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Abstract 46 

Background: Congenital dyserythropoieƟc anemia type II (CDAII) is an inherited disorder 47 

aīecƟng red blood cell development. It is caused by mutaƟons in the SEC23B gene, 48 

which causes protein hypoglycosylaƟon and morphological alteraƟons in erythroid cells, 49 

such as the presence of binucleated erythroblasts in the paƟent’s bone marrow. PaƟents 50 

with CDAII suīer from anemia of varying degrees and jaundice, frequently associated 51 

with splenomegaly and/or hepatomegaly. CDAII paƟents have a liver iron overload that 52 

must be monitored and treated because otherwise, it would lead to fatal clinical 53 

complicaƟons. A more comprehensive understanding of CDAII is hindered by the limited 54 

availability of human disease models that accurately recapitulate its pathophysiology.  55 

Results: To address this limitaƟon, we developed a human CDAII model by knocking-out 56 

SEC23B gene in hematopoieƟc stem and progenitor cells (HSPCs) using gene ediƟng. 57 

Edited cells exhibited impaired erythroid diīerenƟaƟon both in vitro and in vivo, 58 

characterized by a reduced number of mature erythroid cells and an increase in 59 

bi/mulƟnucleated cells. Furthermore, transcriptome analysis conĮrmed impaired 60 

erythroid diīerenƟaƟon, increased apoptosis, and idenƟĮed key genes whose 61 

alteraƟons explain the decoupling between the cell-cycle and erythroid diīerenƟaƟon 62 

in CDAII.  63 

Conclusions: This human cellular model successfully recapitulates key features of CDAII 64 

and provides a plaƞorm for studying disease mechanisms. It also oīers a valuable tool 65 

for the idenƟĮcaƟon and evaluaƟon of novel therapeuƟc strategies for CDAII.  66 

 67 

 68 
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diīerenƟaƟon  72 

IntroducƟon 73 

Congenital dyserythropoieƟc anemias (CDAs) are inherited disorders characterized by 74 

ineīecƟve erythropoiesis and disƟncƟve morphological abnormaliƟes in erythroid 75 

precursors. They are classiĮed into four main types, CDAI, II, III, and IV, based on geneƟc, 76 

clinical, and cytomorphological features. A hallmark across all CDA types is the presence 77 

of binucleated or mulƟnucleated erythroblasts, reŇecƟng defecƟve nuclear maturaƟon 78 

and impaired coordinaƟon between cell division and erythroid diīerenƟaƟon (1,2). 79 

CDAII (OMIM #224100) is the most common form, with an esƟmated prevalence of 0.7 80 

cases per million, caused by mutaƟons in the SEC23B gene (3–5). SEC23B, a component 81 

of the COPII complex, mediates endoplasmic reƟculum–Golgi protein traĸcking. SpeciĮc 82 

characterisƟcs of the disease include more than 10% mature binucleated erythroblasts 83 

in the bone marrow (BM) and hypoglycosylaƟon of erythroid membrane proteins (3,6–84 

10). SEC23B expression decreases during late erythroid diīerenƟaƟon, explaining the 85 

lineage-speciĮc phenotype (11–13). 86 

CDAII paƟents show variable degrees of anemia, oŌen accompanied by jaundice and 87 

splenomegaly, with 20% of them being transfusion dependent. Current treatments 88 

involve blood transfusions, iron chelaƟon, and splenectomy only in severe cases 89 

(4,14,15). The development of new therapeuƟc approaches is limited by the availability 90 

of paƟents’ hematopoieƟc stem and progenitor cells (HSPCs) and by the limited 91 
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availability of a feasible CDAII model fully recapitulaƟng the human disease (16–18).  92 

Although SEC23B-deĮcient HUDEP‑2 erythroid cell lines and murine models generated 93 

through combinatorial deleƟon of Sec23 paralogs have been described (19), these 94 

systems either rely on immortalized human cells, which may not accurately recapitulate 95 

CDAII erythropoiesis in vivo,  or require loss of mulƟple Sec23 alleles in mice to generate 96 

an erythroid phenotype, reŇecƟng species‑speciĮc compensaƟon not observed in 97 

humans. In contrast, biallelic SEC23B mutaƟons alone are suĸcient to cause CDAII, 98 

underscoring the need for a primary human model that more faithfully captures disease 99 

pathophysiology. In this context, recent studies using SEC23B-deĮcient human HSPC-100 

derived erythroid cells have demonstrated that pharmacological inhibiƟon or geneƟc 101 

targeƟng of Lysine-SpeciĮc Demethylase 1 (LSD1) restores SEC23A expression and 102 

rescues the erythroid defect (20), highlighƟng the value of these primary human models 103 

both for elucidaƟng disease mechanisms and for the development of novel therapeuƟc 104 

approaches. 105 

In the present work, we aimed to develop a CDAII model in primary human cells. We 106 

disrupted the SEC23B gene in human HSPCs using CRISPR/Cas9 gene ediƟng. SEC23BKO 107 

HSPCs exhibited impaired erythropoiesis in vitro and in vivo, along with an increased 108 

frequency of binucleated erythroblasts, recapitulaƟng a hallmark feature of CDAII. This 109 

human cell model also revealed transcriptomic alteraƟons in pathways related to 110 

erythroid diīerenƟaƟon, apoptosis, and cell-cycle regulaƟon, highlighƟng a link between 111 

abnormal SEC23B and defects in chromosome segregaƟon. Furthermore, we 112 

demonstrate that defecƟve protein glycosylaƟon, whether caused by SEC23B loss or 113 

induced pharmacologically, disrupts erythroid maturaƟon, alters cell-cycle progression, 114 

and compromises cell survival. In summary, we have generated a CDAII model in human 115 



6 

 

HSPCs that can be used to study CDAII funcƟons deeply and to develop new therapeuƟc 116 

strategies for this disease.   117 
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Methods 118 

Human stem and progenitor cells.  119 

Mononuclear cells from cord blood (CB) or peripheral blood (PB) were isolated by Ficoll-120 

Hypaque density centrifugaƟon. CD34⁺ HSPCs were puriĮed using MicroBeads or Ňow 121 

sorƟng. Cells were cultured in SFEM II with cytokines, UM171, and SR1 (see 122 

Supplemental Methods). 123 

NucleofecƟon of gene ediƟng tools.  124 

Cas9 RNPs were assembled by incubaƟng HiFi Cas9 with sgRNAs for 10 min. Single or 125 

pooled sgRNAs (sgKO1+2+3) were used. NucleofecƟon was performed with the 126 

4D‑Nucleofector, and cells were cultured at 2.5×10⁵/mL. Parameters and sequences are 127 

provided in Supplemental Methods. 128 

In vitro erythroid diīerenƟaƟon.  129 

Twenty-four hours aŌer ediƟng, CD34⁺ cells were diīerenƟated for 14 days using a 130 

three‑stage erythroid protocol with speciĮc cytokine supplementaƟon. The complete 131 

protocol is described in Supplemental Methods.  132 

Human hematopoiesis in immunodeĮcient mice.  133 

Female NBSGW mice (6–8 weeks) were sublethally irradiated (1 Gy) and transplanted 134 

with human CD34⁺ cells. EngraŌment was analyzed 60 days later by Ňow cytometry (see 135 

Supplemental Methods). 136 

RNA-Seq and diīerenƟal expression analyses.  137 

RNA from day 9 and 14 erythroid cells was extracted, processed for mRNA libraries, and 138 

sequenced on NovaSeq. Reads were aligned to hg38, and expression (RPKM) computed. 139 
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DiīerenƟal expression used MeV, and GO enrichment ToppFun. Data are available at 140 

GEO GSE230875. 141 

StaƟsƟcs.  142 

Analyses were performed in GraphPad Prism 9. As most data were non‑normal, Mann–143 

Whitney tests were used for two groups and Kruskal–Wallis with Dunn’s test for mulƟple 144 

groups. EngraŌment was analyzed assuming lognormal distribuƟon. P values are shown 145 

in Įgures; addiƟonal details in Supplemental Methods. 146 

  147 



9 

 

Results 148 

SEC23B-deĮcient hematopoieƟc progenitors show impaired in vitro erythroid 149 

diīerenƟaƟon 150 

To characterize the erythroid defects associated with CDAII and to evaluate whether 151 

CRISPR/Cas9-mediated SEC23B loss recreates these abnormaliƟes, we analyzed in vitro 152 

erythropoieƟc diīerenƟaƟon in parallel in paƟent-derived and SEC23BKO HSPCs. 153 

In CDAII paƟents (Supplemental Table 1), peripheral blood (PB) showed reduced red 154 

blood cell (RBC) counts and hemoglobin levels together with increased reƟculocytes 155 

(Supplemental Figure 1A). Consistently, a trend toward increased intermediate erythroid 156 

populaƟons (CD71+/CD235a+) was observed (Supplemental Figure 1B), supporƟng a 157 

defect in terminal erythroid diīerenƟaƟon. At the molecular level, SEC23B protein levels 158 

were reduced and protein glycosylaƟon was impaired (Supplemental Figure 1C–D), as 159 

previously reported (21). White blood cell (WBC) counts were increased, mainly 160 

monocytes and lymphocytes (Supplemental Figure 1E), while myeloid and lymphoid 161 

subset frequencies remained comparable to healthy donors (HDs) (Supplemental Figure 162 

1F), indicaƟng that the defect predominantly aīects the erythroid lineage.  163 

To directly compare these alteraƟons with an experimental model, we generated 164 

SEC23B-deĮcient HSPCs using CRISPR/Cas9 targeƟng strategies (Supplemental Figure 165 

2A). Gene ediƟng eĸciency reached >60–75%, with the majority of indels corresponding 166 

to frameshiŌ mutaƟons (Supplemental Figure 2D), resulƟng in a marked reducƟon in 167 

SEC23B protein levels and impaired glycosylaƟon (Supplemental Figure 2E-F), thereby 168 

faithfully reproducing the molecular defect observed in CDAII paƟent samples 169 

(Supplemental Figure 1C–D). 170 
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To assess erythroid potenƟal, we puriĮed CD34⁺ HSPCs from CDAII and HD PB samples 171 

and compared them with SEC23BKO HSPCs. Although CD34⁺ frequencies were similar 172 

across condiƟons (Supplemental Figure 1G), both CDAII and SEC23BKO HSPCs showed a 173 

trend toward reduced erythroid progenitor potenƟal compared to their respecƟve 174 

controls (Figure 1A). During erythroid diīerenƟaƟon, CDAII-derived cells exhibited a 175 

progressive decline in cell numbers, a phenotype that was recapitulated in SEC23BKO 176 

HSPCs, which showed modest proliferaƟon defects, parƟcularly with sgKO1+2+3 (Figure 177 

1B). Consequently, total erythroid output was reduced in both CDAII and SEC23BKO 178 

condiƟons. 179 

Analysis of erythroid populaƟons further supported this parallel phenotype. In paƟents, 180 

accumulaƟon of CD71+/CD235a+ intermediate populaƟons (Supplemental Figure 1B) 181 

and reduced RBC output suggested impaired terminal maturaƟon. Consistently, in vitro 182 

diīerenƟaƟon revealed that the CD71−/CD235a+ mature erythroid populaƟon was the 183 

most aīected in CDAII samples and was also reduced in SEC23BKO cultures at day 14 184 

(Figure 1C and Supplemental Figures 1H and 2G). 185 

At the morphological level, CDAII erythroid cells exhibited a signiĮcant increase in 186 

binucleated erythroblasts, a hallmark feature of the disease (Figure 1D). This phenotype 187 

was closely reproduced in SEC23BKO erythroid cells, which showed a nearly threefold 188 

increase in bi/mulƟnucleated cells, further supporƟng the robustness of the model. 189 

Notably, longitudinal analysis of edited SEC23BKO cells during diīerenƟaƟon revealed a 190 

progressive decrease in frameshiŌ alleles and enrichment of wild-type alleles 191 

(Supplemental Figure 2H), indicaƟng a selecƟve advantage of SEC23B-expressing cells. 192 



11 

 

This observaƟon further reinforces the funcƟonal relevance of SEC23B in erythropoiesis 193 

and mirrors the ineīecƟve erythropoiesis observed in CDAII paƟents. 194 

Overall, SEC23B-deĮcient human HSPCs, either from CDAII paƟents or generated via 195 

CRISPR/Cas9, recapitulate key CDAII features, including impaired terminal maturaƟon, 196 

defecƟve glycosylaƟon, and increased bi/mulƟnucleated erythroblasts. These Įndings 197 

validate SEC23BKO HSPCs as a physiologically relevant model that closely mirrors paƟent-198 

derived phenotypes and provide a robust plaƞorm for studying CDAII pathophysiology. 199 

 200 

SEC23B-deĮcient hematopoieƟc stem and progenitor cells recapitulate CDAII-associated 201 

hematopoiesis in vivo. 202 

To assess SEC23B deĮciency in vivo in a more physiological model of CDAII, sgKO3- and 203 

sgKO1+2+3–edited HSPCs were transplanted into sublethally irradiated NBSGW mice. 204 

Human engraŌment was comparable across groups, with slightly higher levels in 205 

sgKO1+2+3 cells (Figure 2A; Supplemental Figure 3A). Lymphoid and progenitor 206 

compartments were similar, though myeloid cells increased in the sgKO1+2+3 group 207 

(Figure 2B; Supplemental Figure 3A). Furthermore, analysis of human erythroid 208 

populaƟons (hCD71+/hCD235a-, hCD71+/hCD235a+ and hCD71-/hCD235a+) showed 209 

signiĮcant diīerences (Figure 2C and Supplemental Figure 3B). The most mature 210 

erythroid populaƟon (hCD71-/hCD235a+) almost disappeared in the mice transplanted 211 

with sgKO1+2+3-gene edited hCD34+ cells.  212 

May-Grümwald-Giemsa staining of sorted human erythroid subsets revealed a higher 213 

presence of bi/mulƟnucleated cells in the hCD71+/hCD235a- populaƟon from mice 214 

transplanted with SEC23BKO cells (Figure 2D). An increased frequency of 215 
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bi/mulƟnucleated cells was also observed in the hCD71-/hCD235a+ populaƟon of 216 

animals engraŌed with sgKO3-gene edited HSPCs (Figure 2E). Due to limited cell 217 

numbers, we were unable to analyze this terminal erythroid populaƟon in the 218 

sgKO1+2+3 group. 219 

Consistent with the in vitro Įndings, analysis of total human BM cells revealed the 220 

highest gene ediƟng frequency in the sgKO1+2+3 group (Supplemental Figure 3C), with 221 

the majority of indels disrupƟng the SEC23B open reading frame. Indel frequencies 222 

remained stable across myeloid, lymphoid, and progenitor compartments, with a higher 223 

proporƟon of frameshiŌ mutaƟons observed in the sgKO1+2+3 group compared to 224 

sgKO3. Notably, in both edited groups, the frequency of frameshiŌ mutaƟons declined 225 

by approximately 50% during erythroid diīerenƟaƟon (Supplemental Figure 3D), 226 

suggesƟng a selecƟve advantage of wild-type cells during erythropoiesis in vivo, as 227 

previously observed in vitro. 228 

Together, these results demonstrate that SEC23BKO human HSPCs exhibit defecƟve 229 

erythroid diīerenƟaƟon in vivo, characterized by reduced terminal erythroid output and 230 

an accumulaƟon of bi-/mulƟnucleated cells. These phenotypes closely resemble the 231 

hematopoieƟc defects observed in CDAII paƟents, conĮrming the uƟlity of this model 232 

for studying disease mechanisms. 233 

 234 

SEC23B deĮciency alters erythroid transcripƟonal programs and promotes cellular stress 235 

To deĮne the molecular basis of impaired erythropoiesis in SEC23B-deĮcient cells, we 236 

performed bulk transcriptome analysis of in vitro erythroid diīerenƟaƟon cultures 237 

derived from HD and SEC23BKO CB-CD34⁺ cells. Importantly, samples were collected at 238 
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Įxed diīerenƟaƟon Ɵme points (day 9 and day 14; Supplemental Figure 4A, 239 

GSE230875), rather than from stage-matched erythroid subsets, a limitaƟon that should 240 

be considered when interpreƟng the results. 241 

Two-way ANOVA analysis idenƟĮed signiĮcant transcripƟonal changes, with 233 genes 242 

upregulated (cluster c1) and 55 genes downregulated (cluster c2) in SEC23BKO cells 243 

relaƟve to wild-type controls (Figure 3A). 244 

Gene Ontology Biological Process (GO-BP) enrichment of cluster c1 revealed pathways 245 

associated with chemotaxis, leukocyte acƟvaƟon, cell-cell adhesion, and cellular 246 

component movement (Figure 3B). Notably, several of the upregulated genes, including 247 

HLA-DPB1, ITGAE, HLA-DRA, and CXCR4, are normally downregulated during erythroid 248 

maturaƟon (Haemosphere) (22). This paƩern suggests a relaƟve enrichment of 249 

immature or non-erythroid populaƟons in SEC23B-deĮcient cultures, consistent with 250 

delayed erythroid diīerenƟaƟon. SupporƟng this interpretaƟon, CXCR4 and CD235a 251 

expression were mutually exclusive at day 9, with an increased CXCR4⁺ fracƟon in 252 

SEC23BKO cells (Supplemental Figure 4B). 253 

In addiƟon, cluster c1 included genes associated with apoptosis and cellular stress, 254 

including BASP1, PYCARD, BCL2, and NOTCH1, indicaƟng acƟvaƟon of stress-related 255 

programs. 256 

In contrast, cluster c2 comprised genes downregulated in SEC23BKO cells and enriched 257 

for funcƟons criƟcal to terminal erythroid diīerenƟaƟon, including gas transport and 258 

hypotonic response (CA1, CA2, CA3) (Figure 3B), consistent with the reduced mature 259 

erythroid compartment observed at the phenotypic level. This cluster also included 260 

AHSP (23) and SHARPIN (24,25), together with key regulators of cell-cycle progression 261 
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and mitoƟc integrity, such as PTTG1 (26), CDKN3 (27), KIF22 (28), and NUF2 (29), 262 

suggesƟng defects in proliferaƟon and cytokinesis. 263 

Together, these transcripƟonal changes indicate that SEC23B deĮciency impairs 264 

erythroid maturaƟon while promoƟng cellular stress responses and disrupƟng cell-265 

cycle–associated programs. 266 

Finally, temporal transcriptomic analysis revealed disƟnct clusters reŇecƟng altered 267 

diīerenƟaƟon dynamics (Figure 3C). 268 

Cluster 3 (c3) comprised genes that are normally upregulated during terminal 269 

diīerenƟaƟon in wild-type cells but fail to be induced in SEC23BKO cells, including FZD10, 270 

SLC12A8, NANOG, and FCER2, consistent with defecƟve acƟvaƟon of late erythroid 271 

programs. 272 

Cluster 4 (c4) included genes upregulated during diīerenƟaƟon in both wild-type and 273 

SEC23BKO condiƟons, such as erythroid-associated genes HBQ1, GYPB, HAGH, and BLVRB, 274 

reŇecƟng shared diīerenƟaƟon pathways. 275 

In contrast, cluster 5 (c5) contained genes aberrantly maintained or upregulated at later 276 

stages in SEC23BKO cells, including early erythroid regulators such as GATA3, BMP2, 277 

HAP1, and HOXC8, indicaƟng persistence of immature transcripƟonal programs. 278 

These data further support that SEC23B deĮciency disrupts the balance between early 279 

and late erythroid transcripƟonal programs, resulƟng in defecƟve terminal 280 

diīerenƟaƟon. 281 

 282 
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DisrupƟon of cell-cycle regulators and COPII components funcƟonally impairs 283 

erythropoiesis 284 

To determine whether the transcripƟonal alteraƟons idenƟĮed above have funcƟonal 285 

consequences, we disrupted selected cell-cycle regulators (PTTG1, CDKN3, KIF22, and 286 

NUF2) in wild-type HSPCs using CRISPR/Cas9. In parallel, we targeted SEC31A and SEC13, 287 

given their roles within the COPII complex, to assess whether the phenotype observed 288 

in SEC23B deĮciency reŇects broader defects in vesicular traĸcking. 289 

Knockout eĸciency declined during erythroid diīerenƟaƟon for SEC13, NUF2, and 290 

PTTG1 (Supplemental Figure 4C), suggesƟng a selecƟve disadvantage for cells lacking 291 

these genes. Consistently, disrupƟon of these targets altered erythroid CFU output, 292 

parƟcularly aīecƟng erythroid progenitor potenƟal (Figure 3D). 293 

During in vitro erythroid diīerenƟaƟon, SEC13KO HSPCs exhibited the most pronounced 294 

phenotype, with reduced erythroid output and increased apoptosis compared to control 295 

condiƟons (Figure 3E–F and Suplemental Figure 4D-E). This is consistent with the stress-296 

associated transcripƟonal programs idenƟĮed in SEC23B-deĮcient cells. 297 

Morphological analysis further revealed dysplasƟc erythroid features across several 298 

perturbaƟons, including SEC23BKO and COPII-related edits, indicaƟve of impaired 299 

erythroid maturaƟon (Figure 3G Supplemental Figure 4F). 300 

In addiƟon, cell-cycle analysis demonstrated an increased proporƟon of cells in S-phase 301 

in SEC13-edited cells, together with more subtle alteraƟons across addiƟonal targets 302 

(Figure 3H and Supplemental Figure 4G), supporƟng a defect in cell-cycle progression 303 

consistent with the downregulaƟon of mitoƟc regulators observed at the transcripƟonal 304 

level.  305 
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These funcƟonal Įndings (Figure 3D–H) are consistent with the transcripƟonal 306 

alteraƟons idenƟĮed in clusters c1 and c2 (Figure 3A–B). 307 

Overall, these funcƟonal studies establish a direct link between transcripƟonal 308 

dysregulaƟon and defecƟve erythropoiesis. Moreover, the parƟal phenocopy observed 309 

upon SEC13 disrupƟon supports the noƟon that impaired COPII-mediated traĸcking 310 

contributes to the CDAII phenotype. 311 

 312 

InhibiƟon of glycosylaƟon impairs erythroid diīerenƟaƟon, mimicking defects observed 313 

in SEC23B-deĮcient cells 314 

Given that SEC23B is a core component of the COPII complex involved in endoplasmic 315 

reƟculum–to–Golgi traĸcking, and considering that our transcriptomic and funcƟonal 316 

analyses revealed defects in erythroid maturaƟon, cellular stress, and cell-cycle 317 

progression, we next invesƟgated whether impaired protein glycosylaƟon could 318 

mechanisƟcally account for the phenotype observed in SEC23B-deĮcient erythropoiesis. 319 

To disrupt glycosylaƟon during erythropoiesis, we treated HSPCs with diīerent inhibitors 320 

targeƟng disƟnct glycosylaƟon pathways: luteolin (an O-glycosylaƟon inhibitor), benzyl 321 

2-acetamido-2-deoxy-α-D-galactopyranoside (benzyl; an inhibitor of GalNAc-type O-322 

glycosylaƟon), and swainsonine (an N-glycosylaƟon inhibitor). 323 

We Įrst opƟmized inhibitor concentraƟons (Supplemental Figure 5A). Treatment with 324 

15 µM luteolin and 4 mM benzyl most eīecƟvely reduced protein glycosylaƟon and 325 

impaired cell growth, whereas alternaƟve doses and swainsonine had limited eīects on 326 

glycosylaƟon (Supplemental Figure 5A-B). 327 
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To assess the impact on erythropoiesis, healthy CB-CD34⁺ cells were treated with luteolin 328 

(7.5 or 15 µM), benzyl (2 or 4 mM), or swainsonine (0.5 µg/mL) on days 6 and 9 of 329 

diīerenƟaƟon. Both 15 µM luteolin and 4 mM benzyl markedly reduced erythroid cell 330 

output, exceeding the eīect observed in the SEC23BKO condiƟon (Figure 4A and 331 

Supplemental Figure 5C). 332 

Apoptosis analysis revealed a strong inducƟon with 15 µM luteolin, whereas benzyl 333 

induced a milder increase, similar to SEC23BKO and insuĸcient to fully explain the 334 

marked reducƟon in erythroid output (Figure 4B; Supplemental Figure 5D). All inhibitors 335 

increased the frequency of bi-/mulƟnucleated erythroblasts, with benzyl closely 336 

recapitulaƟng the SEC23BKO phenotype and luteolin producing a more pronounced 337 

eīect (Figure 4C and Supplemental Figure 5E). 338 

Cell-cycle alteraƟons were also evident. Treatment with glycosylaƟon inhibitors resulted 339 

in increased G1 and M-phase fracƟons together with reduced G2, suggesƟng 340 

perturbaƟon of the G2–M transiƟon (Figure 4D and Supplemental Figure 5F). 341 

To determine whether these eīects preferenƟally impact late erythroid diīerenƟaƟon, 342 

inhibitors were added only at day 9. As expected, combined day 6 + day 9 treatment 343 

caused broader defects than those observed in SEC23B deĮciency. In contrast, day 9-344 

only treatment (Figure 4E–H) resulted in milder phenotypes closely resembling the 345 

sgKO1+2+3 condiƟon, parƟcularly at lower doses. 346 

Under these condiƟons, both inhibitors similarly reduced erythroid output (Figure 4E) 347 

and induced apoptosis paƩerns consistent with SEC23B deĮciency, especially with 348 

15 µM luteolin (Figure 4F). The frequency of bi-/mulƟnucleated erythroblasts was 349 

comparable to that of SEC23BKO (Figure 4G). Cell-cycle analysis revealed modest 350 
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reducƟons in G2 together with slight increases in M-phase, indicaƟng perturbaƟon—351 

rather than arrest—at the G2–M transiƟon (Figure 4H). 352 

Together, these Įndings demonstrate that inhibiƟon of protein glycosylaƟon 353 

recapitulates the key cellular features of SEC23B deĮciency, including impaired erythroid 354 

maturaƟon, increased apoptosis, mulƟnucleaƟon, and altered cell-cycle progression. 355 

These results support a model in which defecƟve glycosylaƟon represents a key 356 

downstream mechanism linking impaired COPII funcƟon to ineīecƟve erythropoiesis in 357 

CDAII. 358 

  359 
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Discussion 360 

CDAII is caused by mutaƟons in the SEC23B gene, a core component of the COPII complex 361 

required for protein traĸcking from the endoplasmic reƟculum to the Golgi apparatus. 362 

While the role of SEC23B in vesicular transport is well established, how its deĮciency 363 

leads to ineīecƟve erythropoiesis and nuclear abnormaliƟes remains incompletely 364 

understood. Here, we developed a human gene-edited HSPC model that faithfully 365 

recapitulates the main features of CDAII, including impaired erythroid diīerenƟaƟon, 366 

hypoglycosylaƟon, and increased bi-/mulƟnucleated erythroblasts, both in vitro and in 367 

vivo. Our Įndings idenƟfy SEC23B as a criƟcal regulator of erythroid maturaƟon and 368 

reveal a previously underappreciated link between COPII funcƟon, protein glycosylaƟon, 369 

and cell-cycle control. 370 

Using primary human HSPCs, we show that SEC23B deĮciency reproduces key disease 371 

hallmarks observed in CDAII paƟents, including defecƟve terminal erythroid 372 

diīerenƟaƟon and the accumulaƟon of bi-/mulƟnucleated erythroid cells. These 373 

Įndings are consistent with previous reports (6) but extend them by demonstraƟng that 374 

a CRISPR/Cas9-edited primary human model closely mirrors paƟent-derived 375 

phenotypes. Importantly, the phenotype was also recapitulated in vivo following 376 

xenotransplantaƟon, where SEC23B-deĮcient cells showed a marked reducƟon in 377 

terminal erythroid output together with increased mulƟnuclearity. These results 378 

establish this model as a robust plaƞorm to study CDAII pathophysiology under 379 

physiologically relevant condiƟons. 380 

Transcriptomic analysis further revealed that SEC23B deĮciency disrupts erythroid 381 

diīerenƟaƟon programs while promoƟng cellular stress responses and altering the 382 
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expression of key cell-cycle regulators. UpregulaƟon of genes typically associated with 383 

immature or non-erythroid populaƟons, together with downregulaƟon of genes 384 

involved in terminal erythroid funcƟon, conĮrms a delay in erythroid maturaƟon. 385 

However, given that transcriptomic proĮling was performed on bulk cultures collected 386 

at Įxed Ɵme points, we cannot fully disƟnguish whether these changes reŇect direct 387 

transcripƟonal eīects of SEC23B loss or shiŌs in cellular composiƟon due to delayed 388 

diīerenƟaƟon. Addressing this quesƟon will require future studies using single-cell 389 

approaches and stage-matched populaƟons. 390 

A key Įnding of our study is the idenƟĮcaƟon of altered expression of genes involved in 391 

mitoƟc control, including PTTG1, CDKN3, KIF22, and NUF2. FuncƟonal disrupƟon of 392 

these genes, as well as COPII components such as SEC13, parƟally recapitulated defects 393 

in erythroid output, survival, and cell-cycle dynamics, supporƟng a causal link between 394 

altered cell-cycle regulaƟon and ineīecƟve erythropoiesis. These results suggest that 395 

SEC23B deĮciency disrupts the coordinaƟon between cell division and erythroid 396 

maturaƟon, a hallmark feature of CDAII and other CDAs. 397 

MechanisƟcally, our data support a model in which defecƟve COPII-mediated traĸcking 398 

leads to impaired protein glycosylaƟon, which in turn contributes to erythroid 399 

dysfuncƟon. Pharmacological inhibiƟon of glycosylaƟon reproduced the key features of 400 

SEC23B deĮciency, including reduced erythroid output, increased apoptosis, 401 

mulƟnuclearity, and alteraƟons in cell-cycle progression, parƟcularly aīecƟng the G2–M 402 

transiƟon. Of note, late-stage inhibiƟon produced a phenotype that closely resembled 403 

SEC23B-deĮcient cells, suggesƟng that glycosylaƟon defects play a criƟcal role during the 404 

Įnal steps of erythroid diīerenƟaƟon. 405 
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Several lines of evidence suggest that altered glycosylaƟon may directly impact mitoƟc 406 

regulaƟon. For example, glycosylaƟon-dependent regulaƟon of proteins such as NuMA 407 

and APC/C components has been shown to inŇuence spindle organizaƟon and cell-cycle 408 

progression (30,31). Although these processes have not been fully explored in 409 

erythropoiesis, our Įndings raise the possibility that hypoglycosylaƟon in CDAII 410 

contributes to mitoƟc abnormaliƟes and the generaƟon of bi-/mulƟnucleated 411 

erythroblasts, potenƟally through mechanisms such as mitoƟc slippage. 412 

InteresƟngly, diīerent CDA subtypes are associated with mutaƟons in genes involved in 413 

cell-cycle control, including CDAN1, KIF23 (32), RACGAP1 (33), KLF1 (34), and GATA1 (35). 414 

This convergence further supports the noƟon that defecƟve coordinaƟon between cell-415 

cycle progression and erythroid diīerenƟaƟon is a central feature of these diseases. 416 

Finally, our Įndings have potenƟal therapeuƟc implicaƟons. Recent studies have shown 417 

that pharmacological inhibiƟon or geneƟc targeƟng of LSD1 can restore SEC23A 418 

expression and rescue erythroid defects in SEC23B-deĮcient human HSPCs(20). In the 419 

context of our results, which idenƟfy disrupted transcripƟonal programs and cell-cycle 420 

imbalance as key drivers of the phenotype, these approaches might act by compensaƟng 421 

for the loss of SEC23B funcƟon. Thus, combining mechanisƟc insights from our model 422 

with targeted epigeneƟc intervenƟons could provide a promising strategy for the 423 

treatment of CDAII. 424 

Despite these advances, several quesƟons remain unresolved. It is sƟll unclear how 425 

SEC23B deĮciency leads to the downregulaƟon of mitoƟc regulators such as NUF2 and 426 

PTTG1, and whether these changes are direct or secondary to impaired diīerenƟaƟon. 427 

In addiƟon, the speciĮc glycosylaƟon targets that regulate cell-cycle progression in 428 



22 

 

erythroid cells remain to be idenƟĮed. Future studies combining proteomics and single-429 

cell approaches will be essenƟal to dissect these mechanisms. 430 

In summary, our study demonstrates that SEC23B deĮciency disrupts erythropoiesis 431 

through combined eīects on protein glycosylaƟon, transcripƟonal regulaƟon, and cell-432 

cycle control. These Įndings provide new insight into CDAII pathogenesis and establish 433 

a human HSPC-based plaƞorm for mechanisƟc studies and therapeuƟc development. 434 

 435 

Conclusions 436 

In summary, our human cellular model of SEC23B deĮciency faithfully recapitulates the 437 

key features of CDAII and provides mechanisƟc insight into its pathogenesis. Our data 438 

support a model in which impaired COPII-mediated traĸcking leads to defecƟve protein 439 

glycosylaƟon, resulƟng in dysregulaƟon of erythroid transcripƟonal programs, disrupƟon 440 

of cell-cycle progression, and ineīecƟve erythropoiesis. 441 

These Įndings idenƟfy a funcƟonal link between SEC23B, protein glycosylaƟon, and 442 

mitoƟc integrity, suggesƟng that defecƟve coordinaƟon between cell-cycle progression 443 

and erythroid diīerenƟaƟon underlies the mulƟnucleated phenotype characterisƟc of 444 

CDAII. 445 

Overall, our study establishes a robust human plaƞorm to invesƟgate CDAII 446 

pathophysiology and provides a framework for the development and evaluaƟon of novel 447 

therapeuƟc strategies aimed at restoring eīecƟve erythropoiesis. 448 

 449 

 450 



23 

 

DeclaraƟons 451 

Ethics approval and consent to parƟcipate 452 

Umbilical CB and PB samples from healthy donors and CDAII paƟents were collected with 453 

wriƩen informed consent and approved by insƟtuƟonal review boards (Centro de 454 

Transfusión de la Comunidad de Madrid, Universidad Internacional de Catalunya, and 455 

Fundación Jiménez Díaz). All procedures followed the DeclaraƟon of Helsinki. Animal 456 

studies were conducted in compliance with European (DirecƟve 2009/41/CE) and 457 

Spanish (Law 9/2003; RD 178/2004) regulaƟons, with protocols approved by the CIEMAT 458 

Animal Ethics CommiƩee and the “Consejería de Medio Ambiente y Ordenación del 459 

Territorio” (PROEX 283.5/20). 460 

Consent for publicaƟon 461 

Not applicable. 462 

Availability of data and materials 463 

For original data or addiƟonal informaƟon, please contact oscar.quintana@ciemat.es, 464 

jc.segovia@ciemat.es, and mercedesdessy95@gmail.com. Data from RNA-Seq and 465 

diīerenƟal expression analyses are available at GEO repository under accession number 466 

GSE230875. All remaining data are included in this published arƟcle and its 467 

supplementary informaƟon Įles. 468 

CompeƟng interests 469 

The authors declare that they have no compeƟng interests. 470 

 471 



24 

 

Funding 472 

This work was supported by the grant GENERA (PID2023-152564OB-I00), funded by 473 

MCIU/AEl/10.13039/501100011033 and by the FSE+, IIS-FJD, “Red Española de Terapias 474 

Avanzadas (TERAV+)” from InsƟtuto de Salud Carlos III (ISCIII) - RICORS/TERAV – 475 

(RD21/0017/0001) funded by ISCIII - European Union – NextGeneraƟonEU – “Plan de 476 

Recuperación Transformación y Resiliencia", and parƟally supported by the compuƟng 477 

faciliƟes of Extremadura Research Centre for Advanced Technologies (CETA-CIEMAT), 478 

which belongs to CIEMAT and the Government of Spain. 479 

Authors’ contribuƟons 480 

MDR, JCS and OQB conceived and designed the experiments. MDR, SFB, RS, OA, R G-E 481 

and OQB conducted the experiments. MMM, VV, SP, MPRA, MM, AOC, LGF, MVP, LS, 482 

AIPV, AG, CT, GH, PB and MS provided reagents and paƟent samples. SP, PB and MS 483 

contributed with ideas. MDR, JCS and OQB wrote the manuscript. Funding 484 

recruitment: JCS and OQB. All authors read and approved the Įnal manuscript. 485 

Acknowledgments  486 

The authors would like to thank Aurora de la Cal, María del Carmen Sánchez, Soledad 487 

Moreno, Nadia Abu-sabha, Montserrat Aldea and Mr. Sergio Losada for their dedicated 488 

administraƟve help; Mr. Miguel A. MarƟn, Mr. Jesús MarƟnez Palacios, Mrs Edilia de 489 

Almeida Cordon and Guillermo Güenechea for their help with the animal 490 

experimentaƟon; and Norman Feltz for his revision of the manuscript. The authors also 491 

thank Fundación Boơn for promoƟng translaƟonal research at the HematopoieƟc 492 

InnovaƟve Therapies Division of the CIEMAT. CIBERER is an iniƟaƟve of the “InsƟtuto de 493 

Salud Carlos III” and “Fondo Europeo de Desarrollo Regional (FEDER)”.   494 



25 

 

References 495 

1. Iolascon A, Heimpel H, Wahlin A, Tamary H. Congenital dyserythropoieƟc 496 

anemias: molecular insights and diagnosƟc approach. Blood. 497 

2013;122(13):2162–6. doi:10.1182/blood-2013-05 498 

2. Wickramasinghe SN, Wood WG. Advances in the understanding of the 499 

congenital dyserythropoieƟc anaemias. Br J Haematol. 2005 Nov;131(4):431–46. 500 

doi:10.1111/j.1365-2141.2005.05757.x PubMed PMID: 16281933. 501 

3. Iolascon A, Andolfo I, Russo R. Congenital dyserythropoieƟc anemias. Blood 502 

[Internet]. 2020;136(11):1274–83. Available from: 503 

hƩp://exac.broadinsƟtute.org/ 504 

4. Iolascon A, Esposito MR, Russo R, Giordani L, Moreƫ A, Servedio V, et al. Clinical 505 

aspects and pathogenesis of congenital dyserythropoieƟc anemias: from 506 

morphology to molecular approach. Haematologica. 2012 Dec 1;97(12):1786–507 

94. doi:10.3324/haematol.2012.072207 PubMed PMID: 23065504. 508 

5. Moreno-Carralero MI, Horta-Herrera S, Morado-Arias M, Ricard-Andrés MP, 509 

Lemes-Castellano A, Abio-Calvete M, et al. Clinical and geneƟc features of 510 

congenital dyserythropoieƟc anemia (CDA). Eur J Haematol. 2018 Sep 511 

1;101(3):368–78. doi:10.1111/ejh.13112 PubMed PMID: 29901818. 512 

6. Satchwell TJ, Pellegrin S, Bianchi P, Hawley BR, Gampel A, Mordue KE, et al. 513 

CharacterisƟc phenotypes associated with congenital dyserythropoieƟc anemia 514 

(type II) manifest at diīerent stages of erythropoiesis. Haematologica. 2013 Nov 515 

1;98(11):1788–96. doi:10.3324/haematol.2013.085522 PubMed PMID: 516 

23935019. 517 

7. Russo R, Gambale A, Langella C, Andolfo I, Unal S, Iolascon A. RetrospecƟve 518 

cohort study of 205 cases with congenital dyserythropoieƟc anemia type II: 519 

DeĮniƟon of clinical and molecular spectrum and idenƟĮcaƟon of new 520 

diagnosƟc scores. Am J Hematol. 2014 Oct 1;89(10):E169–75. 521 

doi:10.1002/ajh.23800 PubMed PMID: 25044164. 522 

8. Heimpel H, Kellermann K, Neuschwander N, Högel J, Schwarz K. The 523 

morphological diagnosis of congenital dyserythropoieƟc anemia: Results of a 524 

quanƟtaƟve analysis of peripheral blood and bone marrow cells. Haematologica. 525 

2010 Jun;95(6):1034–6. doi:10.3324/haematol.2009.014563 PubMed PMID: 526 

20421275. 527 

9. Denecke J, Marquardt T. Congenital dyserythropoieƟc anemia type II 528 

(CDAII/HEMPAS): Where are we now? BBA - Molecular Basis of Disease. 529 

2008;1792:915–20. doi:10.1016/j.bbadis.2008.12.005 530 



26 

 

10. Alloisio N, Texier P, Denoroy L, Berger C, Miraglia Del Giudice E, PerroƩa S, et al. 531 

The Cisternae DecoraƟng the Red Blood Cell Membrane in Congenital 532 

DyserythropoieƟc Anemia (Type II) Originate From the Endoplasmic ReƟculum. 533 

Blood [Internet]. 1996 [cited 2019 Jun 19];87(10):4433–9. Available from: 534 

www.bloodjournal.org 535 

11. Schwarz K, Iolascon A, Verissimo F, Trede NS, Horsley W, Chen W, et al. 536 

MutaƟons aīecƟng the secretory COPII coat component SEC23B cause 537 

congenital dyserythropoieƟc anemia type II. Nat Genet. 2009 Aug;41(8):936–40. 538 

doi:10.1038/ng.405 PubMed PMID: 19561605. 539 

12. Khoriaty R, Hesketh GG, Bernard A, Weyand AC, Mellacheruvu D, Zhu G, et al. 540 

FuncƟons of the COPII gene paralogs SEC23A and SEC23B are interchangeable in 541 

vivo. PNAS. 2018;115(33):E7748–E7757. doi:10.1073/pnas.1805784115 542 

13. Khoriaty R, Vasievich MP, Ginsburg D. The COPII pathway and hematologic 543 

disease. Blood Journal. 2012;120(1):31–8. doi:10.1182/blood-2012-01-292086 544 

14. Rosa G De. Unraveling the molecular pathogenesis of ineīecƟve erythropoiesis 545 

in Congenital DyserythropoieƟc Anemia Type II : in vitro evaluaƟon of RAP-011 546 

treatment. 2019. 547 

15. Rangarajan HG, Stanek JR, Abdel-Azim H, Modi A, Haight A, McKinney CM, et al. 548 

HematopoieƟc Cell TransplantaƟon for Congenital DyserythropoieƟc Anemia: A 549 

Report from the Pediatric Transplant and Cellular Therapy ConsorƟum. 550 

Transplant Cell Ther. 2022 Jun 1;28(6):329.e1-329.e9. 551 

doi:10.1016/j.jtct.2022.03.007 PubMed PMID: 35288346. 552 

16. Khoriaty R, Vasievich MP, Jones M, EvereƩ L, Chase J, Tao J, et al. Absence of a 553 

Red Blood Cell Phenotype in Mice with HematopoieƟc DeĮciency of SEC23B. 554 

Mol Cell Biol. 2014 Oct 1;34(19):3721–34. doi:10.1128/mcb.00287-14 PubMed 555 

PMID: 25071156. 556 

17. Khoriaty R, EvereƩ L, Chase J, Zhu G, Hoenerhoī M, McKnight B, et al. PancreaƟc 557 

SEC23B deĮciency is suĸcient to explain the perinatal lethality of  germline 558 

SEC23B deĮciency in mice. Sci Rep. 2016 Jun;6(27802):1–10. 559 

doi:10.1038/srep27802 PubMed PMID: 27297878. 560 

18. Tao J, Zhu M, Wang H, Afelik S, Vasievich MP, Chen XW, et al. SEC23B is required 561 

for the maintenance of murine professional secretory Ɵssues. Proc Natl Acad Sci 562 

U S A. 2012 Jul 17;109(29). doi:10.1073/pnas.1209207109 PubMed PMID: 563 

22745161. 564 

19. King R, Lin Z, Balbin-Cuesta G, Myers G, Friedman A, Zhu G, et al. SEC23A rescues 565 

SEC23B-deĮcient congenital dyserythropoieƟc anemia type II. Sci Adv. 566 

2021;7(48):1–16. doi:10.1126/sciadv.abj5293 PubMed PMID: 34818036. 567 



27 

 

20. Yu L, Wang Y, King R, Myers G, Deng K, Mcgee B, et al. LSD1 inhibiƟon 568 

ameliorates congenital dyserythropoieƟc anemia type II. Sci Transl Med 569 

[Internet]. 2026;18:4859. Available from: hƩps://www.science.org 570 

21. Bianchi P, Fermo E, VercellaƟ C, Boscheƫ C, Barcellini W, Iurlo A, et al. 571 

Congenital DyserythropoieƟc Anemia type II (CDAII) is caused by mutaƟons in 572 

the SEC23B gene. Hum Mutat. 2009 Sep;30(9):1292–8. 573 

doi:10.1002/humu.21077 PubMed PMID: 19621418. 574 

22. Choi J, Baldwin TM, Wong M, Bolden JE, Fairfax KA, Lucas EC, et al. Haemopedia 575 

RNA-seq: a database of gene expression during haematopoiesis in mice and 576 

humans. Nucleic Acids Res. 2019;47(1):D780–5. doi:10.1093/nar/gky1020 577 

23. Walczak J, Camargo Johnson MD, Muthumalaiappan K. Stage speciĮc expression 578 

paƩern of alpha-hemoglobin-stabilizing-protein (Ahsp) portrayed in erythroblast 579 

chronology. Methods Protoc. 2020 Sep 1;3(3):1–13. doi:10.3390/mps3030046 580 

24. Rantala JK, Pouwels J, Pellinen T, Veltel S, Laasola P, Maƫla E, et al. SHARPIN is 581 

an endogenous inhibitor of β1-integrin acƟvaƟon. Nat Cell Biol. 2011 582 

Nov;13(11):1315–24. doi:10.1038/ncb2340 PubMed PMID: 21947080. 583 

25. Crielaard B, Chessa R, Gupta R, Casu C, Rivella S. Beta-1 Integrin Controls Homing 584 

and Expansion of Erythroid Cells in Stress Erythropoiesis and ß-Thalassemia. 585 

Blood. 2014 Dec 6;124(21):2661–2661. doi:10.1182/blood.v124.21.2661.2661 586 

26. Jallepalli P, Waizenegger I, Bunz F, Langer S, Speicher M, Peters J, et al. Securin Is 587 

Required for Chromosomal Stability in Human Cells. Cell. 2001;105(1):445–57. 588 

27. Nalepa G, Barnholtz-Sloan J, Enzor R, Dey D, He Y, Gehlhausen JR, et al. The 589 

tumor suppressor CDKN3 controls mitosis. Journal of Cell Biology. 2013 590 

Jun;201(7):997–1012. doi:10.1083/jcb.201205125 PubMed PMID: 23775190. 591 

28. Thompson AF, Blackburn PR, Arons NS, Stevens SN, Babovic-Vuksanovic D, Lian 592 

JB, et al. Pathogenic mutaƟons in the chromokinesin KIF22 disrupt anaphase 593 

chromosome segregaƟon. Elife. 2022 Jun 1;11(e78653):1–38. 594 

doi:10.7554/eLife.78653 PubMed PMID: 35730929. 595 

29. Uehara DT, Mitsubuchi H, Inazawa J. A missense variant in NUF2, a component 596 

of the kinetochore NDC80 complex, causes impaired chromosome segregaƟon 597 

and aneuploidy associated with microcephaly and short stature. Hum Genet. 598 

2021 Jul 1;140(7):1047–60. doi:10.1007/s00439-021-02273-4 PubMed PMID: 599 

33721060. 600 

30. Magescas J, Sengmanivong L, Viau A, Mayeux A, Dang T, BurƟn M, et al. Spindle 601 

pole cohesion requires glycosylaƟon-mediated localizaƟon of NuMA. Sci Rep. 602 



28 

 

2017 Dec 1;7(1474):1–14. doi:10.1038/s41598-017-01614-6 PubMed PMID: 603 

28469279. 604 

31. Tian J, Geng Q, Ding Y, Liao J, Dong MQ, Xu X, et al. O-GlcNAcylaƟon antagonizes 605 

phosphorylaƟon of CDH1 (CDC20 homologue 1). Journal of Biological Chemistry. 606 

2016 Jun 3;291(23):12136–44. doi:10.1074/jbc.M116.717850 PubMed PMID: 607 

27080259. 608 

32. Naher S, Kikkawa T, Iemura K, Miyashita S, Hoshino M, Tanaka K, et al. Kinesin 609 

family member Kif23 regulates cytokineƟc division and maintains neural 610 

stem/progenitor cell pool in the developing neocortex. BioRxiv. 2023 Oct 27;1–611 

34. doi:10.1101/2023.10.27.564302 612 

33. Hernández G, Romero-Cortadellas L, Ferrer-Cortès X, Venturi V, Dessy-Rodriguez 613 

M, Olivella M, et al. MutaƟons in the RACGAP1 gene cause autosomal recessive 614 

congenital dyserythropoieƟc anemia type III. Haematologica. 2022;108(2):581–615 

7. 616 

34. Tallack MR, Magor GW, DarƟgues B, Sun L, Huang S, FiƩock JM, et al. Novel roles 617 

for KLF1 in erythropoiesis revealed by mRNA-seq. Genome Res. 2012 618 

Dec;22(12):2385–98. doi:10.1101/gr.135707.111 PubMed PMID: 22835905. 619 

35. Rylski M, Welch JJ, Chen YY, Leƫng DL, Diehl JA, Chodosh LA, et al. GATA-1-620 

Mediated ProliferaƟon Arrest during Erythroid MaturaƟon. Mol Cell Biol. 2003 621 

Jul 1;23(14):5031–42. doi:10.1128/mcb.23.14.5031-5042.2003 PubMed PMID: 622 

12832487. 623 

  624 

  625 

  626 

  627 



29 

 

Figure legends 628 

Figure 1. In vitro erythroid potenƟal of SEC23B-deĮcient hematopoieƟc stem and 629 

progenitor cells (HSPCs). A) Number of hematopoieƟc progenitors expressed in colony-630 

forming units (CFUs) per 1000 cells, referring to myeloid CFUs (including CFU-GMs 631 

[granulocyte-macrophage progenitors], erythroid progenitors (burst‑forming unit–632 

erythroid [BFU‑E] and colony‑forming unit–erythroid [CFU‑E]) and CFU-GEMMs 633 

[granulocyte erythroid macrophage megakaryocyte colony forming unit]. LeŌ panel: PB-634 

CD34+ cells from healthy donors (HDs) (n=5) and CDAII paƟents (n=5). Right panel: CB-635 

CD34+ cells nucleofected only with Cas9 (Mock) (n=10), with sgKO3 (n=5) or sgKO1+2+3 636 

(n=9). B) Cell proliferaƟon analysis during in vitro erythroid diīerenƟaƟon in liquid 637 

culture of PB-CD34+ cells from HDs (n=14 )and CDAII paƟents (n=9) (leŌ panel), and Mock 638 

(n=12), sgKO3 (n=7), and sgKO1+2+3 (n=12) (right panel). C) Erythroid phenotype 639 

analysis by Ňow cytometry at the end of the in vitro erythroid diīerenƟaƟon (day 14), 640 

derived from PB-CD34+ cells of from HDs (n=14 )and CDAII paƟents (n=9) (leŌ panel), 641 

and CB-CD34+ cells nucleofected only with Cas9 (Mock) (n=9), with sgKO3 (n=4) or 642 

sgKO1+2+3 (n=8) (right panel). Erythroid populaƟons were idenƟĮed using CD71 and 643 

CD235a. D) May-Grünwald Giemsa staining at the end of the in vitro erythroid 644 

diīerenƟaƟon (day 14). Upper images: representaƟve cytospins from HDs and CDAII 645 

samples. Lower images: representaƟve cytospins from Mock, sgKO3, or sgKO1+2+3 646 

SEC23BKO HSPC-derived erythroid cells. Black arrows highlight bi/mulƟnucleated 647 

erythroblasts. Graphs: quanƟĮcaƟon of bi/mulƟnucleated cells of erythroid cells derived 648 

from HD (n=6) and CDAII (n=7) PB-HSPCs (leŌ graph), and derived from CB-CD34+ cells 649 

nucleofected only with Cas9 (Mock) (n=7), with sgKO3 (n=3) or sgKO1+2+3 (n=7) (right 650 

graph). Percentages were determined from 10 diīerent micrographs per sample. Non-651 
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parametric unpaired Mann-Whitney tests or unpaired Kruskal-Wallis tests with Dunn’s 652 

post-hoc correcƟon were used; graphs show mean±SD (A, B and C) or median and 653 

interquarƟle range (D), and corresponding p-value. 654 

Figure 2. Impact of SEC23BKO in human hematopoieƟc progenitors (CB-CD34+) during 655 

in vivo erythroid diīerenƟaƟon. A) Human hematopoieƟc engraŌment (hCD45+) 656 

assessed by Ňow cytometry in mouse bone marrow (BM) 2 months post-transplant (mpt) 657 

with wild type CB-CD34+ cells (Mock) (n=9) and SEC23BKO CB-CD34+ cells nucleofected 658 

with sgKO3 (n=8) and with sgKO1+2+3 (n=7). B) Frequency of hematopoieƟc lineages 659 

(myeloid cells [CD33+], lymphoid cells [CD19+], and progenitor subset [CD34+]) assessed 660 

by Ňow cytometry  within the human hematopoieƟc engraŌment in mouse BM 2mpt 661 

with wild type CB-CD34+ cells (Mock) (n=9) and SEC23BKO CB-CD34+ cells nucleofected 662 

with sgKO3 (n=7) and with sgKO1+2+3 (n=7). C) Frequency analysis of the diīerent 663 

erythroid diīerenƟaƟon stages (hCD71+/hCD235a-, hCD71+/hCD235a+ and hCD71-
664 

/hCD235a+) assessed by Ňow cytometry in mouse BM 2 mpt with wild type CB-CD34+ 665 

cells (Mock) (n=9) and SEC23BKO CB-CD34+ cells nucleofected with sgKO3 (n=8) and with 666 

sgKO1+2+3 (n=7).  D) May-Grünwald Giemsa staining and quanƟĮcaƟon of bi-667 

/mulƟnucleated cells of sorted hCD71+/hCD235a- erythroid populaƟon from the bone 668 

marrow of the mice 2 mpt with wild type CB-CD34+ cells (Mock) (n=6) and SEC23BKO CB-669 

CD34+ cells nucleofected with sgKO3 (n=6) and with sgKO1+2+3 (n=3). LeŌ, 670 

representaƟve images. Right, graph obtained from the quanƟĮcaƟon of 671 

bi/mulƟnucleated cells. E) May-Grünwald Giemsa staining and quanƟĮcaƟon of bi-672 

/mulƟnucleated cells of sorted hCD71-/CD235a+ erythroid populaƟon from the bone 673 

marrow of the mouse 2 mpt wild type CB-CD34+ cells (Mock) (n=6) and SEC23BKO CB-674 

CD34+ cells nucleofected with sgKO3 (n=6). LeŌ, representaƟve images. Right, graph 675 
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obtained from the quanƟĮcaƟon of bi-/mulƟnucleated cells. Black arrows highlight bi-676 

/mulƟnucleated cells. ND, non-determined. Each dot represents a single animal. Data 677 

were collected from two independent experiments, each using at least three diīerent 678 

cord blood samples. Lognormal ANOVA with Tukey’s mulƟple comparison tests for 679 

experiments involving human hematopoieƟc engraŌment, and ordinary ANOVA with 680 

Tukey’s mulƟple comparison tests for analyzing bi/mulƟnucleated cell frequency; graphs 681 

show median and interquarƟle range, and the p-value. When p-value is not indicated, it 682 

is p>0.9999.  683 

Figure 3. Transcriptome analysis of erythroid cells derived from SEC23BKO human 684 

hematopoieƟc stem and progenitor cells. A) RNA-Seq analysis at day 9 of in vitro 685 

erythropoiesis of wild-type (Mock, n=3) and SEC23BKO (n=3) CB-CD34+ cells. Cluster 1 (c1, 686 

red square) contains genes upregulated in SEC23BKO cells, and cluster 2 (c2, blue square) 687 

genes downregulated (see GSE230875), analysed using two-way ANOVA. B) GO-BP in c1 688 

(upper panel) and c2 (boƩom panel). C) RNA-Seq analysis at days 9 and 14 of in vitro 689 

erythropoiesis cells derived from wild type (Mock) (n=3) and SEC23BKO CB-CD34+ cells 690 

(n=3). Cluster 3 (c3, black square) represented genes upregulated during diīerenƟaƟon 691 

in Mock cells but downregulated in SEC23BKO cells. Cluster 4 (c4, green square) 692 

comprised genes upregulated at day 14 in both condiƟons, while cluster 5 (c5, blue 693 

square) contained genes oppositely regulated between Mock and SEC23BKO cells (see 694 

GSE230875). D) Number of hematopoieƟc progenitors expressed in CFUs per 1000 cells, 695 

referring to myeloid CFUs (CFU-GMs, BFU‑E and CFU‑E) and CFU-GEMMs, of CB-CD34+ 696 

cells under diīerent condiƟons. E) QuanƟĮcaƟon of diīerent erythroid populaƟons 697 

(CD71+/CD235a-, CD71+/CD235a+ and CD71-/CD235a+) at the end of the in vitro 698 

erythropoiesis (day 14) of CB-CD34+ cells under diīerent condiƟons. F) Apoptosis 699 
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analysis on day 9 of in vitro erythropoiesis of CB-CD34+ cells under diīerent condiƟons. 700 

G) QuanƟĮcaƟon of bi/mulƟnucleated cells of CB-CD34+ cells under diīerent condiƟons 701 

at the end of the in vitro erythropoiesis (day 14). Percentages were esƟmated from 10 702 

diīerent micrographs per sample. H) Percentage of cell-cycle phases at day 9 of in vitro 703 

erythropoiesis of CB-CD34+ cells under diīerent condiƟons. All experiments are 704 

biological replicates with diīerent cord blood samples. N=4 for all diīerent condiƟons in 705 

Figures C, D, E, F and G. StaƟsƟcal analyses included ANOVA with Tukey’s mulƟple 706 

comparison test and Kruskal–Wallis with Dunn’s test. Data are presented as mean ± SD; 707 

when no p value is indicated, p > 0.9999. 708 

Figure 4. GlycosylaƟon inhibiƟon of erythroid cells derived from human hematopoieƟc 709 

stem and progenitor cells. A) Erythroid phenotype (CD71⁺/CD235a⁻, CD71⁺/CD235a⁺ 710 

and CD71⁻/CD235a⁺) at the end of in vitro erythropoiesis (day 14) of CB‑CD34⁺ cells 711 

nucleofected with sgKO1+2+3 or treated with the diīerent glycosylaƟon inhibitors 712 

added at days 6 and 9 (n from 3 to 6). B) Apoptosis analysis at the end of in vitro 713 

erythropoiesis (day 14) under the same condiƟons as in A (n from 3 to 6). C) 714 

QuanƟĮcaƟon of bi/mulƟnucleated cells at the end of in vitro erythropoiesis (day 14) 715 

under the same condiƟons as in A. Percentages were esƟmated in 10 diīerent 716 

micrographs per sample. D) Percentage of the diīerent cell-cycle phases at the end of in 717 

vitro erythropoiesis (day 14) under the diīerent condiƟons as in A (n from 3 to 6). E) 718 

Erythroid phenotype at the end of in vitro erythropoiesis (day 14) of CB‑CD34⁺ cells 719 

nucleofected with sgKO1+2+3 or treated with the diīerent glycosylaƟon inhibitors 720 

added at day 9. F)  Apoptosis analysis at the end of in vitro erythropoiesis (day 14) under 721 

the diīerent condiƟons as in E. G) QuanƟĮcaƟon of bi/mulƟnucleated cells at the end of 722 

in vitro erythropoiesis (day 14) under the diīerent condiƟons as in E. Percentages were 723 
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esƟmated in 10 diīerent micrographs per sample. H) Percentage of the diīerent cell-724 

cycle phases at the end of in vitro erythropoiesis (day 14) under the diīerent condiƟons 725 

as in E. All experiments were performed using biological replicates from independent 726 

cord blood donors (n = 3). Data were analyzed using a Kruskal–Wallis test. Post hoc 727 

pairwise comparisons were performed with Dunn’s test, restricted to comparisons 728 

versus the mock group. P values from the Kruskal–Wallis test are reported in the graph 729 

legends, highlighƟng those that reached staƟsƟcal signiĮcance. SigniĮcant pairwise 730 

diīerences from Dunn’s test are indicated on the bars as follows: * p < 0.05, ** p < 0.01. 731 

ND means non-detectable. 732 
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