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Thyroid hormones (THs) regulate transcription of many metabolic genes in the liver through its nuclear
receptors (TRs). Although the molecular mechanisms for positive regulation of hepatic genes by TH are
well understood, much less is known about TH-mediated negative regulation. Recently, several nuclear
hormone receptors were shown to downregulate gene expression via miRNAs. To further examine the

KGyWQTdSi potential role of miRNAs in TH-mediated negative regulation, we used a miRNA microarray to identify
Th'lllarl\?,;d hormone miRNAs that were directly regulated by TH in a human hepatic cell line. In our screen, we discovered that
E.l‘l/er miRNA-181d is a novel hepatic miRNA that was regulated by TH in hepatic cell culture and in vivo. Fur-

thermore, we identified and characterized two novel TH-regulated target genes that were downstream of
miR-181d signaling: caudal type homeobox 2 (CDX2) and sterol O-acyltransferase 2 (SOAT2 or ACAT2).
CDX2, a known positive regulator of hepatocyte differentiation, was regulated by miR-181d and directly
activated SOAT2 gene expression. Since SOAT2 is an enzyme that generates cholesteryl esters that are
packaged into lipoproteins, our results suggest miR-181d plays a significant role in the negative regula-

Cholesterol
Cholesteryl esters

tion of key metabolic genes by TH in the liver.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Thyroid hormones (THs) regulate many important biological
processes during the lifetimes of most organisms such as fetal
development, post-natal growth, and metabolic homeostasis in
adulthood [1]. The major forms of THs are thyroxine (T4) and trii-
odothyronine (Ts). They bind to nuclear thyroid hormone receptors
(TRs), which recognize and bind to thyroid hormone response ele-
ments (TREs) in the promoters of target genes to regulate their
transcription. The molecular mechanisms for positive gene regula-
tion by TH are well understood and the consensus sequences and
arrangements of positive TREs in the promoters have been charac-
terized [1]. However, little is known about the mechanism(s) for
negative transcriptional regulation by TH. Moreover, the consensus
sequence for negative TREs remains elusive and controversial de-
spite the identification of a large number of negatively-regulated
target genes. Thus, it is possible that negative transcriptional regu-
lation by TH may involve other processes besides TR-TRE binding
[2]. One possible mechanism involves decreased transcript levels

Abbreviations: LDL, low density lipoprotein; TH, thyroid hormone; Ts, triiodo-
thyronine; Ty4, thyroxine; TR, thyroid hormone receptor; TRE, thyroid hormone
response element; VLDL, very low density lipoprotein.
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or translation of TH-regulated target genes by miRNAs. MiR-208,
which is encoded in an intron of a-myosin heavy chain, was in-
duced by TH and found to downregulate mRNA expression of sev-
eral TR-binding cofactors [3]. MiRNAs are also involved in negative
transcriptional regulation by other nuclear hormone receptors [4].

In this study, we used a miRNA microarray to screen for TH-reg-
ulated miRNAs in the liver. We found that TH stimulates miR-181d
in hepatic cells and in vivo, leading to contingent downregulation
of two novel TH targets, CDX2 and SOAT2. Together, miR181d/
CDX2/SOAT2 form a TH-regulated signaling cascade that may de-
crease cholesterol secretion in hepatic cells.

2. Materials and methods
2.1. Reagents

T3 was from Sigma-Aldrich. Antibodies recognizing CDX2 and
tubulin were from Cell Signaling Technology, while antibodies rec-
ognizing B-actin and secondary antibodies were from Santa Cruz.
Culture medium and serum were from Invitrogen.

2.2. Cell culture
HepG2 and the transformed HepG2 expressing ectopic TR iso-

forms (HepG2-TRa and HepG2-TRB), which were previously de-
scribed [5], were maintained in DMEM supplemented with 10%
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FBS in an atmosphere of 5% CO, and 37 °C. For Ts treatment, cells
were cultured for at least 3 days in DMEM containing 10% Dow-
ex-treated (Sigma-Aldrich) FBS before the addition of T3 at
100 nM.

2.3. RNA isolation and quantitative PCR

Total RNA was isolated using miRNeasy Mini Kit (Qiagen) for
quantitation of both miRNAs and mRNAs or Invitek Mini Kit (Invi-
tek) for quantitation of mRNAs. Messenger RNAs were quantified
by reverse transcription using iScript Select cDNA Synthesis Kit
(Bio-Rad), followed by real-time PCR using QuantiFast SYBR Green
PCR Kit (Qiagen) according to the manufacturers’ instructions.
MicroRNAs were quantified using miScript II RT Kit, followed by
QuantiTect SYBR Green PCR Kit (Qiagen). Actin and RNUG6D levels
were respectively used for normalizing mRNAs and miRNAs of
interest. Sequences of mRNA primers are provided in Supplemental
Table 1; while miScript Primer Assays (Qiagen) were used for miR-
NA gPCRs.

2.4. MiRNA microarray

Total RNA from HepG2-TRa treated with T3 or control for 24 h
were sent to Origen Labs for miRNA microarray analysis on Gene-
Chip™ miRNA Array (Affymetrix). The samples were checked using
an Agilent Bioanalyzer and labeled using FlashTag Biotin HAS RNA
Labeling Kit (Genisphere). Raw data was processed using Affyme-
trix GeneChip Command Console. Tz-regulated miRNAs were iden-
tified using Mann-Whitney test.

2.5. Short RNAs and transfection

Control short RNA, siRNA cocktail targeting Cdx2 (siCdx2; Invit-
rogen), miR-181d mimic and inhibitor (Qiagen) were transfected
using Lipofectamine RNAiMax (Invitrogen), following the instruc-
tions for reverse transfection of HepG2 cells. MiR-181d inhibitor
was transfected at 50 nM, while the rest were transfected at 10 nM.

2.6. Western blotting

Cells were lysed using CelLytic™ reagent (Sigma-Aldrich) and
the protein concentration measured using BCA Kit (Bio-Rad). Equal
amounts of protein were heated to 100 °C for 5 min with Laemmli
sample buffer, then separated by SDS-PAGE and transferred onto
PVDF membranes. The entire process was performed using Bio-

Table 1
MicroRNAs potentially regulated by T3 in human liver cells.

miRNA p-Value® Mean fold diff. Extreme fold diff.”
Positively regulated miRNAs

miR-125b-2* 0.121 2.23 1.98
miR-134 0.121 2.50 1.03
miR-150* 0.121 242 1.25
miR-181d 0.121 2.10 1.67
miR-373* 0.121 2.27 1.78
miR-1266 0.121 2.22 1.68
Negatively regulated miRNAs

miR-337 0.121 0.47 0.68
miR-767 0.121 0.47 0.58
miR-1201 0.121 0.41 0.57

Only miRNAs that showed more than a 50% fold difference (i.e., less than 0.50 or
more than 2.00) and differences in the same direction for mean fold difference and
extreme difference are included in this table.

¢ A p-value of ‘0.121’ is the lowest possible value when using the Mann-Whitney
test on 2 sets of data. In this case, each set consists of the microarray analysis results
of a control-treated and a Ts-treated HepG2-TRo. RNA sample.

b Extreme difference measures the smallest possible difference between a value
from each of the treatment group.

Rad equipment and following the instructions provided. Blots were
blocked in 5% milk in PBS-T (0.1% Tween) before incubation with
specific primary antibodies in 1% bovine serum albumin in PBS-T
overnight at 4 °C. Blots were washed 3 times in PBS-T before incu-
bation with species-appropriate, peroxidase-conjugated secondary
antibodies for 1 h. Blots were washed 3 times in PBS-T and devel-
oped using ECL Western Blotting Detection Reagent (GE Healthcare
Life Sciences). Densitometry was done using Image] software
(NIH).

2.7. Cholesterol quantitation

HepG2-TRB cells were cultured in T3-free media before trans-
fection with the miR-181d mimic or a control oligo in triplicates.
The media was changed to serum-free DMEM after 24 h. After an-
other 24 h in culture, the media from each well was collected and
cell debris removed by centrifugation. The total cholesterol, includ-
ing free cholesterol and cholesteryl esters, in the media was quan-
tified using the Cholesterol Fluorometric Assay Kit (Cayman
Chemical).

3. Results

HepG2-TRo and HepG2-TRB cells are human liver cell lines that
were transformed to express exogenous TRa or TRB isoforms,
respectively. We used HepG2-TRo cells for miRNA microarray
screening since HepG2 cells express low amounts of endogenous
TRs [5]. HepG2-TRa cells were treated with or without T3 for
24 h, and total RNA was isolated. This procedure was repeated to
obtain 2 sets of paired samples, which were then analyzed by miR-
NA microarray. We identified nine miRNAs regulated by Ts in our
miRNA microarray analysis; 6 were upregulated, while 3 were
downregulated (Table 1). We validated the Ts induction of posi-
tively-regulated miRNAs in HepG2-TRo and HepG2-TRp cells by
gRT-PCR. Only miR-181d consistently showed significant upregu-
lation by T3. MiR-181d also displayed similar fold induction in both
cell lines. T3 increased miR-181d expression as early as 3 h after
treatment and miR-181d expression remained higher than un-
treated cells 48 h after treatment (Fig. 1A).

We next used qRT-PCR to study the expression of twelve genes
(ADAM metallopeptidase with thrombospondin type 1, motif 5;
brain-specific angiogenesis inhibitor 3; carboxypeptidase D; DEAD
(Asp-Glu-Ala-Asp) box helicase 3, X-linked; karyopherin alpha 1;
AP2 associated kinase 1; activin A receptor, type IIB; chromodo-
main helicase DNA binding protein 7; glutaminase; integrin, beta
8; polyhomeotic homolog 3 and SRY (sex determining region Y)-
box 5) that were previously shown to be regulated by miR-181d
and could potentially reduce lipid droplet levels in another human
hepatic cell line, HuH7 [6]. However, we did not observe downreg-
ulation of any of these genes after transfection of a miR-181d mi-
mic in our HepG2-TRB cells (data not shown). Further literature
search identified several other target genes regulated by miR-
181d including caudal type homeobox 2 (CDX2), GATA binding
protein 6 (GATA6), nemo-like kinase (NLK), B-cell CLL/lymphoma
2 (BCL-2) and K rat sarcoma viral oncogene homolog (K-RAS).
Moreover, these genes all had miR-181d binding sites in their 3'-
UTRs [7,8]. Accordingly, we examined the gene expression of these
genes, and found that only CDX2 was consistently downregulated
by both miR-181d mimic and T; (Fig. 1B and C). Additionally, a
time course study showed that T3 induced miR-181d before CDX2
mRNA was downregulated (Supplementary Fig. 1). The downregu-
lation of CDX2 mRNA by T3 was partially rescued when an inhibitor
of miR-181d was transfected into the cells during T; treatment
(Fig. 1D). Western blotting also confirmed that CDX2 protein level
was reduced by both T3 and the miR-181d mimic (Fig. 1E). Thus, T3
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Fig. 1. T3 downregulated CDX2 by upregulating a miRNA, miR-181d. (A) MiR-181d expression was induced as early as 3 h after T3 treatment in a human liver cell line, HepG2
that was transformed to stably express exogenous thyroid hormone receptor p (TRB). mRNA was harvested from the cells 3, 8, 24 and 48 h after T5 treatment. Expression was
quantified by qPCR. (B) Of known miR-181d target genes, BCL2, CDX2 and GATAG6 expression were reduced by Ts in human hepatic cells. (C) CDX2 expression was also reduced
by transfection of an exogenous miR-181d mimic into the HepG2-TRp cells. (D) The T3-mediated downregulation of CDX2 was significantly derepressed when an inhibitor of
miR-181d (i181d) was transfected into the cells. (E) The decrease in CDX2 protein levels reflected the decrease in CDX2 mRNA levels in HepG2-TRp cells treated with T3 or

transfected with miR-181d mimic. *

downregulated CDX2 mRNA and protein expression by inducing
miR-181d expression.

CDX2 is a transcription factor that directly binds to promoter
elements in the sterol O-acyltransferase 2 (SOAT2; also known as
acyl-coenzyme A: cholesterol O-acyl transferase 2 or ACAT2) gene
promoter, and together with hepatocyte nuclear factor 1o
(HNF1a), synergistically induce SOAT2 expression [9]. We thus
examined whether SOAT2 expression was reduced by T treatment
and miR-181d since they downregulate CDX2. Both T3 and miR-
181d mimic decreased SOAT2 expression but had no effect on the
expression of SOAT1, another member of the SOAT family (Fig. 2A
and B). To demonstrate that CDX2 served as an essential link be-
tween T3/miR-181d, and SOAT2, we knocked down CDX2 using a
siRNA cocktail, and showed that SOAT2 expression in HepG2-TRp
cells was dependent upon CDX2 expression (Fig. 2C).

SOATSs catalyze the esterification of cholesterol and long-chain
or medium-chain acyl-CoA to form cholesteryl esters that are sub-
sequently packed into low density lipoprotein (LDL) and very low
density lipoprotein (VLDL) complexes. SOAT2 knockout mice had
lower serum cholesterol levels that were independent of LDL
receptor expression levels [10]. Thus, we examined the effect of
miR-181d on cholesterol secretion in Ts-deprived hepatic cells
and found that miR-181d alone reduced the concentration of cho-
lesterol in the culture medium of HepG2-TRp cells over a 24 h per-
iod (Fig. 3D). These findings show that the miR-181d/CDX2/SOAT2
cascade can decrease cholesterol secretion by hepatic cells in
culture.

To determine whether T3/miR-181d/CDX2/SOAT2 signaling cas-
cade occurred in vivo, we studied the effects of T3 on hepatic
miR181d, Cdx2, and Soat2 expression in mice rendered hyperthy-
roid by daily Ts injections for 3 days. MiR-181d was significantly
upregulated in the livers of the hyperthyroid mice, while Cdx2

significant difference with p < 0.05; **Significant difference with p < 0.005.

and Soat2 were significantly downregulated (Fig. 3). Thus, the
in vivo results are consistent with results from our in vitro studies
using HepG2-TR cells.

4. Discussion

We have identified 3 novel targets of TH: miR-181d, CDX2 and
SOAT2 that together form a signaling cascade, which regulates he-
patic cholesterol secretion. MiR-181d expression was rapidly in-
duced by Ts (within 3 h) and remained elevated for 48 h. TRs
were required for the expression of miR-181d since T5 did not in-
duce miR181d in wild-type HepG2 cells, which contain insignifi-
cant levels of TR, whereas it increased miR-181d expression in
HepG2-TR cells which express exogenous TRs [5] (Supplemental
Fig. 2). These findings suggest that miR-181d expression is TR-
dependent. The miR-181d gene is encoded in an intergenic region
in the human chromosome 19 with no definable promoter region.
Analyses of the region 2 kb upstream or 1 kb downstream from the
gene did not reveal any TRE consensus hexamer binding sites
(AGGTCA) that were arranged as direct repeats, palindromes, or in-
verted palindromes 2 kb upstream or 1 kb downstream from the
coding sequence (using NUBIScan; http://www.nubiscan.uni-
bas.ch/) [11].

Based on our current data, T3 most likely induces miR-181d
expression via TR binding to distant TREs that exert long-range ef-
fects or it interacts directly with another unidentified transcription
factor that co-regulates miR-181d expression. Thus, while
miR181d induction requires TRs and is rapid, the precise mode of
induction requires further elucidation.

The miR181d binding site for human CDX2 mRNA was previ-
ously mapped to the 3’-UTR (697-715) and was shown to regulate
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Fig. 2. T; downregulated SOAT2 (or ACAT2), potentially by reducing CDX2 with miR-181d. (A) T specifically downregulated SOAT2. (B) Exogenous miR-181d also specifically
downregulated SOAT2, after 48 h. (C) CDX2 knockdown, with siRNA, decreased SOAT2 transcript levels independently of Ts. (D) MiR-181d reduced the total cholesterol output
of human hepatic cells. Total cholesterol, which includes free cholesterol and cholesterol esters, were measured after 24 h incubation in serum-free media. HepG2-TRB cells
transfected with miR-181d mimic secreted less total cholesterol compared to mock transfected cells. *Significant difference with p <0.05; ** Significant difference with

p <0.005.
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Fig. 3. T; downregulated Soat2 in mouse liver cells by upregulating a miRNA, miR-181d. C57/bl6 mice were either injected with 10 p1g/100 g body weight of T5 (hyperthyroid)
or with saline (euthyroid). After 3 consecutive days of injections, the animals were sacrificed and total RNA purified from their liver cells.(A) MiR-181d expression was
induced by Ts in vivo. (B) Cdx2, which has a much lower expression in mouse liver cells compared to the HepG2 cell line, was similarly downregulated by T5 treatment. (C)
Soat2 was also downregulated by T3 in mouse livers, potentially via the downregulation of Cdx2 by miR-181d.

CDX2 mRNA expression [8]. This binding site is conserved between
man and mouse. Additionally, CDX2 directly binds to the promoter
of SOAT2, and induces SOAT2 gene expression [9]. Our data showed
that stimulation of miR-181d expression by T3 downregulated
SOAT2 expression by decreasing CDX2 in human hepatic cells and
mouse liver. This novel signaling cascade is an example of negative
regulation by TH that does not require direct TR binding to the pro-
moters of either the CDX2 or SOAT2 gene; hence, it represents a no-

vel mechanism that requires TR but utilizes non-TR effectors (i.e.,
miRNAs and transcription factors) to mediate downstream regula-
tion of transcription by TH.

TH also regulates other miRNAs in the liver and the heart
[3,12,13]. In separate screens for liver miRNAs, Huang et al. re-
ported that TH induced miR-21 [13] whereas Dong et al. found that
TH induced miR-1, miR-206, miR-133a and 133b [12]. The differ-
ence between these results is most likely due to different cell lines



CS. Yap et al./Biochemical and Biophysical Research Communications 440 (2013) 635-639 639

and techniques used for their screens. However, when they are ta-
ken together with our results, it suggests that TH regulates a signif-
icant subset of hepatic miRNAs.

MiR-181d was initially identified in a screen for regulators of li-
pid droplet levels in hepatic cells [6]. It reduced cellular triglycer-
ides and cholesteryl esters by about 60%. Of note, the expression of
miR-181b, a close family member, was decreased in nonalcoholic
fatty liver disease (NAFLD) [14]. Recently, it was reported that liv-
ers of SOAT2 knockout mice and knockdown mice had decreased
mass of hepatic lipid droplets containing cholesteryl esters and tri-
glycerides [10]. In addition, treatment with SOAT2 antisense oligo-
nucleotides reversed pre-existing NAFLD in mice [14]. VLDL
produced by the SOAT2 knockdown or knockout mice had triglyc-
eride cores without cholesteryl esters but the number of VLDLs
produced remained normal [15]. Since more than 70% of the cho-
lesterol in VLDL is esterified, we measured the total cholesterol
output of HepG2-TRp cells and found that miR-181d decreased
cholesterol secretion (Fig. 2D). Patients with hyperthyroidism also
have decreased serum total cholesterol levels [16]; thus, the
miR181d/CDX2/ SOAT2 cascade likely contributes to this TH-
dependent change in cholesterol trafficking. The components of
this cascade also are potential drug targets; indeed, SOAT2 inhibi-
tors have been developed to treat hypercholesterolemia [17]. In
conclusion, our studies on this novel signaling cascade demon-
strate that TH regulation of miRNAs can have profound effects on
hepatic and systemic lipid metabolism.

Acknowledgments

We would like to thank Dr Liang Kee GOH and Mr Gengbo CHEN
for the statistical analysis of the miRNA microarray data.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.09.116.

References

[1] P.M. Yen, Physiological and molecular basis of thyroid hormone action, Physiol.
Rev. 81 (2001) 1097-1142.

[2] A. Oetting, P.M. Yen, New insights into thyroid hormone action, Best Pract. Res.
Clin. Endocrinol. Metab. 21 (2007) 193-208.

[3] E. van Rooij, L.B. Sutherland, X. Qi, J.A. Richardson, J. Hill, E.N. Olson, Control of
stress-dependent cardiac growth and gene expression by a microRNA, Science
316 (2007) 575-579.

[4] Z. Yang, L. Wang, Regulation of microRNA expression and function by nuclear
receptor signaling, Cell Biosci. 1 (2011) 31.

[5] LH. Chan, M.L. Privalsky, Isoform-specific transcriptional activity of
overlapping target genes that respond to thyroid hormone receptors alphal
and betal, Mol. Endocrinol. 23 (2009) 1758-1775.

[6] R. Whittaker, P.A. Loy, E. Sisman, E. Suyama, P. Aza-Blanc, R.S. Ingermanson,
J.H. Price, P.M. McDonough, Identification of MicroRNAs that control lipid
droplet formation and growth in hepatocytes via high-content screening, ].
Biomol. Screen. 15 (2010) 798-805.

[7] X.F. Wang, Z.M. Shi, X.R. Wang, L. Cao, Y.Y. Wang, ].X. Zhang, Y. Yin, H. Luo, C.S.
Kang, N. Liu, T. Jiang, Y.P. You, MiR-181d acts as a tumor suppressor in glioma
by targeting K-ras and Bcl-2, ]J. Cancer Res. Clin. Oncol. 138 (2012) 573-584.

[8] J.Ji, T. Yamashita, A. Budhu, M. Forgues, H.L. Jia, C. Li, C. Deng, E. Wauthier, L.M.
Reid, Q.H. Ye, L.X. Qin, W. Yang, H.Y. Wang, Z.Y. Tang, C.M. Croce, X.W. Wang,
Identification of microRNA-181 by genome-wide screening as a critical player
in EpCAM-positive hepatic cancer stem cells, Hepatology 50 (2009) 472-480.

[9] B.L. Song, C.H. Wang, X.M. Yao, L. Yang, WJ. Zhang, Z.Z. Wang, X.N. Zhao, J.B.
Yang, W. Qi, X.Y. Yang, K. Inoue, Z.X. Lin, H.Z. Zhang, T. Kodama, C.C. Chang, Y.K.
Liu, T.Y. Chang, B.L. Li, Human acyl-CoA:cholesterol acyltransferase 2 gene
expression in intestinal Caco-2 cells and in hepatocellular carcinoma, Biochem
J. 394 (2006) 617-626.

[10] H.M. Alger, ].M. Brown, J.K. Sawyer, K.L. Kelley, R. Shah, M.D. Wilson, M.C.
Willingham, LL. Rudel, Inhibition of acyl-coenzyme A:cholesterol
acyltransferase 2 (ACAT2) prevents dietary cholesterol-associated steatosis
by enhancing hepatic triglyceride mobilization, ]. Biol. Chem. 285 (2010)
14267-14274.

[11] M. Podvinec, M.R. Kaufmann, C. Handschin, U.A. Meyer, NUBIScan, an in silico
approach for prediction of nuclear receptor response elements, Mol.
Endocrinol. 16 (2002) 1269-1279.

[12] H. Dong, M. Paquette, A. Williams, R.T. Zoeller, M. Wade, C. Yauk, Thyroid
hormone may regulate mRNA abundance in liver by acting on microRNAs,
PLoS One 5 (2010) e12136.

[13] Y.H. Huang, Y.H. Lin, H.C. Chi, C.H. Liao, CJ. Liao, S.M. Wu, C.Y. Chen, Y.H. Tseng,
C.Y. Tsai, S.Y. Lin, Y.T. Hung, CJ. Wang, C.D. Lin, KH. Lin, Thyroid hormone
regulation of miR-21 enhances migration and invasion of hepatoma, Cancer
Res. 73 (2013) 2505-2517.

[14] L.A. Adams, P. Angulo, Treatment of non-alcoholic fatty liver disease, Postgrad.
Med. J. 82 (2006) 315-322.

[15] J. Zhang, K.L. Kelley, S.M. Marshall, M.A. Davis, M.D. Wilson, ].K. Sawyer, R.V.
Farese Jr., J.M. Brown, L.L. Rudel, Tissue-specific knockouts of ACAT2 reveal
that intestinal depletion is sufficient to prevent diet-induced cholesterol
accumulation in the liver and blood, J. Lipid Res. 53 (2012) 1144-1152.

[16] J. Pauletzki, F. Stellaard, G. Paumgartner, Bile acid metabolism in human
hyperthyroidism, Hepatology 9 (1989) 852-855.

[17] T.Y. Chang, B.L. Li, C.C. Chang, Y. Urano, Acyl-coenzyme A:cholesterol
acyltransferases, Am. J. Physiol. Endocrinol. Metab. 297 (2009) E1-9.


http://dx.doi.org/10.1016/j.bbrc.2013.09.116
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0005
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0005
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0010
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0010
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0015
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0015
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0015
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0020
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0020
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0025
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0025
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0025
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0030
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0030
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0030
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0030
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0035
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0035
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0035
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0040
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0040
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0040
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0040
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0045
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0045
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0045
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0045
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0045
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0050
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0050
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0050
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0050
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0050
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0055
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0055
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0055
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0060
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0060
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0060
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0065
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0065
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0065
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0065
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0070
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0070
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0075
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0075
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0075
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0075
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0080
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0080
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0085
http://refhub.elsevier.com/S0006-291X(13)01621-5/h0085

	Thyroid hormone negatively regulates CDX2 and SOAT2 mRNA expression via induction of miRNA-181d in hepatic cells
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Cell culture
	2.3 RNA isolation and quantitative PCR
	2.4 MiRNA microarray
	2.5 Short RNAs and transfection
	2.6 Western blotting
	2.7 Cholesterol quantitation

	3 Results
	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


