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The Intrinsic Activity of Thyroxine Is Critical for Survival
and Growth and Regulates Gene Expression
in Neonatal Liver
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Background: Thyroxine (T4) is generally considered to be a prohormone that requires conversion to
tritodothyronine (T3) to exert biological activity. Although evidence suggests that T4 has intrinsic activity, it is
questionable if this activity has any physiological relevance.

Methods: To answer this question, triple knockout (KO) mice (Triples) that cannot express the types 1 (D1) and
2 (D2) deiodinase and the Pax8 genes were generated. Thus, they lack a thyroid and cannot convert T4 to T3.
Triples were injected on alternate days with either vehicle or physiological doses of T4, T3, or T3+T4 from
postnatal days 2—14. They were euthanized at P15, and RNA-seq was employed to profile gene expression in the
liver. In another experiment, Pax8KO mice were injected with T3, T4, or T4+T3, and growth rate and survival
to P84 were determined.

Results: The growth retardation of Triples was not improved by either T3 or T4 alone but was significantly
improved by T4+T3. In the liver, T4 significantly regulated the expression of genes that were also regulated by
T3, but the proportion of genes that were negatively regulated was higher in mice treated with T4 than in mice
treated with T3. Treatment with T4+T3 identified genes that were regulated synergistically by T3 and T4, and
genes that were regulated only by T4+T3. Analysis of these genes revealed enrichment in mechanisms related
to cell proliferation and cholesterol physiology, suggesting a unique contribution of T4 to these biological func-
tions. Pax8KO mice all survived to P84 when injected with T4 or T4+T3. However, survival rate with T3 was
only 50% and 10% at 3.5 and 12 weeks of life, respectively.

Conclusions: T4 has intrinsic activity in vivo and is critical for survival and growth. At a physiological level, T4
per se can upregulate or downregulate many T3 target genes in the neonatal liver. While most of these genes are
also regulated by T3, subsets respond exclusively to T4 or demonstrate enhanced or normalized expression only
in the presence of both hormones. These studies demonstrate for the first time a complex dependency on both
T4 and T3 for normal mammalian growth and development.
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Introduction

THYROXINE (T4) 1s THE major thyroid hormone (TH) in
the thyroid gland and the circulation. However, it is
widely accepted on the basis of abundant evidence that
triiodothyronine (T3) is responsible for most, if not all, of
the physiological effects of TH in extrathyroidal tissues, and
consequently, T4 functions as the prohormone. Indeed, in

1972, on the basis of their calculations regarding the extent
of T4 to T3 conversion in the rat, Schwartz et al. suggested
the possibility that T4 has no metabolic activity other than
that arising through the formation of T3 (1).

However, several in vitro studies provide compelling ev-
idence that T4 does have intrinsic TH activity. Thus, Samuels
et al. found that a growth hormone response was readily
induced in cultured GH; cells when a supraphysiological
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concentration of T4 was present in the medium. The effect
was unlikely to be due to T3 generated from T4 during in-
cubation as the TH content associated with the thyroid hor-
mone receptors (TRs) after incubation comprised 90% T4
and 10% T3, and this degree of TR occupancy by T3 was
insufficient to elicit the observed response (2). An effect of
T4 per se has also been demonstrated in tadpole red blood
cells (RBCs) in vitro. Tadpole RBCs have nuclei and their
TR number is markedly upregulated by TH both in vivo (3)
and in vitro (4). Furthermore, these cells do not express any
5’deiodinase (5’D) activity (5). TR number was increased
twofold when these RBCs were cultured in the presence of
T4 for two days (6). An effect of T4 has also been demon-
strated in a transient transfection assay system. CAT reporter
constructs containing the nucleotide sequence for the TH
response element (TRE) of either the malic enzyme gene
(ME-TRE-TK-CAT) or the TSHf gene (TSH-TRE-TK-
CAT) were transfected with or without TRo into NIH3T3
cells. Addition of T4 to the medium in the presence of TR«
resulted in a more than fourfold increase in the basal level of
ME-TRE-TK-CAT expression and a 35% reduction in the
level of TSH-TRE-TK-CAT expression. This effect was not
due to conversion of the T4 to T3 since it persisted in the
presence of iopanoic acid, which inhibited any 5’D activity as
assessed by the absence of T3 in extracts of the transfected
cells (7). More recently, Gil-Ibanez et al., in a study of gene
expression in primary cerebrocortical and neuroblastoma
cells studies, also obtained compelling evidence that T4 has
intrinsic genomic activity (8).

Recent research also shows that T3 and T4 exert rapid
nongenomic biological actions that do not require the clas-
sical type I mechanism (9) of binding to the DNA-bound
receptor in the nucleus to produce biological effects (10-14).
T3 and T4 can also bind to integrin avf33 in the cell mem-
brane and activate this pathway, which influences angio-
genesis, the proliferation of cancer cells (15,16) and brain cell
progenitors (17), and the cytoskeleton of astrocytes and
neuronal migration (18,19).

Considered together, these findings strongly support the
concept that T4 has intrinsic hormonal activity. However, the
actions of T4 in in vivo physiological systems have been dif-
ficult to dissociate from those of T3. This is due to the inability
of pharmacological approaches (e.g., use of 6-n-propylthio-
uracyl) to selectively and completely inhibit T4 to T3 conver-
sion and thyroidal T3 secretion independent of T4. Thus, the
question of whether T4 has sufficient intrinsic activity for it to
have physiological relevance in vivo has not been resolved.

To answer this question, we have used a genetic approach
by creating a mouse model that can neither synthesize TH nor
produce T3 from administered T4. This has been achieved by
cross-breeding our types 1 and 2 double deiodinase knockout
(D1/D2KO) mouse, which is completely devoid of 5'D ac-
tivity in all tissues (20), with the Pax8KO mouse, which
manifests thyroid agenesis and thus cannot produce TH (21),
to yield the triple knockout D1/D2/Pax8KO mouse (Triple).
Like the Pax8KO mouse, the Triple dies before weaning
unless given T4 (21). It is notable that this is the first animal
model whereby circulating and tissue T4 and T3 levels can be
manipulated in vivo independent of each other.

Using this triple KO mouse model, we have demonstrated
that most survive to P15 when given either T4 or T3, but
growth is significantly improved only when the mice are

529

given a combination of both hormones. Gene expression
profiling has shown that T4 per se modulates the expression
of many T3-responsive genes in the neonatal liver. However,
some genes were responsive only to T4, and others exhibit
full modulation of expression only when both hormones
were present. In addition, we have shown that Pax8KO
mice survive well when treated with T4, but only rarely sur-
vive to adulthood when treated with T3 alone.

Materials and Methods
Animals

D1/D2KO mice from our colony were crossed with mice
that were heterozygous for the Pax8 gene (Pax8Het mice).
These mice were kindly provided by Dr. Anthony Hollenberg
(Boston, MA) with the permission of Dr. Ahmed Mansouri
(Géttingen, Germany) who generated the genotype in 1998
(21). The first generation of offspring were all heterozygous
for both the DI and D2 genes, and those that were also
Pax8"™ mice were determined by genotyping tail-tip DNA
by polymerase chain reaction (PCR) at postpartum day 15
(P15). By breeding these triple heterozygous mice, D1/
D2KO/Pax8Het mice were eventually obtained. Breeding
pairs of these latter mice were maintained to produce triple
D1/D2/Pax8KO pups (Triples). All mice were housed in the
barrier section of the Geisel School of Medicine’s animal
facility, under conditions of controlled lighting, 12-hour light,
12-hour dark cycle, and temperature (22°C=x1°C).
Animal protocols were approved by the Institutional Ani-
mal Care and Use Committee (Protocol No. 2100).

The experimental design of the main study is illustrated in
Figure 1A. Likely Triples were selected at postnatal day 2
(P2) on the basis of their low body weight for their age. These
potential Triple pups received one of four treatments: T4, T3,
T4 plus T3 (T4+T3), or phosphate-buffered saline (PBS).
D1/D2KO/Pax8Het pups given PBS served as controls. The
T4 employed was the ultrapure T4 (T3 <0.1%) from Henning
(Germany). T3 was obtained from the Sigma Chemical Co.
(St. Louis, MO). The hormones or PBS were injected sub-
cutaneously every other day starting at P2, with the final
injection being given at P14, 24 hours before sacrifice at P15.
Each dose of T4 was 0.06 ug/g body weight and that of T3
was 0.02 ug/g body weight, and the hormones were admin-
istered in PBS in a volume of 0.01 mL/g body weight. These
treatments had been shown in a pilot experiment to yield
serum T4 and T3 levels that were, respectively, approxima-
tely normal and elevated in Triple mice at P15, 24 hours after
injection. At P15, the mice were weighed, euthanized with
CO,, decapitated, and trunk blood collected. The serum was
stored frozen for subsequent determination of serum T4 and
T3 levels. The livers were harvested, snap frozen, and stored
at —80°C for subsequent isolation of RNA. Genotypes were
confirmed by PCR using DNA prepared from tail-tip tissue.

A second study was carried out using Pax8KO mice in
which the two 5’D genes had not been disrupted. These mice
were obtained from breeding pairs of Pax8Het mice. Likely
Pax8KO pups were selected on the basis of retarded growth
and treated as described above except that treatment was not
started until P4 and was continued until the genotype was
confirmed and the mice were weaned. After weaning, the
hormones were administered in the drinking water at a con-
centration of 250 ug/L for T4 and 100 ug/L for T3. Mice
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drink on average 4 mL of water per day, and thus, it is esti-
mated that they received ~ 1.0 ug T4 and/or 0.4 ug T3 per
day. We have found that these treatments yield serum T4 and
T3 levels close to physiological for these mice. The mice
were weighed weekly until they were 12 weeks old when they
were euthanized with CO,.

Tissue preparation

Total RNA was isolated from the liver using a commercial
RNA isolation reagent (TRIzol solution; Invitrogen, Carls-
bad, CA), according to the manufacturer’s instructions. Then,
aliquots of RNA from each sample were adsorbed onto
QIAamp columns included in the Qiagen (Valencia, CA)
RNeasy Mini Kit and subjected to DNase treatment with the
Qiagen RNase-Free DNase Set. RNA integrity was assessed
on a Fragment Analyzer instrument (Advanced Analytical
Technologies, Inc.) using the standard sensitivity RNA kit.

T4 and T3 determinations

Total T4 and T3 concentrations in serum were determined
using the Coat-A-Count RIA total T4 and total T3 kits (Diag-
nostic Systems Laboratories, Inc., Webster, TX). The T4 assay
was performed according to the manufacturer’s instructions.
For the T3 assay, the instructions were modified to correct for
the small nonspecific effect of mouse serum in this assay (22).
The minimal detectable concentrations of T4 and T3 in the
assays were, respectively, 0.25 ug and 10ng/100mL serum.
Values obtained in the T3 assay were corrected for the cross-
reactivity of the T4, which was ~0.38%.

RNA sequencing procedure

This procedure was carried out by the University of
Vermont’s Advanced Genome Technologies Core. Each
RNA sample was prepared from a separate liver obtained
from male and female mice at P15. The number of RNA
samples per group was: five Controls, five Triples, eight
Triples+T4; six Triples+T3, and seven Triples+T4+T3. The
facility rechecked the RNA for concentration and quality
using the Bioanalyzer 2100 and Qubit spectrofluorometer.
Library synthesis for RNA-Seq was performed with 1 ug
of high-quality RNA (RNA integrity number 7.5 or higher)
using the Illumina TruSeq mRNA Stranded library synthesis
as described by the manufacturer. Sequencing was performed
in an Illumina HiSeq 1500 using single-end 100 base pair
sequencing. RNA sequencing raw data from the experiment
have been deposited on Gene Expression Omnibus (GEO,
accession No. GSE154156).

>

FIG. 1. Body weight and serum TH levels in experimental
animals. (A) Experimental design and treatments of mice in
the main experiment. (B) Serum T4 level. (C) Serum T3
level. (D) Body weight. The first four experimental groups
were assigned a letter (a, b, ¢, d) in sequential order. Letter(s)
above bars corresponding to one experimental group indicate
statistical significance (p <0.05) between that group and the
group that the letter represents, as based on ANOVA and
Fisher’s LSD test. ANOVA, analysis of variance; LSD, least
significance difference; T3, triiodothyronine; T4, thyroxine;
TH, thyroid hormone; UD, undetectable.
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RNA sequencing data analysis

The RNA-Seq data analysis was carried out by the Bioin-
formatics Shared Resource of the University of Vermont
College of Medicine, following the method described by
Trapnell et al. (23). Briefly, Illumina HiSeq reads were
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trimmed and clipped for quality control in Trimmomatic
v0.27. (24). Read quality was checked for each sample using
FastQC v0.10.1. High-quality reads were then imported
into TopHat v2.0.8 for alignment initially to the tran-
scriptome (hgl9, GRCch37.72) and then to the genome
(hgl9, GRCch37). BAM files were used as input to the
SummarizeOverlaps function of the GenomicAlignments
package (25) in Bioconductor to create a read counts matrix,
where each cell (i,j) in the matrix specifies how many reads of
gene i appear in sample j. The resulting matrix was then used
as input to the RNA-Seq pipeline of DESeq?2 (26).

Identification of differential expression

Sample-based differential expression. Multivariate prin-
cipal component analysis was performed on the normalized
data set. The analysis used the covariance matrix.

Gene-based differential expression. DESeq2 removed
genes with very low chance of being differentially expressed
(e.g., genes with 0 read counts across samples) as well as
outliers. DESeq2 applied a generalized linear model where
the negative binomial distribution is used for the counts. It
also included other features that allow for “‘shrinking’’ the
log2-fold change estimates of low count genes. The Wald test
of significance was used to find differentially expressed genes
(DEGs), and a “‘step-up,”’ adjusted p-value was used for the
purpose of controlling the false discovery rate (27). Heat
maps were made on the scaled gene counts using the
Complex Heatmap package (28). Summaries of DEGs and
analyses are included in the Supplemental Data.

Functional ontology and pathway analyses of DEGs
Disease and functional ontology analyses were performed
on selected groups of genes using the INGENUITY software
(Qiagen) and the Database for Annotation, Visualization and
Integrated Discovery (DAVID).

Real-time quantitative PCR

Validation by quantitative PCR (qPCR) was carried out
on the original RNA samples plus additional samples from
additional mice. The number of RNA samples per group was:
12 Controls, 10 Triples, 11 Triples+T4, 11 Triples+T3, and
11 Triples+T4+T3. Total RNA (1 ug) was reverse transcribed
for 1 hour at 37°C with 1 uLL of MMLV reverse transcriptase
(Life Technologies, Waltham, MA). The mix was heated at
75°C for 15 minutes to inactivate the reverse transcriptase
and diluted appropriately with water. Aliquots of the mixes
from a given experiment were pooled before dilution to es-
tablish the first point of an internal standard. Three consec-
utive 1 to 4 dilutions of this standard were made to generate
three additional standard points. Ten microliters of each of
the diluted samples were mixed with 12.5 uL. of SYBR Select
Master Mix (Life Technologies) and 2.5 uLL of the appropri-
ate gene-specific primer mix (3.33 pmol/uL for each primer).
The mixture was subjected to PCR cycling using a MyiQ
Single Color Real-Time PCR Detection System from BioRad
(Hercules, CA). PCRs were performed in triplicate. Either
Gapdh or Rnl8 was used as the control gene. Expression
levels were read from the standard curve and are reported
in arbitrary units, after correction for the expression of an
appropriate housekeeping gene, whose expression did not
change among experimental groups. The sequences of the
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primers utilized are listed in Supplementary Table S1. Data
were analyzed statistically by analysis of variance and
Fisher’s least significance difference (Protected t-tests).
p-Value <0.05 was considered statistically significant.

Results
Animals

The number of Triple pups per litter did not reach the
anticipated 25% Mendelian proportion, indicating that partial
fetal and/or perinatal death occurred. Furthermore, potential
Triples were easy to identify by P1 or P2 by their small size
and general poor appearance compared with their littermates.
These observations indicate that Triple neonates were al-
ready hypothyroid at P2. If no TH was given, most (~90%)
of them died before P15. In contrast, most of those that were
given TH survived to P15, regardless of whether the hormone
administered was T4 or T3. This observation is consistent
with the concept that T4 per se has activity in vivo when
present at a close to physiological level.

Neonatal growth and serum TH levels

Values for serum T4 and T3 levels and body weight at P15,
24 hours after the final injection, are shown in Figure 1B-D.
The mean serum T4 level in the Triple+T4 and Triple+T4+T3
mice was close to that observed in the control (D1/D2KO/
Pax8Het) mice (Fig. 1B). In a pilot study using a separate set
of T4-treated pups, T4 levels at 6, 12, and 36 hours after
injection were 15.3+£1.23, 13.6+1.82, and 8.12 ug/100 mL,
respectively. Thus, although the serum level was inevitably
higher closer to the time of injection, these finding suggest that
for most of the 48-hour period between injections the serum T4
level was not excessively elevated. No T3 was detected in the
serum of mice in either the Triple or the Triple+T4 group (Fig.
1C). In the two groups treated with T3, the serum T3 level was
somewhat elevated compared with that of the controls
(Fig. 1C). No T4 was detected in the serum of mice in either
the Triple or the Triple+T3 group (Fig. 1B).

Somatic growth was severely compromised in the Triple
mice, and by P15, they had achieved only about 60% of the
weight of the control mice (Fig. 1D). It was also noted that
hair growth was minimal. Treatment of Triple mice with
either T4 or T3 did not restore somatic or hair growth. Indeed,
the average weight of these treated mice was not significantly
different from that of the untreated Triple mice. Growth was
significantly improved when the Triple mice were given
T4+T3 (Fig. 1D). Furthermore, their hair growth appeared
comparable to that of D1/D2KO/Pax8Het littermates.

Analysis of RNA-seq data from P15 liver

The RNA-seq analysis included 43,629 genes or tran-
scripts. Principal component analysis of the data revealed
three major parameters, with variations of 27%, 17%, and
12.5% (Fig. 2A). Experimental samples largely clustered
with samples of the same experimental group, but there is
some overlapping with other groups. Importantly, experi-
mental groups were clearly distributed along the two prin-
cipal components of variation (represented in the X and
Y axes), suggesting that most of the source of variation de-
pends on the experimental group to which the sample be-
longs. The data were analyzed for genes modulated by T4
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FIG. 2. RNA sequencing results in the liver from mice at P15. (A) Principal component analyses of data from individual
samples. (B) Venn diagram of upregulated and downregulated genes in the different TH-treated Triples vs. Triples treated
with vehicle (p<0.01). (C) Percentage distribution of upregulated and downregulated genes in the different TH-treated
groups. (D) Heat map of genes significantly regulated by T4 based on a p <0.01. ***p<0.001 as determined by chi-square

test.

and/or T3 (DEGs) at different statistical stringencies by
comparing (i) Triples+T4 versus Triples; Triples+T3 versus
Triples; Triples+T4+T3 versus Triples. The resulting gene
subsets were then sorted for genes that were positively or
negatively modulated by TH. At a nonadjusted p <0.01, 179
genes were negatively regulated in the Triples+T4 group,
while 296 were positive regulated in the same group (Fig. 2B).
In the Triples+T3 group, 158 genes were negatively regulated,
while 3690 genes were positively regulated. In the Triples+
T3+T4 group, 208 genes were negatively regulated and
6083 genes were positively regulated (Fig. 2B). In both the
Triples+T3 and the Triples+T3+T4 groups, the vast majority
of DEGs were positively regulated. However, there was a

significantly increased proportion of negatively regulated
genes in the Triples+T4 group (Fig. 2C). This suggests that
T4 targets a higher proportion of negatively regulated genes
than T3. A heat map representing the genes significantly
regulated by T4 is shown in Figure 2D. In that heat map,
it can be appreciated that genes downregulated by T4 are
not significantly regulated by T3.

In the Triples+T3+T4 group at the same statistical strin-
gency, there were 113 negatively regulated genes and 3019
positively regulated genes that were not significantly changed
in the group treated with T3 or T4 alone (Fig. 2B). Thus, a
large subset of both the TH negatively and positively regu-
lated genes is uniquely responsive only to the combination
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of T4+T3. This suggests a synergistic contribution between
T4 and T3 to overall gene expression that goes well beyond
the effects of each of the individual hormones.

An extended number of samples were used to validate
RNA-seq results using qPCR. The results obtained using the
latter techniques exhibited a strong correlation with those
from the RNA-seq experiment (R“=0.81) (Fig. 3A). We
confirmed the significant effects of T4 in the negative
and positive regulation of 11 and 14 genes, respectively
(Fig. 3B, C). Although significantly regulated by T4, these
genes were also regulated by T3. For most of these genes, the
effect of T3 was stronger than that of T4, while for some
others (e.g., Adaml 1, Sgkl, Dnaicl, Gbp6), the effect was the
same (Fig. 3B, C). These data suggest that T4 is largely
regulating these genes through the same mechanism as T3.

Ingenuity Pathway Analysis (IPA) was used to compare the
effects of T4 and T3 on biological functions and molecular
pathways. Included were 262 genes regulated by T4 (p <0.01)
and 535 genes regulated by T3 (adjusted p<0.05). The ca-
nonical pathways affected by each hormone with highest sta-
tistical significance are shown in Figure 4A for both of them.
Consistent with the experiment, TR/RXR activation is shown as
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significantly affected by both T3 and T4. Activation is also
observed in pathways related to immune response and inflam-
mation (interferon signaling) and lipid physiology (FXR/RXR
activation, hepatic cholestasis, bile acid biosynthesis, etc.).
Pathways related to ‘“‘unfolded protein response” and “‘tria-
cylglycerol degradation” appeared to be significantly affected
in T3-treated mice but not in T4-treated mice (Fig. 4A). In
contrast, “‘remodeling of epithelial adherens junctions,” a
pathway involved in promoting epithelial to mesenchymal
transition, was significantly affected by T4, but not by T3.
IPA also identified upstream regulators whose pathways
are most significantly affected by T3 and T4 (Fig. 4B). In this
case, both T3 and T4 treatments resulted in the activation
of pathways related to immune cells (IFNG, IFNA2, lipo-
polysaccharide, and others), and retinoic acid (Tretinoin).
Pathways related to cell proliferation such as those driven by
MAPKI1 and mir-21 were downregulated (Fig. 4B). A strong
correlation was observed between T4 and T3 in the molec-
ular pathways that they affect and the extent to which they
are affected, although exceptions were noted (Fig. 4C, D).
These analyses also support the idea that T4 primarily affects
the same genes and pathways that are affected by T3.

DEGs down-regulated by thyroid hormone

B Triple
B Triple + T4
4 B Triple + T3
Bl Triple + T4 & T3

FIG. 3. Validation by qPCR of genes regulated by T4 alone. (A) Correlation of RNA-seq and qPCR data for all genes
validated. (B) Genes downregulated by T4. (C). Genes upregulated by T4. The statistical significances between the
Triple+T4 group vs. the Triple group are the only ones indicated (with an “‘a” above) as determined by ANOVA and
Fisher’s LSD test. Dotted lines indicated control values. qPCR, quantitative polymerase chain reaction.
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FIG. 4. Compared results of IPA of genes regulated by T4 and those regulated by T3. (A) Most significantly enriched
canonical pathways. (B) Activation z-scores of upstream regulators whose pathways are most significantly affected in T4-
and T3-treated triples. (C, D) Correlation of upstream regulator activation z-scores (C) and p-values (D) between exper-
imental groups treated with T3 or T4. IPA, Ingenuity Pathway Analysis.

However, it should be emphasized that T4 downregulated or
upregulated 158 unique gene products that were not re-
sponsive to T3 administered alone (Fig. 2B).

Specific effects of treatment with both hormones

Treatment with T4+T3 identified genes that were syner-
gistically regulated by both hormones (Fig. 5A). Although
some of these genes were regulated significantly by T3 alone
(Ces3b, Elovl3), only the combined treatment with both hor-
mones normalized or enhanced their expression levels. Known
targets of TH, Thrsp and Mme, were only regulated by the
combination but not by either hormone alone (Fig. 5A).

While at an adjusted p <0.05, only 535 genes were regu-
lated by T3 alone, 1485 genes were significantly regulated
by T3+T4 treatment but not by T3 alone (Fig. 5B). This
suggests that T4 has additional contributions per se to the
liver gene regulation that depends on the presence of T3.
To gain biological insight into those contributions, we per-
formed biological function and pathway analyses on genes

specifically regulated by T4+T3 (adjusted p <0.05). For best
comparison to those regulated by T3, we selected the 535
genes specifically regulated by T4+T3 at the highest signif-
icance. The results were then compared with those obtained
from the analyses of the 535 genes significantly regulated by
T3. Both DAVID and IPA analyses were consistent and
identified biological functions that were affected by T4+T3
but not by T3 alone. These included pathways related to
“steroid biosynthesis,” ‘‘superpathway of cholesterol bio-
synthesis,”” nucleotide binding,*‘ acetylation,” ‘“DNA repli-
cation,” and “‘cell cycle control of chromosomal replication”
(Fig. 6A). Upstream regulators identified by IPA (Fig. 6B) also
show differences between T3 and T3+T4 treatments in the
statistical significance and activation scores in pathways re-
lated to cholesterol physiology (SREBF2, SREBF1, rosuvas-
tatin, ezetimibe, SCAP) and cell proliferation (TP53, ERBB2).

The expression profile of genes related to DNA repli-
cation, nucleotide binding, and acetylation was normalized
to control values and is represented in Figure 6C for all ex-
perimental groups. T3 treatment normalizes the expression of
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some of these genes, but the presence of physiological levels
of T4 significantly enhanced the effect, fully normalizing the
expression of all genes.

Given the well-established relationship between thyroid
status and serum cholesterol levels, it was interesting to note
the specific and strong effects of the T4+T3 treatment on
genes involved in cholesterol physiology. Both keywords
identified by DAVID and canonical pathways identified
by IPA show a marked difference between T3 and T3+T4
treatments in the statistical significance of cholesterol-related
terms (Fig. 7A, B). Representation of the expression profile
of 15 of these genes in each mouse group, as obtained from
RNA-seq and normalized to control values, indicates that
neither T4 nor T3 alone had any significant effect on those
genes, whose expression reaches normal values and above
only with the T4+T3 treatment (Fig. 7C). These results were
confirmed by gPCR in the extended sample set (Fig. 7D).

Finally, it is important to note that the levels of mRNA
expression of the TRs Thra and Thrb were comparable in all
experimental groups, suggesting that the results observed are
not due to differences in receptor number.

Survival of Pax8KO mice depends on T4

Despite lacking a thyroid gland, Pax8KO mice can survive
into adulthood with the administration of T4 (21), but it has
not been determined if T3 alone is sufficient for survival.

Based on the results described above, we hypothesized that
T3 replacement alone would be insufficient to support growth
and survival in these athyreotic animals. To test this hy-
pothesis, starting at P3, Pax8KO mice were treated with
T3, T4, or T4+T3 (Pax8Het mice were injected with vehicle
and used as controls) and analyzed for their growth and
survival. We observed that 100% of the animals treated with
T4 or with T4+T3 survived into adult age, as did control
animals (Fig. 8A). However, only 2 of 21 mice treated
with T3 alone (10%) survived 8 weeks and into adulthood. At
24 days of age, we observed a 50% survival of mice treated
with T3 (Fig. 8A), demonstrating that T3 alone is not suffi-
cient to support life in neonatal mice, but that T4 is also
needed.

Neonatal growth of all Pax8KO mice was retarded, inde-
pendent of treatment, when compared with those of controls
(Fig. 8B). Neonatal growth was slightly better in mice treated
with T4 alone. After weaning, we observed that differences in
growth among experimental groups were sexually dimorphic.
Pax8KO males treated with T4 showed markedly better
growth than those treated with T4+T3, while the growth of
males treated with T3 alone was the weakest (Fig. 8C). In
contrast, the postweaning growth of Pax8KO females treated
with T4 was only slightly better than those treated with
T4+T3 (Fig. 8D). Despite the poor survival rate of mice
treated with T3 alone, male mice tended to survive longer
than females after weaning (Fig. 8C, D).
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Discussion

Whether T4 exerts any biological effects that are inde-
pendent of its conversion to T3 has been debated by thyr-
oidologists for several decades. Although available data,
obtained both in vitro and in vivo, support the view that T4
has intrinsic activity by classical (7,8) or nonclassical
mechanisms (15,16), it has not been demonstrated whether
this activity occurs in a physiological setting with physio-
logical consequences and in a manner that is completely
independent of T4 to T3 conversion. To address this question,
we have created and used a unique model: a triple D1/D2/
Pax8KO mouse that can neither synthesize T3 nor generate
T3 from T4 in any tissue. We have used highly purified
hormones, a large number of animals and samples, and ex-
tensive validating determinations to produce robust results.

In the Triple model, the only TH available is that provided
by exogenous administration, as no T4 to T3 conversion
occurs in vivo when D1 and D2 are absent (22). Thus, T3 and
T4 were only detected in mice treated with T3 and T4, re-
spectively. The dose regimens for both hormones were aimed
at achieving close to physiological serum TH levels. Since
the THs were administered every other day, achieving con-
stant serum TH levels was not possible. Nevertheless, as
stated above, although the serum T4 level was inevitably
higher immediately following an injection, compared with
the level in control mice, at 6 and 12 hours, it was only

elevated by ~30% and 16%, respectively, and was slightly
reduced at 24 hours when the tissues were harvested. It is also
important to note that the serum T3 level was still increased
about 70% when the tissues were harvested at 24 hours.

Consistent with observations in Pax8KO mice (21), Triple
mice were markedly growth retarded and the rate of growth
was not significantly altered by treatment with either of the
two hormones. Only treatment with T3+T4 significantly
improved neonatal growth, suggesting that T4 is playing a
biological role that is distinct from that of T3. The combined
treatment did not fully normalize growth in Triple mice
possibly because part of the growth retardation had occurred
already during late fetal and early neonatal life, before any
hormonal treatment started.

Gene expression profiling of the liver at P15 identified
genes that were regulated by T4, a larger number that was
regulated by T3 and a much larger number of genes regulated
by the combination of both hormones. Results from 41 genes
were confirmed by qPCR in an extended number of samples,
validating the results obtained from RNA sequencing. Most
of the genes regulated by T4 were also regulated by T3,
suggesting that in severe hypothyroidism a physiological
dose of T4 has sufficient intrinsic activity to regulate some T3
target genes, most likely through the classical type I mech-
anism involving the binding to the TR in the nucleus. This is
further supported by the fact that functional ontology and
pathway analyses reveal that many, but not all, of the
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pathways influenced by T4 were also affected by T3 with
comparable levels of activation and statistical significance.
Although T4 alone regulated the least number of genes, the
proportion of genes that were downregulated was much
higher than in groups treated with T3 or with the T4+T3

combination. This also supports the hypothesis that T4 is also
having some biological effects that are distinct from those
initiated by T3 and possibly involve different mechanisms.
Remarkably, in mice treated with T3+T4, we identified a
number of DEGs that was much higher than the number of
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genes regulated by either of the hormones alone. Within this
subset of apparently obligate co-regulated genes, there were
1485 genes that were demonstrated to be specifically regu-
lated by the T4+T3 combination but not by either of the
hormones alone. This observation suggests a synergistic or
additive effect of T3 and T4 in the regulation of liver gene
expression. For example, Thrsp, a well-established TH target
gene, was synergistically regulated by T3+T4, but not regu-
lated by either hormone alone. It is possible that the additive
or synergistic effects achieved by the combination of hor-
mones simply reflect the increased dose of generic TH and
that a higher dose of T3 alone would have yielded simi-
lar results. This possibility may apply to a subset of genes.
However, we used a dose of T3 that already resulted in an
elevated level of T3 and yet many genes did not respond
unless T4 is present, suggesting a unique contribution from
T4 to the regulatory effects.

Synergistic effects of physiological doses of T3+T4 in the
regulation of gene expression suggest that the two hormones
are acting via different mechanisms and that they may depend
on each other for full biological effects. Analysis of genes
regulated by T3 and the same number of genes with top
significance and exclusively regulated by T4+T3 identified a
number of pathways that are specifically altered when both
hormones are present. One of the principal biological func-
tions regulated by the T4+T3 is cholesterol physiology
(29,30). Although T3 alone was close to normalizing some
cholesterol-related genes, this set of genes was fully regu-
lated only when both hormones were present. This observa-
tion provides novel insight into the role of each of the
hormones in regulating this important biological process and
may have important implications for the regulation of serum
cholesterol in the clinical context of thyroid disease.

Another biological function exclusively affected by
T44+T3 was DNA replication. This is interesting in the con-
text of recent reports associating T4 and tumor progression in
cancer models (31-34). In a model of lung cancer, the effects
of T4 on promoting tumor growth are mediated by signaling
through cell membrane integrin ov /33 (34). This is consistent
with our present findings indicating that T4 exerts intrinsic
effects on the expression of genes involved in DNA repli-
cation and involved in epithelial-to-mesenchymal transition.

The present study focuses on the liver in the context of
neonatal development. Whether and to what extent the ob-
servations can be extrapolated to other systems and ages re-
mains unclear. Considering our current knowledge of TH
action, it is likely that T4-specific effects will be dependent
on tissue type and developmental stage. In this regard, pre-
liminary observations in brain tissue support this idea. Pre-
sumably, the significance and biological effects of T4 per se
will be highly dependent on mechanisms of action that are
unique to T4 and distinct from those of T3. In addition, the
critical role of T4 in ensuring survival may not be dependent
only on its effects on the liver but also on its effects in other
tissues, effects that need to be investigated.

Consistent with the current literature, our data substantiate
the view that T4 plays arole in cell proliferation, possibly as a
result of signaling through avf3 integrin. If this was the
major pathway utilized by T4 in vivo, one would anticipate
that most T4 target genes will partially overlap with those
of avf3 integrin signaling and will be largely independent
of TRs. Furthermore, the synergistic effects of T4 and T3 on
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gene expression in the liver may also be the consequence of
T4 affecting cell proliferation and the cellular composition
of the liver. It may also result from increased T3 sensitivity
secondary to changes in the molecular determinants of T3
signaling. A role of T4 in cell proliferation, together with our
observation on the poor survival of mice lacking T4, suggests
that the unique role of T4 is particularly important during the
developmental period.

In our experimental model, the type 3 deiodinase (D3) is
functional. Although D3 expression is changed (elevated in
the liver and probably reduced in other tissues), the genera-
tion of triiodothyronine (reverse T3, rT3) from T4 and of 3,3’-
diiodothyronine (3.3’-T2) from T3 is possible. This raises the
question of whether any of these metabolites mediate some of
the effects observed. Although physiological effects of 3,5-
diiodothyronine in vivo have been described (35-39), no
comparable observations have been reported for 3,3’-T2.
However, rT3 can also bind to avf;3 integrin (40,41) and
cause biological effects on brain cell cytoskeleton (42),
proliferation of cancer cells (41), and calcium mobilization in
Sertoli cells (43). This allows for the possibility that in our
model T3 partially contributes to the effects observed in
experimental mice treated with T4.

The critical importance of T4 activity per se is also
strongly illustrated by the results with Pax8KO mice. Since
Pax8KO mice have intact deiodinases, Pax8KO mice sur-
vived into adult age when administered T4 alone just as well
as with T4+T3. However, 90% of Pax8KO mice treated with
T3 alone did not. In fact, these mice exhibited a 50% lethality
shortly after weaning, underscoring the importance of T4 to
support survival during the developmental period.

Much has been written regarding the pros and cons of
administering various TH regimens in the treatment of hy-
pothyroidism (44,45). Our findings herein, indicating that
both T4 and T3 have unique and complementary effects on
gene expression, demonstrate a delicate interplay between
these two hormones in maintaining homeostasis. The clinical
implications of this may be significant. For example, our
findings strongly suggest that T3 alone is inappropriate as a
physiological replacement in patients with hypothyroidism,
at least during the developmental period, as studied here.
Conversely, the administration of T4 alone fails to exactly
mimic the serum TH profile in humans with primary hypo-
thyroidism (45,46) potentially failing to exactly mimic
the physiological conditions of euthyroidism. The clinical
implications of such subtle changes in TH action remain
uncertain.

Further complicating this matter is the sexual dimorphism
observed in the patterns of growth in response to TH re-
placement reported herein. Thus, postweaning growth of
Pax8KO males was much better when treated with T4 alone
than when treated with the combination of hormones, while
the growth of PaxS8KO females was similar in T4- and
T3+T4-treated groups. Whether such sex-base responses
occur in other of the many developmental processes and
physiological systems affected by TH require further
investigation.

In summary, using an optimal in vivo experimental model,
we have obtained the first evidence that T4 has intrinsic and
unique hormonal activity when circulating at a physiological
level. T4 is critical for neonatal growth and survival and plays
arole on gene expression probably via both classical (type 1)
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and nonclassical (possibly type 4) mechanisms (9). Addi-
tional research is needed to better understand the mechanisms
of T4 action in vivo and the biological processes and physi-
ological systems that are affected as a result.
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