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ABSTRACT 
 

Placental HOXD1 and HOXD8 are altered  
by maternal lipopolysaccharide exposure and implicated in  

breast cancer progression 
 

Da Som Jeong 
 

Department of Medical Science 
The Graduate School, Yonsei University  

 
(Directed by Professor Myoung Hee Kim) 

 
Cancer and placental cells have common features in many 

biological processes regarding the cell growth, invasion, and immune 
modulation. Since mechanisms and pathways which are specific for 
cancer development share similarities with trophoblastic cells, recent 
studies focus on the application of important factors of placentation in 
cancer, and vice versa. Among the cancers, breast cancer is one of the 
mostly observed cancer in women worldwide, however, understanding 
the role and mechanism by which trophoblastic cells implicated in breast 
cancer remain elusive. To investigate important factors for trophoblastic 
functions, prenatal maternal stress model for sub-optimal uterus milieu 
was established by administrating lipopolysaccharide (LPS) to pregnant 
mice. To elucidate the relationship between differentially expressed 
genes and altered placental function, complications in pregnancy, 
pathology, and global transcriptomic changes occurring in female and 
male placentas were analyzed. Then, the role and epigenetic regulatory 
mechanism of identified potential placental key factors were investigated 
in breast cancer cells. Prenatal LPS exposure induced placental 
inflammation and consequently, resulted in impaired placental 
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development and intrauterine fetal growth restriction (IUGR) in a 
sex-specific manner. Sex-biased placental pathology was observed and 
concordant placental gene expressional changes were revealed through 
placental transcriptome analysis. Dysregulation of HOXD1 and HOXD8, 
known as transcription factor involved in embryonic development and 
several cancers, was identified. HOXD1 and HOXD8 are significantly 
downregulated in triple-negative breast cancer (TNBC) compared with 
other breast cancer subtypes and affected cancer cell invasiveness and 
migratory function. Moreover, it has been observed that HOXD1 and 
HOXD8 can be regulated by CCCTC binding factor (CTCF), known as a 
chromatin modifier. In addition to HOXD1 and HOXD8, further 
investigation of not yet studied global transcriptomic changes and related 
morphological changes of the placenta in breast cancer will provide new 
paradigm for revealing potential therapeutic target for breast cancer 
patients. 

 
 
 
 
 
 
 
 
 

 
                                                              
Key words: triple-negative breast cancer (TNBC), trophoblastic function, 
placental adaptation, sexual dimorphism, lipopolysaccharide (LPS), HOX 
genes, CCCTC-binding factor (CTCF), epigenetic regulation 
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Placental HOXD1 and HOXD8 are altered  
by maternal lipopolysaccharide exposure and implicated in  

breast cancer progression  
 

Da Som Jeong 
 

Department of Medical Science 
The Graduate School, Yonsei University  

 
(Directed by Professor Myoung Hee Kim) 

 
 
 

I. INTRODUCTION 

 

Cancer and the placenta have many common features between the 

procedures for cancer development and successful pregnancy. Cancer and 

placental cells have important similarities in many biological processes 

regarding the cell growth, invasion, and immune modulation and have similar 

pathways and proteins involved in these processes1-3. Some mechanisms needed 

for cancer cell growth are also associated with placenta physiology which is 

related to nutrient supply, energy sources, and proliferation4-6. Common feature 

between cancer and placental cell in invasion is explained by the processes of 

cancer metastasis and placentation in that both are highly mediated by 

angiogenesis, extracellular matrix degradation, and the expression of adhesion 

molecules7,8. These many similarities in cellular function and molecular 

mechanism of cancer and trophoblastic cells have recently led researchers to 

focus on the application of important factors of placentation in cancer, and 

important factors of cancer in placentation3,9,10. However, the investigation of 

the role of signaling pathway or molecules crucial for trophoblast function in 

cancer, vice versa is still elusive. 
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Figure 1. Common biological processes between cancer development and 
successful pregnancy in cell proliferation.  
  

 
Figure 2. Common biological processes between cancer development and 
successful pregnancy in invasive feature. 
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Figure 3. Immunomodulation in placenta and cancer development. 

 
Figure 4. Shared microenvironment and associated pathways between the 
feto-maternal interface and tumor. 
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As a maternal–fetal interface, the placenta, transiently exists during 

pregnancy, ensures normal fetal growth and development11-13. The placenta 

plays an essential role by orchestrating the crosstalk between the maternal and 

fetal environments and by immune tolerance to protect the fetus foreign to the 

mother14,15. Trophoblast, the major cell type of the placenta, regulates successful 

placental development thorough several controlled steps16,17; 1) trophoblast 

invasion to the uterus is a necessary step for implantation; 2) trophoblast cells 

proliferate greatly for robust growth during ten months; 3) cytotrophoblast cells 

(CTs) have two destinies that CTs fuse and differentiate into 

syncytiotrophoblasts or migrate from villous tips and invade to maternal 

decidua to remodel uterine spiral artery; 4) villous CTs branch in labyrinth for 

exchange materials between fetus and mother. External stimuli during 

pregnancy make these trophoblastic functions change to sustain fetal 

development, which is called placental adaptation18,19. Modifications in diverse 

biological processes and physiological and metabolic functions mediated by 

placental adaptation alter early-life fetal programming as well as developmental 

stage, which can affect the health of the offspring later in life20,21. Dysfunction 

in placental adaptation is closely related to gestational complications such as 

intrauterine growth restriction (IUGR), preterm birth, preeclampsia (PE), 

miscarriage, and gestational diabetes22,23. 

 

Two decades ago, the placenta was considered as an asexual organ. 

However, given that the trophoblast is originated from blastocyst, the placenta 

carries the same genetic information and sex to that of the embryo24, which 

makes researchers focus on the placenta as a sexual organ. Accumulating 

evidence has shown gender differences in placental growth, metabolic 

regulation, and epigenetic modulations that may give differences from the early 

life environment in both sexes25-27. A report that profiled the normal human 

female and male placentas at first trimester highlighted the sexual dimorphic 
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gene expressions involved in the regulation of metabolism, chromatin 

modification, and splicing28. Moreover, epidemiological studies demonstrated 

sex-specific placental adaptation under maternal inflammatory conditions which 

can lead to abnormal placental development causing defects in embryonic 

development29-31. These studies suggest that females and males can cope with 

different mechanisms in response to intrauterine challenges. However, the 

mechanisms underlying the regulation of the sex-specific trophoblast function 

under the sub-optimal condition is not well known. Exploring the global 

placental changes in gene and protein expression and pathology, which are 

results of placental adaptation may provide potential clues for understanding 

trophoblastic functions reacting to changes in uterus milieu. 

   

Among the cancers, breast cancer is one of the most common cancers 

during pregnancy and the most commonly diagnosed cancers worldwide32. 

Breast cancer is a malignant tumor which is a leading cause of female mortality 

from cancer33. Breast cancer is developed mostly from ducts or lobules of breast 

tissue and classified into four different subtypes according to hormone receptors 

expressed by cancer cells: Luminal A (ER/PR+, HER2-), Luminal B (ER/PR+, 

HER2+), HER2-enriched (ER/PR-, HER2+), Triple-negative (ER/PR-, HER2-) 

breast cancers (TNBC)34. Of these, TNBC, accounts for about 10-15% of all 

breast cancers, shows more aggressive feature than other breast cancer subtypes 

because it grows quickly and is more likely to spread35,36. Since TNBC does not 

have estrogen or progesterone receptors or HER2 proteins, hormone therapy 

and targeted drugs benefit for other breast cancer subtypes are not successful 

treatments37,38. Hence, surgery and chemotherapy, individually or in 

combination used for TNBC treatment, however, high recurrence rate in 

short-term (3-5 years) makes limitations for chemotherapy39,40. Therefore, new 

accessible approaches to finding available targeted therapies or biomarkers for 

TNBC may shed light on new therapeutic paradigms for TNBC patients. 
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The homeobox (HOX) gene, a highly conserved gene family of the 

homeobox superfamily, has a crucial role in embryo development by specifying 

the body patterning along the anterior-posterior axis41-43. In vertebrates, 

especially in human and mouse, there are 39 HOX genes dividing into four 

clusters: HOXA, HOXB, HOXC, and HOXD44. The expression of HOX gene is 

regulated by controlled mechanisms that spatial expression occurs from anterior 

to posterior along the main body axis45,46. Collinear expression is sequential to 

3’ to 5’, which the more 3’ gene is expressed earlier and the more 5’ gene is 

expressed later46. More recently, these highly regulated HOX genes in 

embryogenesis have been reported to be involved in various cancers, such as 

lung, ovarian, prostate, colon, and breast cancer47-50. The role of the HOX gene 

in breast cancer shows the contrary effects that in part, HOX acts as an 

oncogenic factor51-53, whereas in others, it functions as a suppressor by 

regulating cancer cell proliferation, invasive and migratory ability, and 

apoptosis54-56. However, HOXD cluster deviating from regulatory mechanism 

by which other HOX clusters are regulated are not well understood in breast 

cancer.  

 

In this study, we aimed to investigate a new aspect for the discovery of 

cancer therapeutics through placental research (Fig. 5). First, for placental 

research we established an animal model system by exposing 

lipopolysaccharide (LPS) to pregnant mice. To elucidate the concerning genes 

reflecting the trophoblastic functions under compromised immune system, we 

analyzed morphological and transcriptional changes occurring in the placenta, 

and consequent results of pregnancy outcomes. Then, we investigated the roles 

of HOXD1 and HOXD8 which are differentially expressed in the placenta 

exposed to LPS in TNBC progression. This combination of two different model 

systems having similar biological features and molecular pathways will provide 

promising approach for revealing the novel mechanisms and therapeutic targets 
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for TNBC patients. 

 

 

Figure 5. Experimental schematic design for whole study. In part 1, prenatal 
stress model was established by exposing LPS to pregnant mice. Dam, embryo, 
and the placenta were analyzed 48 h after injection at GD 17.5. Candidate 
potential key placental gene was identified by combining morphological and 
transcriptional changes occurring in the placenta. In part 2, placental gene was 
implicated in breast cancer through in silico and in vitro system. 
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II. MATERIALS AND METHODS-PART 1. 

1. Animals and sample preparation 

A. Animal model  

All animal experiments conducted in this study were approved by the 

Animal Care and Use Committee of the Yonsei University College of Medicine 

(IACUC number: 2020-0197). Adult pregnant female Institute of Cancer 

Research (ICR) mice at GD 8.5 were purchased from Orient Bio (Gyeonggi-do, 

Republic of Korea) and had a 7-day refinement period at the Department of 

laboratory animal resources of Yonsei Biomedical Research Institute. Previous 

studies have shown that administration of 100 μg/kg LPS to pregnant mice can 

induce immune activation along the mother-placenta-fetus axis, which is 

consequently linked to complicated pregnancy and placental pathology57-59. 

Exposure of LPS to pregnant mice at concentration of 300-800 μg/kg resulted in 

severe premature birth and death60-62. Therefore, to establish the conditions that 

cause defects with growth without being too severe, administration of LPS was 

carried out at various concentrations. Mice were intraperitoneally administered 

200 μl of phosphate-buffered saline (PBS) for control group or varying 

concentrations of LPS (Escherichia coli O127:B8; Sigma Aldrich, St. Louis, MO, 

USA) at GD 15.5. The LPS group was further divided into three groups 

according to the dose of injected LPS (100, 200, and 400 μg/kg) (n = 6–7/group). 

Pregnant mice and embryos were sacrificed 48 hr after injection at GD 17.5.  

 

B. Sample preparation 

After separating the uterus from the dam, the extraembryonic membranes 

were removed, and embryos were separated from the placentas. All tissues were 

washed with cold 1× PBS, immediately frozen in liquid nitrogen, and stored at 



11 

 

-80 °C until further use. Experimental schematic figure for placenta work was 

shown in Fig. 6. 

 

C. Gender determination 

To determine the sex of the fetuses, genomic DNA of embryo tail was 

extracted using a DNA Purification Kit (LaboPass, Seoul, Korea) and PCR was 

performed using Sry primer: F, 5′- CAGCCCTACAGCCACATGAT-3′; R, 5′- 

GAGTACAGGTGTGCA GCTCTA-3′. 

 

2. Complicated pregnancy outcome 

A. Survival rate 

To examine the survival rate, the number of live and dead fetuses (n = 6-7 

dams/group) was counted, and the ratio was calculated by dividing the number of 

live fetuses by the total number of fetuses in each group.  

 

B. IUGR 

To verify IUGR, the weight/crown rump length of the embryo (n = 

75/group) and the weight/length of the placenta (n = 75/group) were measured 

and categorized depending on the sex of the offspring.  

 

C. Placental efficiency 

Placental efficiency was calculated according to the following equation: 

weight of fetus/weight of the placenta ×100. 
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3. Enzyme-Linked Immunosorbent Assay (ELISA) 

Maternal serum was collected 4 h after the injection of PBS or LPS (400 

μg/kg). Blood was coagulated at room temperature for 30 min and centrifuged at 

2,000 × g for 10 min. The supernatant was collected and stored at -20 °C until use. 

Serum cytokine levels were analyzed for pro-and anti-inflammatory cytokines 

and chemokines using a Q-Plex™ Custom Kit Mouse (QUANSYS Biosciences, 

Logan, USA). tumor necrosis factor (TNF)- α, interferon (IFN)-γ, interleukin 

(IL)-1β, IL-6, IL-10, and keratinocyte chemoattractant (KC) levels were 

measured. 

 

4. Histology and hematoxylin and eosin (H&E) staining 

For histological analysis, the whole placentas (n = 8) from 6-7 dams per 

group (1 female and 1 male placenta were obtained from same dam) were washed 

with cold 1× PBS and fixed in 4% paraformaldehyde. Fixed tissues were 

dehydrated using a graded alcohol series (70, 85, 95, and 100%), cleared with 

benzene, and embedded in paraffin. The paraffin-embedded tissues were then 

sectioned into 5-μm-thick slices in a sagittal orientation using a microtome and 

stained with hematoxylin and eosin. For morphometric analysis, the percentage 

of surface area in the decidua, junctional zone, and labyrinth to the total placental 

area was quantified using the Image J software (National Institutes of Health, 

Bethesda, MD, USA). Representative sections were obtained from the center of 

each placenta. 

 

5. Reverse transcription (RT)-PCR 

A. Primer design 

For RT-PCR analysis, primers were designed using the Primer3 tool 

(https://bioinfo.ut.ee/primer3-0.4.0/) or the Primer-BLAST tool (https://www.ncbi 
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.nlm.nih.gov/tools/primer-blast/). Primers were tested for secondary structures or 

primer dimers using the OligoAnalyzer tool (https://sg.idtdna.com/calc/analyzer). 

 

B. Total RNA isolation and reverse transcription 

Total RNA from cultured cells was extracted using Trizol reagent 

(Invitrogen, CA, USA) according to the manufacturer's instructions. cDNA 

synthesis was performed with 1 μg of total RNA using ImProm‐II Reverse 

Transcriptase (Promega, Madison, WI, USA) and RNase inhibitor (Promega). An 

initial denaturation step was done at 95 °C for 10 min, followed by 30–42 cycles 

of denaturation at 95 °C for 40 sec, annealing at 58 °C for 20 sec, and extension at 

72 °C for 30 sec. The final extension step was done at 95 °C for 5 min. For 

RT‐qPCR, cDNA was amplified using SYBR Green PCR Master Mix (Applied 

Biosystems, Carlsbad, CA, USA) on an ABI7300 real‐time PCR system (Applied 

Biosystems). PCR primers are listed in Table 1. For qRT-PCR validation of 

RNA-seq, the placentas not used for RNA-seq were pooled from 6-7 dams per 

group. Schematic figure of sample preparation was shown in Fig. 7. 

 

6. Analysis of total RNA sequencing 

A. Total RNA sequencing 

For total RNA-seq analysis, total RNAs for four different groups (PBS 

male, PBS female, LPS male, LPS female) were prepared. Each RNA sample 

was pooled using 6 placentas from more than 2 dams and performed from three 

biological replicates (total 4-6 dams/group; 3 female and 3 male placentas were 

obtained from same dam). Representative experimental schematic figure was 

shown in Fig. 8. RNA quality was assessed by Agilent 2100 bioanalyzer using 

the RNA 6000 Nano Chip (Agilent Technologies, Amstelveen, The Netherlands), 

and RNA quantification was performed using ND 2000 Spectrophotometer 
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(Thermo Inc., DE, USA). The high quality of all RNA samples was checked 

according to RNA integrity number that all samples exceeded the recommended 

value. RNA-Sequencing and data analysis were performed by e-biogen Inc. 

(Seoul, Korea). Libraries were prepared from total RNA using the NEBNext 

Ultra II Directional RNA-Seq Kit (NEW ENGLAND BioLabs, Inc., UK). rRNA 

was removed using RIBO COP rRNA depletion kit (LEXOGEN, Inc., Austria). 

The rRNA depleted RNAs were used for the cDNA synthesis and shearing, 

following manufacture’s instruction. Indexing was performed using the Illumina 

indexes. The enrichment step was carried out using of PCR. Subsequently, 

libraries were checked using the Agilent 2100 b ioanalyzer (DNA High 

Sensitivity Kit) to evaluate the mean fragment size. Quantification was 

performed using the library quantification k it using a StepOne Real Time PCR 

System (Life Technologies, Inc., USA). High throughput sequencing was 

performed as paired end 100 sequencing using Hi seq X10 (Illumina, Inc., USA). 

Total RNA-Seq reads were mapped using TopHat software (Cole Trapnell et al., 

2009.) tool in order to obtain bam file (alignment file). The alignment files also 

were used for assembling transcripts, estimating their abundances and detecting 

differential expression of genes, isoforms, lncRNAs using cufflinks. We used the 

FPKM (fragments per kilobase of exon per million fragments) as the method of 

determining the expression level of the gene regions. The FPKM data were 

normalized based on Quantile normalization method using EdgeR within R (R 

development Core Team, 2016). To eliminate background signals, fragments per 

kilobase of transcript per million (FPKM) > 1 were further analyzed. Among the 

profiled protein-coding genes, 13,327 genes in 20,360 genes exhibited FPKM > 1. 

Among the lncRNAs, 22,244 genes in 123,758 genes showed FPKM > 1. DEGs 

that were analyzed in this study were identified by the criteria p-value < 0.05, and 

fold change (FC) > 1.5.  
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B. Analysis tool for RNA-sequencing 

(A) Hierarchical clustering heatmap 

Clustering heatmap was obtained using MeV software. 

 

(B) Venn diagram 

Venn diagram was obtained using the Excel-based DEG Analysis 

(ExDEGA) tool and Venn diagram maker site (https://www.meta-chart.com/ 

venn).  

 

(C) Scatter plot 

Analysis of scatter plots was performed using the Excel-based DEG 

Analysis (ExDEGA) tool. 

 

(D) Volcano plot 

Analysis of volcano plots was performed using the Excel-based DEG 

Analysis (ExDEGA) tool. 

 

(E) Gene ontology (GO) analysis 

GO was analyzed using the online functional annotation tool DAVID 

(version 6.8; https://david-d.ncifcrf.gov/; accessed on June 18, 2021) 

 

(F) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
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KEGG pathways was analyzed using the online functional annotation 

tool DAVID (version 6.8; https://david-d.ncifcrf.gov/; accessed on June 18, 2021) 

(G) Protein-protein interaction (PPI) network 

Network analysis of PPIs was performed using Cytoscape version 3.7.1.  

 

(H) Analysis of long non-coding RNAs (lncRNAs) 

Analysis of lncRNAs was performed using the NONCODE database 

(http://www.noncode.org/keyword.php). 

 

7. Statistical analysis 

All data were obtained from three separate experiments and are 

represented as the mean ± standard error of mean (SEM). Student’s t-test and 

two-way ANOVA were used for comparison between the LPS group and PBS 

control group. Differences were considered statistically significant at p < 0.05.1. 

Animals and sample preparation 
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Figure 6. Experimental schematic figure of placenta work (PBS; n=6 dams, 
LPS; n=7 dams). For histological analysis, the whole placentas (n = 8) from 6-7 
dams were used per group (1 female and 1 male placenta were obtained from 
same dam). For total RNA sequencing, 6 placentas from different 2 dams were 
pooled for each biological replicate. Total RNA-seq was performed with two 
and three biological replicates for the PBS and LPS group, respectively. For 
qRT-PCR validation, the whole placentas not used for RNA sequencing were 
selected. Six placentas from different two dams were pooled per each biological 
replicate (n=6-7 dams/group; 3 female and 3 male placentas were obtained from 
same dam for total RNA-seq and qRT-PCR validation). Outline colored blue 
and red represent the PBS and LPS group, respectively. 
 

 

Table 1. Primer sequences for RT-PCR in mouse placenta tissues. 

Gene symbol   Sequence (5’-3’) 

Tnf-a 
  F: TAGCCCACGTCGTAGCAAAC 
  R: TTCTCCAGCTGGAAGACTCC 

Il-1b 
  F: GAAGAAGAGCCCATCCTCTGT 
  R: TTGTCGTTGCTTGGTTCTCC 

Il-6 
  F: GAGAGTAGTGAGGAACAAGCC 
  R: GCTTCGTCAGCAGGCTGGC 



18 

 

Il-10 
  F: GCGCTGTCATCGATTTCTC 
  R: TGGAGTCCAGCAGACTCAAT 

Ccl2 
  F: TCCCTGTCATGCTTCTGGG 
  R: GCTTGGTGACAAAAACTACAGC 

Ccl3 
  F: CCCAGCCAGGTGTCATTTTC 
  R: TCCAAGACTCTCAGGCATTCAG 

Cxcl10 
  F: ACTCAAGGGATCCCTCTCG 
  R: CTTGATGGTCTTAGATTCCGG 

Ascl2 
  F: CTCTGTCCTGCGCCTCTAC 
  R: ACCCAGGGATGCAGCTTAG 

Tpbpa 
  F: CAGGTACTTGAGACATGACTC 
  R: GGCAGAGATTTCTTAGACAATG 

Prl2b1 
  F: CGAACGCTCTGAATCATCTT 
  R: CTCTCTCCAATCATGCTTTG 

Prl3a1 
  F: GGGTTCATCCTGGAGCTGAA 
  R: TCTGGATAACCAAGGACCAA 

Prl5a1 
  F: ACCACACCAATCAGGGACAC 
  R: GCAGCCAGCATTCTAATTGT 

Prl8a1 
  F: CAAGAGTTTCTCCACAATGAGT 
  R: GACATCATTCATGGCACTCA 

Glut1/Slc2a1 
  F: ACCTATGGCCAAGGACACAC 
  R: GGAGTGTCCGTGTCTTCAGC 

Glut3/Slc2a3 
  F: GCCTTGGCTCTGCTACACAC 
  R: ACCTCACACCTTTCCATTGC 

Slc37a1 
  F: CATGGGGATAGTGTGCTTTC 
  R: ACCTCACACCTTTCCATTGC 

Snat1/Slc38a1 
  F: TCTATGCAGCAGAGGCTCAC 
  R: ATTTTGGGCACGTCTGTTTC 

Snat2/Slc38a2 
  F: CATAGGCAAGGTATGTCTGC 
  R: AAGCTTTGGAATTTGGCCTG 

Psg21 
  F: CAGTGCATACAGCCGAAGAG 
  R: CTGTGCTGTCCGTGACTCTC 
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Psg23 
  F: TTCGCCGTCACAAGATGGCG 
  R: TTAGGAGCAAGCGAGCAGGC 

Psg26 
  F: TTCTGCTCACAGCCTCCCTC 
  R: CAGCCCCTTCACCGTTACAC 

Psg28 
  F: ACTTGCACGTGTACTCCTCTC 
  R: TCTCTACCACTGTGGGCAG 

Ceacam13 
  F: ACTCTGCTGCACTTTCCTGT 
  R: CATTCTTTGGCAGGTTATGC 

Wfdc17 
  F: AGAGCCAACATGAAGACAGC 
  R: GGAGTTTTGCAGACATGACC 

Tnfsf13 
  F: CTGCTACAGTGCAGGTGTCT 
  R: GGCTGTGTGGGAGATAAACA 

S100a9 
  F: CTTTAGCCTTGAGCAAGAAG 
  R: TTGCCATCAGCATCATACAC 

H2-Q2 
  F: AGGGAGGCTCTCACACTCTC 
  R: ACCTTGAGAACTGGGGTGAT 

Fxyd1 
  F: ATTACCACACCCTGCGGA 
  R: GAAAGTTCCCTCCTCTTCGT 

Hoxb6 
  F: ATGCTCATGTCCTTGTCGAG 
  R: ATTTCACGTCCGGAGCTAAG 

Hoxc6 
  F: CCTTGCACCCCTCTCTTCTC 
  R: CAGACAAGCCAGGAAGAAGC 

Hoxd1 
  F: AGTGGCAGGCCTTCTTAGTC 
  R: GGCACACGAAGAGGTAGGAG 

Hoxd8 
  F: TGGAAACGGACTTTACCTGTG 
  R: ATGTTGTTGAGGCAAACCAC 

β-actin 
  F: CATGTTTGAGACCTTCAACACCCC 
  R: GCCATCTCCTGCTCGAAGTCTAG 
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III. RESULTS-PART 1. Exposure to lipopolysaccharide induces sexually 

dimorphic placental adaptation by modifying placental efficiency, 

morphogenesis, and gene expression 

 

1. Maternal LPS exposure induced placental inflammatory condition in a 

sex-specific manner  

The levels of pro- and anti-inflammatory cytokines and chemokines 

were measured to determine the maternal inflammatory response induced by 

LPS exposure (Fig. 7). The levels of TNF-α, IFN-γ, IL-1β, IL -6, IL -10, and 

KC were all increased in the LPS-exposed dams compared with those in the 

control mice, indicating that LPS administration provoked a maternal immune 

response. Next, to evaluate whether maternal immune activation induced a 

placental immune response, we analyzed the mRNA levels of placental 

cytokines and chemokines. LPS administration considerably augmented the 

levels of all cytokines (Fig. 8A–D) and chemokines (Fig. 8E–G) in the 

LPS-exposed placentas compared with the control placentas. In particular, 

TNF-α showed a slightly higher increase in male placentas, whereas IL-6 and 

IL-10 showed higher increases in female placentas (p < 0.05, p < 0.01). IL-1β, 

CCL2, CCL3, and CXCL10 did not exhibit clear sex-related differences 

between the sexes. These data demonstrate that prenatal maternal LPS exposure 

result in placental inflammation in a sex-specific manner. 
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Figure 7. LPS-induced maternal inflammatory response. Maternal circulatory 
levels of cytokines and chemokines were measured by ELISA. Serum was 
collected 4 hr after LPS (400 μg/kg) injection. In PBS group, cytokines and 
chemokine level were not determined. N.D, not determined. 
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Figure 8. Sexually dimorphic placental inflammation after prenatal maternal 

LPS infection. Results of RT-qPCR analysis of inflammatory cytokines (A–D) 

and chemokines (E–G) after administration of LPS (400 µg/kg) for 4 hr in 

placentas of female and male placentas. All data are obtained from triplicate 

experiments and differences are represented as the mean ± standard error of 

mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001 compared with PBS-treated 

female or male using the Student’s t-test. 
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2. Mid-gestational exposure to LPS leads to pregnancy complications 

in a sex-specific manner  

To determine whether LPS leads to pregnancy complications, the 

survival rates of fetuses were analyzed by calculating the number of dead and 

live fetuses (Fig. 9). We observed that LPS induced fetal death in a 

dose-dependent manner. Contrary to previous reports, our model showed no 

fetal death at 100 μg/kg LPS treatment, and the administration of 400 μg/kg 

LPS significantly decreased the proportion of live fetuses. To evaluate whether 

prenatal maternal infection leads to abnormal intrauterine fetal and placental 

development, we analyzed the weight/length of the embryos and placentas 

following LPS treatment. LPS exposure to pregnant mice resulted in 

significantly reduced fetal weight and length in a dose-dependent manner (Fig. 

10A, B). Moreover, all LPS groups showed sex-specific differences in the 

embryo weight compared with the phosphate-buffered saline (PBS) group. In 

particular, only female fetuses displayed a decline in weight after low-dose LPS 

(100 μg/kg) compared with the control, whereas no statistically significant 

reduction was observed in LPS-treated male fetuses. Placentas of both sexes in 

the LPS-treated group showed reduced growth in a dose-dependent manner (Fig. 

11A, B). Similar to the reduction in embryo weight, the placental weight was 

also decreased only in LPS-treated females, and there were no differences in 

male placentas after low-dose LPS (100 μg/kg). Sex-specific growth reduction 

was also observed in the placental length. Administration of LPS at a low dose 

(100 and 200 μg/kg) leads to a decrease in placental length only in females. 

However, high-dose LPS (400 μg/kg) reduced placental length in both sexes 

compared with that in PBS-treated group. Placental efficiency, which is the 

ratio of the fetal weight to the placental weight, decreased only in males treated 

with 400 μg/kg LPS (Fig. 12). Collectively, these data indicate that 
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mid-gestational exposure to LPS affects intrauterine growth of fetuses and 

placentas in a sex-dependent manner.  

 

 
Figure 9. Maternal LPS exposure leads to decrease in survival rates of fetuses 

in a dose-dependent manner. The number of live and dead fetuses were 

measured after 48 hr LPS administration at GD17.5. Differences are represented 

as the mean ± standard error of mean (SEM).  P value was calculated using the 

Student’s t-test.  
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Figure 10. Maternal LPS exposure compromised intrauterine fetal growth in a 

sex-specific manner. At GD17.5, embryos and placentas treated with LPS (400 

µg/kg) for 48 hr were harvested and analyzed for growth restriction. Embryo 

weight (A) and length (B) were measured for female and male embryos. All data 

were obtained from 5–6 dams per group. Differences are represented as the mean 

± standard error of mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001 compared 

with PBS group using two-way ANOVA. #p < 0.05, ##p < 0.01 compared with 

PBS female and male using the Student’s t-test. F, Female; M, Male. 
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Figure 11. Maternal LPS exposure induced growth restriction in placenta. At 

GD17.5, embryos and placentas treated with LPS (400 µg/kg) for 48 hr were 

harvested and analyzed for growth restriction. Placenta weight (A) and length 

(B) were measured for female and male embryos. All data were obtained from 

5–6 dams per group. Differences are represented as the mean ± standard error of 

mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001 compared with PBS group 

using two-way ANOVA. #p < 0.05, ##p < 0.01 compared with PBS female and 

male using the Student’s t-test. F, Female; M, Male.
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Figure 12. Maternal LPS exposure affected placental efficiency in a 

sex-specific manner. At GD17.5, embryos and placentas treated with LPS (400 

µg/kg) for 48 hr were harvested and analyzed for growth restriction. (A) 

Placental efficiency was calculated by dividing the fetal weight by the placental 

weight. All data were obtained from 5–6 dams per group. Differences are 

represented as the mean ± standard error of mean (SEM). *p < 0.05, **p < 0.01, 

***p < 0.001 compared with PBS group using two-way ANOVA. #p < 0.05, 

##p < 0.01 compared with PBS female and male using the Student’s t-test. 



28 

 

3. Mid-gestational exposure to LPS results in impaired placental 

development in a sex-specific manner  

To determine whether maternal LPS-induced placental inflammation 

affected morphogenesis at the fetal–maternal interface, we performed 

histological analyses by comparing the composition areas of the trilaminar 

trophoblast cell layers: decidua (De), junctional zone (JZ), and labyrinth (La) 

(Fig. 13A, B). At GD 17.5, both sexes of the placenta showed decreased percent 

area of the decidua in the LPS group compared with that in the control placenta 

(Fig. 13C, D). However, sex-specific alterations were notably observed in the 

junctional zone and labyrinth layer. In the LPS group, female placentas showed 

increased junctional zone area, whereas male placentas displayed a reduction in 

the junctional zone area, compared with that in the PBS group. Additionally, 

LPS-treated female placentas showed a decreased proportion in the labyrinth 

layer, whereas LPS-treated male placentas showed an increase, compared with 

that in the control group. These data demonstrate that mid-gestational exposure 

to LPS induce impaired placental development in a sex-specific manner when 

there are growth restrictions in the fetuses.
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Figure 13. Maternal LPS exposure impaired placental development in a 

sex-specific manner. At GD17.5, placentas treated with LPS (400 µg/kg) for 48 

hr were harvested and stained with hematoxylin and eosin. Female placentas (A) 

and male placentas (B) were magnified ×4. Scale bar = 200 μm. Black dotted 

lines divide the trilaminar trophoblast cell layers and each layer is indicated with 

black text. Quantitative analysis of area distribution of (A) is shown as bar graph 

(C). Quantitative analysis of area distribution of (B) is shown as bar graph (D). 

*p<0.5, **p < 0.01, ***p < 0.001 compared with PBS group using the Student’s 

t-test. De, Decidua; JZ, Junctional zone; La, Labyrinth. 
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4. Mid-gestational exposure to LPS leads to sexually dimorphic 

features in placental transcriptome profiles  

We demonstrated that the occurrence of prenatal stress-induced 

placental developmental abnormalities was sex-dependent. However, the 

mechanisms and genes involved in these phenomena remained unclear. To 

identify a wide spectrum of sexual dimorphisms under adverse pregnancy 

conditions, transcriptome analysis was performed using RNA sequencing in 

whole placentas, grouped into PBS females and males and LPS-treated females 

and males. To explore global transcriptomic changes, we analyzed the 

distribution of the transcript subtypes of DEGs after LPS exposure in female 

and male placentas (Fig. 14A). These results showed robust alterations in 

long-noncoding RNAs (lncRNA) expression in both sexes and a two-fold 

proportion of protein-coding genes in LPS-treated female placentas than 

LPS-treated male placentas. The DEGs of protein-coding genes induced by 

maternal LPS are shown using hierarchical clustering in and listed according to 

the expression patterns (Fig. 14B). The number of upregulated and 

downregulated DEGs was analyzed using the Venn diagram, and we identified 

that 77 and 51 genes were differentially expressed between female and male 

placentas, respectively (Fig. 14C). DEGs that were previously reported to be 

associated with placental development and pathology are listed in Table 2. 

Scatter plot analysis showed that the decreasing pattern was significant in 

LPS-treated female placentas than in LPS-treated male placentas compared 

with the control (Fig. 14D). Among these genes, pregnancy-specific 

glycoproteins (Psg), carcinoembryonic antigen-related cell adhesion molecule 

(Ceacam), and prolactin (Prl) genes that were downregulated only in 

LPS-treated females are members of clustered gene families, which are reported 

to have implications in immune-related functions during pregnancy.  
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Representative differentially expressed lncRNAs are shown using 

hierarchical clustering (Fig. 15A). Venn diagram analysis and volcano plot 

showed that 358 and 598 lncRNAs, respectively, were sex-differentially 

identified (Fig. 15B, C). Of the DEGs in the LPS-treated female placentas, 136 

and 222 genes were upregulated and downregulated, respectively, and in 

LPS-treated male placentas, 294 and 304 genes were upregulated and 

downregulated, respectively. Taken together, these data demonstrate that 

placental sex affects diverse disparities in transcriptome profiles in response to 

prenatal maternal stress.



32 

 

Figure 14. Sexually dimorphic transcriptome analysis of placentas after maternal 

LPS exposure at the mid-gestational stage. (A) Distribution of transcript types 

that are altered differentially in female and male placentas, respectively. (B) 

Hierarchical clustering heatmap and list (right box) of differentially expressed 

protein-coding genes. (C) Venn diagram analysis of differentially expressed 

genes (DEGs) in LPS/PBS group. (D) Scatter plot analysis of DEGs in LPS/PBS 

group. The clustered gene families that are decreased only in the female placentas 

are represented by the yellow color in female LPS/PBS group, and the gene 

symbol is boxed in both sexes. Enrichment of p-value < 0.05 and fold change 

>1.5 was considered for DEGs.  



33 

 

Table 2. List of differentially expressed genes (DEGs) that were 

previously reported to be associated with placental development and 

pathology. 

Gene symbol Related to References (doi) 

Tubb3 Preeclampsia doi: 10.3390/biology9040062. 

Krt80 Preeclampsia doi: 10.3390/biology9040062. 

Fxyd1 preeclampsia doi: 10.1016/j.ajog.2010.08.043 

Tpbpa Defects in maternal spiral 
artery remodeling doi: 10.1016/j.ydbio.2011.07.036.  

Col7a1 IUGR doi: 10.1016/j.jri.2010.04.001. 

Mmp12 Preeclampsia doi: 10.1016/j.placenta.2008.09.015. 

Ppp2r2c Preeclampsia doi: 10.1016/j.tjog.2011.07.005. 

Cd83 Preeclampsia doi: 10.1371/journal.pone.0180065 

Hspb11 Preeclampsia doi: 10.7150/thno.56141. 

Iqgap3 Preeclampsia doi: 10.7150/thno.56141. 

Drd4 Preeclampsia doi: 10.7150/thno.56141. 

Rasl11b Preeclampsia doi: 10.7150/thno.56141. 

Krtcap3 Preeclampsia doi: 10.14288/1.0074068 

Slc37a1 Preeclampsia doi: 10.1101/2021.03.11.21253393 

1600015I10Rik Maternal hypoxia doi: 10.1177/1933719107302860. 

Eya4 Preeclampsia, IUGR doi: 10.14288/1.0361940 

Kcnk2 Preeclampsia, IUGR doi: 10.14288/1.0361940 

Trib3 Preeclampsia, IUGR doi: 10.14288/1.0361940 

Susd3 Stillbirths  doi: 10.1002/pd.2817.  

Birc7 Gestational Diabetes Mellitu doi: 10.1016/j.jdiacomp. 

Il23r IUGR doi: 10.1016/j.nutres.2016.08.001. 

Add2 Gestational Diabetes Mellitu doi: 10.1016/j.ajog.2008.08.022. 

Slc30a3 Preterm birth doi: 10.17077/etd.p3zuvpa3 

Vcan Preeclampsia doi: 10.1371/journal.pone.0178549. 

Rnf222 Maternal obesity doi: 10.1038/s41366-020-0561-3. 

Grhpr Preeclampsia doi: 10.3389/fphys.2020.592689.  
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Slc5a5 Recurrent pregnancy 
loss/failures doi: 10.1159/000508309.  

Pdk4 IUGR doi: 10.1152/ajpregu.00197.2015.  

Cdh23 Preeclampsia doi: 10.1371/journal.pone.0222672. 

Tpbpb Gestational Diabetes Mellitu doi: 10.1371/journal.pone.0038445. 

Kcnk2 Gestational Diabetes Mellitu doi: 10.1371/journal.pone.0038445. 

Ccl2 IUGR doi: 10.1016/j.ajog.2013.03.001. 
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Figure 15. Sexually dimorphic transcriptome analysis of placental long 

non-coding RNAs (lncRNAs) after maternal LPS exposure at the 

mid-gestational stage. (A) Hierarchical clustering heatmap of differentially 

expressed lncRNAs. Venn diagram analysis (B) and volcano plot (C) of 

differentially expressed lncRNAs in LPS/PBS group. Enrichment of p-value < 

0.05 and fold change >1.5 was considered for DEGs.  
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5. Mid-gestational exposure to LPS affects sexually dimorphic 

alteration in biological processes and pathways  

To gain more insight into key processes that might explain the 

functional differences between female and male placentas exposed to LPS, 

DEGs were analyzed using GO analysis. Three categories, including 

GOTERM_BP_DIRECT for biological processes, GOTERM_CC_DIRECT for 

cellular components, and GOTERM_MF_DIRECT for molecular function were 

assessed. GO enrichments of the DEGs were categorized into 41 and 25 

functional groups in LPS-treated female and male placentas, respectively (Fig. 

16A, B). In female placentas, the top five overrepresented pathways for 

biological processes were implicated in female pregnancy, sensory perception 

of sound, regulation of epithelial cell proliferation, regulation of blood 

coagulation, and response to drugs. The male-specific categories showed that 

regulation of immune system process, T cell proliferation, N-acetylglucosamine 

metabolic process, peptidase activity, and cytosolic calcium ion concentration 

were ranked in the top five terms for biological processes. Sexual dimorphism 

in the potential physiological processes is shown in Table 3. Except for 

mmu04060: cytokine–cytokine receptor interaction, all other pathways showed 

non-overlapping pathway enrichment. The representative pathways in female 

placentas showed enrichment in mmu04540: gap junction, mmu05142: Chagas 

disease (American trypanosomiasis), mmu04611: platelet activation, and 

mmu04080: neuroactive ligand–receptor interaction. In the case of male 

placentas, mmu04672: intestinal immune network for IgA production, 

mmu05323: rheumatoid arthritis, mmu04120: ubiquitin mediated proteolysis, 

and mmu04514: cell adhesion molecules were enriched. To depict the 

differences in classifications for cellular functions, protein–protein interaction 

(PPI) networks were analyzed (Fig. 17A, B). In female placentas, the regulation 

of reproductive processes, lactation, wound healing, and phagocytosis were 
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identified. However, male placentas mainly showed interactions associated with 

immune processes.  

Altogether these results demonstrate the sex-related differences in 

placental functional change under adverse in utero environments and might 

provide different strategies to cope with the increased risks of prenatal 

complications during pregnancy.
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Figure 16. Gene ontology (GO) analysis of differentially expressed genes 

(DEGs) in female and male placenta after maternal LPS administration. GO 

terms were classified to three categories—biological process, cellular component, 

and molecular function. GO annotation of upregulated genes (yellow bar) and 

downregulated genes (blue bar) are shown in female (A) and male placentas (B). 

Enrichment of p-value less than 0.05 and fold change>1.5 was considered for 

DEGs. 
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Table 3. Sexual dimorphism in the potential physiological processes after 

maternal LPS administration.  

KEGG pathway for female DEGs p-value 
mmu04540:Gap junction 1.22E+00 
mmu05142:Chagas disease (American trypanosomiasis) 1.08E+00 
mmu04060:Cytokine-cytokine receptor interaction 9.87E-01 
mmu04611:Platelet activation 9.04E-01 
mmu04080:Neuroactive ligand-receptor interaction 8.32E-01 
mmu04145:Phagosome 7.20E-01 
mmu05144:Malaria 6.94E-01 
mmu05412:Arrhythmogenic right ventricular cardiomyopathy 
(ARVC) 5.67E-01 

mmu04971:Gastric acid secretion 5.41E-01 

KEGG pathway for male DEGs p-value 
mmu04060:Cytokine-cytokine receptor interaction 1.69E+00 
mmu04672:Intestinal immune network for IgA production 1.00E+00 
mmu05323:Rheumatoid arthritis 7.34E-01 
mmu04120:Ubiquitin mediated proteolysis 5.25E-01 
mmu04514:Cell adhesion molecules (CAMs) 4.78E-01 
mmu04062:Chemokine signaling pathway 4.11E-01 
mmu05168:Herpes simplex infection 3.91E-01 
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Figure 17. Identifying the protein–protein interaction (PPI) network in placenta 

after prenatal LPS exposure. Cytoscape network analysis of differentially 

expressed genes (DEGs) was performed in female (A) and male placentas (B). 

p-value < 0.5 and fold change > 1.5 were used as the cut-off criteria. 
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6. Mid-gestational exposure to LPS effects on the expression of 

placental genes associated with impaired placental development 

To elucidate whether sexually dimorphic morphological changes were 

potentially associated with differential expression signatures, we evaluated the 

expression levels of trophoblast differentiation markers in the placenta of the 

LPS groups. The spongiotrophoblast differentiation markers Ascl2 and Tpbpα 

were significantly downregulated only in male placentas (Fig. 18A). According 

to Cross et al. among the Prl family, Prl2b1, Prl3a1, and Prl8a1 are markers of 

spongiotrophoblast cells distinguishable from glycogen cells and giant cells in 

the junctional zone. Consistent with the reduction in the junctional zone area, 

Prl genes were significantly downregulated in male placentas, whereas Prl2b1 

and Prl8a1 were upregulated in female placentas, indicating concordant results 

with increased junctional zone area. As the ability of the placenta to transport 

essential nutrients to developing fetuses directly affects fetal growth, we 

examined the expression of nutrient transporters. The amino acid transporters 

Snat1/Slc38a1 and Snat2/Slc38a2, and the glucose transporters Glut1/Slc2a1 

and Glut3/Slc2a3 were significantly upregulated in female placentas, whereas 

they were downregulated in male placentas (Fig. 18B). Moreover, the Hox 

genes which are known to have crucial roles in embryo development were 

observed to be dysregulated in placentas (Fig. 18C). Among the Hox genes 

expressed in placenta tissues, Hoxb6, Hoxd1, and Hoxd8 were significantly 

decreased in both sexes compared with control placentas, whereas Hoxc6 did 

not change. 

Next, based on the representative GO terms for each sex, we examined 

genes related to female pregnancy for females (Fig. 18D) and the immune 

system process and ion transport in males (Fig. 18E). Psg21, -23, -26, and -28, 

Ceacam13, and Prl5a1 categorized as GO terms for female pregnancy, were 

downregulated only in female placentas and not in the male placentas. Among 



42 

 

the genes corresponding to immune system processes, Wfdc17 and Tnfsf13 

related to monocyte/macrophage-mediated immunological processes were 

upregulated only in male placentas (p < 0.001, p < 0.05).  By contrast, there 

were no differences in females. In addition, there was a slight increase in 

S100a9 and a decrease in H2-Q2 expression in the male placentas compared 

with that in the female placentas. Fxyd1 and Slc37a1, which play a role in ion 

transport, displayed a greater decrease in male placentas than females. These 

data revealed that mid-gestational exposure to LPS induced sexually dimorphic 

gene expression signatures in the placenta, providing new evidence for the 

relationship between sex-biased pathophysiological changes and placental gene 

expression patterns. 

In this study, we showed that the administration of graded LPS at the 

mid-gestational period leads to IUGR and defects in placental development in a 

dose-dependent manner. Prenatal LPS exposure resulted in sexually dimorphic 

growth reduction in both the embryos and placentas (Fig. 19).
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Figure 18. RT-qPCR validation of differentially expressed genes (DEGs) 

associated with morphological and physiological changes in female and male 

placentas after maternal LPS exposure. (A) RT-qPCR analysis of DEGs 

associated with trophoblast differentiation. (B) RT-qPCR analysis of DEGs that 

function as nutrient transporter, which is linked to intrauterine fetal growth 

restriction. (C) RT-qPCR analysis of DEGs that involved in embryo 

development. (D) RT-qPCR analysis of DEGs categorized as female pregnancy. 

(E) RT-qPCR analysis of DEGs associated with immune system processes and 

ion transport. All experiments were performed in triplicate. The Student’s t-test 

was used for comparison between the PBS and LPS groups. Significant 

differences were considered as *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 19. Graphical summary of sex-specific placental adaptation after 

maternal LPS administration at the mid-gestational stage. (A) In normal 

pregnancy condition, at GD 17.5, the growth of the male fetuses was more than 

that of the female fetuses. After 48 hr of LPS administration, intrauterine 

growth restriction of fetuses and placentas were induced in both sexes. (B) 

Effects of the fetal sex on the complicated pregnancy and placental adaptation. 

Females showed mild growth reduction in fetuses and placenta, presenting 

sustained placental efficiency. Males exhibited tremendous reduction in fetuses 

and mild reduction in placental growth, indicating reduced placental efficiency 

under same in utero milieu in which females exist. (C) Sexually dimorphic 

morphological and physiological changes were induced in placenta. In female 

placenta, distribution of the junctional zone was diminished, whereas the 
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labyrinth layer was increased. By contrast, male placenta displayed an increase 

in the junctional zone area and decreased area in the labyrinth. Disturbances in 

gene expression were observed in the four categories associated with nutrient 

transporter, pregnancy process, trophoblast differentiation, and ion transport. F, 

Female; M, Male. 
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Ⅳ. MATERIALS AND METHODS-PART 2. 

 

1. In silico analysis 

A. Gene Expression Omnibus (GEO) Dataset 

The GEO dataset (GSE65194, GSE42568) obtained from the GEO 

database (http://www.ncbi.nlm.nih.gov/geo (accessed on 18 June 2021)) was 

used to assess the mRNA expression levels of HOXD1 and HOXD8 in breast 

cancer tissues.  

 

B. cBioPortal 

The web-accessible database (http://www.cbioportal.org (accessed on 18 

June 2021)) was used to evaluate HOXD1 and HOXD8 in breast cancer tissues. 

Patient sample data were obtained from the Breast Cancer (METABRIC, Nature 

2012 & Nat Commun 2016) and Breast Invasive Carcinoma (TCGA, Nature 

2012). 

 

C. Cancer Cell Line Encyclopedia (CCLE) Dataset 

The web-accessible database (https://sites.broadinstitute.org/ccle/) was 

used to investigate the expression levels of HOXD1 and HOXD8 in breast 

cancer cell lines.  

 

D. Kaplan-Meier Survival Analysis 

The Kaplan-Meier plotter (http://www.kmplot.com (accessed on 18 June 

2021)) was used for survival analysis. Relapse-free survival (RFS) was used to 

investigate the prognostic value of HOXD1 and HOXD8. Patient samples were 

classified into low- and high-expression groups using median as the auto select 

cutoff value. 



47 

 

2. Cell lines and cell culture 

MCF7, BT474, MDA-MB-231, and MDA-MB-468 cell lines were 

purchased from American Type Culture Collection bioresource centre 

(Manassas, VA, USA). MDA-MB-468 cell line was provided by Prof. Taebo 

Sim, Yonsei university. These breast cancer cell lines were maintained in 

Dulbecco's Modified Eagle Medium (DMEM: WelGENE Inc. Daegu, Korea) 

supplemented with 10% fetal bovine serum (WelGENE Inc.), 100 mg/ml 

penicillin, 10 mg/ml streptomycin sulfate, and 25 ug/ml amphotericin B 

(WelGENE Inc.) at 37℃ in 5% CO2.  

 

3. Reverse transcription (RT)-PCR 

A. Primer design 

For RT-PCR analysis, primers were designed using the Primer3 tool 

(https://bioinfo.ut.ee/primer3-0.4.0/) or the Primer-BLAST tool 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers were tested for 

secondary structures or primer dimers using the OligoAnalyzer tool 

(https://sg.idtdna.com/calc/analyzer). 

 

B. Total RNA isolation and reverse transcription 

Total RNA from cultured cells was extracted using Trizol reagent 

(Invitrogen, CA, USA) according to the manufacturer's instructions. cDNA 

synthesis was performed with 1 μg of total RNA using ImProm‐II Reverse 

Transcriptase (Promega, Madison, WI, USA) and RNase inhibitor (Promega). 

An initial denaturation step was done at 95 °C for 10 min, followed by 30–42 

cycles of denaturation at 95 °C for 40 sec, annealing at 58 °C for 20 sec, and 

extension at 72 °C for 30 sec. The final extension step was done at 95 °C for 5 

min. For RT‐qPCR, cDNA was amplified using SYBR Green PCR Master Mix 
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(Applied Biosystems, Carlsbad, CA, USA) on an ABI7300 real‐time PCR 

system (Applied Biosystems). PCR primers are listed in Table 4. 

 

4. siRNA and transfection 

For loss of function studies, MCF7 and BT474 cells were transfected for 

48 hr with 40 nM siHOXD1 or 20 nM siHOXD8 or 25 nM siCTCF using 

G-fectin (Genolution, Seoul, Korea). siHOXD1 and siHOXD8 were purchased 

from Genolution Inc. and sequences were following: HOXD1 #1; sense, 

5′-GAGGAAUGCCUCUAAGAAAUU-3′; antisense, 

5′-UUUCUUAGAGGCAUUCCUCUU-3′; HOXD1 #2; sense, 

5′-CAGCCCTACAGCCACATGAT-3′, antisense, 

5′-CAUACUCGGCGAGUUUGCCUU-3′; HOXD8 #1; sense, 

5′-GCUUCCAAACUCUAGAGUUUU-3′, antisense, 

5′-AACUCUAGAGUUUGGAAGCUU-3′; HOXD8 #2; 

5′-CCAGAACAGGAGAAUGAAAUU-3′, antisense, 

5′-UUUCAUUCUCCUGUUCUGGUU-3′. For CTCF knockdown, 

ON-TARGET plus CTCF siRNA (L-020165-00-0005) was purchased from 

Dharmacon (Cambridge, UK), which utilizes a patented dual-strand 

modification to reduce off-target effects. Negative control was provided by 

Genolution Inc. and sequences were following: sense, 

5′‐CCUCGUGCCGUUCCAUCAGGUAGUU‐3′, antisense, 

5′‐CUACCUGAUGGAACGGCACGAGGUU‐3′. 

 

5. Cloning  

For overexpression studies, full-length HOXD1 cDNA was cloned in a 

pCMV6 expression vector containing the Myc-DDK-tag (#:RC204912, 

OriGENE, Rockville, MD, USA). Full-length HOXD8 cDNA was cloned in a 
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pCMV6-AC-GFP expression vector containing the TurboGFP-tag (#RG205062, 

OriGENE, Rockville, MD, USA). Vector construct was transfected into 

MDA-MB-231 and MDA-MB-468 cells using Attractene reagent (Qiagen, 

Venlo, Netherlands). For vector control, cells were transfected with an empty 

pCMV6 vector.  

 

6. Western blotting analysis  

All breast cancer cell lines were harvested and lysed with Nodient P-40 

buffer (150 mM NaCl, 1% NP-40, and 50 mM Tris, pH 8.0). The concentration 

of lysate was measured using a Pierce BCA Protein Assay Kit (Thermo 

Scientific, Rockford, USA). Each sample was loaded onto 8~12% SDS 

polyacrylamide gels, and then electrotransferred to PVDF transfer membranes 

(BioRad, CA, USA). Immunoreactive bands were detected using primary 

antibodies and anti-rabbit (Abcam, Cambridge, UK) or anti-mouse (Abcam) 

secondary antibodies. Immunoblot was visualized using SuperSignal West Pico 

Chemiluminescent Substrate Kit (Thermo Scientific) for 1 min. Anti-HOXD1 

(ab235103, Abcam), anti-HOXD8 (#TA810942, Thermo Scientific), and 

anti-β-Actin (ab6276, Abcam) antibodies were used to detect each protein.  

 

7. Transwell assay  

For migration assay, 5 × 104 cells were harvested and resuspended in 

500 µl of serum-free DMEM. Cell suspension was seeded into inserts (Falcon: 

Corning, New York, USA). For invasion assay, cell suspension was seeded on 

the top of pre-coated insert with 150 mg/mL MatrigelTM (BD, Franklin, Lakes, 

NJ, USA) mixed with coating buffer (0.01 M Tris, pH 8.0 and 0.7% NaCl). 

DMEM with 10% FBS was added to lower chamber of the 24-well plate. After 
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24~72 hr, the cells in bottom surface of insert were fixed with methanol for 25 

min on ice. Then, washed with 1× PBS and stained with DAPI and observed 

with fluorescent microscopy. The number of cells were analyzed using the 

Image J software (National Institutes of Health, Bethesda, MD, USA).  

 

8. Chromatin immunoprecipitation (ChIP) assay 

All breast cancer cell lines were harvested at 80–90% confluency with 

1 × 106 cells per antibody. The cells were cross‐linked with 1% formaldehyde 

using 37% formaldehyde for 15 min at room temperature. To quenching the 

reaction, 2.5 m glycine was added to make 125 mm for 10 min at room 

temperature. Then, cells were washed twice with cold 1× PBS and lysed in lysis 

buffer for 10 min on ice. Lysis buffer consisting of 1% SDS, 1% Triton X‐100, 

0.1% sodium deoxycholate, 10 mm EDTA, 50 mm Tris–HCl (pH 8.0), and a 

protease inhibitor (Merck, Darmstadt, Germany) was added. Sonication sheared 

500–1000 bp DNA fragments, which is confirmed by loading with 1% agarose 

gel. Then, the lysates were incubated with Protein A/G PLUS‐Agarose (Santa 

Cruz, Dallas, TX, USA) in a rotator for 1 hr at 4 °C. For DNA‐protein 

complexes, precleared DNA is incubated with antibody overnight at 4 °C. 

ChIP‐grade anti‐CTCF antibody (Cell Signaling Technology, Beverly, CA, 

USA) and normal rabbit IgG (Santa Cruz) were used. PCR primers for 

ChIP-PCR are listed in Table 5. 

 

9. Chromatin corformation capture (3C) assay 

1 × 107 cells were harvested and cross‐linked with 1% formaldehyde 

using 37% formaldehyde for 15 min at room temperature. To quenching the 

reaction, 2.5 M glycine was added and sample was incubated for 10 min on ice. 

Then, cells were lysed in lysis buffer (10mM Tri-HCl, pH7.5; 10mN NaCl; 
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0.2% NP-40; 1x a protease inhibitor (Merck)) for 10 min on ice. The pelleted 

nuclei mixed with 1.2× restriction enzyme buffer and added SDS to make final 

concentration 0.3% and incubated for 1 hr at 37°C rotating incubator. The 

mixture was added Triton X-100 to make final concentration 2% Triton X-100 

and incubated for 1 hr at 37°C rotating incubator. Add 400 U of the restriction 

enzyme to remaining sample and incubate overnight at 37°C rotating incubator. 

Add SDS to make final concentration 1.6% and incubate for 20-25 min at 65°C 

water bath. Add 1.15× ligation buffer and add Triton X-100 to make final 1% 

Triton X-100 and incubate for 1 hr at 37°C rotating incubator. Add 100 U ligase 

and incubate for 4 hr at 16°C. Add 300 µg PK and incubate overnight at 65℃ 

water bath. Add 300 µg RNase and incubate for 30-45 min at 37°C rotating 

incubator. Add phenol-chloroform and mix and transfer supernatant to a new 50 

ml tube and add distilled water, sodium acetate, pH 5.6, and ethanol. Mix and 

place at -80℃ for 1hr and wash with ethanol and dissolve the DNA pellet in 

10mM Tris, pH 7.5. Use the DNA as a template for 3C-PCR. The primer 

sequences for 3C-PCR were listed in Table 6. 

 

10. Statistical analysis 

Data are expressed as the mean ± standard error of mean (SEM). 

Student’s t-test was used for comparison between the control group and breast 

cancer group. Differences were considered statistically significant at p < 0.05. 
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Table 4. Primer sequences for RT-PCR in human breast cancer cells. 
 

Gene symbol   Sequence (5’-3’) 

HOXD1 
  F: ACCCTGGTGCTTTCCAGAC 

  R: GCTAGCGGCCCCATACTC 

HOXD8 
  F: CCGCGAAGTTTTACGGATAC 
  R: GGAGCTCTTGTGGTCTCAT 

CTCF 
  F: CAACGGAGACCTCACGC 

  R: ACTTCACAGTAAACCCTCAG 

β-actin 
  F: CATGTTTGAGACCTTCAACACCCC 

  R: GCCATCTCCTGCTCGAAGTCTAG 
 
Table 5. Primer sequences for ChIP-PCR in human breast cancer cells. 
 

Gene symbol   Sequence (5’-3’) 

HOXD1 #1 
  F:GCAAAGACAGACGGTGAGTT 
  R:CGGGTGATTGATGAACTCT 

HOXD1 #2 
  F:CCCCACAAGGCAGAAACTT 
  R:TGCTTGGCGCTGATGTTAT 

HOXD8 #1 
  F:TGCTTGCTGCTCTTGACTT 
  R:CGCAATTCCAGCTTTACGA 

HOXD8 #2 
  F:GGCCAGGAGTACTTCCAC 
  R:TGCTGGGTCGTAAAAATCG 

HOXD8 #3 
  F:CATCCAAGGTCATCAGAACT 
  R:GCAGCCTTCAGAACCTTCC 

HOXD8 #4 
  F:GGGTTCCTTTCCCCAGACT 
  R:CCTGGGCAAGGTAAATGACG 

Gene desert 
  F: GAGAAGGCACACAGCTAGGG 
  R: CCAAGCTGTACAGGAGAGGC 
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Table 6. Primer sequences for 3C-PCR in human breast cancer cells. 
 

Gene symbol   Sequence (5’-3’) 

HOXD1A (bait)   F:ATTTGAAGCGAGTCATTTCG 

HOXD1A   R:AAGCAAAGAGGGAGGAAAAA 

HOXD1B (bait)   F:CACATTTTGGTAGGGCTTTG 

HOXD8A   R:GTCGGACATTATCACCTTGC 

HOXD8B   R:TGATTTGCCTCAACAACGTA 
HOXD8C   R:ACCATAACCCTGTCTGTCCA 

HOXD8D   R:TTTAGTGCCTCCTCCAACAG 

Negative control   R:AGTTCTGCTGCCTCTGTCAC 

Loading control 
  F:CCTCTGAATGGCTTGGTCTA 
  R:CTCCTCAGGCTTTTATTCCC 
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V. RESULTS-PART 2. Functional role of HOXD1 and HOXD8 in 

triple-negative breast cancer progression  

 

1. Downregulation of HOXD1 and HOXD8 is associated with TNBC 

First, to investigate the relationship between HOX genes (HOXD1 and 

HOXD8) and breast cancer, we assessed GEO data set (GSE65194 and 

GSE42568). A comparison of 11 normal breast tissues and 144 breast cancer 

tissues demonstrated downregulation of HOXD1 in breast cancer (GSE65194) 

(Fig. 20A). Two different GEO data set demonstrated that HOXD8 is 

downregulated in breast cancer tissues (GSE65194 and GSE42568) (Fig. 20B, 

C). Then, to verify the involvement of HOXD1 and HOXD8 in TNBC, we 

compared the expression levels in all breast cancer cells using cBioportal 

database (http://www.cbioportal.org). The mRNA expression levels of HOXD1 

and HOXD8 are mostly downregulated in TNBC compared with other breast 

cancer subtypes, respectively (Fig. 21A, B). The most decrease of HOXD1 and 

HOXD8 in TNBC over other breast cancer subtypes were also shown in GEO 

data set, respectively (GSE65194) (Fig. 22A, B). However, other HOXD cluster 

genes (HOXD3, -4, -9, -10, -11, -12, and -13) did not show subtype-specific 

expression patterns (Fig. 23A-G). Next, to examine the effects of HOXD1 and 

HOXD8 on the prognosis of breast cancer patients, we used a Kaplan-Meier 

online tool. Individual high expression of HOXD1 and HOXD8 are associated 

with poor prognosis in relapse free survival (RSF) (Fig. 24A-C). Combination 

of two genes showed poor RSF curve in breast cancer patients with high 

expressions (Fig. 24D). Taken together, these data suggest that among the 

HOXD clustered genes, HOXD1 and HOXD8 are associated with TNBC. 
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Figure 20. HOXD1 and HOXD8 are associated with breast cancer. The mRNA 

levels of HOXD1 (A), HOXD8 (B) in patients with all breast cancer subtypes 

obtained from GSE65194 (Healthy control, n=11; breast cancer, n=144). (C) 

The mRNA levels of HOXD8 in patients with all breast cancer subtypes 

obtained from GSE42568 (Healthy control, n=17; breast cancer, n=104). * p < 

0.05, ** p < 0.01 and *** p < 0.001. 

 

Figure 21. HOXD1 and HOXD8 are associated with TNBC. The mRNA 

expression levels of HOXD1 (A), HOXD8 (B) in each subtype of breast cancers 

obtained from TCGA dataset. (Basal-like, n=199; HER2-enriched, n=220; 

Luminal A, n=679; Luminal B, n=461, Normal-like, n=140). LumA= Luminal 

A, LumB= Luminal B.   
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Figure 22. HOXD1 and HOXD8 are dysregulated in TNBC. The mRNA 

expression levels of HOXD1 (A), HOXD8 (B) in each subtype of breast cancers 

obtained from GSE65194. (Basal-like, n=55; HER2-enriched, n=39; Luminal A, 

n=29; Luminal B, n=30). 
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Figure 23. Expression level of HOXD cluster genes in breast cancer. The 

mRNA expression levels of HOXD3 (A), HOXD4 (B), HOXD9 (C), HOXD10 

(D), HOXD11 (E), HOXD12 (F), HOXD13 (G) in each subtype of breast 

cancers obtained from TCGA dataset. (Basal-like, n=199; HER2-enriched, 

n=220; Luminal A, n=679; Luminal B, n=461, Normal-like, n=140). LumA= 

Luminal A, LumB= Luminal B.  

 

Figure 24. Lower expression of HOXD1 and HOXD8 is associated with poor 

prognosis in breast cancer. Kaplan-Meier analysis curves of relapse free 

survival (RFS) rates of patients comparing high and low levels of individual 

HOXD1 (205974_at) (A), HOXD1 (205975_s_at) (B), and HOXD8 (23906_at) 

and in combination HOXD1 and HOXD8 (D).  
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2. HOXD1 and HOXD8 have positive correlation in breast cancer cells 

To investigate the association between HOXD1 and HOXD8, we 

confirmed the correlation between two genes using TCGA and CCLE dataset. 

HOXD1 and HOXD8 showed positive correlation in breast cancer tissues and 

cell lines (Fig. 25A, B). Moreover, the most correlated gene with HOXD1 is 

shown to be HOXD8 (Fig. 26A). Likewise, the most correlated gene with 

HOXD8 is observed to be HOXD1 (Fig. 26B). To examine the subtype-specific 

expression of HOXD1 and HOXD8 in our breast cancer cell models, we 

compared relative expression levels in non-TNBC (MCF7, BT474, and 

MDA-MB-453) and TNBC (MDA-MB-231 and MDA-MB-468) cells. As the 

results observed in silico database, we demonstrate downregulation of HOXD1 

and HOXD8 in TNBC cells compared with non-TNBC cells (Fig. 27A, B). 
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Figure 25. HOXD1 and HOXD8 are positively correlated in breast cancer cells. 

(A) Correlation curve between HOXD1 and HOXD8 expression in the TCGA 

breast cancer tissue database. (B) Correlation curve between HOXD1 and 

HOXD8 in CCLE breast cancer cell line database.  

 

 

Figure 26. HOXD1 and HOXD8 are highly correlated in breast cancer. (A) The 

list of correlated genes with HOXD1 in breast in the TCGA breast cancer tissue 

database. (B) The list of correlated genes with HOXD8 in breast in the TCGA 

breast cancer tissue database. 
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Figure 27. Downregulation of HOXD1 and HOXD8 is associated with TNBC. 

(A) The relative expression levels of HOXD1 and HOXD8 in lysates from 

different human breast cancer cell lines. (B) Semi-quantitative results of 

(A) analyzed using Image J software.   
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3. Depletion of HOXD1/HOXD8 promotes invasion and migratory 

ability in non-TNBC cells 

To elucidate the functional role of HOXD1 in breast cancer progression, 

MCF7 and BT474 cells were used as a representative non-tnbc cells considering 

the expression levels. We depleted HOXD1 in MCF7 cells. Knockdown of 

HOXD1 using siHOXD1 significantly decreased HOXD1 expression levels 

(Fig. 28A). Silencing of HOXD1 in MCF7 cells significantly promoted cell 

invasion and migration (Fig. 28B, C). To examine the effects of HOXD1 on 

invasion and migration in other non-TNBC cells, we transfected siHOXD1 in 

BT474 cells. Knockdown of HOXD1 successfully downregulated HOXD1 

expression (Fig. 28D) and resulted in increased invasion and migration in 

BT474 cells (Fig. 28E, F). Then, to elucidate the functional role of HOXD8 in 

breast cancer cell, we depleted HOXD8 in MCF7 cells. Transfection of 

siHOXD8 significantly downregulated relative HOXD8 expression (Fig. 29A) 

and increased invasiveness and migration in MCF7 cells (Fig. 29B, C). 

Moreover, Knockdown of HOXD8 in BT474 cells depleted HOXD8 expression 

(Fig. 29D) and promoted cell invasion and migration (Fig. 29E, F). These data 

demonstrate that depletion of HOXD1/HOXD8 promotes invasion and 

migration in non-TNBC cells. 
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Figure 28. Depletion of HOXD1 promoted invasion and migration abilities in 

non-TNBC cells. (A) The mRNA exprssion levels of HOXD1 in MCF7 

cells. The numbers of invasive cells (B) and migratory cells in MCF7 

cells (C). RT-PCR results of HOXD1 in BT474 cells (D). The numbers 

of invasive cells (E) and migratory cells in BT474 cells (F). All data are 

obtained from triplicate experiments and differences are represented as the 

mean ± standard error of mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001 

compared with siCON-treated cells with siHOXD1-treated cells using the 

Student’s t-test. 



63 

 

Figure 29. Knockdown of HOXD8 increased invasive and migratory properties 

in non-TNBC cells. (A) The mRNA exprssion levels of HOXD8 in MCF7 

cells. The numbers of invasive cells (B) and migratory cells in MCF7 

cells (C). RT-PCR results of HOXD8 in BT474 cells (D). The numbers 

of invasive cells (E) and migratory cells in BT474 cells (F). All data are 

obtained from triplicate experiments and differences are represented as the 

mean ± standard error of mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001 

compared with siCON-treated cells with siHOXD8-treated cells using the 

Student’s t-test. 
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4. Overexpression of HOXD1/HOXD8 attenuates aggressive 

phenotypes in TNBC cells 

To determine the effects of HOXD1 on aggressive phenotype in TNBC 

cells, MDA-MB-231 and MDA-MB-468 were used as a representative tnbc 

according to expression levels. We transfected HOXD1 overexpressing plasmid 

in MDA-MB-231 cells. The overexpression of HOXD1 in MDA-MB-231 is 

examined by RT-PCR compared with empty vector control (Fig. 30A). 

Overexpressed HOXD1 diminished the invasion and migration capabilities in 

MDA-MB-231 cells compared with control cells (Fig. 30B, C). To elucidate 

the role of HOXD1 in other TNBC cells, we overexpressed HOXD1 in 

MDA-MB-468 as performed in MDA-MB-231 (Fig. 30D). HOXD1 

overexpression compromised the function of cell invasion and migration in 

MDA-MB-468 compared with empty vector transfected cells (Fig. 30E, F). To 

investigate the role of HOXD8 in cancer cell progression, gain of function study 

was performed in TNBC cells. To overexpress HOXD8, HOXD8 

overexpressing plasmid DNA was transfected in MDA-MB-231 cells and 

verified by RT-PCR (Fig. 31A). Gain of HOXD8 expression decreased the 

invasion and migratory ability in MDA-MB-231 cells compared with control 

cells (Fig. 31B, C). As in MDA-MB-231 cells, HOXD8 was overexpressed in 

MDA-MB-468 cells (Fig. 31D) and we observed declined number of invasive 

and migratory cells compared with vector control (Fig. 31E, F). These data 

demonstrate that overexpression of HOXD1/HOXD8 attenuates aggressive 

phenotypes in TNBC cells.
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Figure 30. Overexpression of HOXD1 attenuated invasiveness and migratory 

functions in TNBC cells. (A) RT-PCR results of HOXD1 in MDA-MB-231 

cells. The numbers of invasive cells (B) and migratory cells in MDA-MB-231 

cells (C). RT-PCR results of HOXD1 in MDA-MB-468 cells (D). The numbers 

of invasive cells (E) and migratory cells in MDA-MB-468 cells (F). All data are 

obtained from triplicate experiments and differences are represented as the 

mean ± standard error of mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001 

compared with empty-vector-treated cells with HOXD1 overexpressing plasmid 

DNA-treated cells using the Student’s t-test.
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Figure 31. Overexpression of HOXD8 decreased the capacity to invade and 

migrate to adjacent area in TNBC cells. (A) RT-PCR results of HOXD8 in 

MDA-MB-231 cells. The numbers of invasive cells (B) and migratory cells in 

MDA-MB-231 cells (C). RT-PCR results of HOXD8 in MDA-MB-468 cells (D). 

The numbers of invasive cells (E) and migratory cells in MDA-MB-468 cells 

(F). All data are obtained from triplicate experiments and differences are 

represented as the mean ± standard error of mean (SEM). *p < 0.05, **p < 0.01, 

***p < 0.001 compared with empty-vector-treated cells with HOXD8 

overexpressing plasmid DNA-treated cells using the Student’s t-test. 
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5. The potential role of CTCF in the conformation of chromatin structure 

within HOXD1/D8 loci 

As mentioned before, even though HOX genes have spatial-collinear 

expression pattern during embryogenesis, there are no association between the 

other HOXD cluster genes and breast cancer subtypes. To elucidate the 

regulatory mechanism by which only HOXD1 and D8 are regulated by skipping 

other HOXD genes in the middle, chromatin looping, which partition active 

genes and inactive gene, was assessed. To examine the spatial organization of 

HOXD1 and HOXD8, the construct of topologically associated domains 

(TADs), which has a critical role in regulating gene expression were examined 

in MCF7 cells. HOXD cluster is positioned at border of subTAD, which is 

presented with red box (upper panel; Fig 32A). Below ChIA-PET data obtained 

by immunoprecipitating CTCF protein, shows partitioned chromatin interaction 

with two directions, providing the potential function of CTCF at TAD border 

(bottom panel; Fig 32A). Then, physical chromatin interaction between 

HOXD1 and HOXD8 was observed by visualizing 4C data above ChIA-PET 

data. When HOXD1 was set as a bait site, there is a link with HOXD8 and there 

exist link between HOXD1 and HOXD8 when HOXD8 used as a bait (Fig. 32B, 

C). These data demonstrate the potential role of CTCF in the conformation of 

chromatin structure within HOXD1 and HOXD8 loci.  
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Figure 32. HOXD1 and HOXD8 have physical interaction with CTCF in MCF7 

cells. Topologically associated domains (TADs) within HOXD cluster in MCF7 

cells (upper panel; A). Visualized chromatin interactions obtained from 

CTCF-ChIA-PET analysis (bottom panel; B). Visualized 4C data presenting 

chromatin interactions between HOXD1 and HOXD8 (B) and HOXD8 and 

HOXD1 (C).  
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6. CTCF regulates expression of HOXD1 and HOXD8 in breast cancer 

cells 

To examine whether CTCF is associated with expression of HOXD1 and 

HOXD8, CTCF was silenced by transfecting siCTCF in MCF7 cells. Silencing 

of CTCF significantly diminished CTCF expression in mRNA and protein 

levels (Fig. 33A, B). Silenced CTCF within HOXD1 and HOXD8 region 

downregulated the mRNA levels of HOXD1 and HOXD8 in MCF7 cells (Fig. 

33C, D). Next, to scrutinize the role of CTCF in regulation of HOXD1 and 

HOXD8, the amount of CTCF was examined between non-TNBC and TNBC. 

However, there are no differences in mRNA and protein levels with or without 

the presence of hormone receptors (Fig. 34A). These data demonstrate that 

HOXD1 and HOXD8 expression are regulated by CTCF but not by the 

differences in the amount of CTCF.   
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Figure 33. CTCF depletion downregulated the expression of HOXD1 and 
HOXD8 in breast cancer cells. (A) RT-qPCR results of CTCF following CTCF 
knockdown using siRNA in MCF7 cells. (B) The protein levels of CTCF 
transfected with siCTCF in MCF7 cells. The mRNA expression levels of 
HOXD1 (C) and HOXD8 (D) after CTCF depletion in MCF7 cells. All data are 
obtained from triplicate experiments and differences are represented as the 
mean ± standard error of mean (SEM). *p < 0.05, **p < 0.01, ***p < 0.001 
compared with siCON-treated cells with siCTCF-treated cells using the 
Student’s t-test.   
 

 
Figure 34. No association between the amount of CTCF and breast cancer 

subtypes. The relative mRNA (A) and protein (B) levels of CTCF in breast 

cancer cell lines.
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  7. CTCF regulates HOXD1 and HOXD8 by binding to consensus motif 

sites within HOXD loci 

Since, the ability of CTCF to constructing chromatin looping is 

mediated by binding to DNA, CTCF enrichment status was investigated by 

using the UCSC encode database. CTCF ChIP-seq in MCF7 cells displayed two 

CTCF binding sites around HOXD1 and four binding sites around HOXD8 

locus (Fig. 35A). To further research revealing the role of CTCF in HOXD1 and 

HOXD8 regulation, we found CTCF-binding sites in these peaks according to 

well-known consensus motif (Fig. 35B) and listed in Table 7. To determine 

whether there are association between the amount of CTCF binding at HOXD 

locus and breast cancer subtypes, the extent of CTCF binding at several 

candidate amplicon sites was investigated through ChIP assay. Strong 

enrichment of CTCF in non-TNBC cells compared with TNBC cells was 

observed, suggesting the differences of strength within these loci according to 

the subtype of breast cancer (Fig. 36A). These data demonstrate that CTCF 

could be potential regulator of chromatin interaction within HOXD locus. To 

discern whether regulation of HOXD1 and HOXD8 is mediated by CTCF 

binding at HOXD loci, enrichment of CTCF was examined following CTCF 

knockdown in MCF7 cells. Detachment of CTCF within HOXD1 and HOXD8 

loci was observed with downregulation of these genes (Fig. 36B, Fig. 33C, D). 

Altogether, these data elucidate that CTCF regulates HOXD1 and HOXD8 by 

binding to consensus motif sites within these genes.   
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Figure 35. CTCF binding is highly conserved in HOXD loci. (A) Genomic 

landscape within HOXD cluster obtained from ChIP-seq using Pol2 and CTCF 

protein. Potential CTCF binding sites were marked with black arrow head with 

white text below CTCF peak signals. Pol2, RNA polymerase Ⅱ. (B) Consensus 

CCCTC-binding factor (CTCF)-binding motif. 

 

 

Table 7. Amplicon sites targeting potential CTCF binding motif. Sequences 

matching to consensus CTCF binding motif were marked with bold texts. 

Amplicon sites Sequence (5’-3’) 

HOXD1 #1 ttaatcaccctaccggctggcggccgcgtcccctctcgcccgcgaggaggactggagaag 

HOXD1 #2 tacaacactggccctcatcacgccgccacaaattgcgagggatagaagaaagctgcaaag 
tcacgttaaaaggaagcctagtcaaaaagtgaaaattttgtcccgccctaggcacacagc 

HOXD8 #1 ggactggaggtggcatttggccactagagagcgctgttgctccactttctgatctcgtaa 

HOXD8 #2 gcatcctccgcctccgccgccacctcccccctgcggcgggattgcctgtcacggggagcc 

HOXD8 #3 caagggataacaaatggcctgctccagagggtgctgtgctgcttcctgcttcagtccaca 

HOXD8 #4 ggccacctcgctttctccgcgctcccggagggggcgcgatttcctcgtgctgcgcttgta 
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Figure 36. CTCF binding within HOXD1 and HOXD8 loci is associated with 
downregulation of HOXD1 and HOXD8 in TNBC cells. (A) The enrichment of 
CTCF at two amplicon sites for HOXD1 and four sites for HOXD8 in MCF7, 
BT474, MDA-MB-231, and MDA-MB-468 cells. (B) CTCF-ChIP PCR 
analysis after CTCF knockdown in MCF7 cells. All data are obtained from 
triplicate experiments 
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8. Downregulation of HOXD1 and HOXD8 in TNBC is mediated by 

chromatin looping between HOXD1 and D8 

To examine whether CTCF bound to HOXD1 and HOXD8 loci is 

associated with chromatin looping and gene expression in breast cancer, 

chromatin looping status was investigated by using 3C assay comparing 

non-TNBC and TNBC cells. The chromatin loop was investigated for 

interaction with four CTCF binding peaks on the HOXD8 side based on each of 

the two peaks located on the HOXD1 side (Fig. 37A). When D1A used as a bait 

site, there are more interaction between D1A and D8C and D1A and D8D in 

non-TNBC compared with TNBC (Fig. 37B, C). And when D1B used as a bait, 

all interaction observed strong in non-TNBC than TNBC except for D8A site 

(Fig. 37D, E), indicating the stronger chromatin loop at HOXD1 and D8 loci in 

non-TNBC cells than TNBC. These data demonstrate that downregulated 

HOXD1 and HOXD8 in TNBC were mediated by the formation of weak 

chromatin looping at the HOXD locus with poorly bound CTCF. 
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Figure 37. The role of CTCF in the chromatin organization at HOXD loci. (A) 
Representative CTCF binding peaks at HOXD loci in MCF7 cells. Visualized 
3C-PCR results (B-D). 3C-PCR results obtained by targeting D1A as a bait site 
in non-TNBC cells (B) and TNBC cells (C). 3C-PCR results obtained by 
targeting D1B as a bait site in non-TNBC cells (D) and TNBC cells (E). Data 
were obtained from three separate experiments. 
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 Ⅵ. DISCUSSION 
In this study, we demonstrated that prenatal maternal stress at the 

mid-gestational stage resulted in morphological changes and global 

transcriptional disturbances in placenta which are accompanied with fetal IUGR. 

To implicate the potential key placental genes in breast cancer cell, in silico 

analyses were assessed and HOXD1 and HOXD8 were further identified. 

Through in vitro system, we demonstrated that HOXD1 and HOXD8 are 

downregulated in TNBC comparted with other breast cancer subtypes and 

affected breast cancer progression by regulating cell invasion and migration. We 

also revealed the regulatory mechanism by which HOXD1 and HOXD8 are 

downregulated in TNBC. We demonstrated the differences in the involvement 

of CTCF binding to HOXD1 and HOXD8 loci for regulating chromatin looping 

between TNBC and non-TNBC. Altogether these results highlight the 

combination of two different models based on placental studies to investigate 

therapeutics or biomarker for TNBC patients. 

 

Metastatic cancer cell and the trophoblastic cells share similarities in 

many biological processes needed for growth and development.2,3,5 Invasion to 

the maternal-fetal interface is a required trophoblastic cell function for a 

successful pregnancy63. In cancer, the capability of cells to invade and migrate 

from tissues and organs beyond where the tumor originated is crucial for the 

formation of distant secondary tumors64. Therefore, based on these similarities 

in their respective capacities to proliferate, invade, generate a blood supply, and 

avoid rejection, researches combining these two models are focusing on the 

shared pathways and molecules1,4,65. Nutrient supply is important in regulation 

of cell survival, metabolism, growth, and protein synthesis in cancer as well as 

in the placenta66. GLUT1 and GLUT3, isoform of the family of facilitated 

glucose transporters, are shown to be highly expressed in various cancers67. In 

the placenta, dysregulated Glut1 and Glut3 is associated with pregnancy 
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complications68. Hypoxia has been recognized one of the main features of solid 

tumors and was shown to related with poor prognosis69,70. Hypoxia induces 

several intracellular signaling pathways such as hypoxia-inducible factor (HIF) 

pathway, PI3K/AKT/mTOR, and ERK pathway69. In the placenta, stabilization 

of HIF-α subunits leads to formation of a transcription complex by recruiting 

co-activators and activates target genes6. As a target gene, vascular endothelial 

growth factor receptor 1 (VEGFR1) is involved in angiogenesis with VEGFA6. 

Heme oxygease-1 (HO-1) has shown to be related with anti-oxidative, 

anti-apoptotic, pro-angiogenic, and anti-inflammatory properties in cancers.71 In 

the placenta, HO-1 have crucial role in protect various cell types from oxidative 

damage and reduce apoptosis7. Leucine is one of the important amino acid 

during pregnancy and shown to be responsible for the activation of the mTOR 

signaling pathway72. Approaching cancer treatment with key placenta factor 

showed the possible role of nutritional supplementation with leucine in 

co-adjuvant therapy3. These studies highlight the importance of factors related 

to common features between cancer and placenta for development of cancer 

therapeutics. 

 

TNBC, accounts for about 10-15% of all breast cancers, is associated 

with more aggressive metastatic features, higher incidence of relapse, and lower 

overall survival rates73. There are representative therapies for breast cancer 

treatment, such as hormonal therapy, chemotherapy, targeted drugs, and 

immunotherapy as systemic therapy. However, since TNBC that does not have a 

hormone receptor, hormone therapy cannot be used for TNBC which is benefit 

for other subtype cancers74. And high recurrence rate within short term makes 

limitations for TNBC treatment75. Therefore, new accessible approaches to 

finding available targeted therapies or biomarkers for TNBC is required for 

TNBC patients. Recently, to provide new hint for developing new treatment 

strategies for TNBC, several studies have been combined placenta work with 
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TNBC model by co-culturing placenta-derived cells with TNBC cells76-78. In 

vitro culturing 3D-expanded human placental-derived adherent stromal cells 

(ASCs) with MDA-MB-231 cells inhibited cell proliferation. In vivo studies 

showed that administration of induced-ASCs decreases MDA-MB-231 cell 

proliferation and inhibited tumor progression and vascularization, presenting the 

potential role of placenta-derived cells in TNBC therapeutic development.76 

Another study showed that injecting placenta-derived mesenchymal stem cells, 

which highly expresses tumor necrosis factor-related apoptosis-inducing ligand 

(TRAIL), to tumor of animal model for TNBC affected apoptosis in tumor cells 

and significantly inhibits tumor growth78. These experiments highlight the 

possibility that application of significant placental factors to TNBC will provide 

a new paradigm for treatment for TNBC patients. 

 

In this study, both female and male placentas showed morphological 

changes in decidua, junctional zone, and labyrinth layer after maternal LPS 

exposure. Decidua is composed of decidua endothelial cell, stroma cells, and 

various immune cells, such as decidual NK, dendritic cells, and T cells, and 

provides a buffer zone between the myometrium and trophoblasts for regulation 

of trophoblast invasion79. Some reports showed that perturbation of the immune 

environment at the uterine lead to infiltration in decidua80 and diffuse 

suppurative deciduitis with vasculitis of the maternal spiral arteries with fetal 

demise81, presenting the declined function in blood vessel formation and 

invasiveness. At the feto-maternal interface, fetal part is divided into junctional 

zone and labyrinth. The junctional zone is a portion that secretes various growth 

hormones, stores, and uses energy required for placenta development and fetal 

growth82. These functions are also required for robust proliferation of cancer 

cells. HIF-1a, which is important for the differentiation of the SpT, plays crucial 

role in carcinogenesis and rapid tumor growth83. The labyrinth is the main site 

where nutrients and gases are exchanged in bidirectional way84. Through 
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investigation of dysregulated genes accompanied with defects in labyrinth 

development, placental growth factor (PLGF) has shown to be involved in 

angiogenesis of cancer85. Therefore, identification of the potential key factors 

associated with the morphological changes of the placenta observed in this 

study will provide a cue for the development of cancer therapeutics.  

 

The HOX gene has a crucial role in embryo development as well as 

cancer progression. The HOX genes have been shown to related with various 

cancers by regulating tumor proliferation, cell death, angiogenesis, invasion, 

and metastasis52. Several studies showed that HOXC4, HOXB2, HOXB3, 

HOXC6, and HOXA13 are involved in pathways related to sustained 

proliferative signaling53,86,87. And HOXB9, HOXB2, HOXB5, HOXA9, and 

HOXC8 were associated with the hallmark of resisting cell death53,88. We also 

previously reported that HOXB5 promotes tumor aggression and progression 

and confers tamoxifen resistance in breast cancer cells89. These roles of HOX 

genes in cancer development are shown to be conducted with other downstream 

target genes or with lncRNAs and microRNAs. In our previous work, we 

showed that HOXA1 regulates tamoxifen resistance in breast cancer cells by 

interacting with its neighboring lncRNA, HOTAIRM190. Furthermore, we 

demonstrated that HOTAIRM1 directly interacts with EZH2 and prevents the 

PRC2 complex from binding and depositing H3K27me3 on the putative 

promoter of HOXA1. According to Yang et al., lncRNA HOXD-AS1 residing 

between HOXD1 and HOXD3 suppresses carcinoma growth and metastasis in 

colorectal cancer by inhibiting integrin β3 transcriptional activating and 

MAPK/AKT signaling91. Another report demonstrated the role of HOXD-AS1 

in tumor progression and poor prognosis in colorectal cancer by competing for 

miR-21792. These results suggest the possibility for associations with other 

interacting lncRNAs beyond the relationship between HOXD1 and HOXD8. In 

this study, we observed that HOXD1 and HOXD8 have effects on the 
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invasiveness and migratory functions according to the extent of the expression 

levels. Therefore, further investigation of adjacent lncRNAs or targeting 

microRNA and associating signal pathways will provide a detailed regulatory 

mechanism in which HOXD1 and HOXD8 affects the aggression and 

progression of breast cancer cells.  

 

CTCF has been identified as a crucial driver factor in many cancers, 

including breast cancers93. CTCF have multifunctional properties as a 

transcription activator or repressor or insulator by establishing 

three-dimensional chromatin structures.94 Mutation at CTCF binding sites is 

shown to be related with gastric cancers and colorectal cancers95. Disruption of 

specific CTCF binding sites represented a tissue-specific mechanism of 

tumorigenesis. Also, several studies showed diverse roles of CTCF in breast 

cancers.96 A report showed that the absence of CTCF binding at target sites 

altered the cell proliferation-related genes such as MYC, p19ARF, and Igf297. 

The role of CTCF as a regulator of chromatin looping was shown by study that 

demonstrated altered connection at the distal and proximal estrogen receptors 

(ERs) at the P2RY2 locus with decreased CTCF binding following ER 

treatment98. Through in silico analysis, we observed that HOXD cluster genes 

are organized in a same subTAD in MCF7 cells, suggesting a close chromatin 

interaction among these genes. Also, we showed CTCF binding-mediated 

different chromatin looping at HOXD locus between TNBC and non-TNBC, 

which is accompanied with downregulation of HOXD1 and HOXD8 in TNBC 

cells. CTCF can regulate target gene expression by modulating the physical 

chromatin interaction with enhancer and transcription factors, suggesting the 

potential factors could be involved in the closed chromatin looping within 

HOXD loci. Therefore, further investigation of relevant enhancers or 

transcriptional factors will provide a detailed regulatory mechanism by which 
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HOXD1 and HOXD8 are downregulated in the weak chromatin loop mediated 

by CTCF in TNBC. 
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Ⅶ. CONCLUSION 
 

The purpose of this thesis was to investigate a new aspect for the 

discovery of cancer therapeutics through placental research.  

 

In conclusion, this study highlighted the role of HOXD1 and HOXD8, 

significantly dysregulated in placenta under prenatal maternal stress conditions, 

in breast cancer progression. Combining the two different model systems 

having similar biological features and molecular pathways will provide 

promising approach for revealing the novel mechanisms and therapeutic targets 

for breast cancer patients, in particular, TNBC.  
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모체 지질다당류 노출에 의해 태반에서 변화하는  

HOXD1과 HOXD8의 유방암 진행에서의 적용 

 

<지도교수 김 명 희> 

 

연세대학교 대학원 의과학과 

 

정 다 솜 

 
암과 태반 세포는 세포 성장, 침입 및 면역 조절과 관련된 많은 

생물학적 과정에서 공통된 특징을 가지고 있습니다. 암 발달에 특이적인 

기전과 경로는 영양막 세포와 유사성을 공유하기 때문에 최근 연구에서는 

암에서 태반의 중요한 인자를 적용하는 데 초점을 맞추고 있으며 그 반대의 

경우도 마찬가지입니다. 암 중에서 유방암은 전 세계적으로 여성에서 가장 

많이 관찰되는 암 중 하나이며, 암으로 인한 여성 사망의 주요 원인인 악성 

종양입니다. 유방암은 암세포가 발현하는 호르몬 수용체에 따라 네 가지 

다른 아형으로 분류되는데 전체 유방암 환자의 10~15%를 차지하는 삼중 

음성 유방암은 다른 아형의 유방암보다 예후가 좋지 않으며 높은 재발률로 

치료제 개발이 필요합니다. 하지만, 유방암 연구를 위한 영양막 세포를 

기반으로 하는 역할과 기전 연구는 가능성을 가진 채 아직 많이 접근되지 

않았습니다.  

영양막 세포의 발달과정과 암세포의 발달에 필요한 공통적인 

생물학적 기능 중에서 정상적인 영양막 세포 기능에 중요한 인자를 

규명하고 이 태반 인자를 유방암에 적용하는 연구를 진행하기 위해 영양막 

세포의 광범위한 유전적 변화와 동반되는 형태학적 변화를 유도시키는 

연구가 진행되었습니다. 임신한 쥐에게 지질다당류(LPS)를 투여함으로써 

모체 면역 시스템을 활성화시켜 최적이 아닌 자궁 환경을 만들고 산전 산모 
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스트레스 모델을 확립했습니다. 임신 합병증, 병리학, 여성 및 남성 

태반에서 발생하는 전체적인 전사체 변화를 분석하여 차등적으로 발현되는 

유전자와 태반 기능 변화 사이의 관계를 조사하였습니다. 다음으로, 태반 

세포에서 확인된 잠재적인 핵심 인자의 역할과 후성적 조절 기전을 

유방암에서 조사했습니다.  

태아기 LPS 노출은 태반 염증을 유발하여 결과적으로 태반 발달 

장애와 자궁 내 태아 성장 제한을 태아의 성별에 따라 다르게 유도했습니다. 

성 편향된 태반 병리가 관찰되었고 태반 전사체 분석을 통해 병리학적 

변화와 일치하는 태반 유전자 발현 변화가 분석되었습니다. 그 결과로 배아 

발달 및 여러 암에 관여하는 전사 인자로 알려진 HOXD1 및 HOXD8 의 조절 

장애를 확인했습니다. HOXD1 및 HOXD8 은 다른 유방암 아형과 비교하여 삼중 

음성 유방암에서 유의하게 하향조절되었고 암 세포 침습성 및 이동 기능에 

영향을 주었습니다. 또한, HOXD1 및 HOXD8 이 염색질 조절자로 알려진 

CCCTC-결합 인자에 의해 조절될 수 있음을 입증했습니다.  

이런 태반 발달에 중요한 인자를 유방암에 적용하는 연구는 유방암 

환자의 잠재적인 치료 표적을 밝히는 새로운 패러다임을 제공할 것입니다. 

또한, HOXD1 및 HOXD8 외에도 아직 연구되지 않은 전체 태반 전사체 변화 및 

형태학적 변화 분석을 통한 추가 연구는 유방암 치료 표적이 될 더 많은 

후보 유전자들을 규명할 기회를 제공할 것입니다.  

 

 
 
 
                                                              
핵심의 말: 삼중 음성 유방암, 영양막 기능, 태반 적응, 성적 

이형성, 지질다당류, HOX 유전자, CCCTC-결합 인자 (CTCF), 

후성유전학적 조절 
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