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Abstract: A male infant of Han descent, with a G1P1 mother and gestational age of 40+4 weeks, was
born via cesarean section owing to his mother having pregnancy complications, including premature
rupture of membranes, chorioamnionitis, and gestational diabetes. On the first day after birth, routine
blood examination showed that his total red blood cells count was 2.32 × 1012/L, hemoglobin count
was 77 g/L, and C-reactive protein count was 48.99 mg/L. After receiving an anti-infection treatment
for 10 days and two blood transfusions (100 mL in total), he was discharged from a neonatal intensive
care unit (NICU). Accessory examinations showed that reticulocytes in the peripheral blood were
significantly increased, the morphology of red blood cells was normal, and all hemolysis-related
examinations were normal; bone marrow examinations showed that the proliferation of the red
blood cell system was low and serum ferritin and vitamin B12 levels were elevated. Because of
the unexplained hemolysis, a whole-exome sequencing examination was performed. The results
showed a hemizygous variant of the ATP11C gene (c.3136a>t/p ile 1046phe) and a frame-shift
variant of the ANK1 gene (c.937del/pala313 leufs*19). After a six-month follow-up, the serum ferritin
and vitamin B12 levels had gradually decreased to normal levels, and hemoglobin and reticulocyte
values were 97 g/L and 7.17%, respectively, in the peripheral blood. No splenomegaly was found in
physical examination.
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1. Introduction

Anemia is the most common disease in newborns and children, and the causes of early
neonatal anemia are complex. Congenital hemolytic anemia (CHA) is a rare hereditary
disease characterized by an increased destruction of red blood cells (RBC). In CHA, the
disruption of endogenous RBC enzymes, RBC membranes, and hemoglobin (HGB) can
lead to hemolysis. The typical clinical manifestations are pallor, jaundice, and frequent
splenomegaly. Laboratory features include anemia, hyperbilirubinemia, and reticulocytosis.
In some cases of CHA, splenectomy is effective. At the same time, supportive care for blood
transfusions is also a pillar of treatment [1].

The ATP11C gene is located on the human X chromosome and encodes a protein
belonging to the p-type ATPase family, mainly responsible for regulating various biological
processes such as growth and development, metabolism, and immunity [2,3].

The ANK1 gene is located on chromosome 8 and encodes a RBC anchor protein [4].
The variation of the ANK1 gene leads to changes in the structure of the encoding anchor
protein, reducing its plasticity and stability on the RBC membrane. This accelerates the
dissolution and destruction of RBC [5].
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Here, we report a case with variants in both the ATP11C and ANK1 genes. The proband
is a term infant of Chinese Han ethnicity, characterized by a progressive aggravation of
anemia, a suppressed proliferation of bone marrow RBC, peripheral blood reticulocytosis,
and significant increase in serum iron and vitamin B12. We emphasize the diagnostic value
of early-intervention genetic testing for neonatal anemia of unknown cause.

2. Case Presentation
2.1. Initial Presentation

The proband was a male infant of Han descent, with a G1P1 mother, who was born
via cesarean section at 40+4 weeks owing to pregnancy complications, including chorioam-
nionitis, premature rupture of membranes, and gestational diabetes. The Apgar score
was 9–10 and the birth weight was 3500 g. He was admitted within 1 day and 14 h of
birth to the Department of Neonatology, the Affiliated Huaian No. 1 People’s Hospital of
Nanjing Medical University, due to anemia and jaundice. Peripheral blood RBC count was
2.32 × 1012/L, HGB was 77 g/L, and CRP was 48.99 mg/L. The decrease in peripheral
blood HGB in the child indicated severe anemia. CRP increased, suggesting the presence
of infection.

The blood types of the proband’s father and mother were AB and O, respectively, and
the proband’s mother had a history of anemia due to iron deficiency. No splenomegaly
was found in the physical examination at admission. The results of the improved direct
anti-human globulin test, antibody release test, and free antibody test were all negative.
A hemagglutination report showed a PT of 19.9 s, prothrombin activity of 36.4%, and
APTT of 47.7 s. The levels of GPT, GOT, and γ-GT and the blood electrolyte levels were
within a normal range. Furthermore, the concentration of total bilirubin was 221.1 µmol/L,
indirect bilirubin was 209.2 µmol/L, direct bilirubin was 11.9 µmol/L, LDH was 392.0 µ/L,
CK was 721.0 µ/L, and CK-MB was 72.6 µ/L. The presence of hepatitis B markers, anti-
HIV antibody, treponema pallidum antibody, and anti-hepatitis C antibody was also
examined. In order to rule out the possibility of bleeding, chest X-ray photography, skull
CT, and abdominal ultrasound were performed, but none showed any abnormality. A
CSF examination (performed to rule out the possibility of central nervous system infection
due to significantly increased levels of infection indicators) showed no abnormalities
either. The results for anti-alkali HGB, HGB A2, trace HGB electrophoresis, isopropanol,
erythrocyte permeability fragility test, H inclusion, denatured globossome, and glucose-6-
phosphatase activity were all normal. The result of the methemoglobin reduction test was
87% (reference value > 75%). The plasma-free HGB concentration was 37.5 mg/L (reference
value < 40 mg/L). Peripheral blood tests primarily showed a decrease in HGB (82 g/L)
and an increase in reticulocytes (8.44%). Following six days of anti-infection treatment
using cefepime, the levels of PCT and CRP in blood decreased from 49.916 ng/mL and
48.99 mg/L, respectively, to within normal ranges. The patient was discharged after 10 days
of hospitalization, during which two blood transfusions were conducted.

2.2. Disease Progression and Further Treatment

At 33 days old, the proband was readmitted to the Affiliated Huaian No. 1 People’s
Hospital of Nanjing Medical University after a routine blood examination showed a de-
crease in HGB concentration. The laboratory examination showed that RBC count was
1.98 × 1012/L, HGB count was 60 g/L, hematocrit was 18.2%, MCV was 102.3 fl, MCH was
30.3 pg, MCHC was 330 g/L, Ret was 4.67%, vitamin B12 concentration was 680 pmol/L
(normal range 145–569 pmol/L), folic acid concentration was higher than 45.4 nmol/L,
and ferritin concentration was 631 ng/mL (normal range, 30–400 ng/mL). Repeated low
RBC count and HGB levels indicate the presence of severe anemia. Further, upon bone
marrow puncture examination, images showed that granulocytes and megakaryocytes
were proliferating actively, erythroid cells were proliferating less, and platelet clusters could
also be seen (shown in Figure 1). Peripheral blood smear collected at the same time showed
no significant increase or decrease in white blood cell count; however, the proportion of
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neutrophils decreased. The morphology of mature RBC was generally normal, and no
nucleated RBC were observed in 100 white blood cells (shown in Figure 2). Following an
80 mL blood transfusion, the infant was discharged and followed up in an outpatient de-
partment. Because of the discordant or non-contributive clinical features and/or biological
tests in this case, whole-exome sequencing (WES) was used by Guangzhou Jinyu Medical
Inspection Group Co., Ltd. for further testing.
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Figure 1. Bone marrow examination. Granulocytes and megakaryocytes proliferate actively, erythroid
cells proliferate less, and platelet clusters can be seen.
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Figure 2. Peripheral blood examination. The morphology of mature RBC is normal, with no signifi-
cant increase or decrease in white blood cells. The morphology of granulocytes, lymphocytes, and
monocytes is normal, and platelets are scattered and visible in clusters.

2.3. Whole-Exome Sequencing Results

WES revealed ANK1 and ATP11C variants in the proband (as seen in the reference
sequence of GRCh37). Sanger sequencing showed that the ATP11C gene was c.3136A>T
(p.Ile1046Phe), a hemizygous variant (shown in Figure 3). Although the ANK1 gene
presented as c.937del (a frameshift variant of p.Ala313Leufs*19), as shown in Figure 4, a
hemizygous variant could theoretically lead to a loss of normal protein function through
nonsense-mediated mRNA degradation or premature termination of the coding amino
acid sequence.

2.4. Follow-Up

At six months old, the patient’s total RBC count was 3.34 × 1012/L, the HGB count was
97 g/L, hematocrit was 27.8%, MCV was 83.2 fl, MCH was 29.0 pg, MCHC was 349 g/L,
Ret was 7.17%, vitamin B12 level was 515 pmol/L, folate level was higher than 45.4 nmol/L,
and ferritin level was 449.00 ng/mL.

As mentioned earlier, blood transfusion support is the mainstay of treatment for
patients with congenital hemolytic anemia. The proband received an intervention of blood
transfusion support treatment during the course of the illness, and the situation improved
by the follow-up, which confirmed the effectiveness of blood transfusion treatment and
suggested that his condition was under control. The increase in ferritin is considered to be
related to blood transfusion, and, if necessary, iron removal treatment should also be given.
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In addition, the proband still needs regular follow-ups to prevent further changes in his
condition.
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Figure 3. ANK1 gene variants in WES. The c.937del (p.Ala313Leufs*19) carried by the proband is a
frameshift variant caused by non-triple base deletion in the coding region of the ANK1 gene. This variant
was confirmed via Sanger sequencing. This variant was not reported in the literature or in the large-scale
population frequency database gnomAD. (A: adenosine; T: thymine; C: cytosine; G: guanine).
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Figure 4. ATP11C gene variants in WES. The c.3136A>T (p.Ile1046Phe) variant carried by the proband
was a missense variant in the coding region of the ATP11C gene. The variant was inherited from the
mother, as verified via Sanger sequencing. This variant was not reported in the literature or in the
large-scale population frequency database gnomAD.(A: adenosine; T: thymine; C: cytosine; G: guanine).

3. Discussion

Congenital hemolytic anemia (CHA) is a group of rare genetic disorders character-
ized by increased destruction of RBCs. The clinical features of CHA vary from severe
neonatal or even prenatal anemia with high morbidity and transfusion dependence to
well-compensated hemolysis without anemia [6]. Next-generation sequencing (NGS) al-
lows for massive parallel sequencing of numerous genes and therefore provides a very
suitable approach for the genetic dissection of CHA. Lamisse used WES to explore 40 CHA
patients, of whom one patient carried both a likely pathogenic hemizygous variation in
ATP11C (c.2434C>T) and a variant of uncertain significance in ANK1 (c.4558G>C). This
patient’s blood smear was normal and ektacytometry showed an atypical profile with only
dehydration and no change in osmotic resistance [7]. The proband in this current article
was a term infant of Chinese Han ethnicity, characterized by a progressive aggravation of
anemia, suppressed proliferation of bone marrow RBC, peripheral blood reticulocytosis,
and significant increase in serum iron and vitamin B12 levels. Through WES, an ATP11C
gene hemizygous variant (c.3136A>T/p.Ile1046Phe)) and an ANK1 gene frameshift variant
(c.937del/pAla313Leufs*19) were identified.

The ATP11C gene is located at 138,808,505,138,914,447 bp of the human X chromosome
and consists of 105,943 bases. The gene encodes a protein that belongs to the P-type ATP
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enzyme family and comprises 1129 amino acids. This protein is uniquely expressed and
transports multiple ions to regulate metabolic activities within the cell. Additionally, it
mediates the transport of large amounts of phospholipids. As a lipid flippase, it transports
phospholipids from cell to cell, i.e., it enriches extracellular phospholipids within the cell,
which may play a crucial role in modulating various biological processes such as growth and
development, metabolism, and immunity [2,3]. ATP11C is a member of the P4-ATP enzyme
family and a major phosphatidylserine (PS) flippase located on the plasma membrane.
ATP11C deficiency causes a defect in B-cell maturation, anemia, and hyperbilirubinemia.
ATP11C-b regulates PS distribution in distinct regions of the plasma membrane in polarized
cells [8]. ATP11C has also been reported as a candidate gene for hypoparathyroidism [9].
Variants in ATP11C cause defects in lymphatic B cell differentiation [10] and induce bile
stasis [11].

ATP11C maintains the asymmetry of phospholipids in erythrocytes during phospho-
lipid transport. Impaired phospholipid transport across the cell membrane can result in
anemia. The expression of PS on the cell membrane of aging RBC is regarded as a sig-
nal of phagocytosis by macrophages. Many factors, including alterations in intracellular
substances and a decrease in ATP11C levels, lead to decreased phospholipase activity in
aging RBC, which in turn leads to the expression of PS on cell membranes [12]. In mice, the
ATP11C variants has been found to result in morphological alterations in and a reduced life
span of RBC. Although the RBC of ATP11C-deficient mice develop normally, the mature
RBC exhibit an abnormal shape (increased oral cells) and a lifespan that is shorter than
that in control mice from the same litter, leading to anemia [13]. In patients with sickle cell
anemia, the ratio of ATP11C/phospholipid scramblase 1 (PLSCR1) or ATP11C and PLSCR1
(if analyzed separately) influences the risk of acute or chronic organ injury, the equilibrium
between ATP11C and PLSCR1 in SCA, and how or whether they lead to the development
of acute or chronic clinical manifestations [14].

In 2016, Nobuto Arashiki et al. first reported that ATP11C is the primary flippase in
human RBC, based on an analysis of a patient with mild hemolytic anemia. They also
showed that variants in the ATP11C gene result in congenital mild hemolytic anemia with
X-linked recessive inheritance [15]. A more recent case study by Zhang, H. M. et al. also
reported similar findings [16]. Unlike the present case, patients in the aforementioned
two cases were diagnosed at the ages of 13 and 15, respectively, which may be associated
with relatively mild anemia symptoms. In the present case, the infant developed severe
anemia immediately after birth, necessitating several blood transfusions in the short term.
However, a bone marrow examination of the proband conducted one month after birth
showed low erythroid hyperplasia, which was inconsistent with the active bone marrow
hyperplasia commonly observed in hemolytic anemia. Furthermore, this observation was
inconsistent with the significant increase in reticulocytes in the peripheral blood of the
infant. The apparent increase in serum ferritin levels in pediatric patients may be associated
with repeated blood transfusions. However, the reason for the increase in vitamin B12
levels remains unclear, and further investigation is required to determine whether it is
associated with double gene variants. Although hemolytic anemia due to variants in the
ATP11C gene is associated with spleen macrophages, splenomegaly has not been reported
in documented cases, and it is yet to be determined whether this clinical feature is associated
with the disease. It also remains to be elucidated whether it is associated with double gene
variants. Although the variants in ATP11C that cause hemolytic anemia are associated with
macrophages in the spleen, none of the previously documented cases have reported an
enlargement of the spleen. Whether this clinical feature is associated with the disease is yet
to be determined. Extensive phenotypic support will be necessary to classify the ATP11C
variants in this child as pathogenic.

The ANK1 gene is located on chromosome 8 (P11.2) and encompasses 42 exons. The
gene encodes an erythrocyte anchor protein that is primarily expressed on the erythrocyte
membrane through its association with anion channels, the Rh complex, and contracted
ovalbumin. Variants in the ANK1 gene result in alterations in the structure of the encoded
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anchor protein, thereby reducing its plasticity and stability on the erythrocyte membrane.
This phenomenon accelerates the dissolution and destruction of erythrocytes. MCHC levels
higher than 365 g/L or an MCHC/MCV ratio greater than 0.36 in the blood are valuable
diagnostic indices for neonatal Hereditary Spherocytosis(HS). The median age at which
splenomegaly occurs is six years old; however, a few studies have highlighted that some
cases of newborns with HS may exhibit a nonspecific phenotype. Additionally, certain
diagnostic indicators in the guidelines may not apply to the diagnosis of newborns with
HS [4]. The ANK1 variant appears to be pathogenic. The osmotic fragility test is usually
negative until 6 months of age and it is not uncommon to see only a few spherocytes
in peripheral blood. Newborns also have immature spleen function, but this is unlikely
to cause hemolysis due to clearance of PS-expressing RBC. Establishing a phenotypic
diagnosis of HS in newborns is difficult and multiple tests, including some delayed testing,
are necessary at a later period. This indicates that, in the present case, the role of the
variants in the ANK1 gene cannot be ruled out.

4. Conclusions

In conclusion, we report for the first time a neonatal case of congenital hemolytic
anemia with variants in both the ATP11C and ANK1 genes, characterized by severe anemia
after birth, low erythroid hyperplasia in the bone marrow, and an apparent increase in
the levels of ferritin and vitamin B12 in serum. These findings highlight the importance of
further investigations into similar cases in clinical settings.

Author Contributions: W.X. conceptualized and designed the study and co-wrote the original draft.
M.M. collected the data and co-wrote the original draft. S.Z. provided expertise on genetic testing and
analysis and revised the manuscript for important intellectual content. Y.Y. carried out manuscript
revision. Z.T. provided supervision, visualized the study, and carried out writing—review and
editing. All authors have read and agreed to the published version of the manuscript.

Funding: Funding for this study was secured from the First People’s Hospital of Huai’an key project
of clinical transformation: YLCT202001.

Institutional Review Board Statement: This study was conducted ethically in accordance with the
World Medical Association Declaration of Helsinki.

Informed Consent Statement: The parents of patients provided explicit consent to publish the case.
Written informed consent was obtained from the parent/legal guardian of the patient for publication
of the details of their medical case and any accompanying images.

Data Availability Statement: All data generated or analyzed during this study are included in this
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Haley, K. Congenital Hemolytic Anemia. Med. Clin. N. Am. 2017, 101, 361–374. [CrossRef] [PubMed]
2. Mukhopadhyay, S.; Linstedt, A.D. Identification of a gain-of-function mutation in a Golgi P—Type ATPase that enhances Mnp

efflux and protects against toxicity. Proc. Natl. Acad. Sci. USA 2011, 108, 858–863. [CrossRef] [PubMed]
3. Clark, M.R. Flippin’lipids. Nat. Immunol. 2011, 12, 373–375. [CrossRef] [PubMed]
4. Li, J.; Guo, H.; Zhu, Z.; Sun, J. A Novel ANK1 Mutation in a Neonatal Hereditary Spherocytosis Case: Diagnostic Challenges and

Familial Genetic Analysis. Acta Haematol. 2022, 145, 575–581. [CrossRef] [PubMed]
5. Huang, T.L.; Sang, B.H.; Lei, Q.L.; Song, C.Y.; Lin, Y.B.; Lv, Y.; Yang, C.H.; Li, N.; Yang, Y.H.; Zhang, X.W.; et al. A de novo ANK1

mutation associated to hereditary spherocytosis: A case report. BMC Pediatr. 2019, 19, 62. [CrossRef] [PubMed]
6. Gallagher, P.G. Diagnosis and management of rare congenital nonimmune hemolytic disease. Hematology. Am. Soc. Hematology.

Educ. Program 2015, 2015, 392–399. [CrossRef] [PubMed]
7. Mansour-Hendili, L.; Aissat, A.; Badaoui, B.; Sakka, M.; Gameiro, C.; Ortonne, V.; Wagner-Ballon, O.; Pissard, S.; Picard, V.;

Ghazal, K.; et al. Exome sequencing for diagnosis of congenital hemolytic anemia. Orphanet J. Rare Dis. 2020, 15, 180. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.mcna.2016.09.008
https://www.ncbi.nlm.nih.gov/pubmed/28189176
https://doi.org/10.1073/pnas.1013642108
https://www.ncbi.nlm.nih.gov/pubmed/21187401
https://doi.org/10.1038/ni.2024
https://www.ncbi.nlm.nih.gov/pubmed/21502987
https://doi.org/10.1159/000525054
https://www.ncbi.nlm.nih.gov/pubmed/35817016
https://doi.org/10.1186/s12887-019-1436-4
https://www.ncbi.nlm.nih.gov/pubmed/30777044
https://doi.org/10.1182/asheducation-2015.1.392
https://www.ncbi.nlm.nih.gov/pubmed/26637748
https://doi.org/10.1186/s13023-020-01425-5
https://www.ncbi.nlm.nih.gov/pubmed/32641076


Children 2023, 10, 1600 7 of 7

8. Takayama, M.; Takatsu, H.; Hamamoto, A.; Inoue, H.; Naito, T.; Nakayama, K.; Shin, H.W. The cytoplasmic C-terminal region of
the ATP11C variant determines its localization at the polarized plasma membrane. J. Cell Sci. 2019, 132, jcs231720. [CrossRef]
[PubMed]

9. Whyte, M.P.; Weldon, W. Idiopathic hypoparathyroidism presenting with seizures during infancy: X-linked recessive inheritance
in a large Missouri kindred. J. Pediatr. 1981, 99, 608–611. [CrossRef] [PubMed]

10. Siggs, O.M.; Arnold, C.N.; Huber, C.; Pirie, E.; Xia, Y.; Lin, P.; Nemazee, D.; Beutler, B. The P4-type ATPase Atpl lc is essential for
B lymphopoiesis in adult bone marrow. Nat. Immunol. 2012, 12, 434–441. [CrossRef] [PubMed]

11. Wang, R.; Salem, M.; Yousef, I.M.; Tuchweber, B.; Lam, P.; Childs, S.J.; Helgason, C.D.; Ackerley, C.; Phillips, M.J.; Ling, V. Targeted
inactivation of sister of P-glycoprotein gene (spgp)in mice results in nonprogressive but persistent intrahepatic cholestasis. Proc.
Natl. Acad. Sci. USA 2001, 98, 2011–2016. [CrossRef] [PubMed]

12. Seki, M.; Arashiki, N.; Takakuwa, Y.; Nitta, K.; Nakamura, F. Reduction in flippase activity contributes to surface presentation of
phosphatidylserine in human senescent erythrocytes. J. Cell Mol. Med. 2020, 24, 13991–14000. [CrossRef] [PubMed]

13. Yabas, M.; Coupland, L.A.; Cromer, D.; Winterberg, M.; Teoh, N.C.; D’Rozario, J.; Kirk, K.; Bröer, S.; Parish, C.R.; Enders, A. Mice
deficient in the putative phospholipid flippase ATP11C exhibit altered erythrocyte shape, anemia, and reduced erythrocyte life
span. J. Biol. Chem. 2014, 289, 19531–19537. [CrossRef] [PubMed]

14. Pereira-Martins, D.A.; Coelho-Silva, J.L.; Domingos, I.F.; Weinhäuser, I.; Franca-Neto, P.L.; Araujo, A.S.; Franca, R.F.; Bezerra,
M.A.; Lucena-Araujo, A.R. The ratio of ATP11C/PLSCR1 mRNA transcripts has clinical significance in sickle cell anemia. Ann.
Hematol. 2022, 101, 281–287. [CrossRef] [PubMed]

15. Arashiki, N.; Takakuwa, Y.; Mohandas, N.; Hale, J.; Yoshida, K.; Ogura, H.; Utsugisawa, T.; Ohga, S.; Miyano, S.; Ogawa, S.; et al.
ATP11C is a major flippase in human erythrocytes and its defect causes congenital hemolytic anemia. Haematologica 2016, 101,
559–565. [CrossRef] [PubMed]

16. Zhang, H.M.; Yang, L.; Dong, W.; Liu, Q.C. Congenital hemolytic anemia caused by a new mutation of ATP11C gene: A case
report. Zhonghua Xue Ye Xue Za Zhi 2022, 43, 528. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1242/jcs.231720
https://www.ncbi.nlm.nih.gov/pubmed/31371488
https://doi.org/10.1016/S0022-3476(81)80272-7
https://www.ncbi.nlm.nih.gov/pubmed/7196945
https://doi.org/10.1038/ni.2012
https://www.ncbi.nlm.nih.gov/pubmed/21423172
https://doi.org/10.1073/pnas.98.4.2011
https://www.ncbi.nlm.nih.gov/pubmed/11172067
https://doi.org/10.1111/jcmm.16010
https://www.ncbi.nlm.nih.gov/pubmed/33103382
https://doi.org/10.1074/jbc.C114.570267
https://www.ncbi.nlm.nih.gov/pubmed/24898253
https://doi.org/10.1007/s00277-021-04696-5
https://www.ncbi.nlm.nih.gov/pubmed/34651249
https://doi.org/10.3324/haematol.2016.142273
https://www.ncbi.nlm.nih.gov/pubmed/26944472
https://www.ncbi.nlm.nih.gov/pubmed/35968600

	Introduction 
	Case Presentation 
	Initial Presentation 
	Disease Progression and Further Treatment 
	Whole-Exome Sequencing Results 
	Follow-Up 

	Discussion 
	Conclusions 
	References

