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Abstract

Hypothyroidism is often associated with anemia and immunological disorders. Similar 
defects are found in patients and in mice with a mutated dominant-negative thyroid 
hormone receptor α (TRα) and in knockout mice devoid of this receptor, suggesting that 
this isoform is responsible for the effects of the thyroid hormones in hematopoiesis. 
However, the hematological phenotype of mice lacking also TRβ has not yet been 
examined. We show here that TRα1/TRβ-knockout female mice, lacking all known thyroid 
hormone receptors with capacity to bind thyroid hormones, do not have overt anemia 
and in contrast with hypothyroid mice do not present reduced Gata1 or Hif1 gene 
expression. Similar to that found in hypothyroidism or TRα deficiency during the juvenile 
period, the B-cell population is reduced in the spleen and bone marrow of ageing  
TRα1/TRβ-knockout mice, suggesting that TRβ does not play a major role in B-cell 
development. However, splenic hypotrophy is more marked in hypothyroid mice than in 
TRα1/TRβ-knockout mice and the splenic population of T-lymphocytes is not significantly 
impaired in these mice in contrast with the reduction found in hypothyroidism. Our 
results show that the overall hematopoietic phenotype of the TRα1/TRβ-knockout mice is 
milder than that found in the absence of hormone. Although other mechanism/s cannot 
be ruled out, our results suggest that the unoccupied TRs could have a negative effect on 
hematopoiesis, likely secondary to repression of hematopoietic gene expression.

Introduction

Hypothyroidism is frequently associated with anemia 
and immune disorders in humans (Franzese et al. 1996, 
Pillay 1998, Kawa et al. 2010, Vitale et al. 2010, Bremner 
et al. 2012, Erdogan et al. 2012) and animals (Montecino-
Rodriguez et al. 1997, Foster et al. 1999, Angelin-Duclos 
et  al. 2005, Zhang et  al. 2017), demonstrating the 
important role of the thyroid hormones in hematopoiesis.

Most actions of the active thyroid hormone 
triiodothyronine (T3) are initiated by binding to the 
nuclear thyroid hormone receptors (TRs), encoded by 
the TRα and TRβ genes, which result in several isoforms 
with different expression and functions (Aranda & 
Pascual 2001, Aranda et  al. 2013, Pascual & Aranda 
2013). TRα1 and TRα2 are the main TRα proteins,  
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with an almost ubiquitous expression, although TRα2 
cannot bind hormone and could act as a TR antagonist, 
at least in transfected cells. TRβ1 and TRβ2 are the main 
thyroid hormone-binding isoforms encoded by TRβ. 
While TRβ1 is widely expressed, TRβ2 has a very restricted 
pattern of expression. Therefore, TRα1, TRβ1 and TRβ2 can 
account for the majority if not all of TR-dependent thyroid 
hormone signaling. Targeted disruption in mice of TRα1 
(Wikstrom et  al. 1998), the entire TRα locus (Fraichard 
et al. 1997), and TRβ genes has been performed (Forrest 
et al. 1996a,b, Gauthier et al. 1999). In addition, double 
knockout mice lacking TRα1/TRβ or TRα/TRβ have been 
generated. These mice are viable and their phenotypic 
analysis shows that redundancy of TRα and TRβ is only 
partial (Gauthier et al. 1999, Gothe et al. 1999).

Both juvenile (Angelin-Duclos et  al. 2005) and 
adult (Kendrick et al. 2008) mice deficient for TRα have 
low hematocrit levels. A mutant mouse expressing a 
mutated dominant negative form of TRα1 (denoted as 
TRα1PV/+ mouse) also shows abnormal red blood cell 
(RBC) indices, and reduced numbers of eryhthroid bone 
marrow (BM) cells secondary to the impaired capacity of 
progenitor cells to differentiate to erythroblasts (Park et al. 
2017). Importantly, this mutation faithfully reproduces 
the phenotype seen in patients with equivalent TRα 
mutations, in which mild anemia and erythroid disorders 
are found (Bochukova et  al. 2012, Moran et  al. 2013). 
Of note, anemia is not a feature of patients with TRβ 
mutations (Dumitrescu & Refetoff 2013).

Young mice lacking TRα show a strong decrease 
in splenic numbers of B-lymphocytes, T-lymphocytes, 
macrophages and granulocytes (Arpin et al. 2000), B-cells 
being the more severely affected as a consequence of 
a proliferation defect of B cell precursors in BM (Arpin 
et al. 2000). Young TRα/TRβ KO mice also display a visible 
splenic hypotrophy, although less pronounced than that 
found in congenitally hypothyroid mice (Flamant et  al. 
2002), while deletion of TRβ alone does not decrease spleen 
weight (Angelin-Duclos et  al. 2005). This does not imply 
that TRβ has no function in hematopoiesis because TRβ KO 
mice have high circulating levels of thyroid hormone and 
the absence of receptor could be compensated by the excess 
of ligand. However, a study of the effect of the deficiency 
of TRβ together with TRα in adult mouse hematopoietic 
cell populations has not yet been conducted. To analyze 
the role of TRs in the generation of blood cells we have 
used TRα1/TRβ KO female mice lacking the major receptors 
with the capacity to bind thyroid hormones and have 
compared the results with those obtained in hypothyroid 
mice. To discard that the changes in hematopoiesis could 

be secondary to a developmental disorder, female animals 
were made hypothyroid late in life and were examined at 
adulthood. Our results show that TRs deletion causes a 
milder hematopoietic phenotype than hypothyroidism. 
Contrary to that observed in hypothyroid animals,  
TRα1/TRβ KO animals do not display overt anemia or 
decreased Gata1 or Hif1 gene expression and a reduction 
of the more differentiated erythroblast population in the 
spleen appears to be compensated by a normal generation 
of mature erythroblasts in the BM. In addition, in adult 
TRα1/TRβ-deficient mice there is a reduction of B-cells 
similar to that found in age-matched hypothyroid mice or 
in young TRα1 KO animals, reinforcing the idea that the 
B-cell phenotype of hypothyroidism could be mediated by 
the lack of thyroid hormone binding to TRα1. However, 
the numbers of splenic T-lymphocytes are not significantly 
reduced in TRα1/TRβ KO mice in contrast with the reduction 
found in hypothyroidism and spleen hypotrophy is less 
marked in the absence of the receptors. In summary, our 
results show that mice lacking TRs do not display some of 
the deleterious effects on erythropoiesis and leukopoiesis 
found in hypothyroid animals, indicating again the 
divergent consequences for hormone versus receptor 
deficiency (Flamant et al. 2002, Flamant & Samarut 2003). 
Although given the complex physiology in the whole 
animal phenotype other mechanisms cannot be excluded, 
these results are compatible with a repressive action of the 
unoccupied receptors on hematopoietic gene transcription.

Materials and methods

Mice

All animal studies were done in agreement with the 
European Community Law (86/609/EEC) and the Spanish 
law (R.D. 1201/2005), with approval of the Ethics 
Committee of the Consejo Superior de Investigaciones 
Científicas. Adult female double knockout (KO) mice 9–11 
months old lacking TRα1 and all TRβ isoforms (Gothe 
et  al. 1999) were used. Mice were re-derived to a CD1 
genetic background by back-crossing for ten generations 
with animals obtained from Charles River Laboratories 
(CD-1® IGS Mouse). Due to the strongly reduced fertility 
of TRα1/TRβ-deficient females (Gothe et al. 1999), double 
KO males were crossed with TRα1−/−/TRβ+/− females. Wild 
type (Wt) age-paired mice were used as controls. To induce 
hypothyroidism 9-month-old female mice with the same 
genetic background were fed during one month with a low 
iodine diet +0.15% propylthiouracil (Ssniff Spezialdiäten 
GmbH E15552-24) supplemented with 10 g/L potassium 

Downloaded from Bioscientifica.com at 11/10/2021 10:39:59AM
via free access

https://doi.org/10.1530/JOE-19-0339
https://joe.bioscientifica.com


https://doi.org/10.1530/JOE-19-0339
https://joe.bioscientifica.com © 2020 Society for Endocrinology

Published by Bioscientifica Ltd.
Printed in Great Britain

85

Research

Á Sánchez, C Contreras-
Jurado et al.

Thyroid hormone receptors 
and hematopoiesis

244:1Journal of 
Endocrinology

perchlorate in the drinking water, while control animals 
were fed with a control diet (E15550-04), in which the 
same diet without propylthiouracil was supplemented 
with potassium iodide to contain 1.15 mg I/kg.

Histological analysis

Spleen samples were fixed 4% buffered formalin and 
embedded in paraffin. Deparaffinized tissue sections 
(4 µm) were stained with H&E or Picrosirius Red to 
determine spleen morphology.

Cell isolation

After killing with CO2, bone marrow (BM) cells were 
extracted from the tibias and femurs by gentle centrifugation 
at 600 g × 1 min and splenocytes were obtained according 
to the GentleMACS dissociator protocol (http://www.
miltenyibiotec.com). Blood was collected from the tail vein 
and EDTA was added to inhibit clotting.

Hemoglobin measurement

Mouse peripheral blood hemoglobin was determined 
(Bian et al. 2016) by lysis of 10 μL whole blood in 1 mL 
water followed by O.D. reading at 540 nm.

Flow cytometry
Aliquots of 0.5–2 × 106 splenic or BM cells or 40 µL of blood 
were treated with CD16/32 (2.4G2, Fc block; Cultek) for 
20 min and stained for the surface markers indicated in 
Supplementary Table 1 (see section on supplementary 
materials given at the end of this article) for another 20 min 
in the dark at RT. For analysis of CD45+ subpopulations, 
samples were treated for 10 min with Versalyse lysing 
solution (Beckman Coulter) and washed with 2% FBS and 
5 mM EDTA in PBS to eliminate RBC interference. The 
absolute number of cells was calculated by adding Perfect-
Count microspheres (Cytognos) to the flow cytometry 
samples. Live cells were identified by adding DAPI (32670, 
Sigma-Aldrich) or Sytox Green 10 min before FACS 
analysis. Unstained cells were used as a negative control, 
to establish the flow cytometer voltage settings, and single-
color positive controls were used to adjust compensation. 
Cell fluorescence was analyzed using a FACSAria II or 
FACSCalibur flow cytometer (BD), and the data obtained 
were analyzed with FlowJo software (Tree Star).

Analysis of apoptosis
Cells labeled with the appropriate antibodies were 
stained with Annexin V (A1319, Life Technologies) plus 

4′,6-diamidino-2-fenilindol (DAPI) and immediately 
subjected to flow cytometry analysis. Live cells were 
identified as DAPI−/Annexin V−, cells at the early 
apoptosis stage as DAPI+/Annexin V−, and late apoptosis as  
DAPI+/Annexin V+ cells.

Quantitative real-time PCR assays of mRNAs
Total RNA was extracted from BM and spleen using 
ReliaPrep™ RNA Tissue Miniprep System (Promega). mRNA 
levels were analyzed in technical triplicates by quantitative 
RT-PCR with the primers listed in Supplementary Table 2, 
following specifications of iScript™ cDNA Synthesis kit 
(Bio-Rad) and Power SYBR Green PCR Master Mix. Data 
analysis was done using the comparative CT method and 
18S RNA levels were used as for data correction.

Statistical analysis

Differences of TRα1/TRβ KO mice with respect to wild-type 
animals were assessed by using the two-tailed Student’s t test 
or Mann–Whitney test with statistical significance when 
P < 0.05. In the figures *P < 0.05; **P < 0.01 and ***P < 0.001.

Results

Double knockout mice lacking TRα1 and TRβ  
are not anemic

Since both hypothyroidism and TRα deletion or mutation 
cause abnormal erythropoiesis and anemia, we first 
measured using flow cytometry the number of circulating 
cells in ageing TR KO mice lacking not only TRα1 but 
also TRβ, the major thyroid hormone-binding receptor 
isoforms. Surprisingly, the total number of blood cells 
showed a tendency to be reduced in TRα1/TRβ KO mice, 
but the decrease was not statistically significant with 
respect to the Wt animals. The same occurred with the 
number of RBCs identified by expression of the surface 
marker TER119 (a molecule associated with glycophorin 
A) (Fig. 1A), gated as shown in Supplementary Fig. 1B. KO 
mice showed a trend to present lower circulating levels of 
RBCs but due to the variability of the data, differences were 
not significant. Hemoglobin content was also the same 
in Wt and KO mice (Fig. 1A), and younger adult female 
animals also had normal RBC numbers (Supplementary 
Fig. 1A). Therefore, mice deficient in both TRα1 and TRβ 
do not display overt anemia. In contrast, one month of 
treatment with low iodine diet and antithyroidal drugs 
late in life was sufficient to cause a statistically significant 
reduction of RBC numbers in mice with the same age, 
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which showed smaller variability (Fig. 1B). This treatment 
caused an almost total depletion of Deiodinase 1 mRNA 
levels in the liver (Fig. 3A), a sensitive marker of thyroid 
hormone action (Zavacki et al. 2005), showing that these 
animals are profoundly hypothyroid.

As thyroid hormone signaling also appears to be 
required for the development of other hematopoietic 
cells (Montecino-Rodriguez et al. 1996, Foster et al. 1999, 
Arpin et  al. 2000, Grymula et  al. 2007, Jafarzadeh et  al. 
2010, Jara et al. 2017), we next evaluated the number of 
cells expressing the leukocyte common antigen CD45 cell 

surface marker, finding a normal number of circulating 
CD45+ cells in TRα1/TRβ-deficient and hypothyroid mice 
(Fig. 1A and B). We next studied the CD45+ subpopulations, 
after lysis of erythrocytes and staining with anti-B220, 
CD3, CD115, and Ly6G antibodies to identify B-cells, 
T-cells, monocytes and neutrophils, respectively, gated as 
indicated in Supplementary Fig. 1C. As shown in Fig. 1A 
and B the number of circulating B-cells was reduced in KO 
and hypothyroid mice, while monocytes were increased 
in the KO mice.

TRs deletion reduces splenic hematopoietic 
cell content

In comparison with Wt animals, TRα1/TRβ KO mice show 
a strong decrease in spleen weight, which parallels the 
reduction in body weight, so that the relative spleen weight 
was not altered (Fig. 2A). Flow cytometry was used to score 
spleen cellularity (Supplementary Fig. 2). As shown in Fig. 
2B, spleens from TRα1/TRβ KO mice presented a loss of 
cells, which was less pronounced, but still significant, when 
normalized to the spleen weight or body weight (Fig. 2B). 
No gross differences in spleen morphology were detected 
(Fig. 2C), although histopathological studies demonstrated 
an evident reduction of the cortical lymphoid follicles in 
TR-deficient mice with respect to the Wt animals, with 
a concomitant expansion of the sinusoids and splenic 
cords of the red pulp. Moreover, the polarized pattern of 
Picrosirius red staining for the evaluation of connective 
tissue organization demonstrated a normal structure and 
arrangement of the conjunctive cords in KO animals.

TER119 and CD45 cell-surface markers were again 
used to identify the two major splenic cell populations. 
In addition to a significant fall in the number of total 
and relative CD45+ cells, a decrease of TER119+ cell 
number was also observed in the spleens of TRα1/TRβ KO 
mice (Fig. 2D). Therefore a loss of both cell populations  
can account for the reduced spleen cellularity in  
TRα1/TRβ-deficient mice.

Hypothyroidism also induced a substantial decrease 
of spleen weight, even stronger than the reduction in 
body weight, so that the relative spleen weight was also 
decreased, at difference with the normal value found 
in mice lacking TRα1 and TRβ (Fig. 3). In addition, a 
reduction of spleen cellularity and number of CD45+ 
and TER119+ cells was also observed in hypothyroid 
mice (Fig. 3C and E). Histopathological studies showed 
changes in hypothyroid mice that were more evident 
than those observed in TR-deficient mice (Fig. 3E). 
Hypothyroid spleens exhibited a noticeable reduced size 

Figure 1
Analysis of circulating cells in TR-deficient and hypothyroid mice. (A) The 
total number of alive blood cells, leukocytes (CD45+ cells), RBCs (red blood 
cells (TER119+) and hemoglobin (Hg) was estimated in wild type (Wt) (n = 6) 
and knockout (KO) mice devoid of both TRα1 and TRβ (n = 8). After lysis of 
RBCs, the total number of B-lymphocytes (B220+), T-lymphocytes (CD3+), 
monocytes (CD115+) and neutrophils (Lyg6G+) was determined in Wt and 
KO mice. (B) Number of total TER119 and CD45 positive cells in control (Ctrl) 
and hypothyroid (Hypo) mice (n = 5). Circulating number of B-lymphocytes, 
T-lymphocytes, monocytes and neutrophils in control and hypothyroid 
mice are shown in the lower panels. Data are means ± s.e. *P > 0.05.
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Figure 2
Reduced spleen cellularity in mice devoid of TRs. 
(A) Body weight (BW), spleen weight and relative 
spleen weight with respect to the BW in Wt (n = 7) 
and TRα1/TRβ KO mice (n = 9). (B) Total and relative 
splenic cellularity in both groups of animals. Data 
are means ± s.e. (C) Representative histology of 
spleens from Wt and KO mice analyzed by H&E 
staining at 10× and 40× magnification (upper 
panels) and Picrosirius red staining at 10× 
magnification (lower panels). Bars = 100 µM. (D) 
Total number of CD45+ and TER119+ splenic cells, 
number of cells relative to spleen weight and BW, 
and percentage of both populations in Wt and KO 
animals. Data are means ± s.e.
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of the lymphoid follicles with minimal or absent germinal 
centers, as well as a clear decrease of the interfollicular red 
pulp and a lower cellularity of the sinusoids and splenic 
cords, in concordance with the marked spleen hypotrophy. 
Picrosirius red staining confirmed the collapse of spleen 
architecture with thicker and closer conjunctive cords and 
less splenic tissue between cords.

In order to characterize the major splenic CD45+ 
subpopulations affected by TRα1/TRβ deletion or 
hypothyroidism in mice, after red cells lysis, splenocytes 
were stained with anti-B220, CD3 and F4/80 antibodies 
to identify B-cells, T-cells and macrophages, respectively. 
As shown in Fig. 4A, only the total and relative numbers 
of B-lymphocytes were significantly reduced in the 
spleens of KO mice. This result is in accordance with 
the diminished lymphoid follicles in these animals and 
agrees with previous reports demonstrating that the B-cell 
population is reduced in hypothyroid and TRα KO mice 
(Montecino-Rodriguez et al. 1996, Foster et al. 1999, Arpin 
et al. 2000). In addition, both the B- and T-cell populations 
were reduced in the hypothyroid mice (Fig. 4B).

There are a number of cytokines that are not only 
released by hematopoietic cells but also exert profound 
effects on their generation and maturation (Metcalf 2008). 
Since we have previously shown that TRα1/TRβ KO mice 
present reduced levels of several hepatic and circulating 
cytokines (Contreras-Jurado et  al. 2016), we measured 
transcript levels of a panel of cytokines in these animals, 
finding that mRNAs for some key cytokines are reduced 
in the spleens of KO mice compared with those of Wt 
animals (Fig. 4C). However no changes in mRNA levels of 
Bmp4, with a key role in hematopoiesis (Kirmizitas et al. 
2017) or the BMP-antagonist Twsg1 were found in mice 
devoid of TRα1 and TRβ.

An increased rate of apoptosis could explain, at least 
in part, the drop in the number and frequency of B lineage 
cells in the spleen of TRα1/TRβ KO mice. To analyze 
this possibility, the frequency of apoptotic cells was 
determined by measuring DAPI and Annexin V staining. 
A reduction in the percentage of live CD45+ splenic cells  
(DAPI−/Annexin V−), corresponding to an increase in 
late apoptotic (DAPI+/Annexin V+) cells, was observed in 
the spleen of KO animals. This change was attributable 
to increased apoptosis of the B-cell population, whereas 
increased cell death of T-cells or macrophages was not 
observed (Supplementary Fig. 3).

The expression of the surface marker CD71 and forward 
scatter (FSC) was used to identify, within the total splenic 
TER119+ cells, the different erythroblast population(s) 
that could account for the decrease in erythroid lineage 

cells in TRα1/TRβ-deficient mice (Supplementary Fig. 2).  
CD71/Ter119 staining identifies a developmental sequence 
that corresponds to increasingly mature erythroblasts. 
CD71+ cells are subdivided into less mature, large 
basophilic Ery A erythroblasts (CD71+/Ter119+/FSChigh), 
smaller more mature polychromatic Ery B erythroblasts 
(CD71+/Ter119+/FSClow) and acidophilic late Ery C 
erythroblasts characterized by loss of CD71 expression 
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Figure 4
Reduced splenic B-cell population and cytokines expression in 
TR-deficient mice. (A) Absolute and relative number of B-lymphocytes 
(CD19+), T-lymphocytes (CD3+), and macrophages (F4/80+) in the spleens 
of Wt (n = 7) and TRα1/TRβ KO (n = 9) mice determined by flow cytometry 
after lysis of RBCs. (B) Similar results in a group of control (n = 4) and 
hypothyroid (n = 5) mice. (C) Total RNA was isolated from spleens of Wt 
(n = 5) and TRα1/TRβ KO mice (n = 6) and transcript levels for interleukin 1α 
(IL1α), interleukin 6 (IL6), interleukin 10 (IL10), tumor necrosis factor α 
(TNFα), interferon α (IFNα), interferon γ (IFNγ), twisted gastrulation 
homolog 1 (TWGS1) and bone morphogenetic protein 4 (BMP4) were 
measured by RT-qPCR. In all panels data are means ± s.e.
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(CD71-/TER119+) (Supplementary Fig. 2). Figure 5 shows 
that TRs deletion, as well as hypothyroidism, reduces the 
number of the more differentiated Ery C subset, which 
also corresponds to the majority of the splenic TER119+ 
cell population. In contrast, the total number of Ery A and 
Ery B cells is not decreased, and rather the relative number 
of the Ery B subpopulation is increased in the spleen of 
TRα1/TRβ KO and hypothyroid mice (Fig. 5A and B). 
These changes are not related to changes in apoptosis of 
the different RBC subpopulations, which was very low 
and similar in all groups (Supplementary Fig. 4).

GATA1 and KLF-9 transcription factors have been 
recently proposed to be critical mediators of the effects of 
the thyroid hormones in erythropoiesis (Park et al. 2017, 
Zhang et  al. 2017). mRNA levels for Klf9, a well-known 
TR-target gene (Cvoro et al. 2015, Denver & Williamson 
2009), were diminished in the spleen of TRα1/TRβ mice 
with respect to those of Wt mice (Fig. 5C). Surprisingly, 
and in contrast with the results obtained in the spleen 
of hypothyroid mice (Fig. 5D) or in mice expressing a 
dominant-negative TRα1 (Park et al. 2017), Gata1 mRNA 

levels were not reduced in TRα1/TRβ-deficient animals, 
and the same occurred with transcript levels of HIF1α 
and HIF2α genes, also described to be induced by thyroid 
hormones and to play an important role in erythropoiesis 
(Otto & Fandrey 2008), which are reduced in hypothyroid 
but not in KO mice (Fig. 5C and D).

Bone marrow erythropoiesis and leukopoiesis in 
TR-deficient mice

The finding that TRα1/TRβ KO mice are not anemic, 
despite having an important reduction in late erythroblast 
numbers in the spleen, suggests that this defect may be 
compensated by another erythropoietic organ. Therefore, 
we next analyzed the RBC subpopulations in the BM of these 
animals. The total number of TER119+ cells was diminished 
in TR-deficient mice. However, when corrected by the body 
weight, the decrease in the number of TER119+ cells was 
no longer observed (Fig. 6A). Interestingly, the number 
of pro-erythroblasts (ProE cells, CD71+/TER119low) was 
lower in TRα1/TRβ KO mice than in normal mice, and the 

Figure 5
Splenic erythroid populations and erythropoietic 
transcription factors in mice devoid of TRs. (A) 
Absolute and relative number of Ery A, Ery B, and 
Ery C in spleens from Wt (n = 5) and TRα1/TRβ KO 
(n = 6) mice. The percentage of each erythroblast 
subpopulation with respect to the total TER119+ 
splenic cells is illustrated at the right panels. (B) 
Erythroblast subpopulations in control (n = 4) and 
hypothyroid (n = 5) spleens. Data are means ± s.e. 
(C) Transcript levels for the erythopoietic 
transcription factors Klf9, Gata1, Hif1α and Hif2α in 
the spleen of Wt (n = 4) and KO (n = 6) mice. Data 
are expressed relative to the levels obtained in Wt 
mice and are means ± s.e. (D) mRNA levels for the 
same transcription factors in hypothyroid spleens 
(n = 5), relative to the values obtained in their 
corresponding controls.
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same occurred with the more immature Ery A erythroblast 
subpopulation that, in contrast with the results obtained 
in the spleen, was also decreased. However, this reduction 
was reversed in the more differentiated erythroid lineage 
cells, and Ery B and Ery C subpopulations were no longer 
reduced in the TR-deficient mice, with Ery C cells even 
representing an increased percentage within the BM cells 
in these animals (Fig. 6A). This change in the production 
of erythroid cells by the BM could account at least in part 
for the normal RBC count, compensating the splenic 
erythropoietic defect. Gata1 and Klf9 mRNA levels were 
also measured in the BM of TRα1/TRβ KO and Wt mice. As 
shown in Fig. 5B, a reduction of the transcript for Klf9 was 
again found in the BM of the KO mice, while Gata1, Hif1α 
and Hif2α transcripts were not reduced in these animals, 
showing rather a tendency to be increased.

A significant loss of absolute and relative CD45+ cells was 
observed in the BM of TRα1 and TRβ-deficient mice (Fig. 7). 
After lysis of the red blood cells, the total number of B-cells, 
macrophages, monocytes and neutrophils, gated as indicated 
in Supplementary Fig. 5A, was also lower in these animals 
than in Wt animals but, as also observed in the spleen, 
only the B-lymphocyte subpopulation was significantly 
diminished when the cell number was corrected by BW. In 
addition, monocyte numbers were similar in both groups 
and, consequently, the percentage of this subpopulation of 
cells was increased in the BM of TR-deficient mice.

Lymphopoiesis in the BM is a complex process involving 
several differentiation steps. B-cell specification initiates 
at the pre-pro-B stage, passing to pro-B and then to pre-B 
stages, characterized within the low B220+ cell population 
by their differential expression of CD24 and CD249. Pre-B 
cells maturation further progresses giving rise to different 
B-cell precursors with higher B200 expression (immature 
B-cells, transitional B-cells, and early and late mature cells), 
which can be segregated based on IgM and IgD expression 
(Hardy & Hayakawa 2001, Rumfelt et  al. 2006, Pillai & 
Cariappa 2009, Velten et  al. 2017). To further determine 
the defect in B-cell lymphopoiesis in the BM of TRα1/TRβ 
KO mice, we have identified the different progenitor B-cell 
subsets. Supplementary Figure 5B shows the gating strategy 
used. Both the total number B220+ cells (Fig. 8A), as well 
as the absolute number of cells at the different stages of 
B-cell development, were significantly reduced in the BM 
of mice lacking TRs with respect to Wt (Fig. 8B and C). 
However, when corrected by body weight a reduction was 
found from the pre-B stage with no significant change of 
the earliest precursors. Therefore, the B lineage deficiency 
in the TRα1/TRβ KO mice appears to be due to an effect in 
already committed B-cell precursors.
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Figure 6
Bone marrow erythropoiesis in TR-deficient mice. (A) Absolute number of 
cells/femur and relative numbers (corrected by BW) of TER119+ BM cells, 
proerythroblasts (Pro E), and Ery A, Ery B and Ery C erythroblasts 
subpopulations in Wt (n = 6) and TRα1/TRβ KO (n = 7) mice. The percentage 
of each population with respect to the total number of BM cells is 
illustrated at the right panels. Data are means ± s.e. (B) Transcript levels of 
erythroid transcription factors in the BM of Wt (n = 4) and KO (n = 6) mice. 
Data are means ± s.e. and are expressed relative to the values obtained in 
the Wt animals.
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Discussion

The aim of this study has been to determine the status 
of key cell types from the three major branches of 
hematopoietic cells (erythroid cells, lymphoid cells 
and myeloid cells) in mice devoid of all known thyroid 
hormone receptors with capacity to bind thyroid 
hormones and in hypothyroid mice. Our results show 
that deregulation of thyroid hormone action, due to 
either lack of the receptors or their ligand, mainly affects 
erythroid and lymphoid cell lineages. Furthermore, we 
found that the overall hematopoietic phenotype is milder 

in the absence of the receptors than in the absence of the 
hormone, providing a functional role to the unoccupied 
receptors in this process.

It has been known for a long time that hypothyroidism 
is often associated with anemia, but ageing mice lacking 
the receptors do not show significant anemia, in contrast 
with age-paired matched animals made hypothyroid for 
only 1 month. TR-deficient animals indeed present an 
alteration in the erythroid cell lineage with an abnormal 
distribution of erythroblasts subpopulations, including 
a reduction in the more mature erythroblasts forms (Ery 
C) in secondary erythroid organs such as the spleen, but 
this defect appears to be compensated by the normal 
production of erythroblasts in the BM. In contrast with 
the results obtained in mice lacking both TRα1 and TRβ,  
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Figure 8
B-cell differentiation in the bone marrow of TR-deficient mice. (A) Total 
numbers of low and high B220+ BM cells and numbers B220+ cells relative 
to BW after RBC lysis in Wt and TRα1/TRβ KO mice (n = 3). (B) Total and 
relative number of B220low cells, including pre-pro, pro-, and pre-B cells, 
are represented in the upper and lower panels, respectively. (C) Total and 
relative number of increasingly mature forms of B-cells precursors with 
high B220 expression (immature, transitional, early mature and late 
mature B-cells). Data are means ± s.e.
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mild anemia secondary to defects in erythroid 
differentiation is found in mice lacking only TRα (Kendrick 
et  al. 2008) or in TRα1PV/+ mice expressing a dominant 
negative receptor (Park et al. 2017).

The finding that animals lacking TRα and TRβ appear 
to show a less altered erythropoiesis than that found in the 
absence of hormone could be related to the transcriptional 
effects of the unoccupied TRβ. It has been recently shown 
that Gata1, a key factor in erythropoiesis (Gutierrez et al. 
2008, Mancini et al. 2012) is a direct TR-target gene. In 
TRα1PV/+ mice, as well as in hypothyroid mice, Gata1 gene 
expression is impaired, resulting in concurrent repression 
of other genes involved in the maturation of erythrocytes 
(Park et al. 2017). In contrast, Gata1 expression was not 
reduced in TRα1/TRβ KO mice. This difference might be 
attributed to the repressive action of unoccupied TRβ on 
the Gata1 gene. Furthermore, two TR-binding sites were 
identified on the Gata1 promoter, one mediating positive 
effects and one mediating negative effects of the thyroid 
hormone (Park et  al. 2017). That TRβ and TRα1 could 
arbitrate a differential regulation on these elements is also 
an intriguing possibility that remains to be investigated.

Other recent study has identified Klf9 as a TR-target 
gene potentially responsible for the hematopoietic 
dysfunction found in hypothyroidism, acting as a 
mediator between the thyroid axis and erythroid 
maturation (Zhang et  al. 2017). This has led to the 
hypothesis that KLF9 could represent the long-sought 
factor that regulates the last steps of erythroid maturation 
downstream of GATA1 (Migliaccio 2017). Interestingly, 
Klf9 gene expression was also impaired in the spleen 
of mice devoid of TRs with a deficiency of mature 
erythroblasts. However, this transcript was also reduced 
in the BM, where the late erythroblast population was not 
decreased. Thus, other still unidentified genes should be 
responsible for the differential effect of TR deletion on 
erythroblast differentiation in BM and spleen, suggesting 
that the different cellular environments could have a 
profound impact in the regulation of genes responsible 
for TRs action on erythropoiesis. The lack of the repressive 
effects of the unliganded receptors could also be involved 
in the differential effects of hormone versus receptors 
deficiency (Flamant et al. 2002, Flamant & Samarut 2003), 
and to be related to the mild effects of receptor deletion in 
erythropoiesis. However, given the complex physiology 
in the whole animal, we cannot dismiss the possibility 
that other mechanisms involving tissue interactions and 
indirect cellular signaling or other means of compensation 
could be responsible for the observed eryhtroid phenotype 
in TRα1/TRβ-deficient mice.

Deletion of TRα1 and TRβ also affects the B-cell 
population. B-lymphocyte numbers were consistently 
reduced in the blood, spleen and BM of TRα1/TRβ KO 
animals, in agreement with the finding that thyroid 
hormone deficiency impairs B-lymphocyte production in 
humans and mice (Montecino-Rodriguez et al. 1996, 1997, 
Foster et al. 1999, Dorshkind & Horseman 2000, Grymula 
et al. 2007, Zhang et al. 2017), while B-cell progenitors and 
mature B-cells are increased in the BM of T3-treated mice 
(Bloise et al. 2014). We have performed a detailed study of 
B-cell development in the BM of TRα1/TRβ deficient mice, 
finding a strong defect of the pre-B cells and more mature 
stages. At the immature B-cell stage, cells can also exit 
the BM to enter the circulation and populate secondary 
lymphoid organs, such as the spleen, where final mature 
B-cell phenotypes are also generated (Pillai & Cariappa 
2009). Thus, the decreased number of circulating B-cells in 
TR-deficient mice could result from a reduced generation in 
both hematopoietic organs. In addition, the reduced B-cell 
cellularity observed in the TRα1/TRβ KO mice appears also 
to result from an increased sensitivity to programmed cell 
death, as manifested by an increase in the number of late 
apoptotic cells found in the spleen of these animals.

A similar reduction of B-cells was found in hypothyroid 
and TRα1/TRβ KO mice. It has been suggested that the 
action of the thyroid hormones on B-lymphopoiesis 
results from compromised generation of progenitor B-cells 
(Montecino-Rodriguez et  al. 1997) and appears to be 
mediated by binding to TRα (Arpin et al. 2000). Although 
Arpin et al. used young mice, the similarity of our results 
with those obtained in TRα KO mice is in agreement 
with the hypothesis that TRα1 is crucial in mediating the 
effects of the hormones on B-lymphocytes.

At difference with hypothyroid mice, mice lacking 
TRs show an increased number of circulating monocytes, 
which is in consonance with the increased number of 
monocytes/femur detected in these mice. Whether or not 
this represents a developmental change and/or altered 
production, differentiation or migration to secondary 
lymphoid organs in the absence of the receptors remains 
to be established.

Spleen hypotrophy, as well as changes in splenic 
architecture, was more evident in hypothyroid than in 
TR-deficient mice. Interestingly, we found a decrease of 
splenic T-cells in adult hypothyroid mice, which was not 
observed in TRα1/TRβ KO mice. Therefore, deletion of TRs 
causes again a milder phenotype than the one produced 
by the deficiency of thyroid hormones.

The genes and mechanisms by which TRs regulate 
splenic cell populations have not yet been examined.  
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Our data show that the spleen of TRα1/TRβ KO mice 
present a deficiency of several cytokines with important 
roles not only in immune and inflammatory responses, 
but also in hematopoiesis (Pestka et  al. 2004, Parcells 
et al. 2006, Metcalf 2008). Since splenic cytokines can be 
locally produced, this reduction could result from their 
impaired number and/or function of the immune cells in 
TRα1/TRβ KO mice. The contribution of these cytokines, 
as well as other molecules to the effects of the receptors in 
the spleen remains to be investigated.

In summary, our results show that mice lacking 
both TRα1 and TRβ exhibit a hematopoietic and splenic 
phenotype less severe than that found in hypothyroidism. 
Although we cannot rule out other mechanism/s, our results 
are also compatible with the hypothesis that the unoccupied 
TRs could have a repressive effect on hematopoiesis, likely 
due to inhibition of hematopoietic gene expression.
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