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Abstract

Biological processes require close cooperation of multiple transcription factors that integrate 

different signals. Thyroid hormone receptors (TRs) induce Krüppel-like factor 9 (KLF9) to 

regulate neurogenesis. Here, we show that triiodothyronine (T3) also works through TR to induce 

KLF9 in HepG2 liver cells, mouse liver, and mouse and human primary hepatocytes and sought to 

understand TR/KLF9 network function in the hepatocyte lineage and stem cells. Knockdown 

experiments reveal that KLF9 regulates hundreds of HepG2 target genes and modulates T3 

response. Together, T3 and KLF9 target genes influence pathways implicated in stem cell self-

renewal and differentiation, including Notch signaling, and we verify that T3 and KLF9 cooperate 

to regulate key Notch pathway genes and work independently to regulate others. T3 also induces 

KLF9 in human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSC) 

and this effect persists during differentiation to definitive endoderm and hiPSC-derived 

hepatocytes. Microarray analysis reveals that T3 regulates hundreds of hESC and hiPSC target 

genes that cluster into many of the same pathways implicated in TR and KLF9 regulation in 

HepG2 cells. KLF9 knockdown confirms that TR and KLF9 cooperate to regulate Notch pathway 

genes in hESC and hiPSC, albeit in a partly cell-specific manner. Broader analysis of T3 

responsive hESC/hiPSC genes suggests that TRs regulate multiple early steps in ESC 
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differentiation. We propose that TRs cooperate with KLF9 to regulate hepatocyte proliferation and 

differentiation and early stages of organogenesis and that TRs exert widespread and important 

influences on ESC biology.
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INTRODUCTION

Thyroid hormone (TH) receptors (TRs α and β) belong to the nuclear receptor superfamily. 

TRs occupy thyroid response elements and alter expression of genes in response to the 

active form of TH (T3). Primary events involved in TH-dependent changes in gene 

expression are well understood; T3 induces TR conformational changes that facilitate 

interactions with coregulators which enhance or repress TR-regulated gene transcription [1, 

2]. Downstream consequences of TR-dependent induction of genes that encode other 

transcription factors (TFs) and interplay between TRs and these TFs are less clear.

The Krüppel-like factors (KLFs) are a family of conserved zinc finger TFs that act as 

transcriptional activators or repressors in a context-dependent manner and are implicated in 

transcriptional networking and regulation of balance between pluripotency, self-renewal, and 

differentiation in mouse embryonic stem cells (mESCs) [3, 4]. Expression of one member of 

this family, Krüppel-like factor 9 (KLF9), is often associated with differentiated states or 

early stages of differentiation processes [5–7]. Furthermore, TR actions on neurite extension 

and branching and neuronal differentiation of mammalian and amphibian cells are mediated 

by induction of KLF9 [5, 8, 9]. Thus, at least one crucial developmental effect of TR 

signaling involves KLF9. In mESC, simultaneous depletion of three KLFs, KLF2, KLF4, 

and KLF5 inhibits self-renewal and triggers cell differentiation [10]. KLF9 and KLF4 bind 

to the Notch1 gene and exert opposite effects on its transcription, thereby influencing the 

Notch signaling pathway [6]. Notch signaling works with Wnt, FGF, TGFb/BMP, and 

Hedgehog signaling pathways [11–15] and converges upon a core transcriptional network 

that involves Oct4, Nanog, and Sox2 to regulate stem cell maintenance, differentiation, and 

cellular homeostasis[16]. Thus, alterations in KLF9 levels could greatly influence cell 

differentiation processes through changes in Notch signaling and other pathways.

There are reasons to suspect that the TR/KLF9 axis is active in many cellular contexts, in 

addition to neural development. First TRs and KLF9 are detected in multiple tissue types 

and differentiating cells at different stages of development [4, 17–19]. Second, T3 induces 

KLF9 in non-neuronal cell types such as epithelial and erythroid cells [20, 21]. Third, TRs 

and KLF9 play similar roles in particular tissues; both TRa and KLF9 are active in intestinal 

stem cell regulation [22–24]. Thus, some T3 actions that are ascribed to TR could be results 

of KLF9 induction. Presently, little is known about the existence and possible roles of TR/

KLF9 networking in non-neuronal contexts.
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In this study, we show that TR can induce KLF9 in multiple cell types of hepatocyte origin 

and stem cells and sought to understand roles of the TR/KLF9 signaling network in these 

contexts using in vitro cell models. We demonstrate that TR activation leads to KLF9 

induction in HepG2 cells, nontrans-formed liver cells, human induced pluripotent stem cells 

(hiPSC), and in human embryonic stem cells (hESCs) and this effect persists during hiPSC 

and hESC differentiation to definitive endoderm and mature hepatocytes. Dissection of TR/

KLF9 effects reveals important roles in key signaling pathways, including the Notch 

pathway, in HepG2 and ESCs. T3 effects upon KLF9 in ESCs occur in the context of 

widespread TR-dependent effects on genes that are implicated in early stages of ESC 

differentiation. Our data therefore suggest that the TR/KLF9 axis plays important roles 

throughout several stages of the hepatocyte lineage and in the choice between stem cell 

renewal and differentiation.

MATERIALS AND METHODS

Reagents

Triiodothyronine (T3) was from Sigma-Aldrich (Sigma, St. Louis, MO, http://

www.sigmaaldrich.com).

Cell Culture

Human HepG2 cells expressing TRα (HepG2-TRα) or TRβ (HepG2-TRβ) were maintained 

as described [25]. hESC line KCL034 and hiPSC lines iKCL004 and iKCL011 were 

maintained in either TeSR2 (Stem Cell Technologies, Vancouver, BC; http://

www.stemcell.com/) or Nutristem medium (Stemgent, Cambridge, MA, https://

www.stemgent.com) on Matrigel-coated six-well plates in the absence of feeder cells. 

Matrigel-coated plates were prepared by incubating 1 ml of 0.33 mg/ml growth factor 

reduced Matrigel (BD Biosciences, San Jose, CA, 354230, http://www.bdbiosciences.com) 

in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Life Technologies, Carlsbad, CA, 

http://www.lifetechnologies.com) per well for 1 hour at 37°C.

Animals

Experiments were approved by Methodist Hospital IACUC following NIH guidelines for 

ethical use of animals in biomedical research. C57B/6J mice were purchased from Jackson 

Laboratory (Bar Harbor, ME, http://www.jax.org) at 9 weeks of age. Animals were 

maintained on a 12:12 hours light dark cycle, with food and water available ad libitum and 

were divided into two groups (n = 4): control and T3. Animals were treated for 3 days by 

oral gavage ± 1 mg/kg T3. Three days after, animals were killed and liver tissue collected for 

RNA purification.

Isolation of Primary Mouse Hepatocytes

Primary mouse hepatocytes were isolated from male C57B/6J mice using Life Technologies 

Protocol (Life Technologies, Carlsbad, CA, http://www.lifetechnologies.com), plated in 

collagen-coated plates (Invitrogen, Carlsbad, CA, http://www.invitrogen.com/) and 

incubated at 37° C for 2–3 hours using Williams’ Medium E, + 5 ml penicillin-streptomycin 

(×100), and 5% fetal bovine serum (FBS). Medium was then changed to HepatoZYME-
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SFM (Invitrogen, Carlsbad, CA, http://www.invitrogen.com/). Cells were treated with 1 nM, 

10 nM, or 100 nM T3 for 16 hours.

Primary Human Hepatocytes

Primary human hepatocytes were a gift from Prof. Dhawan, Hepatocyte Biology and 

Transplantation Group, King’s College London. Hepatocytes were isolated from donor 

organs rejected for transplantation and consented for research. The research was undertaken 

with full institutional ethical approval and conducted according to the principles of the 

Declaration of Helsinki. The procedure is based on papers by Berry and Friend, modified by 

Seglen, on hepatocyte isolation from rat livers [26, 27]. Briefly, liver is perfused with 500 ml 

oxygenated HBSS-EGTA (Lonza, Walkersville, MD, www.lonza.com) prior to perfusion 

with oxygenated EMEM (Lonza, Walkersville, MD, www.lonza.com) supplemented with 

collagenase-P for 15 minutes. Tissue is filtered and centrifuged at 50g for 5 minutes twice. 

The pellet contains hepatocytes separated from nonparenchymal cells and dead cells and are 

used fresh or cryopreserved in University of Wisconsin solution supplemented with 10% 

DMSO and 4% glucose, using a controlled-rate freezer.

Endoderm Differentiation

hESC (KCL034) and hiPSC (iKCL004 and iKCl011) were differentiated as a monolayer 

into definitive endoderm [28]. Undifferentiated cells, at 80% confluence, were induced to 

differentiate by culturing in RPMI-based serum-free medium + 10% serum-free defined 

medium (SFD), Wnt3a (40 ng/ml), and Activin A (100 ng/ml) for 1 day. For the next 2 days, 

media were switched to RPMI supplemented with BMP4 (0.5 ng/ml), basic fibroblast 

growth factor (bFGF) (10 ng/ml), Activin A (100 ng/ml), and vascular endothelialgrowth 

factor (VEGF) (10 ng/ml). The last 2 days, cells were maintained in SFD + BMP4 (0.5 ng/

ml), bFGF (10 ng/ml), Activin A (100 ng/ml), and VEGF (10 ng/ml). SFD serum-free 

medium consists of 75% Iscove’s modified Dulbecco’s medium (IMDM) (Invitrogen, 

Carlsbad, CA, www.invitrogen.com/), 25% Ham’s F-12 (Mediatech, Inc., Cell-gro, 

Manassas, VA 20109, http://www.cellgro.com), 0.53 N2-Supplememt (Gibco/Life 

Technologies, Carlsbad, CA, http://www.lifetechnologies.com/ipac/en/home/brands/

gibco.html), 0.53 B27 without retinoic acid, 0.1% bovine serum albumin (BSA) (Sigma, St. 

Louis, MO, http://www.sigmaaldrich.com), 50 μg/ml ascorbic acid, and 4.5 × 10−4 M 

monothioglycerol.

Precommercial iCell highly purified iPSC-derived human hepatocytes (iHep) were 

purchased from Cellular Dynamics International (CDI; Madison, WI, http://

www.cellulardynamics.com). Cells were maintained according to iCell Hepatocytes User’s 

Guide (CDI; Madison, WI, http://www.cellulardynamics.com).

Quantitative Real-Time PCR

Total RNA was prepared using the RNeasy mini-kits (Qiagen, Venlo, Limburg, http://

www.qiagen.com). For HepG2, Aurum Total RNA kit (Bio-Rad, Hercules, CA, http://

www.bio-rad.com/) was used. Reverse transcription reactions were performed using 1 μg 

total RNA with an iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA, http://www.bio-

rad.com). Quantitative real-time PCR (qPCR) was performed with the Roche LightCycler 
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480 RT PCR Instrument using SYBR Green Mastermix (Roche, Mannheim, Germany, 

www.roche.com). Primer sequences are available per request. Data were collected and 

analyzed using comparative threshold cycle method with β-actin and 18S rRNA as 

reference. Experiments were performed at least three times, and mean ± SD was calculated 

and statistical analysis was performed using Prism curve-fitting program (GraphPad Prism, 

version 6.01).

RNA Interference

HepG2-TRβ cells were plated in 10% FBS-DMEM/F-12 media and grown to 50% 

confluence. Cells were transfected with TRβ or KLF9 ON-TARGET plus SMART pool 

siRNA (Dharmacon, Waltham, MA, http://www.thermoscientificbio.com/Dharmacon/) at 50 

nM final concentration. Positive and negative non-targeting control siRNAs were also from 

Dharmacon. After 3 days, cells were treated with 100 nM T3 for 8 or 24 hours and RNA or 

protein prepared.

hESC (KCL034) and hiPSC (iKCL004 and iKCL011) were plated at 125,000/well of six-

well dish and transfected with 5 μM nontargeting control or siKLF9 with DharmaFECT1 

according to manufacturer’s protocol 2 days later. Cells were exposed to 100 nM T3 for 18 

hours 2 (for RNA) or 3 (for protein isolation) days post-transfection.

Western Blotting

Total proteins were separated with 4%–12% gradient Bis-Tris gels (Invitrogen, Grand Island, 

NY, http://www.invitrogen.com/), transferred to polyvinylidene fluoride (PVDF) membranes 

(Bio-Rad, Hercules, CA, http://www.bio-rad.com/), and incubated with anti-KLF9 antibody 

(Santa Cruz Biotechnology, Dallas, TX, www.scbt.com) followed by anti-mouse IgG Ab 

conjugated with HRP (Santa Cruz Biotechnology, Santa Cruz Biotechnology, Dallas, TX, 

www.scbt.com). A Luminata Classico Western HRP Substrate (EMD Millipore, Billerica, 

MA, www.millipore. com) was used for protein detection.

Microarray Analysis

Human HT-12_v4 whole genome expression arrays were from Illumina (Illumina, San 

Diego, CA, http://www.illumina.com/). cRNA synthesis and labeling were performed using 

Illumina TotalPrep-96 RNA Amplification Kit (Ambion/Life Technologies, Carlsbad, CA, 

http://www.lifetechnologies.com/us/en/home/brands/ambion.html). Labeling in vitro 

transcription reaction was performed at 37° C for 14 hours. Biotinylated cRNA samples 

were hybridized to arrays at 58° C for 18 hours according to manufacturer’s protocol. Arrays 

were scanned using BeadArray Reader.

Unmodified microarray data obtained from GenomeStudio were background-subtracted and 

quantile-normalized using the lumi package [29] and analyzed with the limma package[30] 

within R [31]. Effect of KLF9 knockdown was determined through comparison between 

non-T3 treated control and KLF9 knockdown. T3-response was determined by comparing 

cells treated with T3 for 8 or 24 hours against their respective untreated controls. All 

analyses were corrected for multiple hypothesis testing [32], and effects determined as 

significant when more than or equal to twofold with an adjusted p-value ≤.05. To facilitate 
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comparisons among datasets, all data were uploaded into a SQLite3 database (http://

www.sqlite.org/).

Pathway Enrichment Analysis (GeneCodis)

We used the GeneCodis analysis (http://genecodis.cnb.csic.es/) to identify enriched 

pathways and functional themes. Gene-Codis integrates different information resources (GO, 

Panther pathways, SwissProt, etc.), searches, and arranges gene set annotation by statistical 

significance [33–35]. Genes of interest, defined as at least twofold differentially expressed 

according to microarray, were uploaded as standard human gene symbols and genes in the 

interaction network with false discovery rate (FDR) <0.05 were taken into consideration.

GeneMANIA

We used GeneMANIA (http://www.genemania.org) to find genes related to input genes, 

using a very large set of functional interaction data [36–38]. Inputs were differentially 

expressed genes underlying specific functional themes and pathways as identified by 

GeneCodis. We focus analysis on high confidence physical interactions (from various 

protein interaction databases included in GeneMANIA) and pathway interactions (from 

Reactome pathway database).

Ingenuity Pathway Analysis

Data were also analyzed using ingenuity pathway analysis (Ingenuity Systems; IPA, 

Redwood City, CA, http://www.ingenuity.com). Genes of interest, defined as at least twofold 

differentially expressed, were uploaded. Each gene identifier was mapped to its 

corresponding gene object in the ingenuity pathways knowledge base (IPKB). The IPKB, 

containing a large network of curated molecular interactions and pathways, was searched to 

find subnetworks enriched in genes of interest.

Immunostaining

hESC/iPSC-derived definitive endoderm cells grown as a monolayer were fixed in 3.8% 

paraformaldehyde for 20 minutes, permeabilized in 0.5% Triton X-100/phosphate buffered 

saline (PBS) for 5 minutes, washed in PBS, and incubated with goat anti-GATA4 polyclonal 

Ab (R&D Systems cat. no. 2606; Minneapolis, MN; www.rndsystems.com) overnight at 

+4°C. Samples were washed, incubated with rhodamine X-conjugated donkey anti-goat IgG 

antibodies, and washed again 3× in PBS. In the second wash 10 μg/ml Hoechst 33342 (Life 

Technologies, Carlsbad, CA, http://www.lifetechnologies.com) was added to visualize 

nuclei. Samples were mounted in Vectashield (Vector Laboratories, Burlingame, CA; 

www.vector-labs.com) and analyzed with an epifluorescence microscope (Nikon, model 

E50i) equipped with Retiga 400R cooled monochrome camera (QImaging, Surrey, BC; 

www.qimaging.com). Images were processed using AdobePhotoshop CS5 software.
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RESULTS

T3 Activates KLF9 in Hepatocytes

Our previous analysis of T3 response in parental HepG2 and HepG2 cells that stably express 

either TRα or TRβ [25] suggested that KLF9 is a T3 inducible-target in this cell 

background. We used qRT-PCR to verify T3-activation of KLF9 in these cells (Fig. 1A). T3 

response was observed at 24 hours in parental HepG2, which express very low levels of TRβ 
[39] (Fig.1A) but more rapid T3 induction was observed in both HepG2-TR cell lines, 

occurring within one hour of T3 treatment and maintained up to 24 hours (Fig. 1A). T3-

induction of KLF9 persisted after pretreatment with protein synthesis inhibitor 

cycloheximide (CHX) in HepG2-TRβ cells (Supporting Information Fig. S1A). Thus, T3 

induction of KLF9 is a direct effect that does not require new protein synthesis. The specific 

role for TRβ was confirmed by siRNA (Supporting Information Fig. S1B, S1C).

Since HepG2 cells are a liver carcinoma cell line, we verified the effect of T3 on KLF9 

expression in mouse liver. We treated 9 weeks old C57/Bl6 male mice ± T3 by daily oral 

gavage. After 3 days, we isolated livers and showed that T3 induced KLF9 about twofold 

(Fig. 1B). We confirmed that KLF9 was not expressed in cholangiocytes, as judged by 

absence of colocalization with the cholangiocyte marker CK19 (Supporting Information Fig. 

S2). We also confirmed that T3 induced KLF9 in mouse primary hepatocytes in a dose-

dependent fashion (Fig. 1C) and that T3 treatment of human primary hepatocytes (adult and 

neonatal) resulted in an increase in KLF9 expression (Fig. 1D). Thus, the TR/KLF9 axis is 

active in transformed and nontransformed hepatocytes.

KLF9 Regulates Multiple Genes in HepG2 and Influences T3 Response

To define roles of KLF9 and the TR/KLF9 network in HepG2, we used siRNA to silence 

KLF9 expression in HepG2-TRβ cells. We verified that KLF9 levels were reduced in 

specific siRNA treated cells versus cells that were treated with control siRNA (97% 

reduction of mRNA and protein) (Supporting Information Fig. S3A). Although KLF9 levels 

were almost completely suppressed, some T3 induction of KLF9 persisted (Supporting 

Information Fig. S3B).

Microarray analysis revealed 368 genes that displayed more than twofold change after KLF9 

knockdown, with 226 downregulated and 142 upregulated (Fig. 2A). Effects were confirmed 

by qRT-PCR analysis of representatives of both classes of gene (downregulated Lama1 and 

Aldoc, upregulated Snord 3A and 3D, Fig. 2B). Thus, KLF9 regulates large numbers of 

genes in HepG2 and can act as a transactivator and transrepressor.

To understand whether KLF9 knockdown might influence T3 response, we treated siControl 

and siKLF9 HepG2-TRβ cells with T3 for 8 and 24 hours and performed microarray 

analysis. In accordance with previous results, 530 genes displayed T3 response (more than 

twofold) in siControl HepG2 cells, with more genes displaying T3 response at 24 hours 

(Supporting Information Table S1). Comparison of genes that responded to KLF9 

knockdown or T3 in siControl cells revealed significant overlap between datasets, with 68 

genes regulated by both factors (Supporting Information Fig. S4). More surprisingly, KLF9 

knockdown also altered the pattern of T3 response. Numbers of T3 responsive genes were 
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similar in control and KLF9 knockdown cells (530 and 576 genes, respectively, Supporting 

Information Table S1). While most T3 responsive genes were unaffected by KLF9 

knockdown (339 genes displayed similar responses in control and KLF9 knockdown cells), 

191 T3 target genes displayed reduced T3 response after KLF9 knockdown and 237 genes 

gained T3 response (Fig. 2C). We confirmed that genes that responded to T3 in the presence 

and absence of KLF9 were truly KLF9 independent (HR, Fig. 2D). We also confirmed 

positive and negative T3 responses that were dependent upon KLF9 (FoxO4 and DACT1; 

Fig. 2E, 2F) and T3 responses that emerged after KLF9 knockdown (PPL and CLDN1, Fig. 

2G, 2H). We also detected genes that showed changes in overall expression after KLF9 

knockdown, but retained similar T3 response (alkaline phosphatase, intestinal (ALPI), 

Supporting Information Fig. S5). Thus, T3 and KLF9 display overlapping effects upon gene 

expression in HepG2 and many T3 responses are modulated by KLF9.

TR/KLF9 Axis Regulates Key Signaling Pathways

To define roles of defined KLF9 target genes in HepG2 we used GeneCodis software 

analysis (http://genecodis.cnb.csic. es) [33–35] to examine functions of genes that displayed 

altered expression after KLF9 knockdown. Candidate genes were assigned to pathways and 

processes listed in Table 1 (upper section) and Supporting Information Table S2, 

respectively, with differentially expressed genes listed in Supporting Information Tables S3, 

S4. The main KLF9-dependent pathways were TGFβ signaling, Alzheimer’s disease-

amyloid secretase pathway, FGF and Wnt signaling (Table 1). The most important processes 

were signal transduction, cell adhesion, aging, and cell differentiation (Supporting 

Information Table S2).

We also analyzed T3 responsive pathways and processes (Supporting Information Table S5). 

Interestingly, only two of the top six KLF9-dependent pathways (TGFβ and FGF pathway) 

and three processes (transmembrane transport, cell death, and protein folding) were purely 

KLF9-responsive. Other KLF9 responsive pathways and processes were also flagged as T3 

responsive (Table 1-green, Supporting Information Table S2-green).

Analysis of an integrated gene set that included KLF9 responsive gene targets (Fig. 2A) and 

T3-regulated gene targets with altered response to KLF9 knockdown (Fig. 2C) yielded more 

statistically enriched pathways (Table 1, lower section) and processes (Supporting 

Information Table S6). Together, T3 and KLF9 are active in the Notch pathway as well as 

the EGF, Ras, and platelet-derived growth factor (PDGF) regulated pathways (Table 1-blue). 

Furthermore, T3 and KLF9 influenced processes such as cell proliferation and metabolic 

pathways (Supporting Information Table S6-blue; differentially expressed genes in 

Supporting Information Tables S7, S8). Thus, there are overlaps between KLF9- and T3-

dependent pathways and processes in HepG2, and TR and KLF9 cooperate to influence 

signaling pathways that would not be identified by consideration of actions of either T3 or 

KLF9 alone.

TR/KLF9 Axis Regulates Multiple Components of the Notch Pathway

Since Notch signaling emerged as a major target pathway regulated by T3 and KLF9 and 

because Notch signaling also plays important roles in liver development and regeneration, 
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we explored links between T3, KLF9, and Notch in HepG2. We verified regulation patterns 

of the five flagged T3/KLF9 target genes with qRT-PCR (HEY1, HEY2, NOTCH3, PSEN2, 

and HES1) (Table 1, Supporting Information Table S7). This confirmed that HEY1, HEY2, 

and NOTCH3 all displayed T3 response and that expression levels of these genes were 

changed by KLF9 knockdown (Fig. 3A–3C). Furthermore, PSEN2 and HES1 transcript 

levels were, respectively, greatly reduced and elevated by KLF9 knockdown (not shown).

We next performed GeneMania analysis to identify Notch networking partners (http://

www.genemania.org); this approach uncovers genes related to input genes, using a large set 

of functional interaction data [36–38]. We generated the network using a query of the five 

Notch signaling components identified as T3 and/or KLF9 regulated (Fig. 3A–3C, 

Supporting Information Table S7). We focused analysis only on high confidence pathway 

interactions (reactome pathway database; Fig. 3D, blue lines) and physical interactions 

(various protein interaction databases; GeneMANIA; Fig. 3D, red lines). This strategy 

uncovered tight networking of the 5 input genes with 20 associated genes. Of these 20 

genes, three were also flagged as T3 and/or KLF9 targets in microarray analysis (ID3, Furin, 

ARNT), underscoring links between TR/KLF9 and Notch. We used qRT-PCR to confirm 

that ID3 exhibited strong regulation by T3 and KLF9 response (not shown) and that Furin 

and ARNT were responsive only to T3 and KLF9, respectively (Fig. 3E, 3F). A limited 

survey of additional genes implicated in Notch signaling revealed that KLF9 and T3 also 

cooperate to regulate HES4 (Fig. 3G). Thus, T3 and KLF9 regulate multiple Notch pathway 

genes in HepG2 and TR/KLF9 targets are involved in multiple aspects of Notch signaling 

(Discussion).

TR/KLF9 Axis Is Active in Embryonic Stem Cells and Definitive Endoderm

Since TR regulates KLF9 in hepatocytes, we asked whether TR might also regulate KLF9 

during differentiation along the hepatocyte lineage in culture. We assessed KLF9 expression 

in two hiPSC lines, iKCL004 and iKCL011 [40] and the hESC line KCL034 [41] (Fig. 4A). 

While KLF9 is detectable in all three cell lines (iKCL004, iKCL011, and KCL034), its 

expression was profoundly reduced in comparison to dermal BJ fibroblasts from which the 

iPSCs were reprogrammed (Fig. 4A). Even though TRa was the predominant TR isoform in 

these cell lines (Supporting Information Fig. S6), T3 treatment for 6 and 18 hours resulted in 

robust increase in KLF9 mRNA in all three pluripo-tent stem cell lines, but not BJ 

fibroblasts (Fig. 4A).

We differentiated lines into definitive endoderm [28]. As expected, expression of 

pluripotency markers Nanog and Oct4 decreased during definitive endoderm differentiation 

and endoderm markers MIXL1 and SOX17 emerged (Supporting Information Fig. S7A). We 

also confirmed that the majority of cells turned into endoderm by GATA4+ immunostaining 

(Supporting Information Fig. S7B). TRα remained the prevalent iso-form during this 

process (Supporting Information Fig. S6) and T3 treatment again induced KLF9 in definitive 

endoderm from all stem cell lines (Fig. 4B).

Finally, we asked whether TR/KLF9 axis is active in highly purified terminally differentiated 

hiPSC-derived hepatocytes. Like mature hepatocytes, these cells predominantly expressed 

TRβ (Supporting Information Fig. S6) and, here, T3 also increased KLF9 expression (Fig. 
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4C). Thus, T3 induces KLF9 in human ESCs and at early and late stages of hepatocyte 

differentiation in vitro in a manner that is independent of TR subtype.

T3 Exhibits Cell-Specific Effects on Notch Genes in ESCs

To explore TR function in ESCs, we performed microarray analysis on KCL034, iKCL004, 

and BJ lines treated with T3 for 6 hours. The analysis revealed 820 and 826 genes changed 

in KCL034 and iKCL004, respectively, and no change in BJ cells (Supporting Information 

Table S9).

Analysis of T3 target genes using GeneCodis analysis confirmed that T3 regulates many key 

pathways previously recognized as targets of TR or the TR/KLF9 axis in HepG2, including 

Notch, Wnt, and FGF (Supporting Information Table S10) along with others such as 

angiogenesis, cadherin, and endothelin pathways. However, closer investigation of T3 effects 

upon individual Notch pathway genes revealed differences from HepG2. HEY2 and HES4 

appeared as T3 targets in ESCs, as seen in HepG2 (Supporting Information Table S11), but 

Notch3, HEY1, and FURIN did not respond to T3 in any of pluripotent stem lines tested 

(not shown). Conversely, several Notch genes responded to T3 in stem cells and not in 

HepG2 (HES5, LFNG, and DLK1) (Fig. 4H, Supporting Information Fig. S8). Thus, T3 

displays cell-specific effects upon key Notch pathway genes.

KLF9-Dependency of Notch Genes in ESCs

To determine whether KLF9 might regulate Notch signaling in human pluripotent stem cells, 

we silenced KLF9 in iKCL004, iKCL011 and KCL034 cells (Fig. 4D, 4E). RNA and 

Western analysis showed an average of 85%, 75%, and 72% knockdown of KLF9 in 

iKCL004, iKCL011, and KCL034, respectively, relative to scrambled siRNA control (Fig. 

4D) with T3-dependent induction of KLF9 also significantly reduced (Fig. 4E). In these 

cells, KLF9 knockdown reduced basal levels and T3 response of T3/KLF9 targets HES4 and 

HES5 (Fig. 4F, 4H). Additionally, PSEN2 and ARNT, pure KLF9-targets in HepG2 cells 

(Fig. 3), also exhibited similar pure KLF9-dependency in stem cells (Fig. 4G and not 

shown). There was no change in the expression of T3 target genes LFNG and DLK1 after 

KLF9 knockdown (not shown). Thus, TR and KLF9 cooperate to regulate key Notch 

pathway genes in stem cell lines, and work independently to regulate others, but precise 

effects are cell type specific (Discussion).

T3-Dependent Changes in Differentiation-Related Gene Expression in Stem Cells

To gain insight into T3 regulated biological processes in ESCs, we performed IPA (version 

Fall 2013) to determine functional pathways of identified genes. IPA scans input genes to 

identify networks using the IPKB for interactions between “target genes” and known and 

hypothetical interacting genes stored in the IPA software (in our study, input genes were 

differently expressed after T3 treatment). This revealed that T3 target genes clustered into 

categories related to embryonic development and differentiation (Table 2).

We used qRT-PCR to confirm selected T3 responses. T3 induces important differentiation-

related genes such as HHEX, one of the earliest markers of anterior endoderm, which gives 

rise to foregut organs such as the liver, ventral pancreas, thyroid, and lungs [42], HAND1, a 
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TF that is critical for the development of three embryologically distinct lineages: trophoblast 

of the placenta, extraembryonic mesoderm derivatives and cardiomyocytes [43], and the 

octamer TF POU3F1, which participates in cell fate determination [44] (Fig. 5A). 

Conversely, T3 represses the crucial ES pluripotency regulator Nanog (Fig. 5B, 5C). Thus, 

T3 triggers changes in genes involved in ESC differentiation.

DISCUSSION

It is important to understand how TR-dependent cascades of alternate TFs contribute to T3 

regulation of physiologic processes. This study was initially prompted by our observation 

that TRs regulate KLF9 in HepG2 liver cells and nontrans-formed hepatocytes. Previous 

studies implicate KLF9 in regulation of the balance of cellular renewal and differentiation 

and TR-dependent induction of KLF9 in neural development [5, 8,9], but the role of their 

cooperation in hepatocytes is unknown. TR activation regulates hepatocyte proliferation and 

development [45, 46] and, conversely, induces regression of carcinoma-induced hepatic 

nodules and reduce incidence of hepatocarcinoma [47, 48]. Moreover, KLF9 regulates the 

balance between cell differentiation and self-renewal [6, 9]. Thus, investigation of the TR/

KLF9 axis in hepatocytes could yield insights into the ways that TRs influence liver 

regeneration and cancer.

We used the HepG2 system to define TR/KLF9 effects in a hepatocyte background. siRNA 

knockdown revealed hundreds of KLF9-dependent genes in this cell type with 10%–15% of 

T3 regulated genes identified in this study, and previous studies [25, 49], also being KLF9 

targets (Supporting Information Fig. S4). KLF9 knockdown also reduced T3 response of a 

large proportion of TR target genes (Fig. 2C). Thus, we suggest that some T3 responsive 

HepG2 target genes are regulated indirectly through induction of KLF9. In this regard, 35% 

of T3 responses in HepG2 cells are indirect, as judged by sensitivity to the protein synthesis 

inhibitor CHX [25]. Inspection of this CHX sensitive dataset reveals many genes flagged as 

KLF9 targets in this study (not shown).

Surprisingly, some genes displayed emergent T3 response after KLF9 knockdown. We have 

not assessed mechanisms of this effect, but we note that KLF9 knockdown often results in 

large alterations of basal expression of this gene class (Fig. 2G, 2H). Thus, we suggest that 

emergent T3 responses may occur at genes that display close to maximal KLF9 response in 

HepG2; T3-dependent increases in remaining low levels of KLF9 that persist after siRNA 

treatment are sufficient to partly rescue effects of KLF9 knockdown.

The fact that large numbers of genes respond to T3 and KLF9 in HepG2 allowed us to define 

pathways that, respectively, depend upon T3, KLF9, and T3+KLF9. KLF9 target genes are 

active in pathways implicated in stem cell pluripotency and differentiation, including TGFβ, 

FGF, and Wnt (Table 1, Fig. 5D). Analysis of an integrated dataset of KLF9- and T3-target 

genes flagged additional pathways, including Notch, crucial for liver development and 

regeneration [50–56]. Detailed analysis of T3+KLF9 targets in the Notch pathway revealed 

multiple genes coordinately regulated by T3 and KLF9 (HEY1, HEY2, HES4, Notch3, and 

ID3) and others that were purely regulated by T3 (Furin) or KLF9 (PSEN2 and ARNT).
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Given connections between TR, KLF9, and Notch signaling in hepatocytes, we determined 

whether T3 also regulates KLF9 during hepatocyte differentiation from ESCs. Unexpectedly, 

T3 induced KLF9 in ESCs and hiPSC derived from BJ fibro-blasts, but not BJ fibroblasts 

themselves, and this effect persisted throughout differentiation to definitive endoderm and 

mature hepatocytes (Fig. 4). Microarray analysis revealed more than 800 T3-regulated genes 

in hiPSC and these genes cluster into many of the pathways recognized as TR/KLF9 

responsive in HepG2, including Notch, FGF, and Wnt. Silencing of KLF9 in hESC and 

hiPSC confirmed that the TR/KLF9 axis regulates Notch pathway genes in ESCs, as seen in 

HepG2, albeit in cell-type-specific fashion. Thus, the TR/KLF9 axis is active in ESCs, 

remains active through early and late stages of hepatocyte differentiation, and plays 

important cell-specific roles in regulation of ESC Notch signaling genes.

Our studies do not yet allow us to precisely define how T3 and KLF9 affect Notch-

dependent behavior of different cell types. We note, however, that T3 and/or KLF9 regulate 

genes involved in upstream Notch signaling events (Notch3, Furin, and PSEN2), members of 

the HES/HEY family of TFs that are downstream targets of the Notch pathway and a gene 

that is part of noncanonical Notch pathways (ARNT) (Supporting Information Fig. S9) [57–

59]. Thus, TR and KLF9 regulate multiple branches of the Notch pathway and the fact that 

T3 and KLF9 cooperate to regulate genes of the HES/HEY family, which constitute outputs 

of Notch signaling, in a cell-type-specific manner suggests that T3 and KLF9 could 

influence Notch pathway activity in a cell type-specific manner. HEY/HES TFs are 

differentially and specifically expressed in different cell types [60], display an oscillatory 

expression pattern, and control timing of biological events [61, 62]. Thus, TR/KLF9-

dependent changes in HES/HEY expression could have profound influences on cell fate, 

depending on cell type and context.

While we focused on TR/KLF9-dependent effects upon the Notch signaling pathway, such 

effects must be considered in the context of widespread effects on differentiation-related 

pathways (Fig. 5D). Indeed, IPA-based analysis of TR function in ESCs provides strong 

evidence of T3 involvement in crucial development-related processes (Table 2), suggesting 

that TR may orchestrate transitions from the embryonic to adult transcription programs (Fig. 

5A–5C). While more experiments will be needed to dissect mechanisms and consequences 

of these effects, our data suggest that TR/KLF9 axis could orchestrate key biological 

processes during differentiation through direct transcription regulation or through signaling 

pathways such as Notch (Supporting Information Fig. S9). It is not clear how the TR/KLF9 

axis influences dysregulated Notch signaling that occurs in pathological conditions such as 

congenital disorders, metabolic syndrome, and cancer [11, 12, 63]. We propose that it will 

be important to examine roles of KLF9 and Notch pathway genes in T3-dependent 

enhancement of liver proliferation and inhibition of hepatocarcinoma proliferation using 

gene ablation or knockdown.

CONCLUSIONS

TRs and KLF9 work together to regulate multiple genes and important developmental 

processes. The TR/KLF9 axis is active in ESCs and cell types that are representative of the 

hepatocyte lineage and influences Notch signaling. Better understanding of synergy between 
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TR and KLF9 is crucial for understanding decisions between stemness and differentiation 

and to uncover regulatory patterns of cell homeostasis. Given the likely importance of KLF9 

and Notch signaling in regulation of the balance between proliferation and differentiation, 

we propose that it will be important to further explore how the TR/KLF9 axis regulates 

hepatocellular cancer development and important physiological processes such as liver 

regeneration.
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Figure 1. 
T3 induces KLF9 in HepG2 cells and in hepatocytes. (A): Parental HepG2, HepG2-TRβ, 

and HepG2-TRα cells were treated with 100 nM T3 for the indicated times and KLF9 

mRNA levels were determined by quantitative real-time PCR (qPCR). (B–D): Expression of 

KLF9 after T3 treatment was assessed by qPCR in mice liver tissue (B), in isolated mice 

hepatocytes treated with increasing concentrations of T3 (C), and human hepatocytes 

isolated from neonatal and adult livers (D).
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Figure 2. 
TR/KLF9 axis regulates multiple genes in HepG2 cells. (A): Differential gene regulation in 

HepG2-TRb cells after KLF9 silencing revealed by microarray analysis. Microarray data 

obtained from human Illumina HT-12_v4 gene chips from control versus KLF9 knockdown 

were analyzed using Limma package within R. Effects determined to be significant when 

more than or equal to twofold with an adjusted p-value ≤ .05. (B): Effects of KLF9 

knockdown confirmed at representatives of both classes of gene by quantitative real-time 

PCR. (C): Differential gene regulation by T3 in control and siKLF9 cells revealed by 

microarray analysis. (D–H): Cells were treated with 100 nM T3 and qRT-PCR was 

performed to verify patterns of KLF9-dependency of T3 response. Data are represented as 

mean ± SD. Microarray data are deposited in the Gene Expression Omnibus; http://
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www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=sxkvckgwhxmfdgx&acc=GSE54699; 

accession number GSE54699.
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Figure 3. 
TR/KLF9 axis and the Notch pathway. (A–C): Cells were treated with 100 nM T3 and qRT-

PCR was performed to verify TR/KLF9-dependency of identified Notch pathway genes. 

(D): Network of interactions among Notch pathway KLF9 targets, as retrieved by the 

GeneMania. Circles represent genes and connecting lines represent interactions between 

genes. GeneMania retrieved known and predicted interactions between these genes and 

added extra genes (gray circles) that are strongly connected to query genes. (E–G): 

Quantitative real-time PCR verification of genes identified by GeneMania as part of TR/

KLF9-Notch network. All data are represented as mean ± SD.
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Figure 4. 
TR/KLF9 axis is active in embryonic stem cells, definitive endoderm, and human induced 

pluripotent stem cell (hiPSC)-derived hepatocytes. (A–C): Quantitative real-time PCR 

(qPCR) analysis of KLF9 expression levels 2/1T3 in BJ fibroblasts, iKCL004, iKCL011, 

and KCL034 cells (A), endoderm differentiated from iKCL004, iKCL011, and KCL034 (B), 

and terminally differentiated hiPSC-derived hepatocytes (C). KLF9 mRNA levels were 

expressed as fold change. All data are represented as mean ± SD. (D–H): TR/KLF9 axis is 

involved in regulation of Notch signaling in hiPSC and human embryonic stem cell. (D): 

Western blot for KLF9 from cell lysates from iKCL004, iKCL011, and KCL034 transfected 

with Ctrl or KLF9 siRNA. (E–H): iKCL004, iKCL011, and KCL034 cells transfected with 

Ctrl or KLF9 siRNA were treated with 100 nM T3 for 18 hours. KLF9, HES4, PSEN2, and 
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HES5 mRNA levels were determined by qPCR. The data are presented as fold change of 

mRNA levels in Ctrl nontreated samples. All data are represented as mean ± SD.
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Figure 5. 
Analysis of representative gene expression in KCL034 and iKCL004 cells. (A): T3-induced 

expression of HHEX, HAND1, and POU3F1 in iKCL004 and KCL034. (B, C): Nanog 

display T3-dependent reduction in expression levels in KCL034 and iKCL004 as verified by 

qPCR (B) and confirmed by immunostaining in KCL034 cells (C). (D): A model for TR/

KLF9 action. TR activates transcription of KLF9 and both transcription factors modulate 

each other’s activity in multiple pathways leading to cell-specific responses to different 

signals. Abbreviation: TR, thyroid hormone receptor.

Cvoro et al. Page 23

Stem Cells. Author manuscript; available in PMC 2019 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cvoro et al. Page 24

Ta
b

le
 1

.

Pa
th

w
ay

 e
nr

ic
hm

en
t a

na
ly

si
s 

of
 K

L
F9

-d
ep

en
de

nt
 tr

an
sc

ri
pt

om
e.

 C
an

on
ic

al
 p

at
hw

ay
s 

ob
ta

in
ed

 f
ro

m
 G

en
eC

od
is

 u
si

ng
 P

an
th

er
 p

at
hw

ay
s 

da
ta

ba
se

. G
en

e 

co
-o

cc
ur

re
nc

e 
an

no
ta

tio
n 

fo
un

d 
by

 G
en

eC
od

is
 f

or
 th

e 
ge

ne
s 

di
ff

er
en

tia
lly

 e
xp

re
ss

ed
 (

FC
 >

 2
, p

 <
 .0

5 
co

rr
ec

te
d 

fo
r 

m
ul

tip
le

 te
st

in
g)

 b
et

w
ee

n 
si

C
tr

l v
er

su
s 

si
K

L
F9

 H
ep

G
2-

T
R
β 

sa
m

pl
es

 (
K

L
F9

 p
at

hw
ay

s)
 a

nd
 in

te
gr

at
io

n 
of

 K
L

F9
 ta

rg
et

ed
 a

nd
 T

R
/K

L
F9

 ta
rg

et
ed

 p
at

hw
ay

s.
 p

-V
al

ue
s 

ha
ve

 b
ee

n 
ob

ta
in

ed
 th

ro
ug

h 

hy
pe

rg
eo

m
et

ri
c 

an
al

ys
is

 (
H

yp
) 

co
rr

ec
te

d 
by

 F
D

R
 m

et
ho

d 
(H

yp
*)

.

N
G

R
N

G
H

yp
H

yp
*

A
nn

ot
at

io
ns

 (
pa

nt
he

r 
pa

th
w

ay
s)

K
L

F9
 p

at
hw

ay
s

 
91

7
1.

86
E

-0
5

0.
00

01
11

64
P0

00
52

: T
G

F-
be

ta
 s

ig
na

lin
g 

pa
th

w
ay

 
66

5
0.

00
03

21
8

0.
00

09
65

52
P0

00
03

: A
lz

he
im

er
 d

is
ea

se
-a

m
yl

oi
d 

se
cr

et
as

e 
pa

th
w

ay

 
10

9
5

0.
00

30
78

7
0.

00
46

18
11

P0
00

21
: F

G
F 

si
gn

al
in

g 
pa

th
w

ay

 
28

0
8

0.
00

39
94

7
0.

00
47

93
75

P0
00

57
:W

nt
 s

ig
na

lin
g 

pa
th

w
ay

 
10

7
5

0.
00

28
42

3
0.

00
56

84
63

P0
00

06
: A

po
pt

os
is

 s
ig

na
lin

g 
pa

th
w

ay

 
19

8
6

0.
00

92
04

5
0.

00
92

04
53

P0
00

31
: I

nf
la

m
m

at
io

n 
m

ed
ia

te
d 

by
 c

he
m

ok
in

e 
an

d 
cy

to
ki

ne
 s

ig
na

lin
g 

pa
th

w
ay

T
R

/K
L

F9
 p

at
hw

ay
s

 
91

9
4.

60
E

-0
5

0.
00

10
35

29
P0

00
52

: T
G

F-
be

ta
 s

ig
na

lin
g 

pa
th

w
ay

 
28

0
16

7.
02

E
-0

5
0.

00
10

53
67

P0
00

57
: W

nt
 s

ig
na

lin
g 

pa
th

w
ay

 
10

7
9

0.
00

01
62

0.
00

18
27

79
P0

00
06

: A
po

pt
os

is
 s

ig
na

lin
g 

pa
th

w
ay

 
66

7
0.

00
02

07
0.

00
18

65
32

P0
00

03
: A

lz
he

im
er

 d
is

ea
se

-a
m

yl
oi

d 
se

cr
et

as
e 

pa
th

w
ay

 
70

8
4.

28
E

-0
5

0.
00

19
27

06
P0

00
16

: C
yt

os
ke

le
ta

l r
eg

ul
at

io
n 

by
 R

ho
 G

T
Pa

se

 
11

4
9

0.
00

02
62

0.
00

19
67

4
P0

00
18

: E
G

F 
re

ce
pt

or
 s

ig
na

lin
g 

pa
th

w
ay

 
11

8
9

0.
00

03
39

0.
00

21
80

76
P0

00
04

: A
lz

he
im

er
 d

is
ea

se
-p

re
se

ni
lin

 p
at

hw
ay

 
36

5
0.

00
04

83
0.

00
27

17
83

P0
00

45
: N

ot
ch

 s
ig

na
lin

g 
pa

th
w

ay

 
10

9
8

0.
00

09
24

0.
00

41
59

05
P0

00
21

: F
G

F 
si

gn
al

in
g 

pa
th

w
ay

 
72

6
0.

00
20

94
0.

00
58

90
54

P0
00

19
: E

nd
ot

he
lin

 s
ig

na
lin

g 
pa

th
w

ay

 
96

7
0.

00
19

80
0.

00
59

40
38

P0
00

36
: I

nt
er

le
uk

in
 s

ig
na

lin
g 

pa
th

w
ay

 
19

8
10

0.
00

37
94

0.
00

89
86

46
P0

00
31

: I
nf

la
m

m
at

io
n 

m
ed

ia
te

d 
by

 c
he

m
ok

in
e 

an
d 

cy
to

ki
ne

 s
ig

na
lin

g 
pa

th
w

ay

 
69

5
0.

00
87

89
0.

01
46

48
5

P0
43

93
: R

as
 P

at
hw

ay

 
12

6
6

0.
02

90
72

0.
04

08
83

2
P0

00
29

:H
un

tin
gt

on
 d

is
ea

se

 
12

8
6

0.
03

10
68

0.
04

11
20

1
P0

00
47

: P
D

G
F 

si
gn

al
in

g 
pa

th
w

ay

N
G

R
: N

um
be

r 
of

 a
nn

ot
at

ed
 g

en
es

 in
 th

e 
re

fe
re

nc
e 

lis
t;

N
G

: N
um

be
r 

of
 a

nn
ot

at
ed

 g
en

es
 in

 th
e 

in
pu

t l
is

t;

Stem Cells. Author manuscript; available in PMC 2019 January 03.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cvoro et al. Page 25
H

yp
: H

yp
er

ge
om

et
ri

c 
pV

al
ue

;

* H
yp

 C
or

re
ct

ed
 h

yp
er

ge
om

et
ri

c 
pV

al
ue

.

Stem Cells. Author manuscript; available in PMC 2019 January 03.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cvoro et al. Page 26

Table 2.

Functional categorization of T3 target genes in KCL034 and iKCL004 cells; pathway enrichment 

determination using ingenuity pathway analysis identify enriched development-related functional themes The 

number of genes and statistical values are shown for each cell line. Microarray data have been deposited in 

NCBI’s gene expression omnibus; http://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?tacc=GSE58273; 

accession number GSE58273

Function

KCL034 IKCL004

NG p-Value NG p-Value

Gene expression 126 1.39E-10 103 7.08E-06

Transcription 146 7.90E-10 124 4.56E-06

Cellular development

 Cell differentiation 178 1.09E-17 160 3.69E-14

 Cell proliferation 271 1.02E-14 248 4.34E-12

 Cell commitment 16 9.05E-05 16 4.39E-05

Cell cycle 73 2.87E-04 71 1.28E-04

Cell morphology 155 4.40E-10 154 6.62E-12

Cell death 242 6.23E-11 213 3.48E-07

Cell viability 104 5.55E-08 84 2.96E-04

Embryonic development

 Development of body axis 86 1.96E-09 81 5.51E-09

 Development of head 80 1.38E-09 76 2.31E-09

 Lung development 33 8.85E-07 25 2.20E-08

 Development of sensory organ 51 5.03E-07 51 7.57E-08

 Cardiogenesis 39 1.56E-07 27 4.14E-04

 Development of abdomen 28 1.15E-07 46 3.39E-06

 Movement of neural crest cells 11 6.95E-06 29 5.22E-07

 Eye development 42 1.88E-06 30 2.46E-06

 Mesoderm development 31 1.59E-05 31 5.25E-04

 Cell movement of embryonic cells 32 7.17E-04 32 4.03E-04

 Development of epidermis 17 6.96E-04 22 7.73E-07

 Skin development 34 6.35E-04 34 4.35E-08

 Development of atrium 6 2.46E-04 6 1.76E-04

 Development of lymphatic system component 32 1.68E-04 30 2.83E-04

 Development of brain 39 1.30E-04 45 1.85E-07

 Development of forebrain 23 1.11E-04 21 3.30E-04

NG, Number of annotated genes in the input list.
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