins appear to be
normal in patient cells at day 11. NE-E2 motifs normally
increase accessibility towards late erythropoiesis,'® in par-
allel with the level of the protein complex,** and we
show that in normal erythroblasts, NF-E2 does bind those
sites. Together these facts suggest that reduced accessibil-
ity 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 regu-
latory landscape due to delayed differentiation, however
motifs for other erythroid-specific transcription factors
such as Gatal did not reach significance in terms of altered
accessibility.

The observation of disrupted nucleoli raises interesting
ideas about the roles the two proteins may play in ery-
thropoiesis and could explain the erythroid-specific nature
of the disease. Mutations to the ribosomal proteins them-
selves can underlie tissue restricted disorders, including
erythroid-specific disorders such as Diamond-Blackfan
syndrome, Schwachmann-Diamond syndrome,

Dyskeratosis Congenita and MDS.***! Impaired function
in the nucleolus could affect the number of available ribo-
somes and have similar effects to these other conditions in
producing anemia. Beyond that, the nucleolus appears to
have other, regulatory roles.”*** Of interest, given the
importance of cell cycle described above, is the proposed
role for the nucleolus in cell cycle regulation.”® 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 breaks™ whilst partial deletion of rDNA arrays has
been shown to cause disordered nucleolar structure.”
Further work is required to test these possibilities.

The final stages of erythropoiesis involve nuclear con-
densation prior to expulsion of the pyknotic nuclei by
enucleation®”® and this process is highly organized” with
chromatin condensation playing an important role.” 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 his-
tones.” Remarkably, a substantial number of erythroblasts
progress to enucleation without developing the cata-
strophic changes in chromatin compaction and organiza-
tion 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 regula-
tion.”*%

Two distinct types of CDA-I have been regported (CDA-
Ja MIM 224120 and CDA-Ib MIM 615631)* based on the
levels of Hb and MCV, with the CDA-Ib patients (caused
by CDIN1 mutations) thought to be more severely affect-
ed. In our patient cohort (excluding those regularly trans-
fused or venesected), there is overlap between the blood
indices irrespective of the mutation (Online Supplementary
Figure S1). However, we observe a more pronounced
delay in differentiation, increased proliferation and signif-
icantly reduced levels of Band 3 expression in erythrob-
lasts cultured from CDINY 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 characterization of
CDA-I erythroblasts. We recapitulate aspects of the dis-
ease pathology seen in CDA-], 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 enucle-
ation. There are difficulties in identifying and quantifying
abnormalities in this disorder since only a proportion of
erythroblasts exhibit defects whilst the majority differen-
tiate and manage to function as red cells in many patients.
Further, nurturing culture conditions may diminish the
abnormal phenotypes observed.”’ Nevertheless, ATAC-
seq analysis provides clear evidence of an altered regulato-
ry landscape during terminal differentiation. This, togeth-
er with the observations of aberrant nucleolar structure
and transcriptional output, gives insight into the underly-
ing 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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