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Key Points

• A severe hypothyroid pig
model created by ENU
mutagenesis manifests the
clinical features of human
patients.

• KLF9 acts as a critical
mediator between the thyroid
axis and hematopoiesis.

Congenital hypothyroidism (CH) is one of the most prevalent endocrine diseases, for

which the underlying mechanisms remain unknown; it is often accompanied by anemia

and immunodeficiency in patients. Here, we created a severe CH model together with

anemia and T lymphopenia to mimic the clinical features of hypothyroid patients

by ethylnitrosourea (ENU) mutagenesis in Bama miniature pigs. A novel recessive

c.1226A>G transition of the dual oxidase 2 (DUOX2) gene was identified as the causative

mutation. This mutation hindered the production of hydrogen peroxide (H2O2) and thus

contributed to thyroid hormone (TH) synthesis failure. Transcriptome sequencing

analysis of the thymuses showed that Krüppel-like factor 9 (KLF9) was predominantly

downregulated in hypothyroid mutants. KLF9 was verified to be directly regulated by

TH in a TH receptor (TR)-dependent manner both in vivo and in vitro. Furthermore,

knockdown of klf9 in zebrafish embryos impaired hematopoietic development including

erythroid maturation and T lymphopoiesis. Our findings suggest that the TR-KLF9 axis is responsible for the hematopoietic

dysfunction and might be exploited for the development of novel therapeutic interventions for thyroid diseases. (Blood. 2017;

130(20):2161-2170)

Introduction

Congenital hypothyroidism (CH) is caused by thyroid hormone (TH)
deficiencies. CH is one of the most prevalent endocrine diseases,
occurring in 1 of 1400 to 2800 newborns.1 Although CH can be treated
by the administration of oral thyroxine after early diagnosis, a sig-
nificant number of patients requiring TH replacement are unsatisfied
with the therapy.2 Therefore, a better understanding of the pathology of
CH is required for the development of novel therapeutic interventions.

In general, TH deficiencies are associated with not only intellectual
disabilities and growth retardation but also a strikingly high prevalence
of anemia3-5 and immunodeficiency of typical clinical features.6-8

Based on anemia often being the first sign of hypothyroidism, account-
ing for 20% to 60% in hypothyroid patients, the current clinical
guidelines recommend evaluating thyroid function in the workup of
anemia.9,10 Generally, the biological activities of TH are mainly
mediated by tri-iodothyronine (T3) binding to its nuclear receptors
(TH receptors [TRs]), which act as ligand-inducible transcription
factors and modulate target gene expression in a hormone-dependent

manner.11,12 There are 2 forms of TRs, TRa and TRb, encoded by the
genes THRA and THRB, respectively, with differing tissue distribu-
tions.13 A previous study14 showed that TRa is essential for regulating
erythropoiesis in Thra2/2 mice. Moreover, TH deficiency impairs
T- and B-lymphocyte development or hematopoietic system develop-
ment in humans.15-17 Although these studies offered some clues to the
association betweenTHand hematopoiesis, the underlyingmechanisms
are not completely understood.

Pigs are excellent models for certain human diseases and have been
extensively used in biomedical research.18,19 Because of the many
similarities in organ size, physiological characteristics, and, particularly,
immunology20,21 and THmetabolism22 between pigs and humans, pigs
are potentially useful CH diseasemodels. To the best of our knowledge,
no pig models of CH have been reported.

In this study, a Bama miniature pig line born with CH due to a
homozygous missense mutation in the dual oxidase 2 (DUOX2) gene
was generated by ethylnitrosourea (ENU) mutagenesis. The mutant
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pigs display phenotypic hallmarks of severe CH together with anemia
andT lymphopenia.We further demonstrated thatKLF9 is regulated by
theTH/TRaxis and functions as anessential regulator of developmental
hematopoiesis. The current study identifies a novel mechanism for
TH-dependent disorders leading to anemia and immunodeficiency.

Methods

Animals

The Bama miniature pigs were raised at the Beijing Farm Animal Research
Center (Institute of Zoology, Chinese Academy of Sciences) and had ad libitum
access to a commercial pig diet (nutrient levels based on US National Research
Council recommendations) and water throughout the experiment. The founder
Bama miniature pigs carrying the D409G mutation were generated in a large-
scale ENUmutagenesis screen.23 Zebrafish strains including the Tubingen strain
and the transgenic lines gata1:dsRed and coro1a:GFP were raised in system
water at 28.5°C. All experiments involving animals were approved by the
institutional animal care and use committee of the Institute of Zoology, Chinese
Academy of Sciences.

Whole-genome sequencing and genotyping

Genomic DNA was isolated from the ear tissues using phenol/chloroform
extraction, and whole-genome single-nucleotide polymorphism (SNP) genotyp-
ing was performed using porcine SNP60 BeadChips (Illumina, San Diego, CA)
containing 62,163 SNP markers (for more details, please see the supplemental
Methods, available on the BloodWeb site).

MO, microinjection, and whole-mount in situ hybridization

The klf9-ATG morpholino (MO) sequence is 59-TGCTGCAATATC
TACGTCCGTCATC-39. Stock solutions of 1 mM MO were prepared in
double-distilled H2O, and 6 ng of MO was injected into 1-cell stage embryos.
The probes used for in situ hybridization in this study, including klf9, thraa,
thrab, and thrb, are listed in supplemental Table 1. cmyb, scl, lyz, be2-globin,
gata1, and mfap4 were synthetized as previously reported.24

Statistical analysis

The unpaired 2-tailed Student t test (for 2 groups) and 1-way analysis of variance
with Bonferroni post hoc test for multiple comparisons were performed for
parametric data using GraphPad Prism software (GraphPad, San Diego, CA) or
SPSS software (SPSS, Chicago, IL). Otherwise, theMann-WhitneyU test or the
Kruskal-Wallis test (followed by Dunn post hoc analysis for .2 groups) was
applied for nonparametric data.The results are presentedas themeans6standard
deviation (SD) unless otherwise indicated. A value of P, .05 was considered
statistically significant.

Results

Identification of pig mutants exhibiting severe CH with a novel

point mutation in DUOX2 from an ENU mutagenesis screen

In an effort to screen for recessive mutations related to growth and
development, we carried out a 3-generation breeding protocol (sup-
plemental Figure 1) from an ENU mutagenesis program in Bama
miniature pigs.23 In line Z0013, a G1 boar (005T118) backcrossed to
6 G2 sows produced 206 G3 offspring, of which 22.3% (21 males and
25 females) exhibited strikinglyweak vitality and nude skin (Figure 1A)
in an autosomal-recessive inheritance pattern (Figure 1B). The mutant
neonates had normal body weights (supplemental Figure 2A) but
lower body temperatures (supplemental Figure 2B).

To identify the causative gene in the Z0013 line, we performed a
family-based genome-wide linkage study (GWLS) to map the
chromosome regions cosegregating with the mutant pheno-
types. A significant linkage peak between 120 Mb and 144 Mb on
chromosome 1 (logarithm of odds ratio [LOD] . 5) (Figure 1C)
containing.180 annotated genes was identified. A total of 3517 SNPs
within the region were further identified by whole-genome sequencing
(WGS). Consequently, the 3517 SNPs were narrowed down to 10
nonsynonymous mutations (supplemental Figure 2C; supplemental
Table 2). Of the 10 missense mutations, only the novel point mutation
c.1226A.G in DUOX2 cosegregated with the mutant phenotype
(Figure 1D-E; supplemental Table 2). This point mutation resulted in a
conserved aspartic acid transition to glycine (D409G, hereafter referred
to as DUOX2D409G/D409G) in the peroxidase-like domain (Figure 1F).

Additionally, genotyping results of the c.1226A.G mutation in a
total of 481 pigs, including line Z0013 pigs, other lines of Bama
miniature pigs, and Large White and Landrace, showed that the G/G
homozygous genotype was only found in the affected pigs from line
Z0013 but not in the otherBamapigs or any other breeds (supplemental
Figure 2D-E; supplemental Table 3). To further confirm the ENU-
mutagenized phenotype resulting from the DUOX2 mutation, we
generated homozygous DUOX2 knockout pigs using the clustered
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) system (supplemental Figure 3A-C;
supplemental Table 4). The aberrant neonates (pigs 5-6) both exhibited
the same phenotype as DUOX2D409G/D409G pigs (supplemental
Figure 3D). The genotyping results confirmed the homozygous
deletion of DUOX2 in these 2 aberrant neonates (supplemental
Figure 3E-G). Together, these results strongly suggested that the D409G
mutation in DUOX2 is the causative mutation in this mutant line.

The porcine DUOX2 gene (GenBank ID: 397060) spans ;20 kb
and comprises 31 exons that encode a 1545-aa protein (Figure 1E-F).
The mutated site is evolutionarily conserved among distinct mammals
(Figure 1G), indicating its vital role within this domain for the function
of DUOX2. In the same functional domain as the D409G mutation
located, theR376WandR434Xmutations inDUOX2 (Figure 1F)were
found previously25,26 in patients with CH. These findings indicate the
clinical application of the current pig models of the D409Gmutation to
study human CH.

CH is generally caused by disorders of TH synthesis with goiter
formation.27 As shown in Figure 1H, overt goiters were observed in
DUOX2D409G/D409G pigs. Histological analysis showed that the thy-
roid glands from mutant pigs were dysplastic with poorly developed
follicles as a result of highlyproliferating epithelial cells and completely
absent colloids,when comparedwith the thyroids fromwild-type (WT)
pigs (Figure 1I). Furthermore, significantly decreased serum THs of
T3, thyroxine (T4), free T3 (FT3) and free T4 (FT4), and markedly
increased thyroid-stimulating hormone (TSH), were observed in mu-
tant pigs (Figure 1J), suggesting severe hypothyroidismoccurred; these
symptoms are commonly observed in patients with CH.28 Given the
resultsmentioned thus far in this section,wehavegenerated apigmodel
of severeCH,which is caused by theD409Gmutation inDUOX2 from
a large-scale ENU mutagenesis screen.

The p.D409G mutation in DUOX2 is a loss-of-function mutation

that impairs H2O2-producing activity

Porcine DUOX2 messenger RNA (mRNA) is ubiquitous, but it is
mostly abundant in the thyroids (Figure 2A), suggesting that it has
a unique role in thyroid function. Because the D409G mutation is
located in the peroxidase-like domain, which is essential for the
H2O2-generating activity of DUOX2,

29 we analyzed the concentration
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of H2O2 in the thyroid tissues, thymuses, and kidneys of both WT and
mutant pigs. The results revealed that basal H2O2 concentration in the
mutant thyroids was significantly decreased compared with that in
the WT thyroids but not in the thymuses and kidneys (Figure 2B),
suggesting that H2O2 deficiency directly affects the thyroid and
unlikely has a direct effect on the thymus or other tissues exhibiting a

relatively low DUOX2 expression level. DUOX2 interacts with the
activator protein DUOXA2 to produce H2O2,

30 which is the essential
substrate of thyroperoxidase for iodide oxidation and iodination of
thyroglobulin, the rate-limiting step inTHbiosynthesis.31,32 Therefore,
HeLa cells were cotransfected with either WT or D409G DUOX2
porcine complementary DNAs (cDNAs) in the presence of DUOXA2
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Figure 1. A mutant Bama miniature pig exhibiting the phenotype of severe CH was identified from a large-scale ENU mutagenesis screen. (A) A neonatal mutant

compared with its littermate control. (B) The pedigree of the mutant family exhibiting an autosomal-recessive mode of inheritance. (C) A significant linkage peak between

120 Mb and 144 Mb on chromosome 1 was identified using a GWLS approach (LOD . 5). (D) A nucleotide A to G substitution in DUOX2 was identified by WGS and

cosegregated with the mutant phenotypes. (E) The porcine DUOX2 gene is composed of 31 exons, and the mutation was located in exon 8 and resulted in a change of

aspartic acid to glycine at position 409 (D409G) of the protein. (F) The D409G mutation (red arrow) is located in the peroxidase-like domain of DUOX2. The R376W and

R434X mutations were found previously in patients with CH.25,26 *, Glycosylation site. (G) The aspartic acid residue (arrow) in the D409G variant is highly conserved in

mammalian DUOX2 proteins. (H) The thyroid glands of D409G pigs showed overt goiter formation at size and weight (WT, n5 7; D409G, n5 8; **P, .01). (I) Sections of the

thyroid glands were stained with hematoxylin and eosin (H&E). Follicles in the thyroids of D409G pigs lost their normal shape and became convoluted as a result of highly

proliferating epithelial cells (black arrows) and completely disappearing colloids (asterisks) when compared with WT littermates. Scale bars, 50 mm. (J) The serum THs of T3,

T4, FT3, and FT4 produced by the thyroid glands were dramatically decreased, whereas TSH was excessively elevated, in the mutants (n 5 10) compared with the WT

individuals (n 5 10; **P , .01). EF hand, the position of calcium binding; FAD binding, flavin adenine dinucleotide–binding motif; H, heme-binding site; Mut, mutant; NADPH

binding, nicotinamide adenine dinucleotide phosphate–binding motif; TM, transmembrane domain.
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to further confirm whether the decreased H2O2 production was caused
by the D409Gmutation directly. The results showed that cotransfection
ofWTDUOX2withDUOXA2 significantly increasedH2O2 production
(Figure 2C). In contrast, cotransfection of D409G DUOX2 with
DUOXA2produced only 50%of theH2O2 comparedwith theWT level,
indicating that the mutation impairs the ability of DUOX2 to generate
H2O2 (Figure 2C). The H2O2 production triggered by DUOX2 was
completely blocked by incubation with diphenyleneiodonium, a
flavoprotein inhibitor (Figure 2D). To explore the function of the
D409Gmutation inDUOX2, real-time quantitative reverse transcriptase
polymerase chain reaction (qRT-PCR) was performed and the results
revealed that theD409Gmutationdidnot alter theDUOX2 expression at
the transcript level (supplemental Figure 4A). The immunofluorescence
data showed that the D409G mutation did not affect the subcellular
localization pattern of DUOX2 in Hela cells (supplemental Figure 4B).
Furthermore, the effect of the D409G mutation on the DUOX2 protein
3-dimensional (3D) structure was predicted, and the results suggested

that the WT residue was converted from a negatively charged residue
to a neutral residue, which may disturb the required rigidity of the
protein (Figure 2E). We further performed protein stability assays on
293T cells transfected with WT and HA-D409G DUOX2 vectors
using cycloheximide (CHX) chase. The results showed a more rapid
decrease in the amount of D409G protein, in comparison with WT
DUOX2protein, from0.5 hours afterCHX treatment (Figure 2F),with
,20% of the mutant protein being present compared with .70% of
WT DUOX2 protein after 4 hours of treatment (Figure 2G). Taken
together, the findings demonstrated that the D409G mutation causing
DUOX2 instability impairs H2O2 generation in the thyroids of
DUOX2D409G/D409G pigs, which resulted in TH synthesis failure.

CH pigs display phenotypic hallmarks of anemia

and immunodeficiency

CH is frequently accompanied by anemia and immunodeficiency.3-8

Peripheral blood smears revealed that themutants exhibited amarkedly
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higher number of nucleated red blood cells (NRBCs) per 100 white
blood cell (WBC) count (187.0 6 18.01) than did the WT group
(3.76 2.93) (Figure 3A). Simultaneously, routine blood tests revealed
significantly lower levels of red blood cell count, hemoglobin (HGB),
hematocrit, and red blood cell distribution width in the mutant pigs
(Figure 3B),whereasWBCcount (Figure 3B, corrected byNRBCs33),
mean corpuscular volume, mean corpuscular HGB, and mean corpus-
cular HGB concentration were normal in these pigs (supplemental
Figure 5A). These data suggested that compensatory erythropoiesis
may occur due to severe anemia.33 Furthermore, we also detected
the lymphocyte subsets in peripheral blood using multicolor flow
cytometry (supplemental Figure 5B-D). Compared with WT pigs,
DUOX2D409G/D409G mutants had significantly lower levels of CD31

T cells, CD41CD81 cells, CD42CD82 cells, and the CD31 sub-
population of CD41CD82 helper T cells (Figure 3C); no significant
differences were observed in CD42CD81 cytotoxic T lymphocytes
(Figure 3C) and CD211 B cells (supplemental Figure 5D).

To determinewhether the hematopoietic organswere affected in the
mutant pigs, we further performed histopathological analysis. The
thymuses from DUOX2D409G/D409G piglets showed that the lobules
were atrophied, and the number of thymocytes was remarkably de-
creased compared with that in their WT littermates (Figure 3D, top left
panel). The periarterial lymphatic sheaths from the mutant spleens
became hypoplastic, and the white pulps almost disappeared. The
number of lymphocyteswas also remarkably reduced in themutant pigs
(Figure 3D bottom left panel). Our data also showed that the mutant
pigs exhibited atrophy of the thymuses and enlargement of the spleens
(Figure 3D, right panel). Together, these results demonstrated that
severe anemia and T lymphopenia were observed in DUOX2D409G/
D409G piglets, which manifest many clinical features of human CH.

KLF9 is downregulated in mutant pigs and is a direct target

gene of TH

To better understand the molecular mechanism underlying the
co-occurrence of CH and anemia as well as immunodeficiency, we
conducted RNA sequencing (RNA-seq) analysis in the thymuses. A
volcano plot was constructed to show the top differentially expressed
genes (DEGs) and transcripts (Figure 4A). The hierarchical clustering
analysis based on these DEGs further demonstrated a clearly distinct
expression pattern between DUOX2D409G/D409G mutant and WT pigs
(supplemental Figure 6A). Among these DEGs, KLF9 was the most
dramatically downregulated gene in DUOX2D409G/D409G pigs
(Figure 4A), as further confirmed by qRT-PCR (Figure 4B).

Because KLF9 is regulated by T3 in the rodent brain through the
TR/KLF9 axis34 and is markedly downregulated in the hypothyroid
porcine thymuses,which are the organs for T-lymphocyte generation,we
hypothesized that KLF9 may play a vital role in hematopoiesis under
the regulation of TH. The expression pattern of different TR isoforms
showed that, THRB, but not THRA, expression was significantly down-
regulated in the hypothyroid thymuses. A similar pattern was also ob-
served in the spleens (Figure 4B), suggesting thatKLF9 expressionmight
be positively regulated by THRB in the thymus and spleen tissues. To
determine whether T3 induces KLF9 expression in hematopoietic cells,
K562, a erythroleukemic cell line compatiblewith thenatureof erythroid
cells,35 was treated with T3 and the expression of KLF9 as well as TRs
wasmeasuredusingqRT-PCR.Our data demonstrated thatT3 treatment
caused upregulation of KLF9 in a dose- and time-dependent manner
(Figure 4C; supplemental Figure6B), and the simultaneousupregulation
of both THRA and THRB (Figure 4C) suggested that T3 may regulate
KLF9 via TRs in hematopoietic cells. These data also indicated that
KLF9might be regulated in different organs or cells by different TRs.

TRs regulate their target genes via the binding of specific TH
response elements (TREs) in the promoter region.36 Bioinformatics
analysis indicated that there are 7 putative TREs in 2 regions (R1 and
R2) of the porcine KLF9 promoter sequence, based on the human and
mouse TREs36 (Figure 4D; supplemental Table 5). To further confirm
that porcineKLF9was regulated directly byTRs through the binding of
the putative TREs, plasmids of R1 or R2 and porcine TR isoformswere
cotransfected in 293T cells. After 24 to 48 hours, a dual-luciferase
reporter assay suggested that the putative TREs that bind to TRs are
located inR2 (Figure 4E). The luciferase reporter assay further revealed
that only the mutated TRE7 (mTRE7) cotransfected with THRA showed
significantly decreased luciferase activity, suggesting thatTRE7might be
the functional putative TRE (Figure 4F). To further confirm this finding,
TRE7ormTRE7andTR isoformswere cotransfected.As expected, the
WT TRE7 responded to TRs (Figure 4G) in a dose-dependent manner
(supplemental Figure 6C),whereasmTRE7didnot (Figure 4G), further
confirming that TRs directly regulate KLF9 via KLF9-TRE7. Collec-
tively, KLF9 is a direct target gene of TH and is regulated in a TR-
dependent manner.

klf9 plays a vital role in hematopoiesis downstream of the

TH/TR axis

To determine whether KLF9 functions as the downstream effector of
the TH/TR axis during regulation of hematopoiesis in vivo, we used a
zebrafish model. First, we examined the expression patterns of thraa,
thrab, thrb (orthologous genes of TRs in zebrafish), and klf9 during
embryogenesis (supplemental Figure 7A). The whole-mount in situ
hybridization (WISH) data showed that thraa, thrb, and klf9 were
expressed ubiquitously from the 1-cell stage onwards. To examine
whether klf9 is regulated by TH in zebrafish, we treated zebrafish
embryos with T3 at 0.8 mg/mL from the tail-bud stage to 3 days
postfertilization (dpf). The qRT-PCR analysis showed that the
expression of klf9, thraa, thrab, and thrb was significantly upregu-
lated in the T3 treatment group compared with the control group
(Figure 5A). In contrast,we treated the embryoswith propylthiouracil,
the inhibitor of TH, at 4 mg/mL and 8 mg/mL, respectively, from
embryonic stage (10 hours postfertilization [hpf]) for 7 days and found
that klf9 and thrb were downregulated in the propylthiouracil-treated
embryos compared with the control (supplemental Figure 7B). Taken
together, these data support that klf9 is regulated by TH/TR signaling
in zebrafish.

To evaluate the role of klf9 in hematopoiesis, a klf9 antisense MO
was designed to knock down endogenous klf9 expression. The lack of
green fluorescence protein (GFP) expression in embryos coinjected
with the klf9-pEGFP-N1 plasmid and the klf9 MO demonstrated that
the klf9 MO worked efficiently (supplemental Figure 7C). We found
that the expression levels of hematopoietic markers, including gata1,
scl, cmyb, lyz,mfap4, and be2-globin, were normal in klf9MO-injected
embryos (morphants) compared with controls at the 5-, 10-somite
stages and at 24, 36 hpf (supplemental Figure 7D-F), indicating that the
initiation of primitive hematopoiesis was not impaired. However, at
48 hpf, O-dianisidine staining revealed that the number of mature
erythroid cells was decreased in klf9morphants (Figure 5B upper panel).
The WISH data also indicated that erythroid marker be2-globin expres-
sion was reduced at 48 hpf, when klf9 was knocked down (Figure 5B
lower panel). Furthermore, theTg(gata1:dsRed) linewas used to observe
hematopoietic cells in vivo, and confocal imaging showed that gata11

cells were significantly reduced in the morphants compared with the
controls at 24 hpf, 3 dpf, and 4 dpf (Figure 5C). The blood-smear and
Giemsa-staining results showed that the ratio of mature red blood cells
was clearly reduced in klf9morphants compared with controls at 4 dpf
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(Figure 5D-E). In addition, the klf9 expression in gata11 cells sorted
from embryos at 3 dpf induced by 0.8 mg/mL T3 treatment was sig-
nificantly increased, suggesting that klf9 is involved in TH deficiency-
related erythropoiesis defects directly (Figure 5F). Meanwhile, we

performed qRT-PCR to detect ae1-globin, pu.1, and lck gene
expression at 4 dpf. The results showed that expression of ae1-globin
(erythroid) and lck (lymphoid) decreased significantly whereas the
expression of pu.1 (myeloid) was not changed in klf9 morphants
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(Figure 5G). Furthermore, the WISH result of rag1 and confocal
imaging of coro1a1 cells in the thymus region indicated that
T lymphocytes were reduced at 4 and 5.5 dpf upon klf9 knockdown
(Figure 5H-I). To explore the reasons for hematopoietic cell defects, we
performed terminal deoxynucleotidyltransferase-mediated dUTP nick

end labeling (TUNEL) assays to detect cell apoptosis and found that the
number of apoptotic signals was increased in klf9morphants compared
with controls (Figure 5J-K). Moreover, the expression levels of genes
associatedwith cell cycle and cell divisionwere decreased significantly
in klf9morphants at 5dpf by theqRT-PCRresult (Figure 5L).However,
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5-bromo-29-deoxyuridine assays showed no obvious differences in the
morphants compared with the controls (supplemental Figure 7G).
Taken together, these results demonstrated that klf9 is involved in

hematopoietic development including erythroid maturation, T lym-
phopoiesis through the regulation of cell apoptosis, and cell division
during zebrafish embryogenesis.
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Discussion

Animal models are crucial for deciphering disease pathogenesis and
developing novel therapeutic agents and treatments.37 The ideal animal
model should resemble not only a human disease phenotype but also
its underlying causality. In this circumstance, pigs have anatomical,
physiological, and genomic characteristics that are similar to humans,
whichmake themhighly suitable formodeling humandiseases, such as
cardiovascular diseases, neurodegenerative diseases, cystic fibrosis,
and diseases of the eyes.38 More importantly, porcine thyroid extract
has been widely used for treatment of CH,39 and pigs and humans are
known to share a high degree of homology in THmetabolism,22 which
implicates that pigsmight be suitable animals for theCH studies. In this
work, a CH pig model was created by ENU mutagenesis for the first
time. The causativemutationwasmapped in theDUOX2 gene andwas
further verified by CRISPR/Cas9 system–mediated deletion.

DUOX2 mutations are one of the leading genetic causes of CH.
Since the first mutation in DUOX2 was discovered in subjects with
CH,25 over 30 mutations have been identified in patients with CH
(until 2014).40 TheDUOX2D409G/D409G pigs displayed overt goiter and
significantly decreased TH, whichmimicked the phenotypic hallmarks
of patients with severe CH. Although many organ systems may be
affected in hypothyroidism, the hematopoietic system is the primary
one,9 as was first reported in the 1940s.41 In the mutant pigs, severe
anemia and T lymphopenia were also observed, which provides us a
suitable animalmodel todecipher the underlyingmolecularmechanism
for the co-occurrence of CH and anemia or immunodeficiency.

Hematopoiesis is the process by which distinct blood cells, such as
erythrocytes, T, and B lymphocytes acquire defining phenotypes as a
result of coordinated, cell-specificgene expressionmediatedby specific
transcription factors.42 TRs are expressed in hematopoietic progenitor
cells, and TR expression can be regulated by hypo- and hyperthyroid-
ism status, indicating that TH plays vital roles in hematopoiesis.16,17

Thus, it has been suggested that disturbance of the thyroid state can
cause hematologic disorders. In the current study, KLF9 was dramat-
ically downregulated inpigswithCH,which prompted us to investigate
its role in hematopoiesis under the regulation of the TH.

There are 17 Krüppel-like factors (KLFs) that act as transcription
factors, and most of them participate in hematopoiesis including
erythropoiesis, lymphopoiesis, and the formation and functions of mo-
nocytes andmacrophages.43 Previous studies24,43,44 reported thatKLFs
1, 2, 4, 5, 6, 8, 12, and 13 regulate erythropoiesis, whereas KLF10 and
KLF13 have important functions in the development of T lymphocytes
involving the immune system and inflammatory responses. KLF9was
reported to be a direct TH response gene,34 however, much less is
known about its role in hematopoiesis, and only 1 study reported that
KLF9was upregulated byT3 in human red blood cell progenitors.45On
the other hand,KLF9was reported to play a key role in rodent neuronal
morphogenesis downstream of TRs.36,46,47 The TR/KLF9 axis is also
active in the proliferation and differentiation of nonneuronal cell types
of hepatocytes and pluripotent stem cells.48 Moreover, KLF9 is highly
expressed in the thymus43 and in human erythroid cells.45 In the current
study,we found that THupregulatesKLF9viaTRs binding theTREs in
the KLF9 promoter. The results of klf9 knockdown in zebrafish
embryos confirmed our hypothesis that klf9 is involved in hematopoi-
etic development including erythroidmaturation and T lymphopoiesis.
To our knowledge, this study provides the first experimental evidence
that TH impacts hematopoiesis via KLF9.

Beyond uncovering the hematopoietic function of KLF9 down-
stream of the TH/TR axis, our finding regarding KLF9 may shed
light on the treatment protocol for thyroid disease. The most common

treatment of hypothyroidism is T4 replacement or T4-T3 combination
therapy.49 Despite symptomatic improvement with both treatments in
patients to some extent,50 some patients remain unsatisfied with the
persistence of specific symptoms or a failure to regain a normal sense
of well-being.51,52 One study reported that even when hormone
replacement therapy was performed soon after birth, it was difficult to
maintain steady and normal levels of hematological parameters,3

suggesting that the growth potential of the hematopoietic tissuemight be
irreversibly limited by its period of severe hypothyroidism and that the
THsupplement alone is not sufficient in certainpatientswith irreversible
lesions. Therefore, the combination therapy of TH replacement and the
development of medicines for regulating hematopoietic target genes
might be considered in clinic.

In summary, in this study, we have created a pig mutant that can
model humanCH, and our results support thatKLF9 acts as amediator
between the thyroid axis and hematopoiesis. These findings may
provide a promising alternative for therapeutic intervention in hypo-
thyroid patients with anemia and immunodeficiency.
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