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four hemoglobin genes included in GO:0042592 category — provide further evidence indicating that globally 
diminished ZIP8-mediated function results in dysregulated essential hematopoiesis, leading to hypoxia.

Analysis of transcription factor (TF)-binding sites in genes identified by meta-analysis.  
Meta-analysis assumes there is a common impact of markedly decreased ZIP8 expression, genome-wide, across 
all tissues. Transcription is the first step in gene expression, and transcription is modulated by interaction of TFs, 
having their corresponding binding-sites within specific DNA modules of expressed genes.

After removing Slc39a8 from Pscan and searching for JASPAR TF motifs in promoter regions, and using 
a Bonferroni-corrected P-value of <0.1, among the “consistently down-regulated genes” discovered by 
meta-analysis (Supplementary Table S3), we found only two significant motifs — the Tal1::Gata1 heterodimer 
(JASPAR ID: MA0140.1) and Nfya (JASPAR ID: MA0060.1). TAL1 and GATA are of critical importance (vide 
infra). NFYA transcription factors participate in open chromatin of many types of stem cells — participating in 
differentiation, cell-cycle and transcriptional regulators, splicing and signaling factors, fatty acid and glucose 
homeostasis, and mitochondrial regulators40. Searching for JASPAR TF-binding sites, using the same criterion for 
the two “consistently up-regulated genes” (Supplemental Table S3), we found no significant motifs.

Analysis of TF-binding sites in individual tissues. Yolk Sac. Based on TF profiles in the JASPAR 
database, we searched in yolk sac for TF-binding sites enriched by Pscan (Table 3). We found nine up- and 
down-regulated genes having TF-binding sites significantly enriched in promoters: Plag1, Arnt, Hif1a, Znf423, 
Klf13, Sp1, Gata1, Gata2, and Gata4. Note that several TF-binding sites are duplicates with different matrix ID 

Organ or system Properties/Phenotypes of mammalian SLC39A8 gene (and its encoded ZIP8 transporter) References

Systemic

Mouse ZIP8 transports Zn2+, Mn2+, Cd2+/and probably Fe2+ and Co2+ — each presumanly as a 
M++/(HCO3

−)2 electroneutral complex, moving ions into the cell; Slc39a8(neo/neo) knockdown 
fetus exhibits stunted growth, and neonatal lethality; Human SLC39A8 regulates manganese 
homeostasis and manganese-dependent enzyme activities, posttranslational glycosylation, and 
causes mitochondrial disorders; Mouse ZIP8 is required for Mn2+-dependent enzyme activities; 
Human SLC39A8 variant associated with increased body mass index

2,4,5,7,13,14,19,20,32,79

Developmental
Mouse Slc39a8 expressed in visceral endoderm at gestational day (GD)7.5, in the gastrula at 
earlier development, and expressed in pluripotent embryonic stem cells; Mouse Slc39a8(neo/
neo) global knockout is early embryo-lethal; Slc39a8(neo/neo) knockdown fetus exhibits multi-
organ dysmorphogenesis and decreases in size of placenta

9–13,18–20,80

Liver
Mouse Slc39a8(neo) allele is associated with highly significantly decreased liver size; Mouse 
ZIP8 transports selenium, presumably as a Zn2+/(HCO3

−)(HSeO3
−) electroneutral complex; 

Mouse hepatic ZIP8 rescues Mn2+ from bile, regulates whole-body Mn2+ homeostasis, and 
modulates activity of Mn2+-dependent enzymes

6,13,14,18,19

Kidney Mouse Slc39a8(neo) allele is associated with highly significantly decreased kidney size; Human 
SLC39A8 variant associated with blood pressure

13,21

Lung Mouse Slc39a8(neo) allele is associated with highly significantly decreased lung size; Human 
ZIP8 participates in Zn2+-mediated cytoprotection in lung inflammation

13,22,23

Cardiovascular system

Mouse Slc39a8(neo/neo) knockdown fetus shows trenda toward enlarged heart size; Human 
SLC39A8 variant associated with increased serum lipid levels, regulation of blood pressure, 
and risk of coronary artery disease; Human SLC39A8 variant associated with increased risk of 
acute coronary syndrome; Human SLC39A8 variant associated with increased risk of increased 
atherosclerosis in smokers; Mouse Slc39a8 is essential for cardiac ventricular compaction

13,15,21,26–31

Blood chemistry
Mouse Slc39a8(neo/neo) neonate shows significantly decreased total iron, total iron-binding 
capacity, serum ALT & AST levels,b and serum triglyceride levels; Human SLC39A8 variant 
associated with blood levels of toxic metals

13,32

Hematological system
Mouse Slc39a8(neo/neo) knockdown fetus exhibits severe anemia and dysregulation of 
hematopoiesis; Slc39a8(neo/neo) GD13.5 yolk sac and placenta shows smaller size and number 
of hematopoietic islands; Slc39a8(neo/neo) GD16.5 liver reveals decreased size and number of 
hematopoietic islands

13

Immune system
ZIP8 originally discovered in human monocytes; Human ZIP8 participates in Zn2+-mediated 
immune response to inflammation, participates in innate immune response to endotoxin-
induced macrophage inflammation, and host response in macrophages to Mycbacterium 
tuberculosis

17,22–25

Central nervous system
Mouse Slc39a8(neo/neo) knockdown fetus shows trenda in smaller size of cerebrum and 
cerebellum; Human SLC39A8 variant associated with increased risk of schizophrenia; Human 
SLC39A8 variant associated with impaired intellectual ability and cerebellar atrophy

13,18–20,33,34

Eye Human SLC39A8 variant associated with retinal iron accumulation 35

Spleen Mouse Slc39a8(neo) allele is associated with highly significantly decreased spleen size 13

Gastrointestinal tract Human SLC39A8 variant associated with Crohn disease and human gut microbiome 
composition

36

Musculoskeletal system
Mouse Slc39a8(neo/neo) knockdown fetus exhibits shortened limbs, and deformed skull; 
Human SLC39A8 variant associated with pathogenesis of osteoarthritis; Human SLC39A8 
variant associated with severe limb malformations

13,18,19,37,38

Reproductive system Mouse Slc39a8 variant is associated with Cd2+-induced testicular necrosis 1–3,16

Table 1. Properties and phenotypes reported, to date, for mammalian SLC39A8 gene. aThe term “trend’” 
denotes P-value > 0.05 < 0.10. bALT, alanine aminotransferase (common measurement used to assess damage 
largely in liver); AST, aspartate aminotransferase (common measurement used to assess damage in heart, 
skeletal muscle, kidney and brain, as well as liver.
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numbers. It is noteworthy that – except for Arnt and Hif1a, associated with the downstream hypoxic response 
[reviewed in41] — the remaining seven are Zn2+-finger TFs.

Pleomorphic adenoma gene-1 (Plag1) is one of three members in the PLAG family and is best known as an 
oncogene associated with certain cancers, most notably pleiomorphic tumors of salivary gland; PLAG1 partici-
pates in cell proliferation by directly regulating numerous target genes, including growth factors42. With regard to 
Znf423, Klf13 and Sp1 — there are about 515 Znf genes, 18 Klf genes, and nine Sp genes in mammalian genomes 
[https://www.genenames.org/]. With regard to Gata1, Gata2 and Gata4 — GATA factors (vide infra) are central 
to hematopoietic stem cell fate [reviewed in43].

Lung. We found 11 significant TF-binding sites in significantly enriched in promoters of up- and down-regulated 
genes (Table 3): Hnf4a, Hnf4g, Foxa2, Hnf1b, Hnf1a, Foxa1, Cux1, Cux2, Cebpe, Bhlha15, and Rxrg. Of these 
11 genes, the four Hnf genes encode Zn2+-finger TFs. The hepatocyte nuclear factor (Hnf) family comprises 
four members that contribute to innumerable critical-life processes. Forkhead genes, which previously had been 
termed Hnf genes, are now officially called Foxa1, Foxa2, Foxa3 and Foxm1 [https://www.genenames.org/]. Cux 
genes code for evolutionarily highly conserved homeobox-domain proteins44. With regard to Cebpe, Bhlha15 and 
Rxrg — CEBPE is a leucine-zipper TF associated with several myelogenous leukemias45, BHLHA15 is a member 
of the basic-helix-loop-helix (bHLH) family of TFs involved in numerous developmental programs46, and RXRG 
is a member of the nuclear receptor superfamily that also participates in many morphogenesis processes47.

Kidney. Prdm1 was the only TF-binding site significantly enriched in promoters of up- and down-regulated 
genes (Table 3). Prdm1 acts as a tumor suppressor gene involved in B-cell and T-cell lymphomas48; the PRDM 
family contains 15 members of epigenetic regulators that participate in autoimmune diseases and infections49.

Heart. Ebf1 was the only TF-binding site significantly enriched in promoters of up- and down-regulated genes 
(Table 3). EBF1 is regarded as a master regulator during B-cell differentiation and also plays a role in B-cell 
malignancies50.

Placenta, liver, and cerebellum. We found no statistically significant TF-binding sites as significantly enriched in 
promoters of up- and down-regulated genes in these tissues.

Discussion
Because ZIP8 is a known uptake transporter of Zn2+, Mn2+ and Fe2+ — functions of these divalent cations are 
briefly reviewed.

Zinc. Intracellular Zn2+ is critical in homeostasis-related signal transduction51, cell cycle and proliferation52, 
numerous processes that occur during development and differentiation, and maintenance of many Zn2+-requiring 
functions. In mammals there are >100 Zn2+-dependent enzymes53 and >2,000 Zn2+-containing TFs54. An inde-
pendent analysis estimated there are ~2,800 Zn2+-binding proteins, corresponding to ~10% of the human pro-
teome55. Because these enzymes and TFs carry out vital critical-life functions throughout development — often 
exerting cell-specific effects on morphogenesis, growth, and differentiation — an embryo’s ability to uphold Zn2+ 
homeostasis is essential from the single-cell-zygote stage onward56. Thus, when Slc39a8(neo/neo) is compared 
with Slc39a8(+/+), it is likely that many genes listed in Supplemental Table S1 are differentially-expressed as a 
direct, or indirect, manifestation of deficient ZIP8-mediated Zn2+ transport.

Manganese. Mn2+ is also a potent substrate for ZIP87,16. There are several known defects in ZIP-mediated 
Mn2+ transport [reviewed in57]. A human SLC39A8 nonsynonymous variant, resulting in decreased ZIP8 trans-
port, impairs the function of Mn2+-dependent enzymes — most notably β1,4-galactosyltransferase, essential 
for biosynthesis of the carbohydrate moiety of glycoproteins; compromised galactosylation in children causes 
a disorder with deformed skull, severe seizures, short limbs, profound psychomotor retardation, and hear-
ing loss19. Because numerous proteins are posttranslationally glycosylated, many genes listed in Supplemental 
Table S1 might be differentially-expressed as a reflection of defective ZIP8-mediated Mn2+ transport. There are 
no Mn2+-containing TFs.

Iron. ZIP8, along with its closest evolutionarily-related ZIP14 transporter, is a Fe2+-transport protein5,58. These 
data might be consistent with studies in the intact animal13 — showing that Slc39a8(neo/neo) fetuses exhibit dys-
regulated hematopoiesis — suggestive of an iron-transport defect. As noted (vide supra), Supplemental Table S1, 
highlighted in red font, lists >80 differentially-expressed genes associated with dysregulated hematopoietic 
stem cell fate and subsequent downstream events including hypoxia, when Slc39a8(neo/neo) is compared with 
wild-type; how many of these genes might reflect the importance of Fe2+ transport more so than Zn2+ transport, 
will require further studies. Although there are a few Fe2+-containing TFs in prokaryotes59, there are none in 
eukaryotes.

Emergence of several critical-life genetic networks. By comparing transcriptomes in the present 
study, specific genetic pathways are noteworthy (vide infra). There are two possibilities to explain emergence of 
these genetic pathways in response to globally deficient ZIP8-mediated transport. One, perhaps ZIP8-mediated 
divalent cation transport might be tissue- or cell type-specific — depending upon ZIP8 levels and the abundance 
of other redundant transport systems in each particular tissue or cell-type. In other words, it is possible that 
pathways affected by deficient ZIP8-mediated Zn2+ transport might be more significant in lung and kidney, those 
affected by diminished ZIP8-mediated Mn2+ transport might be more prominent in liver, and those affected 
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