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Abstract 

Purpose: The growing epidemic of obesity poses serious health risks due to the 

development of obesity-associated diseases including type 2 diabetes, hypertension, 

heart diseases, and cancer. When energy intake consistently exceeds energy 

expenditure, excess calories are stored as triglycerides in white adipose tissue. By 

contrast, brown adipose tissue (BAT) and beige adipocytes are responsible for the 

dissipation of energy as heat by adaptive thermogenesis. The activating transcription 

factor (ATF)2 family of transcription factors regulates a variety of metabolic 

processes, including adipogenesis and adaptive thermogenesis. ATF7 is a member of 

the ATF2 family, and mediates epigenetic changes induced by environmental stresses, 

such as social isolation and pathogen infection. However, the metabolic role of ATF7 

remains unknown. Assisted reproductive technologies, including in vitro fertilization 

(IVF), are now frequently used, and increasing evidence indicates that IVF causes 

gene expression changes in children and adolescents that increase the risk of 

metabolic diseases. Although such gene expression changes have been thought to be 

due to the IVF-induced epigenetic changes, its mechanism remains elusive. Thus I 

would like to investigate the role of ATF7 in regulation of metabolism and its 

function in the IVF-induced gene expression change. 

 

Methods: To explore the role of ATF7 in metabolism, we measured a series of 

metabolic parameters of Atf7-deficient (Atf7−/−) and wild type (WT) mice, including 

body weight, insulin and glucose tolerance, energy expenditure, plasma glucose, 



 

triglycerides, and cholesterol concentrations, serum insulin and resistin levels. The 

histology analysis was performed to examine the cell morphology of adipose tissues. 

Gene expression changes were detected by RT-PCR and microarray analysis. Protein 

expression and phosphorylation level were examined by western blotting. In vitro 

differentiation was implemented for investigation of the role of ATF7 in adipogenesis. 

Bioinformatics methods were applied to analyze the gene expression pattern in liver. 

 

Results: Atf7−/−mice exhibited lower body weight and resisted diet-induced obesity. 

Serum triglycerides, resistin, and adipose tissue mass were all significantly lower in 

ATF7-deficient mice. Fasting glucose levels and glucose tolerance were unaltered, but 

systemic insulin sensitivity was increased by ablation of ATF7. Indirect calorimetry 

revealed that oxygen consumption by Atf7−/− mice was comparable to that of WT 

littermates on a standard chow diet, but increased energy expenditure was observed in 

Atf7−/−mice on a high-fat diet. The thermogenic genes, including Ucp1 and Ppargc1a, 

exhibited the higher expression levels in iWAT of Atf7−/− mice and the UCP1 

expression level was higher in BAT of Atf7−/− mice after cold exposure. Adipogenesis 

was impaired by ablation of ATF7. In contrast, overexpression of ATF7 in 

C3H10T1/2 cells promoted the process of adipogenesis. We also found that IVF 

up-regulated the expression of 688 genes in the liver of 4-week-old wild-type (WT) 

mice, whereas 87% of these were not changed by IVF in Atf7−/− mice. The genes, 

which are involved in metabolism, such as pyrimidine and purine metabolism, were 



 

up-regulated in WT mice but not in Atf7−/− mice. Of the genes whose expression was 

up-regulated by IVF in WT mice, 37% were also up-regulated by a loss of ATF7.   

 

Conclusion: Our data showed that the ablation of ATF7 in mice could improve the 

resistance to diet-induced obesity and insulin sensitivity. Atf7–/– mice fed a HFD 

showed higher energy expenditure during both light and dark phases, implying that 

ATF7 may contribute to the regulation of adaptive thermogenesis. The up-regulated 

thermogenic genes in inguinal WAT of Atf7–/– mice and cold exposure-induced 

phosphorylation of ATF7 in BAT further confirm that ATF7 functions as 

transcriptional repressor in the thermogenic gene program. However, in vitro 

adipocyte differentiation demonstrated that ATF7 is required for adipogenesis. These 

data indicate that ATF7 controls the energy balance by regulation of adipocytes 

development and thermogenesis. In addition, our study also shown that ATF7 is a key 

factor in establishing the memory of IVF effects on metabolic pathways, such as 

pyrimidine and purine metabolism and terpenoid backbone biosynthesis. 
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Introduction 

1. ATF7 and the ATF2 transcription factor family 

1.1 The ATF2 transcription factor family 

The activating transcription factor (ATF)7 belongs to the ATF2 transcription factor 

family, which is a part of the ATF/cAMP response element-binding protein (CREB) 

superfamily. The vertebrate ATF2 family has three members: ATF2 (originally 

named CRE-BP1) 1,2, CRE-BPa3, and ATF7 (originally named ATF-a)4. Each of 

these three proteins contains the DNA-binding domain involving a basic leucine 

zipper (B-ZIP) structure and a trans-activation domain consisting of a metal finger 

structure and stress-activated protein kinase (SAPK) phosphorylation sites. The B-ZIP 

DNA binding domains can bind to the cyclic AMP response element (CRE: 

5’-TGACGTCA-3’). The SAPK phosphorylation sites on these proteins are the 

targets of SAPK p385 (Fig1-1, A).  

 The ATF2 family is conserved among various species. Atf1 is the 

Schizosaccharomyces pombe ortholog of the mammalian ATF2. In fission yeast, Atf1 

is phosphorylated by the mitogen-activated protein kinase (MAPK) Sty1 in response 

to different stresses, including UV damage, nutritional starvation, nucleotide pool 

depletion, oxidative stress and osmotic stress6. Atf1 forms heterodimers with Pcr1 and 

these two proteins contribute to H3 lysine 9 methylation and Swi6-dependent 

heterochromatin formation7. The Caenorhabditis elegans ortholog, ATF7, also is one 

of targets of PMK-1 p38 MAPK pathway. It functions as the repressor of PMK-1–

regulated immune effector gene expression in absence of stress. The 
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pathogen-induced activation of PMK-1 phosphorylates ATF7 and switches ATF-7 to 

an activator in order to induce the immune effector gene transcription8. dATF2 (also 

known as CG30420) is the ortholog of mammalian ATF2 and ATF7 in Drosophila, 

plays a critical role in the regulation of fat metabolism. dATF2 knockdown flies 

exhibit the reduced glyceroneogenesis and the smaller triglyceride reserves9. dATF2 

in pacemaker neurons functions as a regulator of connection between sleep and 

locomotion. The knockdown of dATF2 decreases period of sleep time and increases 

locomotor activity of fly 10 . dATF2 contributes to the establishment of 

heterochromatin at early embryonic stage and the maintenance of heterochromatin 

during later stages. Various environmental stresses, including osmotic stress and heat 

shock, can induce phosphorylation of dATF2, leading to the release of dATF2 from 

chromatin and disruption of heterochromatin structure. Intriguingly, the dATF2 

mediated stress-induced epigenome change can be inherited to the next generation in 

fly11. 

The molecular function of ATF2 is tightly controlled by protein modification, 

particularly by phosphorylation on Thr69 and Thr71, which is mediated by stress 

activated protein kinases p38 or JNK6. Several protein kinase C (PKC) isoforms can 

phosphorylate the ATF2 on Ser12 or Thr52, which enhances the nuclear retention of 

ATF2 and promotes its transcriptional activity12. In response to DNA damage induced 

by ionizing radiation (IR), ataxia-telangiectasia mutated (ATM) kinase 

phosphorylates ATF2 on Ser490 and 498, resulting in its localization into ionizing 
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radiation-induced foci and the recruitment of double-strand break repair protein 

MRE11A, indicating that ATF2 has the transcription-independent role13.  

ATF2 is ubiquitously expressed and the abundant expression of ATF2 was 

observed in the brain14. The ablation of Atf2 gene in mice leads to postnatal lethality 

caused by meconium aspiration syndrome and severe respiratory defects15,16. ATF2 

can form homodimer or heterodimer with members of the Jun, Fos or Maf 

transcription factor families to regulate a variety of cellular processes17. ATF2 

exhibits oncogenic function within the nucleus. It associates with v-Jun to promote 

growth factor-independent proliferation in vitro and tumor formation in vivo18. ATF2 

also acts as a tumor suppressor. ATF2 heterozygous mice are prone to develop 

mammary tumors due to the reduced expression of the mammary tumor suppressor 

gene Maspin and Gadd45a19. Besides, genotoxic stress can induce ATF2 localization 

at the mitochondria to increases mitochondrial permeability and promotes apoptosis20. 

In addition, ATF2 plays an essential role in the regulation of metabolism. By 

associating with β-cell-enriched transcription factors, MafA, Pdx1, and Beta2, ATF2 

binds to the conserved CRE2 sequence of insulin promotor to enhance the 

transcription21,22. Using the Atf2+/−Cre-bpa+/− double heterozygous mice, the function 

of ATF2 in the adipose tissue was investigated. The mutant mice exhibited reduced 

WAT mass and improved insulin sensitivity. ATF2 contributes to white adipocyte 

differentiation via p38-dependent induction of peroxisome proliferator-activated 

receptor (PPAR)γ2 23 , which is a key transcription factor mediating adipocyte 

differentiation24. The p38-dependent phosphorylation of ATF2 is also involved in 

http://www.sciencedirect.com/science/article/pii/S0006291X16312645#bib12
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thermogenic gene program. In response to cold exposure, ATF2 directly activates 

transcription of the UCP1 gene. This gene encodes uncoupling protein 125, which 

mediates non-shivering thermogenesis in brown adipose tissue (BAT)26. ATF2 also 

stimulates transcription of PPARγ coactivator-1α (PGC-1α) and zinc finger protein 

516 (Zfp516), both of which also activate UCP1 transcription27,28. 

 

1.2 ATF7 functions as a transcriptional repressor 

ATF7 shares a considerable conserved protein sequence to ATF2, particularly within 

the C-terminal B-ZIP DNA-binding domain and the N-terminal trans-activation 

domain (Fig. 1-1, A).  The conserved threonine residues Thr51 and Thr53 in ATF7 

(corresponding to the Thr69 and Thr71 in ATF2) are phosphorylated by MAPK, 

especially by p38 and Jun29. When ATF2 is phosphorylated by SAPKs in response to 

stimuli, it binds with its coactivator CREB-binding protein (CBP) and activates 

transcription30. ATF7 represses rather than activates gene transcription in the absence 

of stress, although it has a similar structure to ATF231. 

 ATF7 ubiquitously distributes in fetal or adult mice at a low level and exhibits 

enhanced expression in specific tissues, including parts of brain and squamous32. 

Atf7-deficient mice show abnormal behaviors which partially resemble those of WT 

mice experienced isolation stress. The ablation of ATF7 increases the expression of 

5-HT (serotonin) receptor 5B (Htr5b) in the dorsal raphe nuclei of the brain. ATF7 

can recruit the histone H3K9 trimethyltransferase ESET to 5’ regulatory region of 

Htr5b and promote the formation of a heterochromatin-like structure to repress its 
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expression. Social isolation stress stimulates p38-mediated phosphorylation of ATF7 

and therefore the release of ATF7 and ESET from the promoter of the serotonin 

receptor 5b gene (Htr5b), leading to the up-regulation of Htr5b33. In macrophages, 

ATF7 silences a group of innate immunity genes by binding with G9a. Pathogen 

infection-induced phosphorylation of ATF7 leads to a decrease in repressive histone 

H3K9me2 levels and elevated gene expression34(Fig. 1-1, B). In response to TNFα 

treatment, ATF7 mediates stress-induced telomere shortening via release of 

telomerase from the telomere and/or the regulation of transcription of telomere repeat 

containing RNA (TERRA) (unpublished data).    

 

2. Transcriptional control of adipocyte development and function 

2.1 Types of adipocytes 

The adipose tissues are the critical organs for whole-body energy homeostasis. The 

primary function of white adipose tissue (WAT) is to store the excess energy in form 

of lipids in unilocular white adipocytes and release fatty acids when food is limited35. 

In small mammals and human, BAT is organized as a special fat depot which protects 

against hypothermia via dissipation of energy into heat. Brown adipocytes are 

characterized by abundant mitochondria and the multilocular lipid droplets structure. 

The thermogenic capacity of brown adipocytes is enabled by UCP1, which locates in 

the inner mitochondrial membrane36. UCP1 uncouples the oxidative phosphorylation 

from ATP synthesis by catalyzing the proton leak to convert the chemical energy into 

heat37. Recent studies demonstrate that UCP1-positve thermogenic adipocytes also 
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exist in the white adipose depots, particularly in the subcutaneous adipose tissue. 

These brown-like adipocytes, termed beige adipocytes, are highly inducible by cold 

exposure and other environmental cues38. Since activation of BAT can increase 

whole-body energy expenditure and improve energy balance in human, proteins 

involved in the development and functions of brown and beige adipocyte are 

attractive therapeutic targets for combating obesity and obesity-related diseases39,40. 

 

2.2 Origins of adipocytes 

Classic BAT depots develop earlier than WAT during prenatal stages. Brown 

adipocytes originates from the progenitors in the somites. These mesenchymal 

precursors are marked by activation of certain transcription factors, including 

myogenic factor 5 (Myf5), paired box 7(Pax7), and the homeobox gene Engrailed-1 

(En1). Interestingly, many muscle-specific genes express in the brown adipocyte 

precursors, supporting the notion that skeletal muscle cells and brown adipocytes 

share the same progenitors41,42. The cell-fate switch between brown adipocytes and 

muscle cells is controlled by many transcriptional regulators, including early B cell 

factor 2 (EBF2), PR-domain-containing protein (PRDM16), zinc finger protein 516 

(ZFP516), and TATA-binding protein associated factor 7L (TAF7L)28,43-44 (Fig. 1-2, 

A).    

Despite many biochemical characteristics shared by beige adipocytes and brown 

adipocytes, the progenitors of these two types of thermogenic cells are different45. 

However, the origins of beige cells are still under debate. The notion of 
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trans-differentiation of white adipocytes to multilocular beige adipocytes after cold 

exposure has been supported by several studies46,47. In contrast, a number of studies 

indicate that beige adipocytes originate from distinct sources48,49. Myosin heavy chain 

11 (Myh11)-positive smooth muscle-like precursors can give rise to a subset of beige 

cells in the inguinal(i) WAT 50 . Perivascular platelet-derived growth factor 

receptor-α (PDGFRα)-positive precursors in the epididymal (e) WAT are the 

potential sources of β3 agonist-induced beige adipocytes and these cells also 

differentiate to white adipocytes51. Recently, the mural cells in the white adipose 

tissue have been demonstrated to be an important source of cold-induced beige 

adipocytes. These smooth muscle actin(SMA)-positive precursors are also able to 

differentiate into white adipocytes in the presence of certain stimuli, indicating that 

beige and white adipocytes originate from the same precursors52 (Fig. 1-2, B).  

 

2.3 Transcriptional regulation of adipocyte differentiation  

The transcriptional cascade in the regulation of the adipocytes differentiation 

are highly conserved between white and brown adipocytes, although they are 

derived from distinct cell lineages53. Three CCAAT/enhancer-binding protein 

family members (C/EBPβ, C/EBPа, and C/EBPδ) and PPARγ are the master 

transcription factors that control the processes of both brown and white adipocyte 

differentiation. C/EBPβ and C/EBPδ rapidly express after adipogenic induction. 

These two early regulators induce C/EBPа and PPARγ expression. C/EBPа and 

PPARγ can cross-regulate each other in a positive-feedback loop and synergistically 
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promote cell differentiation into mature adipocytes by activating the adipocyte gene 

program 54 . The process of adipogenesis is also regulated by many other 

transcriptional factors, including the interferon regulatory factor (IRF) families55, 

GATA2/356 , STAT5A/B57, and the members of the Krüppel-like factor (KLF) 

family54. Recently, Zinc Finger E-Box Binding Homeobox 1(ZEB1) was identified as 

a critical pro-adipogenic transcriptional factor of fat cell differentiation58.  

During brown adipogenesis, the transcriptional activity and expression of the key 

transcription factor are regulated in a different way compared to that of white 

adipogenesis. Many cell type-specific regulators contribute to brown and beige 

adipocytes differentiation. Prdm16 interacts with PPARγ and activates its 

transcriptional function to stimulates brown adipogenesis 59 . It also can form a 

transcriptional complex with C/EBPβ to initiates brown adipogenesis from myoblastic 

precursors60
. Prdm16 recruits the histone methyltransferase Ehmt1 to silence white 

fat-selective genes and muscle-selective gene in brown adipocytes to control the cell 

fate and identity of brown adipocytes61,62. In subcutaneous white adipose tissue, 

prdm16 is also essential for beige cell biogenesis63. EBF2 recruits PPARγ to its brown 

fat-specific binding sites to promote brown adipogenesis and the beige adipocytes 

biogenesis in white adipose tissue43,64. ZFP516 associates with Prdm16 to promote the 

brown and beige adipogeneis28 (Fig. 1-2, A and B). 

 

2.4 Transcriptional regulation of adipocyte thermogenesis 
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The thermogenic genes expression in brown and beige adipocytes can be induced by 

various external cues, including cold exposure, cancer cachexia, exercise and enriched 

environment 65 . The development and function of thermogenic adipocytes are 

regulated by these environmental stimuli via various endocrine factors, including 

catecholamines, interleukin(IL) 6, IL13, IL4, irisin, meteorin-like (METRNL) and 

FGF21. These endocrine factors are released from metabolically active organs, such 

as brain, liver, muscle and heart35(Fig.1-2, C).  

Adipose tissues are innervated by the sympathetic nervous system (SNS) which 

releases norepinephrine in response to cold to activate the β3-adrenergic receptor66. 

The alternative activation of adipose tissue macrophages induced by cold exposure, 

release catecholamines to activate the expression of thermogenic genes as 

well67(Fig.1-2, C).  

The induction of thermogenic genes in response to cold stimulus is largely 

mediated by activation of β-ARs. Adenylyl cyclase activated by β-ARs increases the 

concentration of cyclic AMP, leading to the enhanced activity of protein kinase A 

(PKA). PKA induces the phosphorylation of transcription factor CREB and p38, 

which stimulates the phosphorylation of transcriptional factor ATF2 and the 

transcriptional co-activator peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC1α). These transcriptional regulators bind to regulatory 

regions of thermogenic genes to activate the thermogenesis68. As a master regulator of 

mitochondria biogenesis, PGC1α can interact with various transcriptional regulator to 

control the thermogenic gene program. IRF4 is activated by cold exposure and forms 
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the complex with PGC1α to bind the Ucp1 gene regulatory regions, resulting in the 

activation of UCP1 expression69. PGC1α also associates with mediator complex 

subunit 1(MED1) to stimulate the Ucp1 transcription70. In response to cold and 

sympathetic stimulation, Zfp516 is induced through the cAMP-CREB/ATF2 pathway 

and interacts with PRDM16 to promote the transcription of Ucp1 28(Fig. 1-2, C). 

 

3. The influences of in vitro fertilization on metabolism 

Assisted reproductive technologies (ARTs), including in vitro fertilization (IVF), are 

increasingly used for infertility treatment in humans. More than 6 million children 

have been conceived through IVF and other ARTs71. Although ARTs are thought to 

be safe, multiple studies suggest that children and adolescents conceived by IVF are at 

increased risk of metabolic diseases, due to elevated blood pressure, fasting glucose, 

and peripheral body fat72,73. In particular, young adults conceived by IVF display 

reduced insulin sensitivity and may be more susceptible to the deleterious metabolic 

consequence of obesogenic environment 74 . Animal studies further confirm the 

influence of IVF on metabolism at later developmental stages. IVF alters the 

composition of lipid in mouse fetal liver, and adult mice conceived by IVF display 

increased fasting glucose levels and impaired glucose tolerance74,75. The metabolome 

in adult fat and liver is also altered by IVF, and metabolites enriched in 

steroidogenesis and pyrimidine metabolism are elevated by IVF76.  

Accumulating evidence in the Developmental Origins of Health and Disease 

(DOHaD) field supports the idea that stressful events in early development stages 
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increase susceptibility to chronic diseases in later life77. The IVF procedure exposes 

the gametes and embryo to an environment that dramatically deviates from natural 

conception. Manipulation and culture in vitro of gametes and early embryo during 

IVF would introduce several external stimuli, such as high oxygen, pH and 

temperature fluctuations, and mechanical stress, which induce stress-activated 

responses of gametes and embryo78,79. The preimplantation embryo is particularly 

vulnerable to environment disturbances, and these stressful factors could alter the 

development trajectory of the embryo, leading to long-term effects on gene expression 

patterns at later stages77,80. IVF induces gene expression pattern changes in blastocysts, 

placenta, and adult tissues, including skeletal muscle, fat, liver, and islets81,82.   

Epigenetic regulation of gene expression is mainly mediated by DNA 

methylation, post-translational histone modifications, and non-coding RNA. 

Substantial research indicates that IVF increases the risk of imprinting diseases, such 

as Beckwith-Wiedemann syndrome, by affecting epigenetic reprogramming and 

resulting in alteration of gene expression83,84. Children conceived by IVF exhibit 

altered DNA methylation at imprinted genes, such as MEST and H19/IGF285-86. 

Recent study also indicates that IVF can induce the dysregulation of microRNAs in 

mouse embryo, particularly the down-regulation of miR-199a-5p which is involved in 

regulation of glucose metabolism87. Furthermore, IVF alters histone modification at 

the promotor region of the gene encoding thioredoxin-interacting protein, which plays 

an important role in glucose and redox hemostasis, in blastocysts and adult adipose 

tissues 82. However, the molecular mechanism underlying the lasting effects of IVF on 
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alteration of metabolic homeostasis through epigenetic reprogramming remains 

elusive.  
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Chapter 1. The role of ATF7 in adipocytes development and function 

Although the functions of ATF7 in macrophage and brain have been studied, the 

metabolic role of ATF7 has not been characterized. Previous studies show that 

Drosophila ortholog dATF2 contributes to the regulation of fat metabolism9 and the 

other two members ATF2 and CRE-BPa in the mammalian ATF2 family of 

transcription factors are required for adipocytes differentiation23. Especially, it has 

been well established that ATF2, as a key transcriptional regulator, controls of energy 

expenditure via induction of thermogenic gene program in response to environmental 

cues68. Thus, we speculated that ATF7 might also be involved in the regulation of 

metabolic processes. Here, using Atf7−/− mice, the involvement of ATF7 in 

metabolism was investigated. 

 

1. Methods 

1.1 Mice 

ATF7-deficient (Atf7–/–) mice were generated as described previously33. The Atf7–/– 

and wild-type (WT) littermates used in this study were derived from Atf7 

heterozygotes on a C57BL/6 background. From 6 weeks old, male mice were fed a 

standard chow diet (CD) or a HFD (60% of kcal from fat). At 5 months old, body fat 

percentage was measured by dual-energy X-ray absorptiometry (DEXA) analysis 

using a Lunar PIXImus densitometer. Experiments were conducted in accordance 

with the guidelines of the Animal Care and Use Committee of the RIKEN Institute. 
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1.2 Western blotting 

Protein extracts were prepared by homogenization in radioimmunoprecipitation 

(RIPA) buffer (50 mM Tris, pH 8.0, 150 mM sodium chloride, 0.1% SDS, 0.5% 

sodium deoxycholate ,1.0% NP-40 and protease inhibitors). Proteins were separated 

on the SDS-polyacrylamide gel (SDS-PAGE) and transferred to PVDF membrane. 

After treated with the primary antibody at 4 °C overnight, the blots were incubated 

with a peroxidaseconjugated secondary antibody (Santa Cruz Biotechnology) 

followed by ECL detection (GE Healthcare) according to the manufacturer’s 

instruction.  

1.3 Quantitative-RT PCR 

The total RNA was extracted using TRIzol (Invitrogen) and the RT-PCR was 

performed on 7500 Fast Real-time PCR System using OneStep SYBR Green PCR 

mix (Takara) following the manufacturer’s instructions. The reference gene TBP was 

used as relative control and data were analyzed using the 2–ΔΔCt method. 

1.4 Microarray preparation and data analysis 

The inguinal WAT samples were isolated from 5-week-old male mice and total RNA 

was extracted using TRIzol (Invitrogen). Samples were analyzed by microarray using 

the mouse Gene 1.0 ST Array (Affymetrix). The data were analyzed using linear 

models for microarray data (Limma) package. The differentially expressed genes 

(DEGs) were defined with a P-value of ≤ 0.05 and an absolute Log2 fold-change of 

≥ 0.5. The raw CEL files of gene expression profiles in iWAT after cold exposure 
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were downloaded (GEO number: GSE13432) and re-analyzed. Statistical significance 

of the overlap was examined by Fisher's exact test. 

1.5 Isolation of stromal vascular cells and mature adipocytes 

The iWATs were dissected from 6-8 weeks old male mice and then digested in the 

digestion buffer (10 mM CaCl2, 2% BSA, 1 mg/ml collagenase in PBS) for 90 

minutes at 37 °C, followed by washing with DMEM medium containing 10% FBS. 

The digested tissues were filtered with 70μM cell strainers and the flow-through was 

centrifuged at 450 x g for 5 min. The stromal vascular cells were pelleted and the 

mature adipocytes were separated as the floating layer. 

1.6 In vitro adipocytes differentiation  

The SVF cells were cultured in DMEM medium (20% FBS) until confluence and then 

exposed to induction medium (10% FBS, 2.85 μM insulin, 0.3 μM dexamethasone 

(DEXA) and 0.63 mM 3-Isobutyl-1-methylxanthine (IBMX) in DMEM) for 4 days 

followed by cultivation in the differentiation medium (10% FBS, 200 nM insulin and 

10 nM T3 in DMEM) for 4 days.  

C3H10T1/2 cells were treated with BMP-2 (100 ng/ml) at 70% confluence in 

DMEM containing 10% FBS for 3 days and cultured in induction medium (10% FBS, 

10 μg/ml insulin, 0.25 μM DEXA and 0.5 mM IBMX in DMEM) for 2 days, and then 

cultured in the differentiation medium (10% FBS, 10μg/ml insulin in DMEM) for 6 

days.   
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1.7 Oil red O staining   

Differentiated cells were washed with PBS twice and fixed with 10% formalin for 1 h. 

Then cells were washed with 60% isopropanol followed by staining with the Oil Red 

O working solution for 30 min. The cells were washed with water for 4 times and 

pictures were taken. Oil Red O was eluted by 100% isopropanol and the OD value at 

490 nm was measured.    

1.8 Histology and immunohistochemistry 

Adipose tissues were isolated from mice and fixed in 4% paraformaldehyde overnight 

at 4 °C. Paraffin sections were cut at 5μm thick and deparaffinized, rehydrated, and 

then stained with hematoxylin and eosin. Immunohistochemistry was performed 

according to the ABC method using PK-6101 (Vector Laboratories) following the 

manufacturer's instructions. Briefly, the sections were treated with the rabbit 

polyclonal anti-UCP1 primary antibody at 200× dilution after antigen retrieval and 

blocked with the blocking buffer (2% bovine serum albumin and 10% normal serum 

in PBS). The sections were then incubated with the biotinylated anti-rabbit antibody, 

followed by incubation with avidin-biotin-horseradish peroxidase complex. The 

labeling was detected with 2,3’-diaminobenzidine tetrahydrochloride (DAB) and 

examined with light microscope. 

1.9 Lentivirus production 

To construct the ATF7-overexpression plasmid, the cDNA of mouse ATF7 was 

amplified and inserted into the vector plenti6.3/TO/V5-GW/lacZ (Life Technologies). 
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The vector plenti6.3/TO/V5-GW/Flag-ATF7 or plenti6.3/TO/V5-GW/dsRed was 

transfected into 293T cells with the packing plasmids. The fresh supernatants were 

collected and filtered through 4.5 syringe filters.  

1.10 Plasma parameters 

Serum glucose, triglycerides, and cholesterol concentrations were measured using an 

automatic clinical biochemistry analyzer (JCA-BM6070, JEOL). Serum insulin and 

resistin levels were measured using the Bio-plex system (Bio-Rad Laboratories). 

1.11 Glucose and insulin tolerance tests 

At 14 weeks of age, glucose tolerance testing was performed after fasting for 16 h. 

Glucose solution (2 g/kg body weight) was injected intraperitoneally into mice. Blood 

glucose levels were measured before (0 min) and 15, 30, 60, and 120 min after 

glucose injection, using a Glucocard hand-held analyzer (Arkray, Inc). Insulin 

tolerance testing was performed after a 4 h fast; mice were injected intraperitoneally 

with recombinant human insulin (Eli Lilly, 0.75 IU/kg of body mass), and then blood 

glucose was measured before (0 min) and 30, 60, and 90 min after insulin injection. 

1.12 Energy expenditure 

Energy expenditure was evaluated using indirect calorimetry, by measuring oxygen 

consumption. Briefly, 12-week-old mice were placed in calorimetric chambers for 48 
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h. After acclimation of mice to the chambers for 24 h, the volumes of O2 consumed 

and CO2 produced were recorded for ~21 h. 

 

2. Results 

2.1 Atf7−/− mice show lower body mass 

Atf7−/− mice appeared leaner than their WT littermates (Fig. 2-1, A); therefore, the 

body masses of Atf7−/− and WT mice fed with a CD and HFD were compared. Atf7−/− 

mice on a CD had a significantly lower body mass compared to WT littermates (Fig. 

2-1, B). When challenged with a HFD, Atf7−/− mice gained less mass relative to WT 

littermates (Fig. 2-1, B), suggesting that deficiency in ATF7 ameliorates diet-induced 

obesity. We measured a variety of metabolic parameters in the blood of 11- and 

18-week-old mice. There was no difference in serum cholesterol levels between 

Atf7−/− and WT control mice (Fig.2-1, C), whereas Atf7−/− mice displayed reduced 

serum triglycerides, particularly in 18-week-old mice (~50% lower than WT) (Fig. 

2-1, D). 

2.2 Effects of ATF7 deficiency on adipose tissue 

We examined the body composition of the mice using DEXA. Consistent with the 

reduced body mass of Atf7−/− mice, the percentage body fat of Atf7−/− mice was lower 

than that of WT littermates when fed either a CD or a HFD (Fig. 2-2, A). There was 

no difference in liver mass relative to total body mass between Atf7−/− and WT 
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littermates (Fig. 2-2, B). However, the masses of adipose tissue depots, including 

eWAT, iWAT, and BAT, were significantly decreased in Atf7−/− mice (Fig. 2-2, B). 

Histological analysis revealed that Atf7−/− mice possessed smaller adipocytes than WT 

mice (Fig. 2-2, C), suggesting that the reduction in adipose tissue mass may have been 

caused by impaired adipocyte differentiation. Because adipose tissues are the 

important endocrine organs, we measured serum adipocytokines levels and found that 

there was on significant difference in serum leptin and adiponectin between Atf7−/− 

and WT littermates (data not shown). By contrast, serum resistin was reduced by ~50% 

in Atf7−/− mice (Fig. 2-2, D). 

2.3 Atf7−/− mice demonstrate increased insulin sensitivity 

Atf7−/− mice exhibited a tendency for fasting serum insulin levels to be reduced (P = 

0.08), although similar levels of fasting blood glucose were observed in WT and 

Atf7−/− mice on both diets (Fig. 2-3, A and B). Blood glucose increased to comparable 

levels during glucose tolerance testing of WT and Atf7−/− mice on a CD (Fig. 2-3, C) 

and after mice had been fed a HFD for 5 months (Fig. 2-3, D). However, blood 

glucose was significantly more suppressed during insulin tolerance testing in Atf7−/− 

mice than in WT mice on a CD (Fig. 2-3, E). Since long-term HFD feeding can 

induce the development of insulin resistance, we also assessed the systemic insulin 

sensitivity of mice on a HFD. Consistent with the effect of genotype on mice fed a 

CD, ablation of ATF7 ameliorated HFD-induced resistance, indicated by improved 

suppression of blood glucose levels during an insulin tolerance test (Fig. 2-3, F). 
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2.4 Atf7−/− mice on a HFD demonstrate increased energy expenditure 

ATF2 mediates adaptive thermogenesis by modulating transcription of thermogenic 

genes28. Furthermore, fat mass and adipocyte size were reduced in Atf7−/− mice as 

described above. Therefore, we postulated that ATF7 might also participate in the 

regulation of energy metabolism. We measured food intake and found that it was not 

different between Atf7−/− mice and their WT littermates (Fig. 2-4, A). Next, we 

determined energy expenditure by measuring oxygen consumption at room 

temperature and found that Atf7−/− and WT mice on a CD displayed similar levels of 

energy expenditure (Fig. 2-4, B and C). However, higher oxygen consumption was 

observed in Atf7−/− mice on a HFD during both phases of the circadian cycle (Fig. 2-4, 

D and E). This implies that the resistance of Atf7−/− mice to diet-induced obesity may 

be due partially to increased energy expenditure. 

2.5 Ablation of ATF7 promotes the thermogenic gene program 

To investigate the role of ATF7 in adipose tissues, the protein level of ATF7 in BAT, 

iWAT and eWAT was examined using western blotting and the results indicated that 

ATF7 expressed in all of these fat tissues at comparable level (Fig. 2-5, A). However, 

the UCP1 expression level was higher in the iWAT of Atf7−/− mice compared to that 

of WT control, although the difference in BAT between Atf7−/− and WT mice was not 

detected (Fig. 2-5, B). Histological analysis showed that more multilocular adipocytes 

enriched in iWAT of Atf7−/− mice and immunohistochemical staining using 

anti-UCP1 antibody demonstrated that these multilocular adipocytes were 
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UCP1-postive and more abundant UCP1 was detected in the iWAT of Atf7−/− mice 

compared to WT.  

To explore the changes of gene expression pattern of iWAT induced by ATF7 

ablation, we performed microarray analysis and identified 251 genes were 

up-regulated in Atf7−/− mice. We compared this gene lists with cold exposure-induced 

up-regulated genes and found there was a significant overlap between these two 

datasets (P < 0.001). The top 20 genes containing 14 genes which were also induced 

by cold exposure, include several key thermogenic genes, such as Ucp1 and Ppargc1a 

(Fig. 2-5, C), implying that ATF7 is involved in the cold-induced thermogenic gene 

program. To further explore the function of ATF7 in cold-induced thermogenesis, the 

mice were exposed to 4 °C for 1h and then the phosphorylation levels of ATF7 was 

examined. Cold exposure could increase the phosphorylation level of ATF7(Fig. 2-5, 

E). The UCP1 expression in BAT was higher elevated in Atf7−/− mice compared to 

WT after 24 h cold exposure (Fig. 2-5, F). These data suggest that ATF7 acts as a 

transcriptional repressor in the cold-induced thermogenic gene program. 

2.6 ATF7 positively regulates the adipogenesis  

To examine the function of ATF7 in adipocyte development, we measured the ATF7 

mRNA expression in stromal vascular cells and mature adipocytes. There was no 

significant difference between SVF and mature adipocytes in the level of ATF7 in 

both of BAT and iWAT (Fig. 2-6, A). Stromal vascular cells were induced to 

differentiate into adipocytes and Oil Red O staining was performed to measure the 
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lipid amount. The adipogenesis was impaired by ablation of ATF7 and the expression 

levels of key transcription factors, including C/EBPα, C/EBPβ, and PPARγ, were 

reduced in Atf7−/− cells (Fig. 2-6, B and C).  We also determined the effect of ATF7 

overexpression on adipogenesis using C3H10T1/2 cell. The elevated ATF7 could 

promote adipogenesis as indicated by the results of Oil Red O staining and increase 

the expression levels of C/EBPα and C/EBPβ (Fig. 2-6, D and E). Therefore, we 

conclude that ATF7 functions as positive regulator during adipocyte development.    

 

3. Discussion  

3.1 The role of ATF7 in diet-induced obesity and insulin resistance 

The growing epidemic of obesity poses serious health risks due to the development of 

obesity-associated diseases including type 2 diabetes, hypertension, heart diseases, 

and cancer88. Overconsumption of calorie-dense foods and a sedentary lifestyle are 

thought to be the two most important factors responsible for the steep increase in the 

prevalence of obesity worldwide 89. Here, we showed that the absence of ATF7 in 

mice results in resistance to diet-induced obesity and reduced serum triglycerides. 

Lower level of plasma resistin can reverse HFD-induced hepatic insulin resistance90. 

Serum levels of resistin were 50% lower in Atf7−/− mice than in their WT littermates, 

indicating that ATF7 ablation may also alter the endocrine function of adipose tissue, 
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which may be associated with the improved systemic insulin sensitivity in Atf7−/− 

mice. 

The presence of obesity is closely associated with the development of insulin 

resistance91. Thus, we wondered whether the reduced body weight and fat mass of 

Atf7−/− mice would be associated with improved systemic insulin sensitivity in mice 

fed either a RD or a HFD. In fact, ATF deficiency did not alter glucose tolerance and 

there was no difference in serum glucose concentration between Atf7−/− and WT mice, 

although this may be due to the decreased serum insulin observed in Atf7−/− mice. Of 

relevance, ATF2 cooperates with other transcription factors, including MafA, to 

increase transcription of the insulin gene in β-cells21. If, conversely, ATF7 reduces 

insulin gene expression, Atf7−/− mice should exhibit a higher serum insulin. Thus, the 

molecular mechanism underlying the observed decrease in serum insulin in Atf7−/− 

mice may not be simple. 

3.2 The role of ATF7 in adipogenesis 

Atf7−/− mice exhibited lower fat mass and smaller adipocytes, suggesting that ATF7 

may be involved in the regulation of adipose tissue differentiation. The results of in 

vitro differentiation using SVF and C3H10T1/2 cell line supports this notion. The 

deficiency of ATF7 impairs the adipogenesis and overexpression of ATF7 promotes 

adipocytes development. These data are in line with the observations that ATF7 

interacts with several key transcription factors, such as C/EBPβ92 and ZEB158 during 
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adipogenesis, supporting that ATF7 positively regulates the process of adipocyte 

differentiation.  

ATF2 and ATF7 are thought to bind to the same target DNA sequences. 

Furthermore, both ATF2 and ATF7 were recently identified as proteins that interact 

with C/EBPβ and ZEB158,92. ATF2 is required for WAT differentiation23, while ATF2 

and ATF7 have opposite effects on transcription of target genes, activating and 

silencing transcription, respectively5. Based on this, we speculated that loss of ATF7 

might enhance the differentiation of adipose tissue, but in fact Atf7–/– mice exhibited 

lower adipose tissue mass. Thus, the molecular mechanisms whereby ATF7 regulates 

adipocyte differentiation may be more complex than predicted. 

 

3.3 The role of ATF7 in the thermogenic gene induction 

The development of obesity is tightly linked to the dysregulation of energy balance93, 

whereby an imbalance between food intake and energy expenditure leads to the 

development of obesity and insulin resistance. There were no differences in food 

intake and energy expenditure between WT and Atf7–/– mice on a RD, indicating that 

the lean phenotype of the Atf7–/– mice is not due to an imbalance between food intake 

and energy expenditure. However, Atf7–/– mice fed a HFD showed higher energy 

expenditure during both light and dark phases, implying that ATF7 may contribute to 

the regulation of adaptive thermogenesis.  
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ATF2 is involved in increasing energy expenditure by both directly and indirectly 

activating transcription of the UCP1 gene25,28, implying that ATF7 may also 

contribute to the regulation of thermogenic gene program. Loss of the ATF7 increases 

the UCP1 gene expression in iWAT at room temperature and in BAT after cold 

exposure, suggesting that ATF7 has an opposite function in the regulation of adaptive 

thermogenesis. ATF7 represses rather than activates the thermogenic gene 

transcription.  

According to previous studies which indicate the ATF7 contributes to 

stress-induced epigenetic changes33,34, we speculate that ATF7 may silence the 

thermogenic genes via recruitment of histone methyltransferase to regulatory regions 

of genes. The loss of ATF7 changes epigenetic status of the thermogenic genes, 

leading to the activation of transcription and the formation of beige adipocytes. It has 

been reported that ATF7 can associate with C/EBPβ, which plays the critical role in 

brown and beige adipocytes differentiation60,94, at early stage of adipogenesis92
. Thus, 

it is also possible that ATF7 inhibits the transcriptional activity of C/EBPβ during 

processes of brown and beige adipocytes development. The enhanced transcriptional 

activity of C/EBPβ would promote the formation of beige adipocytes and function of 

thermogenic adipocytes in Atf7–/– mice.   

One reason why increased energy expenditure was observed when Atf7–/– mice 

were fed a HFD, but not a RD, could be the high fat diet-induced thermogenesis at 

neural temperature. The up-regulated UCP1 was observed when mice or rat fed with 
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high-fat diet95,96. We speculate that increased production of ROS in mice fed a HFD 

results in p38 activation 97 , and thus may induce higher levels of ATF7 

phosphorylation and the reduction of inhibitory effect of ATF7 on the thermogenic 

genes transcription.  

Alternatively, loss of ATF7 could contribute to enhanced energy expenditure via 

altered macrophage activity. Cold exposure can also stimulate muscle and adipose 

tissue to release factors that recruit macrophages to the iWAT, also resulting in 

induction of thermogenic genes98,99. We previously reported that ATF7 could regulate 

macrophage function via the p38 signaling pathway34; thus ATF7 may regulate 

energy expenditure by promoting macrophage-dependent browning.  

In conclusion, our data demonstrated that ATF7 contributes to the regulation of 

metabolism in mice. Ablation of ATF7 improves the diet-induced obesity and insulin 

sensitivity. ATF7 controls the energy balance via regulation of adipocyte 

development and thermogenic gene transcription, providing a possible therapeutic 

target for obesity and type 2 diabetes, although the understanding of molecular 

mechanism needs further research.  
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Chapter 2. ATF7 mediates in vitro fertilization-induced gene 

expression changes in mouse liver 

The long-term effects of in vitro fertilization (IVF) on metabolism have been 

demonstrated in humans and mice77. Accumulating evidences suggest that 

IVF-induced epigenetic reprograming can be maintained at the later stages, leading to 

the changes of gene expression84. However, the mechanism is still elusive. The 

previous study indicates that Drosophila ATF2 (dATF2), the ATF7 homolog, 

mediates stress-induced epigenetic changes in germ cells and early embryo11. Thus, 

we speculated that ATF7 might also play a role in stress-induced epigenetic changes 

in gametes and early embryos during the IVF process, and might contribute to gene 

expression changes in the specific tissues at later stages.  

1. Methods 

1.1 Mice and IVF 

Atf7–/– mice were generated as described previously33. Using Atf7+/– heterozygote 

mature female and male mice (C57BL/6 background), wild-type (WT) and Atf7–/– 

progeny were produced by IVF or natural mating. IVF was performed as follows. 

Sperm were collected from the caudae epididymides of male mice, and allowed to 

diffuse in fertilization medium. After preincubation for approximately 1 h to allow for 

capacitation, the sperm were used for insemination. Meanwhile, female mice were 

superovulated using intraperitoneal injections of pregnant mare’s serum gonadotropin 

and human chorionic gonadotropin (hCG) (Serotropin and Gonatropin; ASKA 
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Pharmaceutical Co.) with an interval of 48 h between injections. Approximately 15–

17 h after the hCG injection, the oocytes-cumulus complexes were collected from the 

oviducts of superovulated female mice. The complexes from several female mice 

were placed in fertilization medium. Insemination was performed by adding the 

preincubated sperm suspension to the fertilization medium containing complexes and 

culturing at 37 °C with 5% CO2 in air. Twenty-four hours after insemination, 2-cell 

embryos were transferred into the oviducts of pseudopregnant ICR females (CLEA 

Japan, Tokyo, Japan) mated to vasectomized ICR males.  

1.2 Gene Expression Analysis Using Array 

The liver samples were isolated from 4-week-old male mice derived from natural 

mating or IVF. Total RNA was extracted using TRIzol (Invitrogen) based on the 

manufacturer’s protocol. Single-strand cDNA was prepared with WT Expression Kit 

(Ambion) and then labeled using the WT terminal labeling kit (Ambion) according 

the manufacturer’s manual. Samples were analyzed by microarray using the Mouse 

Gene 1.0 ST Array (Affymetrix). The raw (CEL) data were normalized using the 

RMA method in the R package affy, and the comparisons of gene expression were 

implemented using the linear models for microarray data (Limma) package100. The 

differentially expressed genes (DEGs) were defined with an adjusted P-value of ≤0.05 

and an absolute log2 fold-change (log2FC) of ≥0.6. The pathways enrichment analysis 

for DEGs was conducted using the Kyoto Encyclopedia of Genes and Genomes 

(KEGG) database101. Hierarchical clustering analysis was performed using the log2 

signal intensity of IVF-induced DEGs in WT mice.  
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1.3 Quantitative RT-PCR 

RT-PCR was performed using OneStep SYBR Green PCR mix (Takara) following the 

manufacturer’s instructions. The qRT-PCR was performed using a 7500 Fast 

Real-time PCR System (Applied Biosystems). Primers 

GGCTCCTCTATGATGGCCG and AAGCCTTTCTGAACAGCCAGC were used for 

Mest; primers AACGGTGGAGATGGATTCCAGATG and 

GACTTGCTGCAGAGAACTTGATCC were used for Nt5e; primers 

TCAGTGTACCATGATTGCCTTG and GAACCTGCTCTGCCTGTTG were used 

for Idi1; primers GCTCCAAGCAGATGCAGCA and CCGGATGTGAGGCAGCAG 

were used for 36B4; and primers GGGTGTCCTCCCTGGAAAAG and 

TCAGCTGAGCCACCTCATTG were used for Atf7. The reference gene 36B4 was 

used as a relative control, and data were analyzed using the 2–ΔΔCt method. 

1.4 Western Blotting 

Protein extracts were prepared from liver samples by homogenization in 

radioimmunoprecipitation buffer (50 mM Tris pH 8.0, 150 mM sodium chloride, 

0.1% SDS, 0.5% sodium deoxycholate, 1.0% NP-40, and protease inhibitors). 

Proteins were separated on a 7.5% SDS-polyacrylamide gel (SDS-PAGE) and then 

transferred to PVDF membrane. After treatment with the anti-ATF7 monoclonal 

(1A7) antibody or anti-α-tubulin antibody (Abcam, ab4074) at 4 °C overnight, the 

blots were incubated with a peroxidase-conjugated anti-mouse IgG1 (Santa Cruz 

Biotechnology) or anti-rabbit (Invitrogen) secondary antibody followed by ECL 

detection (GE Healthcare) according to the manufacturer’s instructions. 
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2. Results 

2.1 Effect of IVF on gene expression profiles in liver 

To explore the gene expression pattern changes induced by IVF, we investigated the 

liver transcriptome in 4-week-old male mice generated by either IVF or normal 

mating (control), using an array covering the mouse whole genome transcript with 

750,000 unique oligonucleotide probes. This analysis identified 668 genes up- and 

204 genes down-regulated in IVF liver compared with the control (Fig. 3-1, A). To 

investigate the pathways associated with DEGs, the gene lists of up- and 

down-regulated genes were analyzed for KEGG pathway enrichment using the 

DAVID database. Thirteen pathways were over-represented among the up-regulated 

genes, including complement and coagulation cascades, gap junction, and 

ECM-receptor interaction. Several metabolism-associated pathways were identified, 

such as pyrimidine metabolism, purine metabolism, and steroid hormone biosynthesis 

(Fig. 3-1, B). These results are consistent with the report that metabolites enriched in 

pyrimidine metabolism and steroidogenesis are elevated by IVF76. The 

down-regulated genes were also enriched for genes in metabolic-related pathways, 

including PPAR signaling, valine, leucine, and isoleucine degradation, and 

biosynthesis of unsaturated fatty acids (Fig. 3-1, C), implying that IVF mainly 

disturbs metabolic processes in liver. The circadian rhythm pathway was 

over-represented among both up- and down-regulated genes. The imprinted gene Mest 

was expressed more highly in IVF liver than in control liver (log2FC = 0.92, adjusted 

P-value = 0.03). To verify the microarray data, we examined the relative expression 
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level of Mest by qRT-PCR using 36B4 as an internal control. The result was 

consistent with the microarray data and indicated that the expression levels of Mest 

were significantly higher in livers of mice conceived by IVF than in livers of control 

mice (Fig. 3-1, D). As reported previously80,85,86, the expression level of another 

imprinted gene Igf2 was up-regulated by IVF (log2FC = 0.588, adjusted P-value = 

0.031), whereas the expression level of H19 was not affected. 

 

2.2 The influence of IVF on gene expression is reduced in Atf7–/– mice 

To explore whether ATF7 is involved in IVF-induced gene expression changes, we 

first tested the effect of IVF on ATF7 expression levels in liver. There was no 

difference in Atf7 mRNA levels between IVF and control livers (Fig. 3-2, A). Using 

liver from Atf7–/– mice as a negative control, western blotting also showed that the 

level of ATF7 protein in IVF livers is comparable to that in control livers (Fig. 3-2B). 

Therefore. IVF did not affect the expression of ATF7 in liver.  

Next, we explored whether the absence of ATF7 affected the influence of IVF by 

comparing the liver gene expression profiles between IVF-conceived Atf7–/– mice and 

naturally conceived Atf7–/– mice (Atf7–/– control). In Atf7–/– liver, 508 genes were up- 

and 825 genes were down-regulated by IVF (Fig. 3-2, C). Comparison of the 

IVF-induced genes in WT (668 genes) with those in Atf7–/– (508 genes) liver indicated 

that the expression of 87% (596/668 genes) of the IVF-induced genes in WT was not 

affected by IVF in Atf7–/– mice (Fig. 3-2, D). Only 13% (92/668 genes, P < 0.001) 

were induced by IVF in both WT and Atf7–/– mice, and these included genes 
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associated with the circadian rhythm (i.e., NPAS2, ARNTL, and CRY1) and 

complement and coagulation cascades (i.e., MBL1, F13B, and FGA). The KEGG 

pathway analysis showed that the IVF-induced genes in Atf7–/– liver were enriched for 

genes in 13 pathways (Fig. 3-2E). Among them, only five pathways were common 

with those identified for up-regulated genes in WT mice: circadian rhythm, 

spliceosome, complement and coagulation cascades, proteasome, and steroid hormone 

biosynthesis. Other pathways identified in WT mice, including purine metabolism and 

terpenoid backbone biosynthesis, were not observed in Atf7–/– mice. These results 

indicate that a loss of ATF7 abrogated the IVF-induced expression of most of the 

metabolism-related genes in liver.  

 

2.3 ATF7 ablation can partially mimic the effect of IVF 

ATF7 acts as a transcriptional repressor, and mediates stress-induced gene expression. 

Therefore, Atf7–/– mice exhibit some similar phenotypes to WT mice exposed to 

stress33,34. Thus, we compared the gene expression profiles of Atf7–/– and WT livers. 

In Atf7–/– liver, 903 genes were up-regulated and 416 genes were down-regulated 

compared with WT liver (Fig. 3-3, A). Comparison of the 903 up-regulated genes 

with the 688 IVF-induced genes showed that 37% (255/688 genes) of the 

IVF-induced genes also exhibited higher expression levels in Atf7–/– than in WT mice 

(Fig. 3-3, B). The 903 up-regulated genes were enriched for genes in 17 pathways 

(Fig. 3-3, C). The majority of these pathways were closely related to metabolism, 

including purine and pyrimidine metabolism, steroid biosynthesis, and steroid 
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hormone biosynthesis, implying that ATF7 plays an important role in regulation of 

metabolism in liver. Interestingly, six pathways enriched for the IVF-induced genes 

were common to those enriched for the ATF7 ablation-induced genes, including 

purine metabolism, pyrimidine metabolism, and terpenoid backbone biosynthesis (Fig. 

3-3, C). Hierarchical clustering analysis allows us to visualize the relationship 

between the different experiment components. By using DEGs identified in IVF 

versus control, all 12 samples divided into two major clusters. The three WT control 

samples formed a cluster, and Atf7–/– samples from naturally conceived mice grouped 

together with IVF samples (Fig. 3-3, D). These data further demonstrate the potential 

role of ATF7 in mediating the IVF-induced gene expression changes, particularly for 

genes associated with metabolic pathways. 

2.4 Gene expression changes in metabolic pathways  

Dozens of genes induced by IVF and involved in metabolic pathways were also 

up-regulated in the Atf7–/– control, whereas their expression levels were not increased 

by IVF in Atf7–/– mice. This observation led us to postulate that ATF7 may mainly 

contribute to IVF-induced up-regulation of genes in metabolic pathways. Hence, we 

checked the expression profiles of metabolic genes involved in two pathways: purine 

metabolism and terpenoid backbone biosynthesis. The heat map of expression profiles 

of genes involved in purine metabolism showed that the majority of genes exhibited 

higher expression levels in Atf7–/– control, Atf7–/– IVF, and WT IVF groups than in the 

WT control (Fig. 3-4, A). This tendency was confirmed by measurement of Nt5e 

mRNA levels using qRT-PCR. Nt5e mRNA levels were 10-fold higher in Atf7–/– 
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control, Atf7–/– IVF, and WT IVF groups than in the WT control (Fig. 3-4, B). 

However, genes involved in terpenoid backbone biosynthesis were only up-regulated 

in Atf7–/– control and WT IVF groups. Gene expression levels in Atf7–/– IVF were not 

higher than in the WT control (Fig. 3-4, C). Results of qRT-PCR showed that the Idi1 

mRNA level was up-regulated by IVF and ATF7 ablation, but decreased in Atf7–/– 

IVF (Fig. 3-4, D). Expression levels of the transcriptional activator Srebf2, which is a 

key player in lipid metabolism, were higher in the Atf7–/– control than in the WT 

control (log2FC = 0.754762, adjusted P-value = 0.0004). In the absence of ATF7, IVF 

led to a reduction in Srebf2 expression level (log2FC = -0.68, adjusted P-value = 

0.0009). The expression level of Srebf2 may explain the expression patterns of genes 

involved in terpenoid backbone biosynthesis and indicates that ATF7 contributes to 

IVF-induced gene expression changes synergistically with other factors. 

 

3. Discussion 

The present study indicates that ATF7 is involved in the memory of IVF-induced 

gene expression pattern changes in the liver. Our previous study showed that ATF7 

silences target genes by forming a heterochromatin-like structure via recruitment of 

histone H3K9 trimethyltransferase ESET/SETDB133 or histone H3K9 

dimethyltransferase G9a34, and that certain stress induces ATF7 phosphorylation by 

p38, leading to ATF7 release. This causes a decrease in H3K9me3 or H3K9me2 and 

subsequent transcriptional induction. Once the heterochromatin-like structure is 

disrupted by stress, it is not completely recovered and the partially disrupted structure 
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and the higher basal expression level are retained for a long period. A similar scenario 

may occur in the memory of IVF-induced gene expression changes (Fig. 3-4E). 

During IVF, especially in vitro culture of zygotes and 2-cell embryos, the level of 

reactive oxygen species (ROS) is elevated102 A high level of intracellular glutathione, 

which reduces ROS, is important for bovine embryo development after in vitro 

maturation103. Since ROS induces p38 activation104, an increased ROS level during in 

vitro culture of zygotes and 2-cell embryos leads to ATF7 phosphorylation. 

According to the Database of Transcriptome in Mouse Early Embryos 

(http://dbtmee.hgc.jp/gene_card.php?id=2002900), ATF7 is expressed in oocytes, 

zygotes, and 2-cell embryos at least at low levels. ATF7 phosphorylation and its 

release from target genes leads to a decrease in H3K9me3 and/or H3K9me2, which is 

not completely recovered. Thus, a partly disrupted heterochromatin-like structure and 

high basal expression of some ATF7 target genes may be maintained during 

development of liver at least until 4 weeks of age.  

Metabolism-related genes are over-represented among the IVF-induced genes in 

4-week-old liver. These consist of two types of genes, whose expression is directly or 

indirectly regulated by ATF7. Why does IVF induce the memory of up-regulation of 

metabolism-related genes? This could be an adaptation to the IVF stress. When 

zygotes and early embryos are cultured in vitro, cells must adapt to the 

non-physiological extracellular stimulus via modulation of metabolism, such as the 

concentration of some metabolites. For example, to combat the higher ROS level 

during in vitro culture, more antioxidants may be produced. The genes involved in 

http://dbtmee.hgc.jp/gene_card.php?id=2002900
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complement and coagulation cascades are also up-regulated by IVF. Complement is a 

key system for homeostasis105, and so those genes may play a role in maintaining 

homeostasis after receiving IVF stress. These changes may benefit cells when they are 

exposed to IVF stress, but may induce long-term harmful consequences at later stages 

after transfer to female recipient mice. 

In WT liver, loss of ATF7 canceled the memory of IVF-induced up-regulation of 

89% (596/668 genes) of genes. On the other hand, in Atf7–/– liver, IVF induced the 

up-regulation of 416 genes that were not induced in WT liver. This suggests the 

presence of some back-up system, which acts to induce the memory of the IVF effect 

in the absence of ATF7. ATF7 is not the only inducer of epigenetic change in 

response to stress. Two substrates of the Krebs cycle, fumarate and succinate, are 

competitive inhibitors of multiple α-ketoglutarate-dependent dioxygenases, including 

histone demethylases and the TET family of 5-methylcytosine hydroxylases involved 

in DNA demethylation106. Therefore, a change in metabolism induced by IVF may 

cause epigenetic change via those metabolites in the absence of ATF7, although it 

remains unknown how inhibition of histone demethylases and DNA demethylation 

affects the epigenetic status of specific genes. 

In Atf7–/– liver, IVF did not induce the memory of up-regulation of genes 

involved in purine metabolism, whose expression levels were higher than in WT liver. 

This suggests that ATF7 suppresses transcription of those genes by forming a 

heterochromatin-like structure, and that loss of ATF7 or IVF-induced release of ATF7 

up-regulated their expression. On the other hand, although the expression of genes in 
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terpenoid backbone biosynthesis was also up-regulated by a loss of ATF7, IVF 

oppositely suppressed their expression in Atf7–/– liver. This might be caused by 

inducing some transcriptional repressor by IVF in Atf7–/– liver. As described above, 

some metabolites such as substrates of the Krebs cycle change the epigenetic states of 

some genes. Such regulation may induce a specific repressor for the genes involved in 

terpenoid backbone biosynthesis, but not for the genes involved in purine metabolism. 

It might be interesting to think about the relationship between specific metabolism 

pathways and adaptation to IVF stress. 

This study indicates that ATF7 is a major regulator in inducing the memory of 

IVF effects. At present, it is difficult to identify ATF7-binding genes in zygotes and 

2-cell embryos due to technical limitations. However, in the future, identification of 

those ATF7 target genes and measurement of the IVF-induced epigenetic changes at 

those genes will be useful to predict the effect of IVF in adulthood. 
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Figure legends 

Figure 1-1. The structure of members of ATF2 family of transcription factors 

and the function of ATF7 as a transcriptional repressor.  

A) The protein structure of three members of ATF2 family of transcription factors. 

stress-activated protein kinase (SAPK) phosphorylation sites of ATF2 and ATF7 are 

marked in red. TAD: trans-activation domain; bZIP: basic leucine zipper domain. B) 

The ATF7 acts as the transcriptional repressor in brain and macrophage via 

recruitment of the histone H3K9 trimethyltransferase ESET or the histone H3K9 

dimethyltransferase G9a, respectively. 

 

Figure 1-2. The transcriptional regulation of development and thermogenic 

function of adipocytes.  

A) The development of brown adipocyte. B) The development of beige and white 

adipocytes. The dot-dashed line repents the controversial origins of beige cells. C) 

The induction of thermogenic gene program in beige/brown adipocytes by various 

endocrine factors released from related organs and cells. The key transcriptional 

factors controlling the express of thermogenic genes are shown. 

 

Figure 2-1. ATF7-deficient mice exhibited resistance to obesity.  

A) A representative photograph of 5-month-old wild-type (WT, left) 

and Atf7−/− (right) mice. B) Body weight of Atf7−/− and WT littermates fed on a 

standard chow diet (CD) or a high-fat diet (HFD) (n = 8–9 for each group). C) Serum 



 

cholesterol levels in WT and Atf7−/−mice (n = 4–7 for each group). D) Serum 

triglycerides levels in WT and Atf7−/− mice (n = 4–7 for each group). *, P < 0.05, 

**, P < 0.01, ***, P < 0.001, NS, not significant. 

 

Figure 2-2. Reduction in adipose tissue mass in Atf7−/− mice. 

A) Body fat percentage in 5-month-old WT and Atf7−/−mice fed on a CD or a HFD 

(n = 8–9 for each group). B) Masses of epididymal white adipose tissue (eWAT), 

inguinal white adipose tissue (iWAT), brown adipose tissue (BAT), and liver relative 

to total body mass (n = 6 for each group). C) Histological analysis of eWAT using 

H&E staining. Bar = 50 μm. D) Serum resistin levels in 4-month-old WT 

and Atf7−/− mice (n = 4–7 for each group). *, P < 0.05, **, P < 0.01, ***, P < 0.001, 

NS, not significant. 

 

Figure 2-3. ATF7 deficiency improved insulin sensitivity. 

A) Serum insulin levels in 4-month-old WT and Atf7−/− mice (n = 4–7 for each group). 

B) Serum fasting glucose levels in 4-month-old WT and Atf7−/− mice (n = 4–7 for 

each group). C) Glucose tolerance test in WT and Atf7−/− mice on a CD and D) HFD 

(n = 6 for each group). E) Insulin tolerance test in WT and Atf7−/− mice on a CD and 

F) HFD (n = 6 for each group). *, P < 0.05, **, P < 0.01, ***, P < 0.001, NS, not 

significant. 

 

 



 

Figure 2-4. Higher energy expenditure in Atf7−/− mice on a HFD.  

A) Food intake of 12-week-old WT and Atf7−/− mice on a CD or a HFD (n = 5 for 

each group). B and C) Oxygen consumption in 12-week-old WT and Atf7−/− mice on 

a CD (n = 7 for each group). D and E) Oxygen consumption in 12-week-old WT 

and Atf7−/− mice on a HFD (n = 7 for each group). **, P < 0.01, ***, P < 0.001, NS, 

not significant. 

 

Figure 2-5. The involvement of ATF7 in the thermogenic gene program. 

A) Protein expression level of ATF7 in adipose tissues. B) UCP1 expression level of 

WT and Atf7−/−  BAT and iWAT. C) H&E staining and immunohistostaining of 

UCP1 of WT and Atf7−/− iWAT. D) The overlap of up-regulated genes induced by 

cold exposure for one week (number GEO for dataset :GSE13432）and up-regulated 

genes in Atf7−/− iWAT compared with that of WT. Statistical significance of the 

overlap was examined by Fisher's exact test. The gene names of top 20 in the list of 

up-regulated genes in Atf7−/− iWAT and genes which are also induced by cold 

exposure are marked in red. E) The phosphorylation level of ATF7 of BAT in 

presence/absence of cold exposure for one hour. F) UCP1 expression level of WT and 

Atf7−/− BAT after 24 h cold exposure.  

 

 

 

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE13432


 

Figure 2-6. ATF7 is required for adipogenesis. 

A) The mRNA expression level of ATF7 in stromal vascular fraction (SVF) cells and 

mature adipocytes of BAT and iWAT (n=3). P value: (paired student’s t-test) NS 

>0.05 B) The adipocytes differentiation of WT and Atf7−/− iWAT SVF cells. The red 

oil O staining of differentiated adipocytes was shown.  C) The mRNA expression 

level of the key transcription factors in differentiated adipocytes inducted from iWAT 

SVF cells (n=3). Bars are means + s.e.m. P value: (paired student’s t-test) **, < 0.01, 

***, < 0.001. D) The adipocytes differentiation of C3H10T1/2 cells expressing dsRed 

or Flag-ATF7. The red oil O staining of differentiated adipocytes was shown. E) The 

mRNA expression level of the key transcription factors in cells after 2 days cultured 

in the induction medium(n=3). Bars are means + s.e.m. P value: (paired student’s 

t-test) *, < 0.05, ***, < 0.001, NS, >0.05. 

 

Figure 3-1. Effects of IVF on gene expression pattern in liver. 

A) Volcano plot for the analysis of differential gene expression between IVF and 

natural mating samples. IVF up-regulated 668 genes (yellow spots) and 

down-regulated 204 genes (blue spots). The data point for Mest is marked with an 

asterisk. B and C) KEGG pathway enrichment analysis was performed for genes up- 

and down-regulated by IVF, respectively. P-values for the gene enrichment analysis 

were calculated by a modified Fisher’s exact test, and the number to the right of each 

bar is the number of genes involved in each pathway. Thirteen KEGG pathways (P < 

0.1) were over-represented among up-regulated genes, and five of these were 



 

associated with metabolism (in red) (B). Seven KEGG pathways (P < 0.1) were 

over-represented among down-regulated genes (C). D) Gene expression of Mest in 

natural mating and IVF samples (n = 3). Bars are means + s.e.m. P-value: (paired 

Student’s t-test) ***, < 0.001.  

 

Figure 3-2. Ablation of ATF7 reduces the effects of IVF on gene expression in 

liver. 

A) The levels of Atf7 mRNA in liver of naturally and IVF-derived mice. Bars are 

means + s.e.m. P-value: (paired Student’s t-test) NS, > 0.05. B) ATF7 protein levels 

in liver of naturally and IVF-derived mice were examined by western blotting. Atf7–/– 

mice were used as a negative control, and tubulin was the loading control. C) Volcano 

plot for the analysis of differential gene expression between Atf7–/– IVF and Atf7–/– 

natural mating samples. IVF up-regulated 508 genes (yellow spots) and 

down-regulated 825 genes (blue spots). D) Venn diagram showing overlap in 

IVF-induced up-regulated genes between WT and Atf7–/– livers. Statistical 

significance of the overlap was examined by Fisher’s exact test. E) KEGG pathway 

enrichment analysis for IVF-induced up-regulated genes in Atf7–/– mice. P-values for 

the gene enrichment analysis were calculated by a modified Fisher’s exact test, and 

the number to the right of each bar is the number of genes involved in each pathway. 

Thirteen KEGG pathways (P < 0.1) were over-represented among up-regulated genes, 

and five pathways were common with those over-represented among IVF-induced 

up-regulated genes in WT mice (marked by asterisks). 



 

 

Figure 3-3. ATF7 deficiency partially mimics the effects of IVF on gene 

expression in liver.  

A) Volcano plot for the analysis of differential gene expression between Atf7–/– and 

WT samples. Loss of ATF7 resulted in up-regulation of 903 genes (yellow spots) and 

down-regulation of 416 genes (blue spots). B) Venn diagram showing overlap 

between IVF-induced and ATF7 deficiency-induced up-regulated genes. Statistical 

significance of the overlap was examined by Fisher’s exact test. C) KEGG pathway 

enrichment analysis for ATF7 deficiency-induced up-regulated genes. P-values for the 

gene enrichment analysis were calculated by a modified Fisher’s exact test, and the 

number to the right of each bar is the number of genes involved in each pathway. 

Seventeen KEGG pathways (P < 0.1) were over-represented among up-regulated 

genes, and six pathways were common with those over-represented among 

IVF-induced up-regulated genes in WT mice (marked by asterisks). D) Unsupervised 

hierarchical clustering using IVF-induced differential gene expression between IVF 

and natural mating samples. Red and green indicate higher and lower expression 

levels, respectively. 

 

 

 

 

 



 

 

Figure 3-4. Involvement of ATF7 in the effect of IVF on metabolic pathways.  

A) Heat map for expression profile of genes involved in purine metabolism. Red and 

green indicate higher and lower expression levels, respectively. B) The expression 

levels of Nt5e in four groups of samples (n = 3). Bars are means + s.e.m. P-value: 

(paired Student’s t-test) *, < 0.05, ***, < 0.001. C) Heat map for expression profile of 

genes involved in terpenoid backbone biosynthesis. Red and green indicate higher and 

lower expression levels, respectively. D) The expression levels of Idi1 in four groups 

of samples (n = 3). Bars are means + s.e.m. P-value: (paired Student’s t-test) *, < 0.05, 

***, < 0.001. E) The potential role of ATF7 in IVF-induced gene expression changes.  
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