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Congenital dyserythropoietic anemias (CDAs) are rare disorders
defined by morphologic abnormalities of erythroid precursors
that lead to ineffective erythropoiesis.1,2 CDA type III (CDA III),
characterized by multinucleated erythroblasts in the bone mar-
row, represents the rarest form, with only �60 patients
described in the literature. Studies in 2 independent families
identified a causative dominant missense mutation in KIF23,
which encodes MKLP1,3 the kinesin subunit of centralspindlin, a
key regulator of cytokinesis.4 In addition to the familial cases, a
few sporadic cases of CDA III have been reported indicating an
autosomal recessive pattern of inheritance.1,2 However, no
genetic cause has been identified in such cases. Here, we
describe a sporadic CDA III case associated with compound het-
erozygous variants in RACGAP1, which encodes CYK4/MgcRac-
GAP, the other subunit of centralspindlin. We demonstrate these
variants cause cytokinesis failure in human erythroid cells as a
result of altered target specificity in Rho-family GTPase signaling.

The proband initially presented at age 3 years with unexplained
macrocytic anemia that has persisted throughout his life,
although never requiring a transfusion (supplemental Figure 1A).
After ruling out common causes of macrocytic anemia, a bone
marrow biopsy was performed. Marked dyserythropoiesis with
megaloblastoid changes accompanied by multinucleated ery-
throid precursors and characteristic gigantoblasts were seen in
�25% of erythroblasts (Figure 1A), establishing the diagnosis of
CDA III. Clinical whole-exome sequencing did not find the previ-
ously reported pathogenic KIF23 mutation3 or other potential
deleterious variants in KIF23. However, compound heterozygous
variants in RACGAP1 were identified, namely, c.1187T.A;
p.Leu396Gln (L396Q; maternally inherited) and c.1294C.T;
p.Pro432Ser (P432S; paternally inherited; Figure 1B). The
parents were not anemic, as assessed by 2 independent com-
plete blood counts (supplemental Figure 1B), suggesting both
alleles are recessive. Both variants are extremely rare; they have
not been seen in the genome aggregation database,5 and both
variants have a combined annotation-dependent depletion
score of .25, with numerous other in silico algorithms predict-
ing a deleterious effect. Indeed, they cause nonconservative
amino acid substitutions of highly conserved residues in the
GAP domain (Figure 1C). These results suggest the variants
identified in this patient may represent the first known genetic
cause of an autosomal recessive form of CDA III.

To determine the role of RACGAP1 in erythroid differentiation,
we performed shRNA-mediated knockdown of RACGAP1 in

primary human CD341-derived erythroid cells.6 Efficient knock-
down of RACGAP1 (supplemental Figure 2A) did not affect ter-
minal differentiation, as measured by surface expression of GPA
(supplemental Figure 2B) or band3/a4 integrin (supplemental
Figure 2C). However, we found a striking defect in enucleation
(supplemental Figure 2D), along with a significant increase in
multinucleated erythroblasts (Figure 1D), the hallmark of CDA III.
These results indicate that RACGAP1 has critical functions in
human erythropoiesis consistent with its role in the pathogenesis
of CDA III.

We next examined the effect of the 2 variants on RACGAP1
function by transgene-mediated rescue of shRNA-treated ery-
throid cells. Technical limitations did not allow for such experi-
ments in the primary CD341 culture system. We instead used
an immortalized erythroid cell line derived from human cord
blood CD341 cells (ImCBE) (data supplement). Knockdown of
RACGAP1 in ImCBE (supplemental Figure 3) resulted in an
increase of multinucleated erythroblasts (Figure 1E-F), similar to
what was observed in primary erythroid cells. ImCBE cells were
transduced with an RNAi-resistant RACGAP1 or green fluores-
cent protein (GFP) transgene along with the RACGAP1-targeting
shRNA. The WT transgene efficiently suppressed the multinu-
cleation (Figure 1E-F). In contrast, L396Q failed to rescue the
multinucleation as compared with WT (Figure 1E-F). The effect
of P432S was even more drastic, with almost no rescue of the
multinucleation (Figure 1E-F). These results demonstrate both
the variants identified in the proband affect the function of RAC-
GAP1 in human erythropoiesis.

Because both variants lie in the GAP domain of CYK4
(Figure 1C), we sought to understand the enzymatic effects of
both variants. GAP domains stimulate the GTP hydrolysis by a
GTPase, such as RhoA, Cdc42, or Rac1, using a conserved argi-
nine residue (R385 in CYK4) and thus suppress the signaling
mediated by the GTP form of these GTPases.7-9 The GAP
domain of CYK4 stimulates the GTPase activity of Cdc42 and
Rac1 with much greater efficiency than RhoA.10-13 The structural
basis for this specificity is unclear, because most residues on the
GAP-binding surface of the Rho-family GTPases are conserved
(Figure 2A; supplemental Figure 4A). We noticed that the region
on CYK4 encompassing R385, L396, and P432 is located close
to the GTPase residues that are distinct among RhoA, Cdc42,
and Rac113,14 (Figure 2A; supplemental Figure 4B). Therefore,
we hypothesized that the RACGAP1 variants might affect the
GAP activity of CYK4. This was tested by examining the increase
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of the GTPase rate by the CYK4 GAP domain14,15 (Figure 2B;
supplemental Figure 5). As expected, WT GAP showed a signifi-
cantly stronger ability to stimulate the GTPase activity of Cdc42
and Rac1, as compared with that of RhoA, whereas the enzymat-
ically inactive R385A control failed to stimulate the activity of
any of the 3 GTPases (Figure 2B). The L396Q variant showed a
significant decrease in the ability to stimulate Cdc42 and Rac1
GTPases but no change in the ability to stimulate RhoA (Figure
2B). In contrast, P432S showed no effect on Cdc42 or Rac1 but
had a significant increase in the ability to stimulate RhoA
GTPase (Figure 2B). To our knowledge, this is the first mutation
that significantly promotes the activity of a Rho-family GAP.
These results suggest that both variants differentially affect
CYK4 GAP activity to undermine its target specificity.

To further probe the mechanistic consequences of both variants,
we established multiple independent HeLa cell lines that
expressed an RNAi-resistant WT, L396Q, or P432S16 CYK4 GFP,
along with a GFP-only control (Figure 2C-D). Immunoblotting
confirmed the transgenes expressed at comparable levels to the
endogenous CYK4 with some variation (supplemental Figure
6A-B). Similar to what we see in erythroid cells (Figure 1D-E),
depletion of endogenous CYK4 with RNAi treatment in the
GFP-only control resulted in frequent cytokinesis failure, whereas
this was strongly suppressed with WT CYK4 GFP (Figure 2C).
GFP fluorescence allowed us to establish a threshold of WT
CYK4 GFP levels that was necessary to significantly suppress the
cytokinesis failure (supplemental Figure 6C). Using this thresh-
old, 1 stable cell line (L15) with high expression of the L396Q
transgene showed modest defects in rescuing the phenotype,
whereas the other line (L6) showed much stronger defects in res-
cuing the cytokinesis failure (Figure 2C). Strikingly, as observed
in erythroid cells (Figure 1E-F), the P432S transgene nearly
completely failed to rescue the cytokinesis failure, regardless of
the expression level (Figure 2C; supplemental Figure 6). These
results demonstrate both variants show similar defects in cytoki-
nesis in HeLa and erythroid cells (Figures 1E-F and 2C).

Because centralspindlin functions as a key signaling hub for cyto-
kinesis,17,18 we tested whether the variants affected CYK4
localization. As previously reported, WT CYK4 showed diffuse
cytoplasmic localization during metaphase but began to accu-
mulate at the spindle midzone at the onset of anaphase and
strongly concentrated to the midbody4,12,16,19-21 (Figure 2D;
supplemental Figure 7 for unmerged images). The L396Q vari-
ant showed a similar localization pattern, although a subpopula-
tion of the L396Q cells showed late furrow regression (Figure
2D). In contrast, the P432S variant localized to the equatorial cell
cortex with a ring-like pattern instead of accumulating at the
spindle midzone (Figure 2D magenta arrows). This abnormal
localization was often accompanied by a failure to form a

cleavage furrow or by formation of a transient shallow furrow
that failed to complete (Figure 2D). These results demonstrate
that the severe cytokinesis defect by the P432S variant is likely
due to the elevated GAP activity toward RhoA, which would
interfere with the contractile ring formation, and the mislocaliza-
tion of centralspindlin, whereas the modest cytokinesis defect
by the L396Q variant seems to be primarily due to the dimin-
ished GAP activity toward Rac and Cdc42.12

Here, we report the first known genetic cause of an autosomal
recessive form of CDA III. The variants identified provide novel
insights into the substrate specificity of the CYK4 GAP domain
and showcase the importance of the precise balance between
the activities of Rho-family GTPases during cytokinesis.12,22-24

We propose a model that tries to explain the recessive nature of
the identified variants based on the altered target specificity of
the CYK4 GAP domain (Figure 2E). Interestingly, a point muta-
tion at the corresponding residue of P432 in the Drosophila
melanogaster ortholog was also shown to affect its in vivo func-
tion.25 The cortical mislocalization of the P432S variant (Figure
2D), which exhibits elevated GAP activity against RhoA but not
against Rac1 or Cdc42 (Figure 2B), indicates the importance of
the proper target specificity of the GAP domain for the subcellu-
lar localization of centralspindlin. This implies a novel mechanism
for the cortical recruitment of centralspindlin via the RhoA-GAP
interaction, which is hidden during normal cell division but might
contribute to cleavage signaling when the central spindle is
disrupted.26,27

A perplexing feature of most CDAs is that variants in widely
expressed genes lead mostly to erythroid-restricted phen-
toypes.1,2 Presumably, this reflects the erythroid-specific vulner-
abilities of these genes. Indeed, it is starting to be better
appreciated that distinct cell types are variably susceptible to
alterations in cytokinesis machinery.28 More work is needed to
address why erythroid cells are particularly vulnerable to central-
spindlin dysfunction. Our findings establish that the cause of
CDA III is not limited to KIF23 but could also include other
defects in centralspindlin function. Mutations in other proteins
that interact and function with centralspindlin29 may also result
in CDA III–like conditions. Indeed, viewing diseases as aberran-
ces of genetic pathways vs defects in individual genes may pro-
vide the proper framework to better understand and classify
diseases.
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Figure 1. Identification of a patient with CDA III who has compound heterozygous variants in RACGAP1. (A) Bone marrow aspirate from the proband showing a
characteristic multinucleated erythroblast (top) and gigantoblast (bottom; Wright-Giemsa stain; scale bar, 10 mm). (B) Electropherograms of genomic DNA for the
mother (top), father (middle), and proband (bottom) for variants c.1187T.A (left) and c.1294C.T (right). (C) Domain structure of CYK4/MgcRacGAP encoded by
RACGAP1 showing the coiled-coil (CC), C1, and RhoGAP (GTPase-activating protein [GAP]) domains as well as the MKLP1-interacting region. Sequence alignment of
CYK4 orthologs shows strong conservation of the indicated residues affected by the variants. The GAP domain fragment (amino acids 343-547) was used for the
biochemical assays in Figure 2B. (D) Primary human CD341 erythroid cells were treated with short hairpin RNA (shRNA)-targeted luciferase (i) or RACGAP1 (ii) and
cultured for 15 days. Arrows and arrowheads indicate enucleated and multinucleated cells, respectively (scale bar, 10 mm). (E-F) Immortalized cord blood–derived
erythroid (ImCBE) cells control depleted (luciferase) (i), RACGAP1 depleted (ii), or RACGAP1 depleted and rescued with an RNAi-resistant RACGAP1 transgene (iii-v)
(scale bar, 20 mm). (F) The frequency of multinucleate cells (arrowheads) in total .500 cells in biologic triplicates is shown with the 95% confidence interval. The P values
of the statistical test for the difference of the cells rescued with the P432S or L396Q variants from those rescued with the wild-type (WT) RACGAP1 were corrected for
multiple comparisons by Dunnett’s method. ***P , .001.
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Figure 2. Molecular mechanisms of cytokinesis defects by the RACGAP1 variants in the GAP domain. (A) Positions of the variants in a crystal structure of the
CYK4 GAP domain in a complex with Cdc42 (PDB:5C2J). The arginine finger (R385) and the 2 affected residues (L396 and P432) are marked in blue, green, and
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Glycosylphosphatidylinositol (GPI) anchors correctly localize 1% to
2% of human proteins to the cell membrane. Although biosynthe-
sis of GPI anchors is commonly inactivated by somatic Phosphati-
dylinositol glycan anchor biosynthesis class A (PIGA) mutations in
hematopoietic precursors in paroxysmal nocturnal hemoglobinuria
(PNH), constitutional PIGA mutations are rare and have been
implicated in severe impairment of neurologic development. Here
we uncover that hypomorphic constitutional PIGA mutations cause
a novel subtype of hereditary hemochromatosis (HH) by severely
limiting GPI anchorage of hemojuvelin and ceruloplasmin.

HH is a genetic iron overload disease caused by dysfunction of
the hepcidin/ferroportin regulatory axis due to mutations in sev-
eral, mainly liver-expressed genes (high Fe [HFE], transferrin
receptor 2 [TfR2], hemojuvelin [HJV], hepcidin [HAMP], or ferro-
portin [FPN]). The most common HH subtype, with high preva-
lence in the White population, presents with an adult onset and
chronic phenotype and is caused by the HFE p.C282Y mutation.
The non-HFE HH subtypes are relatively rare and typically mani-
fest during juvenile age. Hepcidin, the key regulator of systemic
iron homeostasis, binds to the iron exporter ferroportin,

triggering its degradation to inhibit iron export from duodenal
enterocytes, hepatocytes, and macrophages. Inappropriately
low hepcidin levels hallmark HH and explain increased intestinal
iron absorption, progressive iron accumulation, and damage of
parenchymal organs. A severe, juvenile HH subtype is caused
by mutations in HJV, a GPI-anchored protein that enhances the
bone morphogenetic protein /small mothers against decapenta-
plegic (SMAD) signaling pathway by functioning as a bone mor-
phogenetic protein coreceptor.1 Some HH-like phenotypes still
lack a molecular basis.

In this study, we present the discovery of a novel mutation
causing juvenile HH. We investigated a pediatric male patient
(patient 1), who, in addition to early-onset epilepsy, severe
developmental delay, and intellectual disability, demonstrated
early systemic iron overload, meeting the diagnostic criteria for
juvenile non-HFE HH.2 Of note are the very high transferrin
saturation (TSAT), diminished transferrin, and high serum iron
and ferritin levels in the upper normal range. Together with
low plasma hepcidin levels, these findings were suggestive of
HH.
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