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ABSTRACT 

 

 

 

GENE REGULATION BY LET-7 MICRORNAS DURING HUMAN AND SHEEP 

PLACENTAL DEVELOPMENT 

 

 

 

Intrauterine growth restriction (IUGR) is a major cause of perinatal morbidity and mortality 

and affects more than 30 million infants every year across the world. Its occurrence is 5–15% of 

all pregnancies in the United States and 10-55% in developing countries. Most common etiology 

of IUGR is impaired placental development. Structural and functional abnormalities in placenta 

can also lead to preeclampsia (PE), still birth and spontaneous abortion. Conditions like IUGR and 

PE are usually not detected until later stages of gestation. Hence, there is a need to better 

understand the placental development and function to improve diagnosis and treatment of 

placenta-associated disorders. In this study, we investigated genetic pathways regulated by let-7 

miRNAs and their potential role in pathogenesis of malformed placenta. Let-7 miRNAs are 

markers of cell differentiation and reduce the expression of several genes by translational 

repression. Biogenesis of let-7 miRNAs is suppressed by LIN28 which is an RNA binding 

oncofetal protein with two paralogs, LIN28A and LIN28B. LIN28 is high and let-7 miRNAs are 

low in proliferating stem cells whereas LIN28 is low and let-7 miRNAs are high in differentiated 

cells. LIN28-let-7 axis determines fate of cells by regulating the expression of genes associated 

with cell proliferation and differentiation. In human placenta, LIN28 is mainly found in trophoblast 

cells and the fetal portion of placenta comprises mainly of trophoblast cells. We found that in term 

human placentas from IUGR pregnancies, LIN28 is low and let-7 miRNAs are high compared to 

placentas from control placentas. We further saw a reduction in the expression of AT-Rich 



iii 

 

Interaction Domain 3A (ARID3A) and AT-Rich Interaction Domain 3B (ARID3B). ARID3A and 

ARID3B promote cell proliferation by transcriptional regulation of stemness genes. In 

immortalized first trimester human trophoblast (ACH-3P) cells, ARID3A and ARID3B complex 

with lysine demethylase 4C (KDM4C) to make the ARID3B-complex. This complex binds the 

promoter regions of proliferation-associated genes such as high mobility group AT-hook 1 

(HMGA1), transcriptional regulator Myc-like (c-MYC), vascular endothelial growth factor A 

(VEGF-A) and Wnt family member 1 (WNT1). These genes are also targeted by let-7 miRNAs. 

LIN28 knockout ACH-3P cells have significantly increased let-7 miRNAs and significantly 

reduced HMGA1, c-MYC, VEGF-A and WNT1. We also saw significant reduction in ARID3A 

and ARID3B in LIN28 knockout ACH-3P cells. ACH-3P cells with ARID3B knockout also 

showed significant reduction in HMGA1, c-MYC, VEGF-A and WNT1. Both LIN28 knockout 

and ARID3B knockout in ACH-3P cells resulted in reduced cell proliferation compared to control. 

These results suggest that proliferation-associated genes in trophoblast cells are regulated through 

LIN28-let-7-ARID3B pathway. Trophectoderm (TE) specific knockdown of LIN28 in sheep led 

to reduced conceptus elongation at day 16 of gestation. Furthermore, LIN28 knockdown day 16 

TE had significantly increased let-7 miRNAs and significantly reduced expression of proliferation 

factors including insulin like growth factor 2 mRNA binding proteins (IGF2BPs), HMGA1, 

ARID3B and c-MYC. From these findings, we interpret that LIN28-let-7-ARID3B pathways 

regulates proliferation of trophoblast cells and is potentially associated with etiology of IUGR. 
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CHAPTER I: REVIEW OF LITERATURE1 

 

 

 

Synopsis 

The placental disorders are a major cause of pregnancy loss in humans, and 40-60% of embryos 

are lost between fertilization and birth. Successful embryo implantation and placental development 

requires rapid proliferation, invasion and migration of trophoblast cells. In recent years, 

microRNAs (miRNAs) have emerged as key regulators of molecular pathways involved in 

trophoblast function. A miRNA binds its target mRNA in 3ʹ-untranslated region (3ʹ-UTR), 

causing its degradation or translational repression. Lethal-7 (let-7) miRNAs induce cell 

differentiation and reduce cell proliferation by targeting proliferation-associated genes. Biogenesis 

of let-7 miRNAs is repressed by the oncoprotein LIN28 which has two paralogs; LIN28A and 

LIN28B. Proliferating cells have high LIN28 and low let-7 miRNAs, whereas differentiating cells 

have low LIN28 and high let-7 miRNAs. In placenta, low LIN28 and high let-7 miRNAs reduce 

the proliferation of trophoblast cells, resulting in abnormal placental development. In trophoblast 

cells, let-7s miRNAs reduce the expression of proliferation factors either directly by binding their 

mRNA in 3ʹ-UTR or indirectly by targeting the AT-rich interaction domain (ARID)3B-complex, 

a transcription-activating complex comprised of ARID3A, ARID3B and histone demethylase 4C 

(KDM4C). In this review, we discuss regulation of trophoblast function by miRNAs, focusing on 

the role of LIN28-let-7-ARID3B pathway in placental development. 

  

 
1 This chapter has been written as a review paper which will be submitted in International 

Journal of Animal Sciences (IJMS). 
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1. Introduction 

Every year, more than 15 million babies are born preterm in the world. A healthy placenta 

is required for successful establishment of pregnancy and optimal pregnancy outcome. The 

placenta plays a crucial role in exchange of nutrients and gases between mother and fetus, 

thermoregulation and waste elimination [1,2]. Human placental development starts with the 

attachment of hatched blastocyst to the uterine luminal epithelium, followed by invasion of the 

blastocyst in maternal decidua and remodeling of spiral arteries. Humans have hemochorial 

placenta in which placental villi are bathed in maternal blood are the functional unit of placenta 

[3]. Structural transformation and dynamic growth of placental villi is critical for proper 

functioning of placenta. Most structural and functional development of placenta occurs during the 

first trimester of pregnancy which requires rapid proliferation, invasion and migration of 

trophoblast cells [4].  Improper trophoblast proliferation, invasion or migration can result in 

placental dysfunction and severe pregnancy-related disorders including miscarriage, pre-term 

labor, stillbirth, pre-eclampsia (PE) and intrauterine growth restriction (IUGR) [5,6]. Other than 

perinatal complications, abnormal placental development can cause long-term postnatal 

complication in mother and fetus [7,8]. Placental abnormalities can also lead to impaired 

developmental programming of the fetus, predisposing the offspring to different adult diseases [9]. 

The process of rapid trophoblast proliferation and dynamic transformation in placental 

structure is poorly understood. Previous studies have shown the role of non-coding miRNAs in 

regulation of cell proliferation, invasion and migration. Let-7 miRNAs are one of the most studied 

family of miRNAs and have a well-established role in cell proliferation, invasion, migration, 

differentiation and metabolism [10,11]. Let-7 miRNAs reduce cell proliferation by downregulating 

the proliferation-associated genes. In highly proliferative cells, the RNA binding protein LIN28 
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represses the production of mature let-7 miRNAs [12,13]. During early placental development, 

high let-7 miRNAs can lead to reduced proliferation of trophoblast cells and contribute to etiology 

of placental abnormalities. This review focuses on the role of different miRNAs in trophoblast 

function, with let-7 miRNAs being the center of discussion. 

2. Early placental development and trophoblast cells 

The human blastocyst is formed at day 4-5 after fertilization and contains an outer most 

layer of zona pellucida, a single layer of mononuclear trophectoderm or trophoblast (TE), a 

blastocoel cavity and an inner cell mass (ICM) or embryoblast. The blastocyst sheds the zona 

pellucida at day 7, exposing the TE [14]. Humans have interstitial implantation which starts at day 

7 and comprises a set of events including orientation, apposition, attachment and adhesion of the 

blastocyst to the endometrium. The hatched blastocyst invades the decidualized uterine stroma and 

nidates into the uterine wall where it undergoes growth and development throughout the gestation 

[15,16]. Apposition refers to the first loose connection between the blastocyst and the uterine 

epithelium [17] which is mediated by cytokines and chemokines [18]. Compared to apposition, 

adhesion is a stronger attachment of the blastocyst to the endometrium. The trophoblast cells 

express αv and β3 integrins at the site of their contact with endometrium which play a major role 

in adhesion [19,20]. The trophectoderm that initially adheres to the endometrial epithelium 

(adjacent to ICM) is called polar trophectoderm. The remainder of the trophectoderm is called 

mural trophectoderm which is different from polar trophectoderm in a variety of ways including 

gene expression [21]. The process of adhesion activates the polar trophoblast cells, which start 

proliferating and give rise to different lineages of trophoblast cells (Figure 1). There are two 

prominent pathways for generation of trophoblast lineages; syncytial pathway and invasive 

pathway. 
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2.1.Syncytial pathway 

At the site of attachment, the polar trophoblast cells transform into rapidly proliferating 

phenotype of trophoblast cells called cytotrophoblasts (CTBs). CTBs undergo rapid proliferation 

and make a second layer of CTBs overlying the polar trophectoderm. The newly formed CTBs 

fuse with each other to form multinucleated syncytiotrophoblast (STB), a process called syncytial 

fusion. The underlying CTBs keep proliferating, while some CTBs fuse with STB layer, a process 

called cyto-syncytial fusion. CTBs are the progenitor stem cells which proliferate to maintain their 

population and also differentiate into other lineages of trophoblast cells [22]. Within a few hours, 

STB expands and surrounds the whole blastocyst and mediates the invasion of blastocyst in the 

decidualized uterine stroma [23]. Build-up and turnover of STB is a two-phase process [24,25]. In 

the first phase, CTBs fuse with syncytium called pre-apoptotic phase [26]. The expansion of STB 

depends upon rapid proliferation and fusion of CTBs [27,28]. In the second phase, the extra mass 

of STB is removed by shedding the aging nuclei and organelles in maternal circulation in the form 

of membrane bound vesicles called syncytial knots [29,30]. The exact events that are involved in 

trophoblast turnover remain to be determined.  

By day 8 post conception, fluid filled spaces called lacunae develop in the center of STB, 

separated by STB pillars called trabeculae [23]. By day 13 post conception, the CTBs invade the 

trabeculae, which results in growth and branching of trabeculae. The branches of trabeculae filled 

with CTBs are called primary villi. By day 14, mesenchymal cells start migrating and by day 15-

20 they make a core in the primary villi, which are now called secondary villi [31]. Within a few 

hours after their first appearance in villi, some mesenchymal cells differentiate into hematopoietic 

and angiogenic precursor cells. These cells form blood capillaries in the secondary villi by day 21 

resulting in the formation of tertiary villi which are the functional units of placenta [32,33]. Soon 
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after formation of tertiary villi, blood vessels originating from allantois also reach the villi. By 

week 5 after conception, the fetoplacental circulation is fully established. 

2.2 Invasive pathway 

Numerous daughter villi arise from tertiary villi, some of which remain free and project in 

the intervillous space hence called free or floating villi whereas some extend to the maternal tissue 

and serve to anchor the placenta to the uterine wall, called anchoring or stem villi [34–36]. The 

anchoring sites can be established as early as second week of gestation [34]. At proximal ends of 

anchoring villi, some highly proliferating CTBs break the overlying STB layer and invade into 

maternal endometrium and myometrium. This results in formation of the junctional zone which is 

a mixture of maternal and fetal tissues and ranges from implantation site to superficial third of 

myometrium [36]. As soon as the detached CTBs make a contact with decidual extracellular 

matrix, they differentiate into interstitial extravillous trophoblast cells (iEVTs) [37]. The iEVTs 

are either large polygonal shaped iEVTs or they can be small spindle shaped. The large iEVTs 

remain around the placental–decidua transition, while small iEVTs have upregulated collagen IV 

and integrin α1β1, helping them in deep invasion into the decidua [38,39]. 

One of the major functions of iEVTs is remodeling of maternal spiral arteries to ensure 

sufficient flow of blood to placenta and growing fetus. There are two routes through which iEVTs 

can reach and remodel the spiral arteries – intravasation and extravasation. During intravasation, 

the iEVTs in superficial decidua enter the vascular lumen [40]. During extravasation, enEVTs 

from an unknown source travel through the lumen of spiral arteries, make enEVTs plugs in the 

vascular lumen [41]. Once inside the lumen of spiral arteries, the iEVTs differentiate into 

endovascular trophoblast cells (enEVTs) which transform from an epithelial to an endothelial 

phenotype and replace the vascular endothelial cells [42,43].  
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The remodeling of spiral arteries includes loss of endothelial and smooth muscle cells from 

arterial walls and their replacement by invasive enEVTs, loss of elasticity, dilation of the arterial 

lumen and the loss of maternal vasomotor control on the remodeled blood vessels [27,41]. Spiral 

artery remodeling is crucial for normal placental development and enough supply of nutrients to 

the fetus (Figure 2). Inadequate remodeling of the spiral arteries is associated with conditions such 

as preeclampsia (PE), intrauterine growth restriction (IUGR)/fetal growth restriction (FGR), and 

recurrent miscarriage, that are harmful for both mother and the fetus. The proliferation and 

differentiation of trophoblast cells continues throughout gestation. However, unlike cancerous 

tissues, the proliferation of trophoblast cells is strictly regulated by complex molecular pathways 

[44,45]. In recent studies, microRNAs (miRNAs) have been shown to play vital role in trophoblast 

proliferation and early placental development. 

3. Biogenesis of microRNAs 

 Although 80% of the human genome is transcribed in RNA, most of this RNA does not 

have the potential to be translated and is referred as “non-coding RNA” (ncRNA) [46]. The ncRNA 

greater than 200 nucleotide length are called “long non-coding RNAs” (lncRNAs) and the ones 

smaller than 200 nucleotides are referred as “short non-coding RNAs” (sncRNAs) [47,48]. The 

sncRNAs include transfer RNAs (t-RNAs), ribosomal RNAs (r-RNAs), P-element-induced wimpy 

testes (PIWI) interacting RNAs (piRNAs), small interfering RNAs (siRNAs) and microRNAs 

(miRNAs) [47–49]. MicroRNAs are 20-25 nucleotide long single stranded RNAs involved in post-

transcriptional gene silencing through RNA interference [48] and were first identified in C. elegans 

in 1993 [50,51]. Until today, the miRNAs have been found in almost all eukaryotic species and in 

some viruses as well.  
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In cells, miRNAs are produced by miRNA coding genes which are transcribed by RNA 

polymerase II. MicroRNA genes are transcribed either as individual or as a cluster of few to 

hundreds of miRNAs which are later processed into individual miRNAs [52–54]. The first product 

of miRNA coding gene transcription is primary miRNA (pri-miRNA) with a 5ʹ-cap and 3ʹ-

polyadenylated tail [52]. Pri-miRNAs are in the form of a sequence of hairpin stem-loops with 

about 33 bp long stems. The 20-25 nucleotide sequence of mature miRNA is a part of the stem 

[52]. The pri-miRNAs are processed into individual hairpins called precursor miRNAs (pre-

miRNAs) by the microprocessor complex. The microprocessor complex is a nuclear protein 

complex comprised of double-stranded RNA (dsRNA)-binding protein (dsRBP) DiGeorge critical 

region 8 (DGCR8), RNase III enzyme Drosha, DEAD box RNA helicase p72 (DDX17) and DEAD 

box RNA helicase p68 (DDX5) [53–56]. The pre-miRNAs are exported to the cytoplasm by GTP-

dependent membrane associated transporter exportin 5 (Exp5) [57–59]. In the cytoplasm, 20-25 

nucleotide long double stranded RNA is generated from the stem of pre-miRNA by the action of 

RNase III enzyme Dicer and dsRBP trans-activation-responsive RNA-binding protein (TRBP) 

[60,61]. Finally, Argonaute (AGO) proteins (AGO1-4) receive the double stranded RNA and 

selects one strand as miRNA or guide strand while the other strand is discarded as passenger strand. 

AGO-miRNA duplex becomes a part of miRNA induced silencing complex (miRISC) [62]. 

The miRNA in the miRISC identifies the complementary nucleotide sequence in the target 

mRNAs, known as miRNA response elements (MREs) which is usually a part of 3ʹ-untranslated 

region (3ʹ-UTR) of the target mRNA. If the miRNA is a complete complement to the MRE, the 

AGO2 protein acts as an endonuclease and cleaves the target mRNA [63]. Most of MREs in 

animals have mismatches in the central region and the interaction between MREs and miRNAs 

occurs only at the nucleotide 2 to 8 at 5ʹ end of miRNA. This sequence of 7 nucleotides is referred 



8 

 

as seed sequence. The incomplete pairing of miRNA with MRE inhibits the endonuclease activity 

of AGO2 and degradation of target mRNA occurs through a different mechanism [64,65]. In such 

circumstances, the miRISC complexes with proteins such as poly(A)-deadenylases (PAN2-PAN3 

and CCR4-NOT), decapping protein 2 (DCP2) and exoribonuclease 1 (XRN1). PAN2-PAN3 and 

CCR4-NOT cause poly(A)-deadenylation of the target mRNA, which is later decapped by DCP2 

and degraded by XRN1 [66–68]. 

4. Functional analysis of microRNAs in trophoblast cells 

MicroRNAs have been shown to play important role in deciding the fate of trophoblast 

cells [69]. Since their discovery, miRNAs have been the center of biomedical research due to their 

role in regulating genes involved in vital cellular processes. Until now, 1000 human genes have 

been identified which encode for miRNAs, more than 50% of which are associated with important 

biological processes including development, growth and metabolism [70,71]. Proliferation, 

invasion and migration of trophoblast cells is a critical step during early human placental 

development. With increasing evidence for role of miRNAs in regulation of genes associated with 

cell proliferation, invasion and migration, several studies have been conducted to investigate the 

role of miRNAs in placental development and pathogenesis of placenta-associated disorders. 

miRNAs impose their effect by regulating the expression of different genes and the effect 

of a specific miRNA on the phenotype of a cell or tissue depends upon the role of genes targeted 

by that miRNA. Hence, depending upon the function of their target genes in trophoblast cells, 

some miRNAs support successful placental development by promoting trophoblast cell 

proliferation, invasion and migration, and inhibiting the apoptosis of trophoblast cells, whereas 

some miRNAs can lead to abnormal placental development by reducing cell proliferation, invasion 

and migration, and increasing apoptosis of trophoblast cells. Table 1 describes the genes regulated 
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by miRNAs and their effect on functionality of trophoblast cells as described in some recent 

studies. All gene symbols used in table 1 are according to HUGO Gene Nomenclature. 

 

5. Let-7 miRNAs 

 The lethal-7 (let-7) family of miRNAs was first discovered in 2002 as development 

regulator in C. elegans [126]. The expression of let-7 miRNAs is low in undifferentiated cells and 

increases gradually as the cells differentiate during development [127], therefore let-7 miRNAs 

are also referred to as differentiation-inducing miRNAs. The let-7 mutated C. elegans larvae do 

not mature to adult stage but keep proliferating and eventually die, earning the name “lethal-7 (let-

7)” to this family of miRNAs [126]. Let-7 miRNAs are highly conserved in various animal species 

[128], suggesting that let-7 miRNAs regulate same molecular pathways and biological process in 

different organisms. In humans, let-7 miRNAs family comprises of 12 members including let-7a, 

let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i and miR-98 [129], which are originated from 8 

different genomic loci [130]. Some let-7 miRNAs produced from different genomic loci at 

different chromosomes have same sequence. For examples, in humans, let-7a-1, let-7a-2 and let-

7a-3 have same sequence but encoded by loci on chromosomes 9, 11 and 12 respectively. 

Similarly, let-7f-1 and let-7f-2 are encoded by different genomic loci but have same sequence 

[131]. Let-7 miRNAs have a common seed sequence of 7 nucleotides “GAGGUAG” from 

nucleotide 2 to 8 in all species, which plays an important role in recognizing MRE in 3ʹ-UTR of 

their target mRNA [131]. However, difference in non-seed flanking sequence of let-7 miRNAs 

affects the target specificity [132,133]. Presence of similar seed sequence in all let-7 miRNAs 

across different species suggests that let-7 miRNAs have same mechanism for target recognition 

and might have overlapping targets. 
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 Let-7 miRNAs play profound role in several biological processes including embryo 

development, glucose metabolism, cell pluripotency and differentiation, tumorigenesis, tissue 

regeneration, age of onset of puberty and menopause in humans, and organ growth [134,135]. 

Various studies have shown that let-7 miRNAs induce cell differentiation and act as fundamental 

tumor suppressors by downregulating oncogenes [136–139]. At early stages of cancer 

development, let-7 miRNAs are downregulated and let-7 targeted oncofetal genes (LOG) are re-

expressed [140]. Comparative bioinformatics analysis shows that let-7 miRNAs targets several 

oncofetal genes including HMGA2, insulin like growth factor 2 mRNA binding protein 1 (IMP1), 

IMP2, IMP3 and malignancy marker nucleosome assembly protein 1 like 1 (NAP1L1) [140]. In 

hematopoietic stem cell, let-7 miRNAs inhibit transforming growth factor β (TGFβ) pathway and 

high mobility group AT-hook 2 (HMGA2) and decide the fate of these cells, regulate cell 

proliferation, self-renewal and differentiation [141,142].  

Let-7 miRNAs are synthesized following the same general mechanism for miRNAs 

synthesis. The let-7 loci are transcribed as pri-let-7 miRNA, then processed into 67-80 nucleotide 

long pre-let-7 miRNA by microprocessor complex [130]. Based on the mechanism of further 

processing, pre-let-7 miRNAs are divided in two groups. Group I pre-let-7 miRNAs (pre-let-7a-2, 

7c and 7e) are processed in cytoplasm by direct action of Dicer, whereas group II pre-let-7 miRNAs 

(all remaining let-7s) are mono-uridylated prior to processing by Dicer [143]. Action of Dicer 

produces 22 nucleotide long mature let-7 miRNAs, called let-7-5p. As a part of miRISC, let-7 

miRNAs suppress a wide range of genes involved in development, cell proliferation, metabolism 

and other important physiological processes [144]. There is no significant difference in expression 

of pri-let-7 and pre-let-7 miRNAs between undifferentiated and differentiated cells, however 

mature let-7 miRNAs are high in differentiated cells compared to undifferentiated cells [145]. 
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Mature let-7 miRNA is a part of hairpin structure in pri- and pre-let-7 miRNA. This hairpin 

structure contains mature let-7 miRNA (let-7-5p) in the stem and a partially complimentary strand 

of nucleotides called let-7-3p miRNA, connected by terminal loop region of different lengths 

called pre-element (preE) [146]. The process of generation of mature let-7 miRNAs is more 

precisely regulated compared to the synthesis of other miRNAs. Different proteins regulate 

posttranscriptional biogenesis of mature let-7 miRNA by binding the preE region of pri- and pre-

let-7 miRNAs [147]. One of the most prominent mechanism for regulation of let-7 miRNAs 

biogenesis is through LIN28 [148]. 

6. Suppression of let-7 miRNAs by LIN28 

LIN28 is a highly conserved RNA binding protein with two paralogues, 209 amino acids 

LIN28A and 250 amino acids LIN28B. Both LIN28A and LIN28B have a cold-shock domain 

(CSD) at N-terminal and two zinc knuckle domains (ZKD) at C-terminal [149]. LIN28 promotes 

cell proliferation and inhibits cell differentiation [150]. LIN28 is also involved in reprogramming 

of differentiated somatic cells into tumor or stem cells, hence known as oncoprotein [151,152]. 

Reduced expression of LIN28 in embryos results in reduced prenatal growth and development and 

long-term metabolic abnormalities [153]. Knockout of LIN28A in mice leads to perinatal lethality 

while LIN28B knockout results in postnatal growth abnormalities in males. Knockout of both 

LIN28A and LIN28B in mice is embryonic lethal at around E13. Conditional knockout of LIN28A 

and LIN28B in mice at 6 weeks of age does not produce any evident phenotype [154]. Collectively, 

these findings show that LIN28 has more profound role during prenatal development and 

organogenesis.  

LIN28 regulates expression of several genes either directly binding to the mRNA of target 

genes or by repressing the production of mature let-7 miRNAs, later being more prevalent 
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mechanism [154,155]. There are conflicting theories about their localization of LIN28A and 

LIN28B in the cells. LIN28A is predominantly localized in the cytoplasm but can be found in 

nucleus as well [156,157], however according to another study LIN28A is exclusively localized in 

the cytoplasm [158]. LIN28B has nucleolar and nuclear localization signal, while some others 

found it predominantly in cytoplasm with a possibility to shuttle to the nucleus [149,155,159]. 

LIN28A and LIN28B selectively repress the expression and maturation of let-7 miRNAs by 

distinct mechanisms, without directly affecting the expression of other miRNAs [160]. LIN28A 

CSD binds GNGAY motif while ZKDs bind GGAG motif in the stem loop pre-let-7 miRNA in 

the cytoplasm. After binding to pre-let-7 miRNA, LIN28A recruits TUTase Zcchc11 (also referred 

as TUT4). TUT4 causes polyuridylation of pre-let-7 miRNA which blocks the cleavage of pre-let-

7 miRNA by Dicer and hence inhibits the production of mature let-7 miRNAs [160–162]. 

Polyuridylated pre-let-7 miRNA is recognized and degraded by exonuclease Dis3L2 [163]. The 

mechanism of let-7 miRNA suppression by LIN28B remains controversial and there are four 

different theories about it. First, LIN28B inhibits maturation of let-7 miRNAs by TUT4 

independent mechanism. In the nucleus, LIN28B binds the pri-let-7 miRNA by its CSD and ZKDs 

and inhibits its processing by microprocessor [164]. Second, in the cytoplasm, LIN28B binds to 

pre-let-7 miRNA and inhibits its processing by Dicer [165]. Third, in the cytoplasm, LIN28B binds 

to pre-let-7 miRNA and leads to it polyuridylation by recruiting an unknown TUTase, leading to 

its degradation [166]. Fourth, in the nucleolus, LIN28B has the ability to sequester pri-let-7 

miRNAs and hence inhibits further processing to mature pre-let-7 miRNAs [167]. 

In 2018, Ustianenko et al. demonstrated that LIN28 selectively regulates a subclass of let-

7 miRNAs [168]. Using single nucleotide resolution, they identified –(U)GAU- as the new binding 

motif of CSD. Some pre-let-7 miRNAs with both (U)GAU and GGAG motifs in the stem loop 
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make a stronger and stable interaction with LIN28 and are referred to as CSD+, while the others 

which do not contain (U)GAU motif are called CSD-. The CSD+ subclass includes pre-let-7b, pre-

let-7d, pre-let-7f-1, pre-let-7g, pre-let-7i and miR-98. The CSD- subclass includes pre-let-7a-1, pre-

let-7a-2, pre-let-7-3, pre-let-7c, pre-let-7e and pre-let-7f-2 [168,169]. Although all let-7 miRNAs 

express ZKD binding GGAG motif, both LIN28A and LIN28B have shown greater binding 

affinity for CSD+ pre-let-7 miRNAs and hence leading to their polyuridylation and repression 

[168]. 

7. Gene regulation by LIN28-let-7 miRNA axis in trophoblast cells 

Due to profound role of let-7 miRNAs as differentiation-inducing miRNAs, the focus of 

our lab has been to investigate the role of LIN28-let-7 miRNA axis in trophoblast cells. Both 

LIN28A and LIN28B have high expression in human placenta and are localized in trophoblast 

cells [72,170,171]. High throughput genotyping array reveals that LIN28B is paternally imprinted 

in human placenta [172,173]. Using single cell transcriptome profiling, Liu et al. identified 14 

different cell types in human placenta and showed that paternally imprinted LIN28B has high 

expression in CTBs, EVTs and STB, whereas it has no to low expression in mesenchymal cells, 

macrophages and blood cells in placenta [174]. They further showed that LIN28B expression in 

week 24 EVTs was lower compared to week 8 EVTs [174], suggesting that expression of LIN28B 

in trophoblast cells reduces as the pregnancy progresses. LIN28B is the main paralogue of LIN28 

in human placenta and LIN28B mRNA is 1300-fold higher compared to LIN28A mRNA in term 

human placental tissue [175]. Immunohistochemical analysis of term human placenta shows that 

LIN28B expression in CTBs and STB is higher compared to placental decidual cells [175]. In 

2013, Gu el al., compared the expression of miRNAs between first and third trimester human 

placentas [176]. They reported that along with many other miRNAs, let-7a, let-7c, let-7d, let-7f, 
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let-7g and let-7i are upregulated in third trimester compared to first trimester human placenta 

[176]. We measured LIN28A and LIN28B mRNA in first trimester (11 week) vs term human 

placentas and found that LIN28A mRNA is nearly 700-fold higher and LIN28B mRNA is nearly 

300-fold higher in first trimester compared to term human placenta (Figure 3). Based on these 

results, we suggest that increased expression of let-7 miRNAs in term human placentas, reported 

in Gu et al. study, are due to reduced expression of LIN28A and LIN28B. Low LIN28 and higher 

level of let-7 miRNAs in term placenta compared to first trimester placenta suggests that 

proliferation rate of trophoblast cells is higher during first trimester and decreases with the 

advancement in gestational age. As LIN28-let-7 miRNA axis regulates expression of several 

genes, it would not surprising to see a difference in gene expression in first trimester vs third 

trimester human placenta. 

In IUGR pregnancies, the size of placenta is significantly smaller compared to normal 

pregnancies [177], which suggests the role of reduced trophoblast proliferation in etiology of 

IUGR. In a recently published study, we showed that term human placentas from IUGR 

pregnancies have low LIN28A and LIN28B, and high let-7 miRNAs compared to term human 

placentas from normal pregnancies [72]. Canfield et al, reported that term human placentas from 

preeclamptic pregnancies have reduced LIN28B but no change in LIN28A compared to normal 

term placentas [175]. They further demonstrated that in first trimester human placenta, LIN28B is 

higher in extravillous cytotrophoblasts compared to villous trophoblast cells, indicating their role 

in trophoblast cell invasion [175]. Low LIN28 and high let-7 miRNAs during first trimester of 

pregnancy can lead to reduced trophoblast proliferation and invasion leading to pregnancy related 

disorders. 
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Due to limitation that humans cannot be used as experimental models, most studies 

investigating molecular mechanisms involved in human placental development are conducted 

using placental cell lines. Commonly used human trophoblast-derived cell lines include BeWo, 

ACH-3P, Jeg-3, JAR, Sw.71 and HTR-8/SVneo. LIN28A knockdown in immortalized first 

trimester human trophoblast (ACH-3P) cells drives these cells towards syncytial differentiation 

and increases the expression of syncytiotrophoblast markers including hCG, LGALS13 and ERVW-

1 [178]. Moreover, knockdown of LIN28A increases the expression of let-7 miRNAs including 

let-7a, let-7c, let-7d, let-7e, let-7g and let-7i [178], suggesting that differentiation of cells might 

be due to increased levels of let-7 miRNAs. Overexpression of LIN28B in HTR8 cells increases 

cell proliferation, invasion and migration, whereas knockdown of LIN28B in JEG3 cells reduces 

cell proliferation [175]. In a recently published study, we further investigated the correlation 

between LIN28 and let-7 miRNAs in trophoblast cells using first trimester human trophoblast-

derived ACH-3P and Sw.71 cells. ACH-3P cells were generated by fusing first trimester human 

trophoblast cells with human choriocarcinoma cells, whereas Sw.71 cells were generated by 

overexpressing h-TERT in first trimester human trophoblast cells [179,180]. These cell lines have 

contrasting levels of LIN28 and let-7 miRNAs [72]. ACH-3P cells have high expression of 

LIN28A and LIN28B whereas these proteins are not detectable in Sw.71 cells [72]. The expression 

of all let-7 miRNAs is 50-500-fold higher in Sw.71 cells compared to ACH-3P cells, potentially 

due to depleted LIN28A and LIN28B in Sw.71 cells which are major suppressors of let-7 miRNAs 

[72]. The contrasting levels of LIN28 and let-7 miRNAs between ACH-3P and Sw.71 cells are 

potentially due to difference of methodology used to generate these cell lines. LIN28A knockout 

in ACH-3P cells increases let-7a, let-7b, let-7c, let-7d and let-7e, whereas LIN28B knockout in 

ACH-3P cells increases let-7a, let-7b, let-7c, let-7d, let-7e and let-7i. Double knockout of LIN28A 
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and LIN28B in ACH-3P cells results in increased expression of all let-7 miRNAs compared to 

knockout of either LIN28A or LIN28B. Similarly, LIN28A overexpression Sw.71cells decreases 

let-7d and let-7i, whereas LIN28B overexpression causes reduction in all let-7 miRNAs. However, 

overexpression of both LIN28A and LIN28B in Sw.71 cells results in decreased expression of all 

let-7 miRNAs compared to overexpression of either LIN28A or LIN28B [72]. These results 

suggest that, LIN28A and LIN28B work in coordination to suppress let-7 miRNAs and 

manipulating one paralogue of LIN28 in human trophoblast cells might not induce a similar 

phenotype compared to if both paralogues are changed. 

Majority of let-7-regulated genes are associated with cell proliferation, migration and 

invasion - the processes which are crucial during early human placental development. We recently 

demonstrated that double knockout of LIN28A and LIN28B in ACH-3P cells increases in let-7 

miRNAs and leads to reduction in expression of proliferation-associated genes including high-

mobility group AT-hook 1 (HMGA1), MYC protooncogene (c-MYC), vascular endothelial growth 

factor A (VEGF-A), and Wnt family member 1 (WNT1). LIN28A/B knockout reduces trophoblast 

cell proliferation and drives them towards differentiating to syncytiotrophoblast [72,170]. 

Similarly, double knockin of LIN28A/B in Sw.71 cells leads to reduction in let-7 miRNAs and 

increases the expression of HMGA1, c-MYC, VEGF-A, and WNT1 [72]. Other than its role in cell 

proliferation, VEGF-A is required at all steps of angiogenesis during placental development [181]. 

Reduced expression of VEGF-A due high let-7 miRNAs can lead to serious pregnancy 

complications due to impaired angiogenesis in placenta. 

Androgen receptor (AR) is also a let-7 target gene and promotes cancer cell proliferation 

[182–186]. AR plays a role in placental angiogenesis by regulating VEGF-A expression [187]. In 

term human placenta, AR is localized in cytotrophoblasts, syncytiotrophoblast and villous stromal 
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cells [188,189], suggesting its role in regulating trophoblast function. Another study showed that, 

in first trimester human placenta, AR is localized in cytotrophoblasts and stromal cells but not in 

syncytiotrophoblast [182]. Knockdown of LIN28B in ACH-3P cells increases let-7c miRNA and 

reduces AR expression [182]. ACH-3P cells treated with let-7c mimic have reduced AR whereas 

let-7e and let-7f mimics do not affect AR expression, suggesting that AR is targeted specifically 

by let-7c in human trophoblast cells. Moreover, reduced AR expression in response to let-7c mimic 

drives cells towards syncytialization [182]. 

Several studies have demonstrated that let-7 miRNAs bind the 3ʹ-UTR of HMGA2 and 

reduces its expression in cancer cells [190–192]. However, in a recent study, we found a different 

mechanism of HMGA2 regulation in human trophoblast cells. Double knockout of LIN28A/B in 

ACH-3P cells increases let-7 miRNAs but does not change HMGA2 expression [170]. Along with 

increased let-7 miRNAs, LIN28A/B double knockout also increases miR-182. The exact 

mechanism behind increase in miR-182 in LIN28A/B double knockout ACH-3P cells is not clear. 

We further showed that HMGA2 expression in trophoblast cells is regulated by a transcription-

repressing complex comprised of breast cancer susceptibility gene 1 (BRCA1), CtBP-interacting 

protein (CtIP) and zinc finger protein 350 (ZNF350). This complex, also called BRCA1 repressor 

complex, binds the promoter region of HMGA2 and inhibits its transcription [170]. In LIN28A/B 

double knockout ACH-3P cells, high miR-182 targets BRCA1 leading to inhibition of BRCA1 

repressor complex and hence increases HMGA2 expression [170]. Therefore, the expected 

decrease in HMGA2 due to high let-7 miRNAs is rescued by inhibition of BRCA1 repressor 

complex. These findings indicate that all genetic pathways demonstrated in the cancer cells might 

not be applicable in trophoblast cells. It further suggests that rapid proliferation of trophoblast cells 

during early placental development is more precisely regulated compared to cancer cells. 
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Although in vitro studies demonstrate the vital role of LIN28-let-7 miRNA axis in 

trophoblast function, its role in placental development in vivo is not well understood. Using sheep 

as experimental model, we investigated the role of LIN28-let-7 miRNA axis in trophoblast 

proliferation in vivo. In sheep, the hatched blastocyst undergoes a phase of trophectoderm 

elongation before attachment to the uterine epithelium. The conceptus elongation is accomplished 

by rapid proliferation of trophoblast cells. Trophoblast proliferation is a critical process in early 

placental development both in humans and sheep. Trophoblast specific knockdown of LIN28A or 

LIN28B in sheep leads to reduced conceptus elongation due to reduced proliferation of trophoblast 

cells [193] suggesting that both LIN28A and LIN28B are equally important for in early placental 

development. Knockdown of LIN28A and LIN28B leads to increase in let-7 miRNAs and decrease 

in expression of proliferation-associated genes including insulin like growth factor 2 mRNA 

binding proteins (IGF2BP1-3), high mobility group AT-hook 1 (HMGA1), AT-rich interaction 

domain 3B (ARID3B) and MYC protooncogene (c-MYC) [193]. Additionally, overexpression of 

LIN28A or LIN28B in immortalized ovine trophoblast cells (iOTR) reduces let-7 miRNAs, 

increases the expression of proliferation associated genes and increases cell proliferation [193]. 

These findings further strengthen the data from in vitro studies about the role of LIN28-let-7 

miRNA axis in proliferation of human trophoblast cells. 

8. LIN28-let-7-ARID3B pathway in trophoblast cells 

AT-rich interactive domain (ARID) proteins, first recognized in 1997, are a family of 15 

proteins which bind to AT-rich regions of DNA [194,195]. ARID proteins play an important role 

in cell proliferation, differentiation and development, and are upregulated in tumorous tissues 

[196]. The subfamilies of ARID proteins include ARID1, ARID2, ARID3, ARID4, ARID5, 

JARID1and JARID2. The ARID3 subfamily has 3 members including ARID3A, ARID3B and 
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ARID3C. Although most of the ARID proteins act as tumor suppressors, ARID3A and ARID3B 

promote tumorigenesis [195]. ARID3A inhibits cell differentiation, promotes cell proliferation and 

increases survival potential of cells [196,197], whereas ARID3B promotes proliferation, invasion 

and migration of cancer cells [198–200]. However, Moreover, ARID3B is more widely expressed 

in different tissues compared to ARID3A, suggesting more involvement of ARID3B in biological 

functions [201]. ARID3A and ARID3B are structurally similar and bind the similar region of 

DNA. Both ARID3A and ARID3B have extended central ARID domain and two conserved amino 

acid domains at the C-terminal, termed REKLES α and REKLES β. Only members of ARID3 

subfamily have REKLES domains [202]. 

In contrast to ARID3B which is exclusively localized in the nucleus, ARID3A shuttle 

between nucleus and cytoplasm. Once in the nucleus, ARID3A interacts with ARID3B through 

REKLES β domain. Therefore, localization of ARID3A in the nucleus is dependent on its 

interaction with ARID3B in the nucleus, suggesting the dominant role ARID3B [202,203]. In 

cancer cells, ARID3A and ARID3B recruit histone demethylase 4C (KDM4C) to make a tri-

protein complex, called the ARID3B-complex [204]. The ARID3B-complex binds in the promoter 

areas of stemness genes and let-7 target genes, leading to histone demethylation by KDM4C and 

increased gene expression by initiation of transcription [204]. Therefore, genes regulated by the 

ARID3B-complex also include let-7 miRNA target genes. Liao et al., further demonstrated that 

both ARID3A and ARID3B are targeted by let-7 miRNAs. Hence, other than directly targeting the 

mRNAs of target genes, let-7 miRNA can indirectly regulate their target genes by targeting and 

reducing the expression of ARID3A and ARID3B (Figure 4) [72,204]. 

Both ARID3A and ARID3B have high expression in human trophoblast cells [205,206]. 

ARID3A knockout mice have severe structural defects in placenta [207]. In ACH-3P cells 
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ARID3A, ARID3B and KDM4C make the tri-protein ARID3B complex [72]. In term human 

placentas from IUGR pregnancies, LIN28A and LIN28B are low, let-7 miRNAs are high, and 

ARID3A and ARID3B are low which suggests a correlation between LIN28-let-7 miRNA axis 

and the ARID3B complex [72]. Due to the well-established pathway of regulation of let-7 target 

genes through ARID3B complex and their role in cell proliferation, it is important to understand 

this phenomenon in early placental development. We have recently shown the correlation between 

LIN28-let-7 miRNA axis and the ARID3B complex using ACH-3P and Sw.71 cell. Double 

knockout of LIN28A and LIN28B in ACH-3P cells increases let-7 miRNAs and decreases the 

expression ARID3A, ARID3B and KDM4C. Similarly, double knockin of LIN28A and LIN28B 

in Sw.71 cells decreases let-7 miRNAs and increases expression of ARID3A, ARID3B and 

KDM4C [72]. In trophoblast cells, the ARID3B-complex binds to the promoter areas of 

proliferation-associated let-7 target genes including HMGA1, c-MYC, VEGF-A and WNT1, 

facilitating their transcription via KDM4C mediated histone demethylation. ARID3B knockout 

ACH-3P cells, KDM4C cannot be recruited in the promoter regions of HMGA1, c-MYC, VEGF-A 

and WNT1 and expression of these genes is also significantly reduced [73]. Moreover, ARID3B 

knockout ACH-3P cells have reduced proliferation rate compared to control cells [72]. 

Knockdown of LIN28A or LIN28B in sheep trophectoderm increases let-7 miRNAs and reduces 

the expression of ARID3A and ARID3B [193], showing the regulation of the ARID3B-complex 

by LIN28-let-7 miRNA axis in vivo. Collectively these findings show that let-7 miRNAs target 

the ARID3B-complex in trophoblast cells, and the ARID3B-complex regulates genes with known 

importance in placental development. 
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9. Conclusion 

For a long time, transcription activating proteins were thought to be the main regulators of 

gene expression in cells. However, in recent years microRNAs have emerged as “regulators of the 

regulators”. miRNAs regulate important processes in trophoblast cells including cell proliferation, 

differentiation, invasion and migration. LIN28-let-7-ARID3B pathway regulates trophoblast cell 

proliferation by modulating the expression of proliferation associated genes in vitro and in vivo. 

The trophoblast cells with low LIN28 will have high let-7 miRNAs and low ARID3B. There are 

two possible pathways of regulation of proliferation-associated genes by let-7 miRNAs in 

trophoblast cells (Figure 5). On pathway involves binding of let-7 miRNAs in 3ʹ-UTR of their 

target mRNA leading to mRNA degradation or translational repression. Secondly, let-7 miRNAs 

target ARID3A, ARID3B and KDM4C to inhibit or reduce transcriptional activation of 

proliferation-associated genes by the ARID3B-complex. Therefore, trophoblast cells with high let-

7 miRNAs will have reduced expression of proliferation factors and more tendency to differentiate. 

High let-7 miRNAs during early placental development reduce cell proliferation, invasion and 

migration of trophoblast cells, leading to placental abnormalities. Let-7 miRNAs might be the 

major players in pathogenesis of placenta-associated disorders. miRNAs can be readily measured 

in peripheral blood, tissue biopsies, saliva, cerebrospinal fluid, urine and other biological samples. 

High let-7 miRNAs are upregulated in IUGR and preeclamptic placentas, suggesting that let-7 

miRNAs can be potential biomarkers for early diagnosis of PE and IUGR. It remains to be explored 

if early stage placentas from compromised pregnancies will have high let-7 miRNAs and will the 

increase in let-7 miRNAs in placenta be reflected in maternal blood. Animal models of IUGR can 

be used to answer these questions. 
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Figure 1. Early placental development and spiral artery remodeling. Human placental development 

starts with interaction between hatched blastocyst and uterine epithelium. The trophoblast cells 

that contact with the uterine epithelium transform into highly proliferative cytotrophoblasts 

(CTBs). Cytotrophoblasts undergo rapid proliferation and some of them fuse to form 

multinucleated syncytiotrophoblast (STB). Within few hours, STB expands and covers whole 

blastocyst and helps in blastocyst invasion into the uterine decidua. Continuous proliferation of 

CTBs results in formation of villi. Some CTBs from the tip of anchoring villi break the STB cover, 

invade in the uterine stroma and myometrium and transform into EVTs. EVTs remodel the spiral 

arteries to ensure sufficient flow of blood to the placenta. 
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Figure 2. Normal vs abnormal spiral artery remodeling. CTBs from anchoring villi break out of 

SCT layer and enter uterine stroma where they differentiate into extravillous trophoblasts (EVTs). 

Spiral artery remodeling is accomplished by invasion and migration of EVTs. EVTs replace the 

vascular endothelial cells, remodel the spiral arteries and ensures sufficient flow of blood to 

placenta. In placenta-associated disorders like preeclampsia, reduced proliferation of CTBs results 

in less availability of EVTs. This leads to insufficient remodeling of spiral arteries and reduced 

blood flow to the placenta. Based on different studies listed in table 1, a different set of miRNAs 

is upregulated in trophoblast cells during normal vs preeclamptic pregnancies. 
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Figure 3. LIN28 mRNA in human placenta. mRNA was extracted from first trimester (week 11) 

and term human placentas and LIN28A and LIN28B mRNA levels were measured using real-time 

RT-PCR, where *p<0.05. 
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Figure 4. Gene regulation by the ARID3B-complex. ARID3A is imported in nucleus by IPO9, 

where it binds ARID3B and KDM4C to form the ARID3B-complex. The ARID3B-complex binds 

in the promoter regions and activates transcription of let-7 target genes. Other than directly binding 

the mRNA of their target genes, let-7 miRNAs also target the ARID3B-complex and reduce its 

expression, ultimately leading to reduced expression of let-7 target genes. 
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Figure 5. Proposed mechanism for gene regulation in trophoblast cells. Left panel of figure: LIN28 

represses the biogenesis of mature let-7 miRNAs by binding pri-let-7 and pre-let-7 miRNAs and 

inhibiting their processing. Due to low level of mature let-7 miRNAs in the cells, there will be less 

targeting of proliferation-associated genes. Moreover, the ARID3B-complex will initiate the 

transcription of proliferation-associated genes and increase their expression. Increased expression 

of proliferation-associated genes will lead to increased cell proliferation. Right panel of figure: If 

LIN28 is knocked-out or knocked-down, there will be no suppression of let-7 miRNA biogenesis. 

High let-7 miRNAs will target and reduce the expression of proliferation associated genes and the 

ARDI3B-complex, driving the cells towards differentiation. 
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Table 1. Gene regulation by miRNAs in trophoblast cells 

miRNA Target Genes Effect of higher miRNA expression Reference 

let-7 

ARID3A, 

ARID3B, 

HMGA1, cMYC 

Reduce proliferation of trophoblast cells [72] 

miR-200c Wnt/β-catenin Increases apoptosis of trophoblast cells [73] 

miR-16 Notch2 
Inhibits proliferation, migration, and invasion, 

and facilitates the apoptosis of trophoblast cells 
[74] 

miR-576-5p TFAP2A Enhances invasion ability of trophoblast cells [75] 

miR-126a-

3p 
ADAM9 

Induces proliferation, migration and invasion of 

trophoblast cells 
[76] 

miR-210 CPEB2 Inhibits trophoblast syncytialization [77] 

miR-218-5p TGFB2 Promotes enEVTs and spiral artery remodeling [78] 

miR-133 Rho/ROCK Increases apoptosis of trophoblast cells [79] 

miR-30b MXRA5 Inhibits invasion of trophoblast cells [80] 

miR-106a 
hCYP19A1, 

hGCM1 
Inhibits trophoblast syncytialization [81] 

miR-320a IL-4 Inhibits growth and invasion of trophoblasts [82] 

miR-384 STAT3 
Reduces the proliferation and invasion of 

trophoblast cells 
[83] 

miR-182 BRCA1 Increases apoptosis of trophoblast cells [84] 

miR-155 HIF-1α Increases apoptosis of trophoblast cells [85] 

miR-101 CXCL6 Inhibits migration and invasion of trophoblasts [86] 

miR-152 Bax, Bcl-2 Promotes apoptosis of trophoblast cells [87] 

miR-210 Notch1 
Inhibit proliferation, invasion and migration of 

trophoblast cells 
[88] 

miR-137 FNDC5 Reduces viability and migration of trophoblasts [89] 

miR-210-3p FGF1 
Reduces proliferation and invasiveness of 

trophoblast cells 
[90] 

miR-27a-3p USP25 Inhibits migration and invasion of trophoblasts [91] 

miR-558 TIMP4 Increases invasion of trophoblast [92] 

miR-184 WIG1 Promotes apoptosis of trophoblast cells [93] 

miR-371a XIAP Promotes apoptosis of trophoblast cells [94] 

miR-7 
EMT-related 

TFs 
Reduces invasion of trophoblast cells [95] 

miR-125a MCL1 Increases apoptosis of trophoblast cells [96] 

miR-34a-5p Smad4 Inhibits migration and invasion of trophoblasts [97] 

miR-145 MUC1 
Increases proliferation and invasion, and 

reduces apoptosis of trophoblast cells 
([98] 

miR-221-3p THBS2 
Promotes growth, invasion and migration of 

trophoblast cells 
[99] 

miR-454 ALK7 
Promotes proliferation and invasion, and 

reduces apoptosis of trophoblast cells 
[100] 

miR-34a Notch Suppresses trophoblast cells invasion [101] 
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miR-101-3p mTOR 
Increases apoptosis and reduce migration of 

trophoblast cells  
[102] 

miR-96-5p mTOR, Bcl-2 
Increases apoptosis and reduce migration of 

trophoblast cells 
[102] 

miR-431 ZEB1 Inhibits invasion and migration of trophoblasts [103] 

miR-320a ERRγ Induces apoptosis while inhibits proliferation, 

migration, and invasion of trophoblast cells 
[104] 

miR-145-5p Cyr61 Suppresses invasion of trophoblast cells [105] 

miR-483-3p RB1CC1 Increases proliferation of trophoblast cells [106] 

miR-134 ITGB1 Inhibits invasion of trophoblast cells [107] 

miR-362-3p Pax3 Inhibits invasion and migration of trophoblasts [108] 

miR-518b Rap1b Increases proliferation of trophoblast cells [109] 

miR-203 VEGFA 
Inhibits proliferation, migration and invasion of 

trophoblast cells 
[110] 

miR-181a-

5p 
IGF2BP2 

Suppresses invasion and migration of 

trophoblast cells 
[111] 

miR-30a-3p IGF1 
Reduces invasion and increases apoptosis of 

trophoblast cells 
[112] 

miR-299 HDAc2 
Suppresses invasion and migration of 

trophoblast cells 
[113] 

miR-18b HIF-1α 
Reduces invasion, migration and viability of 

trophoblast cells 
[114] 

miR-34a BCL-2 Increases apoptosis of trophoblast cells [115] 

miR-18a ER1 Increases apoptosis of trophoblast cells [116] 

miR-23a XIAP Induces apoptosis of trophoblast cells [117] 

miR-144 PTEN 
Increases proliferation, migration and invasion 

of trophoblast cells 
[118] 

miR-106b MMP-2 
Inhibits proliferation and invasion of 

trophoblast cells 
[119] 

miR-520g MMP-2 Inhibits migration and invasion of trophoblasts [120] 

miR-218 SOX4 Inhibits migration and invasion of trophoblasts [121] 

miR-520 PARP1 Promotes apoptosis of trophoblast cells [122] 

miR-193b TGF-β2 Reduces migration and invasion of trophoblasts [123] 

miR-34a MYC Inhibits invasion of trophoblast cells [124] 

miR-519d MMP-2 Inhibits invasion and migration of trophoblasts [125] 
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CHAPTER II: LIN28-LET-7 AXIS REGULATES GENES IN IMMORTALIZED 

HUMAN TROPHOBLAST CELLS BY TARGETING THE ARID3B-COMPLEX23 

 

 

 

Synopsis 

Abnormal placental development is one of the main etiological factors for intrauterine 

growth restriction (IUGR). Here, we show that LIN28A and LIN28B are significantly lower and 

lethal-7 (let-7) microRNAs (miRNAs) significantly higher in term human IUGR vs. normal 

placentas. We hypothesize that let-7 miRNAs regulate genes with known importance for human 

placental development [high-mobility group AT-hook 1 (HMGA1), transcriptional regulator Myc-

like (c-myc), vascular endothelial growth factor A (VEGF-A), and Wnt family member 1 (WNT1)] 

by targeting the AT-rich interacting domain (ARID)-3B complex. ACH-3P cells with LIN28A and 

LIN28B knockout (DKOs) significantly increased let-7miRNAs, leading to significantly 

decreased ARID3A, ARID3B, and lysine demethylase 4C (KDM4C). Similarly, Sw.71 cells 

overexpressing LIN28A and LIN28B (DKIs) significantly decreased let-7 miRNAs, leading to 

significantly increased ARID3A, ARID3B, and KDM4C. In ACH-3P cells, ARID3A, ARID3B, 

and KDM4C make a triprotein complex [triprotein complex comprising ARID3A, ARID3B, and 

KDM4C (ARID3B-complex)] that binds the promoter regions of HMGA1, c-MYC, VEGF-A, and 

WNT1. ARID3B knockout in ACH-3P cells disrupted the ARID3B-complex, leading to a 

significant decrease in HMGA1, c-MYC, VEGF-A, and WNT1. DKOs had a significant reduction, 

whereas DKIs had a significant increase in HMGA1, c-MYC, VEGF-A, andWNT1, potentially 

 
2 This chapter has been published in the FASEB Journal.  
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due to regulation by theARID3B-complex. This is the first study showing regulation of let-7 targets 

in immortalized human trophoblast cells by the ARID3B-complex. 

1. Introduction 

Intrauterine growth restriction (IUGR) is a pregnancy associated condition in which the 

fetuses cannot reach their maximum growth potential. Every year, about 30 million neonates in 

the world are born intrauterine growth restricted (1, 2). Although there are many risk factors for 

development of IUGR, placenta associated conditions such as abnormal uteroplacental 

vasculature, preeclampsia, avascular villi, single umbilical artery, placental insufficiency, abruptio 

placenta and placental infections are the most common etiological factors (3–5). In pregnancies 

compromised by IUGR, the size of the placenta is approximately 24% smaller compared to 

placenta from normal pregnancies (6). A malfunctioning placenta fails to supply enough nutrients 

and oxygen to the growing fetus leading to IUGR and other long-term complications in both 

mother and fetus (7, 8). Hence, healthy and properly functioning placenta is essential for normal 

fetal growth. 

During the first trimester of human pregnancy, fetal derived trophoblast cells proliferate 

and differentiate into different trophoblast lineages; syncytiotrophoblast and extravillous 

trophoblast cells (9). The extravillous trophoblast cells invade the maternal uterus and remodel the 

spiral arteries to ensure proper blood flow to the growing fetus (9). These events are regulated 

through complex genetic pathways. If any of these steps are compromised, it can result in placental 

disorders leading to IUGR (10). Therefore, investigating the underlying molecular mechanisms of 

trophoblast proliferation, invasion and migration, and spiral artery remodeling is necessary to 

improve diagnosis and treatment of various pregnancy-related disorders. 



57 

 

Oncofetal-placental proteins play a significant role in placental development and 

maintenance (11). The pluripotency factor LIN28 is a highly conserved oncofetal-placental protein 

with two paralogs, LIN28A and LIN28B. LIN28 has also been described as a protooncogene due 

to its ability to regulate and stabilize oncogenes at the post-transcriptional level in tumor cells (12, 

13). Another important function of LIN28 is to inhibit the biogenesis of lethal-7 (let-7) miRNAs 

in mammalian cells by binding pri-let-7 and pre-let-7 (14–19). We have previously shown that in 

first trimester (11.5 week) human placenta LIN28B is dominant and is localized to cytotrophoblast 

cells (20). In another study, Canfield (21) showed that in term human placenta LIN28B mRNA is 

1300-fold higher than LIN28A mRNA and LIN28B protein level is significantly higher in both 

cytotrophoblasts and syncytiotrophoblast compared to decidua. Knockdown of LIN28 in mouse 

and human trophoblast cells increases the level of let-7 miRNAs (20, 22). 

Liao (23) demonstrated that let-7 miRNAs modulate their target genes in cancer cells by 

two distinct mechanisms. Either they follow a pathway of directly binding the mRNAs of target 

genes, or they follow a chromatin-dependent pathway involving 4 different proteins; AT-Rich 

Interaction Domain 3A (ARID3A), AT-Rich Interaction Domain 3B (ARID3B), lysine 

demethylase 4C (KDM4C) and membrane transporter importin-9 (IPO9) (23). ARID3A and 

ARID3B are members of the highly conserved family of AT-rich Interactive Domain (ARID) 

proteins which regulate gene expression by binding AT-rich DNA in promoter regions of genes 

and remodeling the chromatin material (24, 25). These two paralogs share 89.9% amino acid 

similarity and bind the same DNA regions (26). ARID3A and ARID3B function together and play 

a vital role in lymphocyte expansion, proliferation of human hematopoietic progenitors, 

development of colorectal cancer, cell cycle, embryonic development and transcriptional 

regulation of stemness genes (27–31). Arid3a has also been shown to play an important role in 
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development of murine placenta. Arid3a knockout results in abnormal placental development and 

embryonic lethality at day 12.5 (32). Knockout of Arid3b in mice causes developmental 

abnormalities and is embryonic lethal (32–34). In humans, ARID3B is high in malignant tumor 

tissues compared to control tissues, suggesting a role in cell proliferation and migration (34). 

ARID3B is exclusively localized in the nucleus while ARID3A is shuttled between the cytoplasm 

and nucleus by the membrane transporter IPO9 (23, 36, 37). In the nucleus, ARID3B binds 

ARID3A by interacting with its REKLES-β domain (23, 37). ARID3A-ARID3B duplex binds 

KDM4C to make a tri-protein complex, hereafter referred as the ARID3B-complex, which binds 

the promoter regions of genes and demethylates H3K9me3 and H3K27me3 (23). Histone 

demethylation caused by KDM4C leads to structural modifications in chromatin, resulting in 

increased expression of target genes (23). Let-7 miRNAs regulate their target genes in different 

cancer cell lines by targeting the ARID3B-complex mRNAs (23). However, existence and 

functionality of this pathway in placenta is yet to be explored. 

Many core targets of let-7 miRNAs identified in cancer studies also play a critical role in 

early human placental development, and are important for rapid proliferation of trophoblast cells, 

maintaining a population of progenitor cytotrophoblasts, placental angiogenesis and modification 

of spiral arteries (38–42). High mobility group AT-hook 1 (HMGA1), transcriptional regulator 

Myc-like (c-MYC), vascular endothelial growth factor A (VEGF-A) and Wnt family member 1 

(WNT1) are examples of such genes. HMGA1 promotes the invasion of trophoblast cells and 

reduced levels of HMGA1 has been linked to pathogenesis of preeclampsia (43, 44). The c-MYC 

protooncogene has been identified as a proliferation factor in human cytotrophoblast cells. Its 

amount decreases when cytotrophoblasts differentiate into syncytiotrophoblast (45). VEGF-A 

plays a critical role in human trophoblast migration and differentiation, spiral artery remodeling 
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and placental angiogenesis (46–49). Reduced concentration of VEGF-A is one of the factors in the 

pathogenesis of preeclampsia and IUGR (50). The protooncogene WNT1 is highly expressed in 

early placenta compared to term placenta. It is important for proliferation of trophoblast cells and 

reduced WNT1 is also one of the factors in the pathogenesis of preeclampsia (51, 52). Hence, 

HMGA1, c-MYC, VEGF-A and WNT1 are important for placental development and exploring 

the mechanisms behind the regulation of these genes will be a step towards diagnosis and 

management of placenta associated disorders. The objective of this study is to explore the 

mechanism for regulation of HMGA1, c-MYC, VEGF-A and WNT1 by the ARID3B-complex 

and its correlation with LIN28-let7 axis in immortalized first trimester human trophoblast cells. 

2. Materials and Methods 

2.1.Term human placental tissue samples 

Term human placental tissue samples and the clinical characteristics of the patients used in 

this study have been described previously (53). Briefly, term placentas from normal pregnancies 

(control) and the IUGR pregnancies were collected immediately postpartum. The collected tissue 

samples were snap frozen in liquid nitrogen and then stored at -80˚C. mRNA, miRNA and protein 

were extracted from these samples for further analysis. 

2.2.Cell lines 

Two different first trimester human trophoblast cell lines, ACH-3P and Sw.71, were used 

in this study. ACH-3P cells are hybrid cells obtained by fusion of primary first trimester human 

trophoblast cells (week 12 of gestation) with a human choriocarcinoma cell line (AC1-1) (54). 

Sw.71 are immortalized first trimester human trophoblast cells (week 7 of gestation) produced by 

infecting primary trophoblast cells with human telomerase reverse transcriptase (hTERT) (55). 
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Both cell lines were maintained in DMEM/F-12 media supplemented with 10% heat-inactivated 

fetal bovine serum and 1x penicillin-streptomycin-amphotericin B solution, at 37°C and 5% CO2. 

2.3.CRISPR-Cas9 

Knockout ACH-3P cells were generated using CRISPR-Cas9 based genome editing 

technique. Target specific gRNAs for LIN28A, LIN28B and ARID3B were designed using web-

based tools (56, 57), and cloned in lentiCRISPR v2 plasmid. The lentiCRISPR v2 plasmids 

(Addgene, Watertown, MA, USA) with specific gRNAs were used to make 2nd generation 

lentiviral particles. The lentiviral particles were used to infect the ACH-3P cells at 70-80% 

confluency in one well of 12-well plate (Corning Inc., Corning, NY, USA). After 48-72 hours, the 

infected cells were selected using 2-4 ng/µl puromycin. Western blot was performed to confirm 

gene knockout. To obtain cell lines with complete knockout of the target gene, single cell colonies 

were selected. Colonies with depletion of protein of interest were used for further experiments. 

ACH-3P cells with knockout of LIN28A (AKO), LIN28B (BKO), both LIN28A and LIN28B 

(DKO), and ARID3B (ARID3B KO) were generated. To create DKO ACH-3P cells, AKO ACH-

3P cells were infected with lentiviral particles designed for knockout of LIN28B. Single cell 

colonies were selected and tested by western blot to confirm a double knockout of LIN28A and 

LIN28B. ACH-3P cells infected with lentiviral particles containing scrambled gRNA were used 

as control cells (SC). The gRNA sequences used in this study are listed in table 2. 

2.4.Overexpression of LIN28A and LIN28B 

To overexpress genes in Sw.71 cells, lentiviral gene expression vectors expressing LIN28A 

(pLV[Exp]-Puro-EF1A>hLIN28A[XM_011542148.1]) or LIN28B (pLV[Exp]-Bsd-

EF1A>hLIN28B[NM_001004317.3]) were purchased (VectorBuilder Inc., Shenandoah, TX, 
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USA). Second generation lentiviral particles were generated using expression vectors. Lentiviral 

particles were used to infect Sw.71 cells at 70-80% confluency in one well of a 12-well plate 

(Corning Inc., Corning, NY, USA). After 48-72 hours, the infected cells were selected using 

appropriate antibiotics (2-4 ng/µl puromycin for LIN28A expressing cells and 4-8 ng/µl blasticidin 

for LIN28B expressing cells). Successful gene knock-in was confirmed using real-time RT-PCR 

and western blot analysis. Sw.71 cells with knock-in of LIN28A (AKI), LIN28B (BKI), and both 

LIN28A and LIN28B (DKI) were generated. To create DKI Sw.71 cells, LIN28A overexpressing 

cells were infected with LIN28B expression lentiviral particles. Sw.71 cells infected with lentiviral 

expression particles containing stuffer nucleotide sequence were used to generate an expression 

vector control (EVC) Sw.71 cells. 

2.5.Production of 2nd generation lentiviral particles 

To generate 2nd generation lentiviral particles, three vectors were used including transfer 

vector (lentiCRISPR v2 or expression vector), packaging plasmid (psPAX2 from Addgene, 

Watertown, MA, USA) and envelope plasmid (pMD2.G from Addgene, Watertown, MA, USA). 

293FT cells (Invitrogen, Carlsbad, CA, USA) were cultured in DMEM high-glucose media 

supplemented with 10% heat-inactivated fetal bovine serum and 1x penicillin-streptomycin-

amphotericin B solution, at 37°C and 5% CO2. 8.82 µg transfer vector DNA, 6.66 μg psPAX2 

packaging plasmid DNA and 2.70 μg pMD2.G envelope plasmid DNA were used to make viral 

particles. The plasmid DNA was mixed with 180 µl of polyfect transfection reagent (Qiagen Inc., 

Germantown, MD, USA) and final volume was brought up to 855 µl using DMEM high-glucose 

media without any supplements. The plasmids-polyfect mixture was incubated at room 

temperature for 10 min and then gently mixed in the media on 70-80 % confluent 293FT cells. 

Cells were incubated for 4–6 h at 37°C and 5% CO2. After incubation time, the transfection media 
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was replaced by fresh DMEM high glucose media supplemented with 10% heat-inactivated fetal 

bovine serum and 1x penicillin-streptomycin-amphotericin B solution. After 72 h, the medium 

containing lentiviral particles was collected and ultra-centrifuged over a 20% sucrose cushion at 

22,000 RPM for 2 h at 4°C. The pelleted lentiviral particles were resuspended in 1x PBS, aliquoted 

and stored at −80°C. The frozen viral aliquot was resuspended in 0.5-1 ml of appropriate media 

with 8 μg/ml polybrene. The target cells were incubated with lentiviral particles for 24 h, at 37˚C 

and 5% CO2. After 24 h of incubation, targeted cells were washed, and fresh media was put on 

the cells. After 72 h of culture, cells were selected with appropriate selection antibiotic as described 

earlier. 

2.6.RNA extraction and real-time RT-PCR 

For real-time RT-PCR analysis, mRNA was isolated from human placental tissue and 

immortalized first trimester human trophoblast cells using RNeasy Mini Kit (Qiagen Inc. 

Germantown, MD, USA), following the manufacturer’s protocol. The mRNA was reverse 

transcribed to cDNA using iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, 

USA). Real-time RT-PCR reactions were run in triplicate in 384-well plates, using 10µl reaction 

volume in each well. The reaction volume included 5µl of 2x Light-Cycler 480 SYBR Green I 

Master (Roche Applied Science, Penzberg, Germany), 50ng cDNA and 1µM of target specific 

forward and reverse primers. Primer sequences used for real-time RTPCR are listed in table 3. 

PCR reactions were incubated in the Light-Cycler 480 PCR machine (Roche Applied Science, 

Penzberg, Germany) at the following cycling conditions: 95˚C for 10 min, 45 cycles of 95˚C for 

30 seconds, 55˚C for 1 minute, and 72˚C for 1 min. Relative mRNA levels were normalized using 

GAPDH. For miRNA profiling, total RNA was extracted using a miRNeasy Mini Kit (Qiagen Inc. 

Germantown, MD, USA), following the manufacturer’s protocol. 300 ng total RNA was reverse 



63 

 

transcribed to cDNA using miScript RT II kit (Qiagen Inc. Germantown, MD, USA). Real-time 

RT-PCR reactions were run in triplicate in 384-well plates, using 10µl reaction volume in each 

well. The reaction volume included 5µl of 2x QuantiTech SYBR Green Master Mix (Qiagen Inc. 

Germantown, MD, USA), 3ng cDNA, 1x miScript universal primer (Qiagen Inc. Germantown, 

MD, USA) and 1x miScript assay for let-7 miRNA (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-

7g, let-7i). These reactions were incubated in the Light-Cycler 480 PCR machine (Roche Applied 

Science, Penzberg, Germany) at following cycling conditions: 95˚C for 15 minutes, 45 cycles of 

94˚C for 15 seconds, 55˚C for 30 seconds, and 70˚C for 30 seconds. Relative miRNA levels were 

normalized using SNORD-48. 

2.7.Protein Extraction and Western Blot 

Western blot analysis was performed using whole cell lysate to quantify proteins in cells 

and tissue samples. For protein extraction, cell pellets were resuspended in 200-400 µl RIPA buffer 

(20 mM Tris, 137 mM NaCl, 10% glycerol, 1% nonidet P-40, 3.5 mM SDS, 1.2 mM sodium 

deoxycholate, 1.6 mM EDTA, pH 8) containing 1x protease/phosphate inhibitor cocktail (Sigma-

Aldrich, St. Louis, MO, USA). Whole cell lysate was incubated on ice for 5 min and then 

centrifuged at 14,000 g for 5 min to remove cell debris. To extract protein from human placental 

tissues, the tissue was dipped in liquid nitrogen and ground using mortar and pestle, and then 

homogenized in RIPA buffer. Homogenized samples were sonicated using a Bioruptor Sonication 

System (Diagenode, Denville, NJ, USA) for 5 cycles of 30 seconds “ON” and 30 seconds “OFF”. 

Sonicated samples were centrifuged at 14,000 g for 5 minutes to remove debris. Protein 

concentration was measured using the BCA protein assay kit (ThermoFisher, Waltham, MA, 

USA). Protein was separated in 10% Bis-Tris gels (Bio-Rad Laboratories, Hercules, CA, USA) at 

90 volts for 15 min and 125 volts for 60 min, and then transferred to 0.45 μm pore size 



64 

 

nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, USA) at 100 volts for 2 hours at 

4°C. The membranes were then blocked in 5% non-fat dry milk solution in TBST (50 mM Tris, 

150 mM NaCl, 0.05% Tween 20, pH 7.6) for 1 hour at room temperature. After blocking, the 

membranes were washed 3 times with 1x TBST for 5 min each, and then incubated at 4°C 

overnight with specific primary antibody. After overnight incubation, the membranes were washed 

3 times with 1x TBST for 5 min each. After washing, the membranes were incubated with 

appropriate secondary antibody conjugated to horseradish peroxidase for 1 hour at room 

temperature. After removing the secondary antibody, the membranes were washed following the 

same procedure and developed using Super Signal WestDura Extended Duration Substrate 

(ThermoFisher, Waltham, MA, USA) and imaged using ChemiDoc XRS+ chemiluminescence 

system (Bio-Rad Laboratories, Hercules, CA, USA). The images were quantified using Image-Lab 

software (Bio-Rad Laboratories, Hercules, CA, USA). To normalize protein quantity, β-actin, α-

tubulin, or GAPDH were used as loading control. Each experiment was repeated on three 

replicates. The antibodies used and their dilutions are listed in table 4. 

2.8.Co-immunoprecipitation 

Proteins were extracted from cells following the same procedure used for western blotting. 

Protein-G magnetic beads (Bio-Rad Laboratories, Hercules, CA, USA) were used following 

manufacturer’s protocol. Briefly, 100 µl of thoroughly resuspended protein-G magnetic beads 

were conjugated with 2 µg ARID3A or ARID3B antibody. The antibody conjugated protein-G 

beads were then incubated with 25-50 µg protein sample. After immunoprecipitation, proteins 

were eluted using 1x laemmli buffer and used for western blot following the same procedure 

described earlier. The membranes were probed using ARID3B and KDM4C antibodies to 
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determine protein-protein interaction. Normal mouse IgG was used as a negative control in this 

experiment. 

2.9.Chromatin Immunoprecipitation 

Chromatin immunoprecipitation (ChIP) assay was performed using Magna ChIP G (EMD 

Millipore Corp., Burlington, MA, USA) following manufacturer’s protocol. 70-80% confluent WT 

ACH-3P cells or ARID3B KO ACH-3P cells were used in this procedure. 550 µl formaldehyde 

was added in 19 ml media for crosslinking and kept on ice for 10 minutes. Chromatin was extracted 

from formaldehyde treated cells and sheared to produce 100-1000 bp strands using Bioruptor 

Sonication System (Diagenode, Denville, NJ, USA). Sonication was done at 4˚C for 20 cycles; 30 

seconds “ON” and 30 seconds “OFF”. Immunoprecipitation was done using ARID3B or KDM4C 

antibodies and immunoprecipitated DNA was eluted and used to run end-point PCR for HMGA1, 

c-MYC, VEGF-A or WNT1 using positive primers designed to amplify the promoter region and 

negative primers designed to amplify distal enhancer region upstream to the promoter region of 

specific gene. The primers used in ChIP assay are listed in table 5. ChIP input DNA was used as 

positive controls for PCR, and sheared chromatin immunoprecipitated by normal Rabbit IgG was 

used as negative control. 

2.10. Cell Proliferation Assay 

Cell proliferation was measured using Quick Cell Proliferation Assay Kit (ab65475, 

Abcam, Cambridge, MA, USA) following manufacturer’s protocol. This assay is based on 

cleavage of tetrazolium salt (WST-1) to formazan by mitochondrial dehydrogenases. SC, LIN28 

DKO and ARID3B KO ACH-3P cells were plated to a density of 2500 cells/100 µl in 96-well 

tissue culture plates, with four replicates of each cell type. After 24 or 48 hours of plating the cells, 
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10 µl WST-1 reagent was added in each well followed by incubation for 2 hours in standard culture 

conditions. Absorbance was measured using Cytation 3 Multi-Mode Reader (BioTek Instruments, 

Inc., VT, USA) at 440 nm with reference wavelength of 650 nm. 

2.11. Statistics 

All data were analyzed using GraphPad Prism 7 Software. To determine significance of 

mRNAs and proteins, all values were compared between KI vs ECV Sw.71 cells, KO vs SC ACH-

3P cells, and term human placental tissue from IUGR pregnancies vs normal pregnancies using 

student t-test. Treatment effects on miRNAs expression were determined by analysis of variance 

followed by Tukey’s HSD post-hoc test. P values less than 0.05 were considered statistically 

significant. The error bars in the figures indicate standard error of the mean (SEM). 

3. Results 

3.1.LIN28A/B and ARID3A/B in term human placentas from IUGR pregnancies and normal 

pregnancies 

LIN28A and LIN28B were quantified by real-time RT-PCR and western blot in term 

human placentas from IUGR pregnancies (n=8) and normal pregnancies (n=8). Both LIN28A and 

LIN28B were significantly reduced in term human placentas from IUGR pregnancies compared 

to normal pregnancies (Fig. 6A). Densitometric analysis of western blots showed that LIN28A and 

LIN28B proteins were significantly reduced in term human placentas from IUGR pregnancies 

compared to normal pregnancies (Fig. 6B). Real-time RT-PCR data showed that let-7 miRNAs 

(let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i) were significantly higher in term human 

placentas from IUGR pregnancies compared to normal pregnancies (Fig. 6C). Western blot data 

showed that ARID3A and ARID3B proteins were also significantly reduced in term human 
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placentas from IUGR pregnancies compared to normal pregnancies (Fig. 6D). These results 

suggest that reduced levels of LIN28A and LIN28B in term human placentas from IUGR 

pregnancies lead to significantly higher levels of let-7 miRNAs which correlates with reduced 

levels of ARID3A and ARID3B. 

3.2.LIN28A, LIN28B, and let-7 miRNAs in immortalized first trimester human trophoblast 

cell lines 

The results from human term placental tissues led us to further investigate the LIN28-let-

7 axis and its potential role in early placental development. For this purpose, two first trimester 

human trophoblast cell lines were used ACH-3P cells and Sw.71 cells. Real-time RT-PCR data 

showed that LIN28A was about 10,000-fold higher and LIN28B was about 15,000-fold higher in 

ACH-3P cells compared to Sw.71 cells (Fig. 7A). Western blot data showed prominent bands for 

both LIN28A and LIN28B in ACH-3P cells and no detectable proteins in Sw.71 cells (Fig. 7B). 

Real-time RT-PCR analysis revealed that let-7 miRNAs (let-7a, let-7b, let-7c, let-7d, let-7e, let-

7f, let-7g, let-7i) were significantly higher in Sw.71 cells compared to ACH-3P cells (Fig. 7C). 

These results suggest that let-7 miRNAs are low in ACH-3P cells and correspond to high LIN28A 

and LIN28B, whereas let-7 miRNAs are high in Sw.71 cells and correspond to low LIN28A and 

LIN28B. 

3.3.Knockout of LIN28 in ACH-3P cells 

ACH-3P cells had high LIN28A and LIN28B. To see if reduced levels of LIN28A and/or 

LIN28B would affect let-7 miRNA levels, three knockout cell lines were generated using CRISPR-

Cas9 based genome editing; ACH-3P cells with knockout of LIN28A (AKO), ACH-3P cells with 

knockout of LIN28B (BKO) and ACH-3P cells with knockout of both LIN28A and LIN28B 
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(DKO). Western blot analysis confirmed that AKO cells had significant depletion of LIN28A, 

without significant change in LIN28B compared to scramble control (SC) ACH-3P cells (Fig. 8A). 

BKO cells had significant depletion of LIN28B, without significant change in LIN28A compared 

to SC (Fig. 8B). In DKO cells, both LIN28A and LIN28B were significantly depleted compared 

to SC (Fig. 8C). Real-time RT-PCR analysis was done to compare let-7 miRNAs (let-7a, let-7b, 

let-7c, let-7d, let-7e, let-7f, let-7g, let-7i) between SC, AKO, BKO and DKO ACH-3P cells. AKO 

ACH-3P cells had significantly higher levels of let-7a, let-7b, let-7c, let-7d and let-7e, and no 

significant change in levels of let-7d, let-7f and let-7i compared to SC. BKO ACH-3P cells had 

significantly higher levels of let-7a, let-7b, let-7c, let-7d, let-7e and let-7i, and no change in let-7f 

and let-7g compared to SC. However, compared to AKO ACH-3P cells, the levels of let-7a, let-

7b, let-7c, let-7e and let-7i significantly increased, whereas the levels of let-7d, let-7f and let-7g 

remained unchanged in BKO ACH-3P cells. DKO ACH-3P cells had significant increase in all 

let-7 miRNAs (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g and let-7i) compared to SC, AKO 

and BKO ACH-3P cells (Fig. 8D). These results show that knockout of LIN28B affects more let-

7 miRNAs than knockout of LIN28A, and DKO ACH-3P cells had the greatest increase in let-7 

miRNAs. 

3.4.Overexpression of LIN28 in Sw.71 cells 

We further assessed the regulation of let-7 miRNAs by LIN28 by overexpressing one or 

both paralogs of LIN28 in Sw.71 cells which have low expression of LIN28A and LIN28B. For 

this purpose, three knock-in cell lines were generated; Sw.71 cells overexpressing LIN28A (AKI), 

Sw.71 cells overexpressing LIN28B (BKI) and Sw.71 cells overexpressing both LIN28A and 

LIN28B (DKI). Real-time RT-PCR and western blot analysis confirmed that AKI cells had 

significantly higher LIN28A, and no change in LIN28B compared to expression vector control 
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(EVC) Sw.71 cells (Fig. 9A). BKI cells had significantly higher LIN28B, and no change in 

LIN28A compared to EVC (Fig. 9B). DKI cells had significant increase in both LIN28A and 

LIN28B compared to EVC (Fig. 9C). Real-time RT-PCR analysis was done to compare let-7 

miRNAs (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i) between these cell lines. AKI 

Sw.71 cells had significant decreased in let-7d and let7i, whereas let-7a, let-7b, let-7c, let-7e, let-

7f and let-7g were unchanged compared to EVC. BKI Sw.71 cells had significant decrease in all 

let-7 miRNAs (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i) compared to EVC as well 

as AKI Sw.71 cells. DKI Sw.71 cells had significant reduction in all let-7 miRNAs (let-7a, let-7b, 

let-7c, let-7d, let-7e, let-7f, let-7g, let-7i) compared to EVC and AKI Sw.71 cells, whereas let-7b, 

let-7c, let-7d, let-7e, let-7f, let-7g and let-7i significantly increased while let-7a remained 

unchanged compared to BKI Sw.71 cells (Fig. 9D). These results indicate that overexpression of 

LIN28B have greater impact on let-7 miRNAs compared to overexpression of LIN28A, whereas 

overexpression of both LIN28A and LIN28B results in significant reduction in let-7 miRNAs 

compared to overexpression of LIN28A or LIN28B alone. 

3.5.ARID3A, ARID3B and KDM4C in DKO ACH-3P and DKI Sw.71 Cells 

To determine if a change in let-7 miRNAs affects the components of chromatin-based gene 

regulation pathway (ARID3A, ARID3B and KDM4C), the mRNA and protein levels of these 

genes were analyzed in DKO ACH-3P cells and DKI Sw.71 cells. Real-time RT-PCR and western 

blot data showed that ARID3A, ARID3B and KDM4C were significantly reduced in DKO ACH-

3P cells compared to SC (Fig. 10A-C). These results indicate that elevated let-7 miRNAs correlate 

with reduced ARID3A, ARID3B and KDM4C in DKO ACH-3P cells. Similarly, real-time RT-

PCR and western blot data showed significant increase in ARID3A, ARID3B and KDM4C in DKI 
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Sw.71 cells compared to EVC (Fig. 11A-C), suggesting that reduced let-7 miRNAs correlate with 

increased ARID3A, ARID3B and KDM4C in DKI Sw.71 cells. 

3.6.ARID3A, ARID3B and KDM4C co-occupy promoter regions in HMGA1, c-MYC, VEGF-

A and WNT1 

To determine if ARID3A, ARID3B and KDM4C regulate let-7 miRNA target genes with 

known importance for placental development (HMGA1, c-MYC, VEGF-A and WNT1), co-IP and 

ChIP assays were performed using ACH-3P cells. Co-IP using ARID3A antibody indicated that 

ARID3A is complexed with ARID3B and KDM4C in ACH-3P cells (Fig. 12A). Furthermore, co-

IP using ARID3B antibody confirmed complex formation between ARID3B and KDM4C in 

ACH-3P cells (Fig. 12B). These results indicate the existence of ARID3B-complex comprised of 

ARID3A, ARID3B and KDM4C in ACH-3P cells. ChIP assay confirmed co-occupancy of 

ARID3B and KDM4C in promoter regions of HMGA1, c-MYC, VEGF-A and WNT1 (Fig. 12C).  

This data suggests that the ARID3B-complex is involved in regulation of HMGA1, c-MYC, 

VEGF-A and WNT1 expression by binding their promoter regions in immortalized first trimester 

human trophoblast cells. 

3.7.HMGA1, c-MYC, VEGF-A and WNT1 in ARID3B KO ACH-3P cells 

To test the role of ARID3B-complex in regulation of HMGA1, c-MYC, VEGF-A and 

WNT1 in immortalized first trimester human trophoblast cells, this complex was disrupted by 

knocking out ARID3B in ACH-3P using CRISPR-Cas9 based genome editing. Western blot 

analysis confirmed significant depletion of ARID3B in ARID3B KO ACH-3P cells compared to 

SC (Fig. 13A). ChIP assay performed using KDM4C antibody revealed that KDM4C could not 

bind to the promoter regions of HMGA1, c-MYC, VEGF-A and WNT1 in ARID3B KO ACH-3P 
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cells (Fig. 13B). This data confirms that KDM4C binds the promoter regions of HMGA1, c-MYC, 

VEGF-A and WNT1 only in presence of ARID3B. Because KDM4C could not bind the promoter 

regions of HMGA1, c-MYC, VEGF-A and WNT1 in ARID3B KO ACH-3P cells, we determined 

its effect on the expression of these genes. Real-time RT-PCR and western blot analysis showed a 

significant reduction in HMGA1, c-MYC, VEGF-A and WNT1 in ARID3B KO ACH-3P cells 

compared to SC (Fig. 14A-D), indicating that the disruption of ARID3B-complex is correlated 

with reduction in HMGA1, c-MYC, VEGF-A and WNT1 in ACH-3P cells. 

3.8.HMGA1, c-MYC, VEGF-A and WNT1 in DKO ACH-3P cells and DKI Sw.71 cells 

ARID3B-complex regulates HMGA1, c-MYC, VEGF-A and WNT1, and because levels 

of ARID3A, ARID3B and KDM4C decreased in LIN28 DKO ACH-3P cells and increased in DKI 

Sw.71 cells, we measured the levels of HMGA1, c-MYC, VEGF-A and WNT1 in these cells. Real-

time RT-PCR and western blot data revealed that HMGA1, c-MYC, VEGF-A and WNT1 were 

significantly reduced in DKO ACH-3P cells compared to SC (Fig. 15A-D) and significantly 

increased in DKI Sw.71 cells compared to EVC (Fig. 16A-D). These results suggest that HMGA1, 

c-MYC, VEGF-A and WNT1 are regulated by the ARID3B-complex and let-7 miRNAs. 

3.9.Proliferation of LIN28 DKO and ARID3B KO ACH-3P cells 

To determine the effect of LIN28 DKO or ARID3B KO on the functionality of ACH-3P 

cells, proliferation was measured after 24 h and 48 h. Proliferation of LIN28 DKO and ARID3B 

KO ACH-3P cells was significantly reduced compared to SC (Fig. 17). 

4. Discussion 

The pluripotency factors LIN28A and LIN28B have both been detected in human placenta, 

and potentially regulate trophoblast cell proliferation (20, 21). The LIN28 proteins are known to 
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inhibit the maturation of let-7 miRNAs, which regulate expression of many genes post-

transcriptionally by binding their mRNAs. According to a recent study, LIN28B is the predominant 

LIN28 paralog and is significantly reduced in term human placentas from pregnancies with 

preeclampsia without IUGR compared to placentas from normal pregnancies, while there was no 

change in LIN28A (21). They further reported that there was no change in the level of let-7g 

miRNAs, which may suggest a compensatory role of LIN28A, however they did not report levels 

of other let-7 miRNAs (21). In this study, we compared levels of LIN28 and let-7 miRNAs in term 

human placentas from IUGR pregnancies vs normal pregnancies. The results showed that both 

LIN28A and LIN28B were significantly reduced and levels of let-7 miRNAs were significantly 

increased in placentas from IUGR pregnancies. Let-7 miRNAs target genes with known 

importance for placental development, including ARID3A and ARID3B. Understanding gene 

regulation by the LIN28-let-7 axis in human placenta during the first trimester of pregnancy can 

provide more insight about its role in placental growth and placenta associated disorders. 

Although both ACH-3P and Sw.71 cells are immortalized first trimester human trophoblast 

cell lines, they were created using different methods. ACH-3P cells were obtained by fusion of 

primary first trimester human trophoblast cells (week 12 of gestation) with a human 

choriocarcinoma cell line (AC1-1) (54). Sw.71 cells are immortalized first trimester human 

trophoblast cells (week 7 of gestation) produced by expressing human telomerase reverse 

transcriptase (hTERT) in primary trophoblast cells (55). We compared the expression of LIN28 

and let-7 miRNAs in these cell lines. Surprisingly, ACH-3P cells have higher LIN28A and 

LIN28B, and lower let-7 miRNAs compared to Sw.71 cells. The contrasting level of LIN28 and 

let-7 miRNAs in these cells is interesting and suggests a potential difference in let-7 gene 

regulation in these different cell lines. The detection of let-7 miRNA target genes HMGA1, c-
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MYC, VEGF-A and WNT1 protein by western blot was lower in Sw.71 compared to ACH-3P 

cells suggesting targeting of mRNA by let-7 miRNA. Knockout of LIN28 in ACH-3P cells lead 

to a significant increase in levels of let-7 miRNAs and a significant reduction in HMGA1, c-MYC, 

VEGF-A and WNT1 compared to SC. Similarly, overexpression of LIN28 in Sw.71 cells lead to 

a significant decrease in levels of let-7 miRNAs and significant increase in HMGA1, c-MYC, 

VEGF-A and WNT1 compared to EVC. These results suggest that let-7 miRNAs target genes in 

immortalized first trimester human trophoblast cells and are important regulators of gene 

expression during placental development. 

In cancer cells the ARID3B-complex binds the promoter regions of genes and regulates 

their expression through the histone demethylation action of KDM4C (23). Although HMGA1, c-

MYC, VEGF-A and WNT1 have been shown as targets of let-7 miRNAs, this is the first study 

describing regulation of these genes through the ARID3B-complex in immortalized first trimester 

human trophoblast cell lines. Co-IP data confirmed complex formation between ARID3A, 

ARID3B and KDM4C in ACH-3P cells, and ChIP assay showed that the ARID3B-complex binds 

the promoter regions of HMGA1, c-MYC, VEGF-A and WNT1. ChIP using ARID3B knockout 

ACH-3P cells showed that with the loss of ARID3B, KDM4C could no longer bind the promoter 

regions of HMGA1, c-MYC, VEGF-A and WNT1 suggesting that ARID3B complex formation is 

required for binding of KDM4C to the promoter regions of these genes. This inability of KDM4C 

to bind to the promoter region and produce histone demethylation potentially resulted in the 

significant reduction in levels of HMGA1, c-MYC, VEGF-A and WNT1 detected in ARID3B KO 

ACH-3P cells. Although the ARID3B-complex is important for activation of HMGA1, c-MYC, 

VEGF-A and WNT1, the presence of low levels of HMGA1, c-MYC, VEGF-A and WNT1 in 
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ARID3B KO ACH-3P cells indicates the potential involvement of other pathways in the regulation 

of these genes (Fig. 18). 

To our knowledge, the LIN28-let-7-ARID3B pathway has not previously been described 

as a mechanism for gene regulation in immortalized first trimester human trophoblast cells. 

Knockout of LIN28A and LIN28B in ACH-3P cells not only significantly increased amounts of 

let-7 miRNAs but also led to significant reduction in ARID3B-complex proteins potentially due 

to increased targeting by let-7 miRNAs. Hence, significant reduction in HMGA1, c-MYC, VEGF-

A and WNT1 in DKO ACH-3P cells can be both due to increased targeting of their mRNAs by 

let-7 miRNAs and reduced activation of these genes by the ARID3B-complex. Similarly, 

overexpression of LIN28A and LIN28B in Sw.71 cells not only significantly reduced the levels of 

let-7 miRNAs but also increased the expression of ARID3B-complex proteins. Significant increase 

in HMGA1, c-MYC, VEGF-A and WNT1 in DKI Sw.71 cells could be due to less targeting of 

their mRNAs by let-7 miRNAs and increased activation of these genes by the ARID3B-complex. 

During early placental development in humans, a reserve of progenitor cytotrophoblast 

cells is maintained while these cells differentiate to different lineages. Complex molecular 

mechanisms are involved in maintaining this balance, many of which are yet to be explored. This 

study not only extends the understanding of LIN28-let-7 axis in immortalized first trimester human 

trophoblast cells, but also highlights the importance of the ARID3B-complex in regulation of 

genes with known roles in placental health and disease. Rapidly proliferating cytotrophoblast cells 

play a critical role in placental development. Our results showed that knockout of LIN28A/B or 

ARID3B significantly reduced HMGA1, c-MYC, VEGF-A and WNT1 and decreased 

proliferation of immortalized first trimester human trophoblast cells. We suggest that decreased 

expression of LIN28A/B or ARID3A/B in human placenta can result in reduced proliferation of 
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progenitor cytotrophoblast cells, potentially leading to development of IUGR. Further studies need 

to be done to explore other genes regulated by let-7 miRNAs and the role of ARID3B-complex in 

regulation of non-let-7 target genes in placenta.  
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Figure 6. LIN28A, LIN28B and let-7 miRNAs in term human placentas from IUGR pregnancies 

and normal pregnancies. (A) LIN28A and LIN28B in term human placentas from IUGR 

pregnancies (n=8) compared to normal pregnancies (n=8). (B) Representative immunoblots for 

LIN28A, LIN28B and α-tubulin, and densitometric analysis of immunoblotting results for LIN28A 

and LIN28B in term human placentas from IUGR pregnancies (n=8) compared to normal 

pregnancies (n=8). (C) Let-7 miRNAs in term human placentas from IUGR pregnancies (n=8) 

compared to normal pregnancies (n=8). (D) Representative immunoblots for ARID3A, ARID3B 

and GAPDH, and densitometric analysis of immunoblotting results for ARID3A and ARID3B in 

term human placentas from IUGR pregnancies (n=6) compared to normal pregnancies (n=6). 

*P<0.05 vs. normal placentas. 
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Figure 7. LIN28A, LIN28B and let-7 miRNAs in ACH-3P cells and Sw.71 cells. (A) LIN28A and 

LIN28B mRNA levels in ACH-3P cells compared to Sw.71 cells (n=3). (B) Representative 

immunoblots for LIN28A, LIN28B and α-tubulin, and densitometric analysis of immunoblotting 

results for LIN28A and LIN28B in ACH-3P cells compared to Sw.71 cells (n=3). (C) Let-7 

miRNAs in ACH-3P cells compared to Sw.71 cells (n=3). *P<0.05 vs. ACH-3P cells. 
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Figure 8. Knockout of LIN28A (AKO), LIN28B (BKO) and LIN28A-B (DKO) in ACH-3P cells 

and its effect on let-7 miRNAs. (A, B, C) Representative immunoblots for LIN28A, LIN28B and 

α-tubulin, and densitometric analysis of LIN28A and LIN28B in AKO, BKO and DKO ACH-3P 

cells compared to SC (n=3). (D) Comparison of let-7 miRNAs in SC vs AKO vs BKO vs DKO 

ACH-3P cells (n=3). *P<0.05 vs. SC. 
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Figure 9. Knock-in of LIN28A (AKI), LIN28B (BKI) and LIN28A-B (DKI) in Sw.71 cells and its 

effect on let-7 miRNAs. (A, B, C) Detection of LIN28A and LIN28B mRNA and protein in AKI, 

BKI and DKI Sw.71 cells compared to EVC (n=3). (D) Comparison of let-7 miRNAs in EVC vs 

AKI vs BKI vs DKI Sw.71 cells (n=3). *P<0.05 vs. EVC. 
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Figure 10. ARID3A, ARID3B and KDM4C in DKO ACH-3P cells. (A, B, C) Detection of 

ARID3A, ARID3B, and KDM4C mRNA and protein in LIN28 DKO ACH-3P cells compared to 

SC (n=3). *P<0.05 vs. SC. 
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Figure 11. ARID3A, ARID3B and KDM4C in DKI Sw.71 cells. (A, B, C) Detection of ARID3A, 

ARID3B, and KDM4C mRNA and protein in DKI Sw.71 cells compared to EVC (n=3). *P<0.05 

vs. EVC. 
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Figure 12. ARID3B-complex in ACH-3P cells. (A) Co-immunoprecipitation assay using ARID3A 

and normal mouse IgG for immunoprecipitation, and ARID3B and KDM4C for immunoblotting. 

(B) Co-immunoprecipitation using ARID3B and normal mouse IgG for immunoprecipitation, and 

KDM4C for immunoblotting. (C) Chromatin immunoprecipitation by KDM4C, ARID3B and 

normal rabbit IgG using sheared chromatin from ACH-3P cells, and end point PCR for HMGA1, 

c-MYC, VEGF-A and WNT1. 
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Figure 13. Chromatin binding of KDM4C in ARID3B KO ACH-3P cells. (A) Representative 

immunoblots for ARID3B and GAPDH, and densitometric analysis of immunoblotting results for 

ARID3B in ARID3B KO ACH-3P cells compared to SC (n=3). (B) Chromatin 

immunoprecipitation by KDM4C and normal rabbit IgG using sheared chromatin from ARID3B 

KO ACH-3P cells, and end point PCR for HMGA1, c-MYC, VEGF-A and WNT1. *P<0.05 vs. 

SC. 
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Figure 14. HMGA1, c-MYC, VEGF-A and WNT1 in ARID3B KO ACH-3P cells. (A, B, C, D) 

Detection of HMGA1, c-MYC, VEGF-A and WNT1 mRNA and protein in ARID3B KO ACH-

3P cells compared to SC (n=3). *P<0.05 vs. SC. 
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Figure 15. HMGA1, c-MYC, VEGF-A and WNT1 in DKO ACH-3P cells. (A, B, C, D) Detection 

of HMGA1, c-MYC, VEGF-A and WNT1 mRNA and protein in DKO ACH-3P cells compared 

to SC (n=3). *P<0.05 vs. SC. 
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Figure 16. HMGA1, c-MYC, VEGF-A and WNT1 in DKI Sw.71 cells. (A, B, C, D) Detection of 

HMGA1, c-MYC, VEGF-A and WNT1 mRNA and protein in DKI Sw.71 cells compared to EVC 

(n=3). *P<0.05 vs. EVC. 
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Figure 17. Cell proliferation of SC, LIN28 DKO and ARID3B KO ACH-3P cells measured after 

24h and 48h using the Quick Cell Proliferation Assay Kit (n=3). *P<0.05 vs. SC. 
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Figure 18. Graphical abstract. (A) In ACH-3P cells, let-7 miRNAs are low due to high LIN28A 

and LIN28B. Due to low levels of let-7 miRNAs, ARID3A, ARID3B and KDM4C are higher. 

ARID3B-complex binds the promoter regions of HMGA1, c-MYC, VEGF-A and WNT1, and 

turns on these genes by chromatin modification. (B) In LIN28 DKO ACH-3P cells, let-7 miRNAs 

are higher. Elevated let-7 miRNAs target HMGA1, c-MYC, VEGF-A and WNT1, leading to 

reduced expression of these genes. In addition, the elevated let-7 miRNAs also target ARID3A, 

ARID3B and KDM4C. This results in less binding of the ARID3B-complex to promoter regions 

of HMGA1, c-MYC, VEGF-A and WNT1, leading to reduced expression of these genes (C) In 

ARID3B KO ACH-3P cells, the ARID3B-complex is disrupted. KDM4C cannot bind to DNA in 

absence of ARID3B, which turns off this pathway of chromatin modification, and hence HMGA1, 

c-MYC, VEGF-A and WNT1 are reduced. 
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Table 2. CRISPR-Cas9 oligos 

LIN28A 
Forward oligo 5’     CACCGCTGTCCATGACCGCCCGCGC      3’ 
Reverse oligo 5’     AAACGCGCGGGCGGTCATGGACAGC    3’ 

LIN28B 
Forward oligo 5’     CACCGGCTGCCGGAGCCGGCAGAGG    3’ 
Reverse oligo 5’     AAACCCTCTGCCGGCTCCGGCAGCC     3’ 

ARID3B 
Forward oligo 5’     CACCGAGTGTTTGAACGGGGCAACA    3’ 
Reverse oligo 5’      AAACTGTTGCCCCGTTCAAACACTC     3’ 

Scramble 
Forward oligo 5’     CACCGGCTGATCTATCGCGGTCGTC     3’ 
Reverse oligo 5’     AAACGACGACCGCGATAGATCAGCC    3’ 
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Table 3. Real-time RT-PCR primers 

 

LIN28A 
Forward primer 5’     CTTTAAGAAGTCAGCCAAGGG           3’ 
Reverse primer 5’     TGGCATGATGATCTAGACCTC            3’ 

LIN28B 
Forward primer 5’     TAGGAAGTGAAAGAAGACCCA          3’ 
Reverse primer 5’     ATGATGCTCTGACAGTAATGG            3’ 

ARID3A 
Forward primer 5’     GATGCGGTTCACAGGTGTC                 3’ 
Reverse primer 5’     CGACTGGACTTACGAGGAGC              3’ 

ARID3B 
Forward primer 5’     TCCATCTGCATCATCACTCC                3’ 
Reverse primer 5’     GCCTCACCTTCTGTCTCCAC                3’ 

KDM4C 
Forward primer 5’     TGGATCCCAGATAGCAATGA              3’ 
Reverse primer 5’     TGTCTTCAAATCGCATGTCA               3’ 

IPO9 
Forward primer 5’     TCTGCCAAGTGAACACCAAA             3’ 
Reverse primer 5’     GGAAGCGTTAGTGGATACGC             3’ 

HMGA1 
Forward primer 5’     AGGAAAAGGACGGCACTGAGAA      3’ 
Reverse primer 5’     CCCCGAGGTCTCTTAGGTGTTGG       3’ 

c-MYC 
Forward primer 5’     CTGGTGCTCCATGAGGAGA                 3’ 
Reverse primer 5’     CCTGCCTCTTTTCCACAGAA                3’ 

VEGF-A 
Forward primer 5’     CCGGAGAGGGAGCGCGAGCCGCGCC    3’ 
Reverse primer 5’     GATGTCCACCAGGGTCTCGATTG       3’ 

WNT1 
Forward primer 5’     CACGACCTCGTCTACTTCGAG             3’ 
Reverse primer 5’     ACAGACACTCGTGCAGTACGC             3’ 

GAPDH 
Forward primer 5’     AAGGTCGGAGTCAACGGATTTG           3’ 
Reverse primer 5’     CCATGGGTGGAATCATATTGGAA       3’ 
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Table 4. Antibodies used for western blotting, co-IP and ChIP 

 

Protein Vendor Catalog # 
Host 

Species 
Dilution used Band size 

LIN28A Abcam ab63740 Rabbit 1:1000 30 kDa 

LIN28B Bethyl Labs A303-588A Rabbit 1:2000 35 kDa 

ARID3A Bethyl Labs A300-228A Rabbit 1:4000 75 kDa 

ARID3A SCBT sc-398367 Mouse 1:1000 co-IP 

ARID3B Bethyl Labs A302-564A Rabbit 1:4000 70 kDa 

ARID3B Bethyl Labs A302-565A Rabbit 1:4000 70 kDa 

ARID3B SCBT sc-514741 Mouse 1:1000 co-IP 

KDM4C Bethyl Labs A300-885A Rabbit 1:2000 150 kDa 

IPO9 Abcam ab52605 Rabbit 1:1000 100 kDa 

HMGA1 Abcam ab226850 Rabbit 1:1000 20 kDa 

c-MYC Abcam ab32 Mouse 1:1000 45 kDa 

VEGF-A SCBT sc-7269 Mouse 1:500 30 kDa 

WNT1 Abcam ab63934 Rabbit 1:1000 50 kDa 

GAPDH Abcam ab9485 Rabbit 1:3000 37 kDa 

β-actin SCBT sc-47778 Mouse 1:2000 45 kDa 

α-tubulin Abcam ab4074 Rabbit 1:3000 50 kDa 

Goat anti-

rabbit (HRP) 
Abcam ab97051 

Goat 
1:3000 

Secondary 

(HRP) 

Goat anti-

mouse (HRP) 
Abcam ab97023 

Goat 
1:3000 

Secondary 

(HRP) 
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Table 5: PCR primers for ChIP assay 

 

HMGA1 (+) 
Forward primer 5’     AACATTCCTGCCACATTCCT               3’ 
Reverse primer 5’     ACACGGCTGTGACTCATGTT              3’ 

HMGA1 (-) 
Forward primer 5’     TGAGATGAGACACCCTGGAG             3’ 
Reverse primer 5’     CCTCCAGTTCTTCCAATGGT               3’ 

c-MYC (+) 
Forward primer 5’     GGGACCAAGGATGAGAAGAA           3’ 
Reverse primer 5’     ATGTAACCCGCAAACGTGTA             3’ 

c-MYC (-) 
Forward primer 5’     TGTCCAAAAGGACCATAGCA             3’ 
Reverse primer 5’     TTCCTTTGTTGAACCCCTTC               3’ 

VEGF-A (+) 
Forward primer 5’     GTGAGCCTGGAGAAGTAGCC            3’ 
Reverse primer 5’     CTGCGTGATGATTCAAACCT             3’ 

VEGF-A (-) 
Forward primer 5’     GGAGTGGAACCTCATGCTTT             3’ 
Reverse primer 5’     AGGAGGCAAGTAAGCCAAGA           3’ 

WNT1 (+) 
Forward primer 5’     CCCATATTCACGTTGTTCCA              3’ 
Reverse primer 5’     AGCGGTGGAGAGAAACCTAA           3’ 

WNT1 (-) 
Forward primer 5’     GGCTATTTTTGCCAGAGAGG             3’ 
Reverse primer 5’     ACCACCAAGGAAGAGGTGAC            3’ 
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CHAPTER III: TROPHECTODERM-SPECIFIC KNOCKDOWN OF LIN28 

DECREASES EXPRESSION OF GENES NECESSARY FOR CELL PROLIFERATION 

AND REDUCES ELONGATION OF SHEEP CONCEPTUS45 

 

 

 

Synopsis 

LIN28 inhibits let-7 miRNA maturation which prevents cell differentiation and promotes 

proliferation. We hypothesize that the LIN28-let-7 axis regulates proliferation-associated genes in 

sheep trophectoderm in vivo. Day 9 hatched sheep blastocysts were incubated with lentiviral 

particles to deliver shRNA targeting LIN28 specifically to trophectoderm cells. At day 16, 

conceptus elongation was significantly reduced in LIN28A and LIN28B knockdowns. Let-7 

miRNAs were significantly increased and IGF2BP1-3, HMGA1, ARID3B and c-MYC were 

decreased in trophectoderm from knockdown conceptuses. Ovine trophoblast (OTR) cells derived 

from day 16 trophectoderm are a useful tool for in vitro experiments. Surprisingly, LIN28 was 

significantly reduced and let-7 miRNAs increased after only a few passages of OTR cells 

suggesting these passaged cells represent a more differentiated phenotype. To create an OTR cell 

line more similar to day 16 trophectoderm we overexpressed LIN28A and LIN28B, which 

significantly decreased let-7 miRNAs and increased IGF2BP1-3, HMGA1, ARID3B and c-MYC 

compared to control. This is the first study showing the role of the LIN28-let-7 axis in trophoblast 

proliferation and conceptus elongation in vivo. These results suggest that reduced LIN28 during 

 

4 This chapter has been published in International Journal of Molecular Sciences (IJMS). 
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early placental development can lead to reduced trophoblast proliferation and sheep conceptus 

elongation at a critical period for successful establishment of pregnancy. 

1. Introduction 

Early placental development is one of the main factors determining perinatal fetal growth 

and postnatal fetal and maternal health. In humans, blastocyst implantation is an invasive process 

that occurs 7-9 days after fertilization [1]. Rapidly proliferating cytotrophoblast cells (CTBs) are 

the progenitor trophoblast cells which proliferate as well as differentiate into different trophoblast 

lineages throughout gestation [2]. If the balance between proliferation and differentiation of CTBs 

is dysregulated, it can result in severe disorders including pre-term birth, intrauterine growth 

restriction (IUGR) and pre-eclampsia [3,4]. These pregnancy related disorders affect about a third 

of human pregnancies [5]. 

In sheep, the blastocyst hatches out of the zona pellucida at day 8-9 and is surrounded by 

a single layer of mononuclear cells called trophectoderm (TE) [6]. Instead of invading the uterus, 

the hatched blastocyst elongates from day 11-16 due to rapid proliferation of trophoblast cells and 

adopts a filamentous shape comprised of mainly extraembryonic trophoblast cells [7–9]. 

Conceptus elongation is critical for implantation, placentation and successful establishment of 

pregnancy in sheep [10–12]. Reduced conceptus elongation and compromised placental function 

in domestic ruminants is one of the main causes of embryonic mortality resulting in reduced 

fertility [13–15]. Rapid trophoblast proliferation is an important phenomenon during early stages 

of pregnancy in both humans and domestic ruminants. The molecular mechanisms involved in 

regulating trophoblast proliferation and invasion are not well understood. Therefore, exploring the 

genes involved in sheep trophectoderm elongation can help to better understand the reasons for 
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reduced fertility in domestic ruminants and to improve the diagnosis and treatment of various 

pregnancy-related disorders in humans. 

Trophoblast proliferation and differentiation is an intensively regulated process, and the 

role of several genes in placental development has been studied using various in vivo and in vitro 

models [16–20]. The pluripotency factor LIN28 is a highly conserved RNA binding protein which 

is expressed in placenta and has two paralogs, LIN28A and LIN28B [21,22]. It is usually described 

as a protooncogene due to its ability to regulate and stabilize oncogenes at the post-transcriptional 

level in tumor cells [23,24]. It also inhibits the biogenesis of lethal-7 (let-7) miRNAs in 

mammalian cells by binding pri-let-7 and pre-let-7 [25–30]. LIN28 is low and let-7 miRNAs are 

high in differentiated cells and adult tissues, hence let-7 miRNAs are considered markers of cell 

differentiation [31–33]. Let-7 miRNAs reduce the expression of different proliferation factors 

either by directly targeting their mRNA or through chromatin dependent pathways by targeting the 

ARID3B-complex which is comprised of  AT-Rich Interaction Domain 3A (ARID3A), AT-Rich 

Interaction Domain 3B (ARID3B) and lysine demethylase 4C (KDM4C) [18,34]. We have 

recently shown that term human placentas from IUGR pregnancies had reduced LIN28A and 

LIN28B and high let-7 miRNAs compared to term human placentas from control pregnancies [18]. 

We further demonstrated that LIN28B is localized to cytotrophoblast cells in human placenta, and 

knockout of LIN28 in immortalized first trimester human trophoblast (ACH-3P) cells leads to an 

increase in let-7 miRNAs, reduced expression of proliferation-associated genes, and reduced cell 

proliferation [18–20].  

Insulin like growth factor 2 mRNA binding proteins (IGF2BP1, IGF2BP2, IGF2BP3), 

high mobility group AT-hook 1 (HMGA1), ARID3B and c-MYC are all let-7 miRNA targets with 

known roles in cell proliferation [18,35–41].  IGF2BPs are highly conserved RNA binding 
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oncofetal proteins with three paralogs, IGF2BP1, IGF2BP2 and IGF2BP3[42]. By binding 

different mRNAs, IGF2BPs decide the fate of those mRNAs by controlling their localization, 

stability, and translation [40]. Many studies have reported the role of IGF2BPs in cell proliferation, 

cell invasion, tumorigenesis, and embryogenesis [40–51]. IGF2BPs have also been found in sheep 

trophoblast cells suggesting their role in rapid proliferation of these cells [52]. HMGA1 promotes 

invasion of trophoblast cells and reduced levels of HMGA1 has been linked to pathogenesis of 

preeclampsia [53,54]. ARID3B complexes with ARID3A and KDM4C to form the ARID3B-

complex which plays a vital role in cell proliferation by transcriptional regulation of stemness 

genes including HMGA1, c-MYC, vascular endothelial growth factor A (VEGF-A), and Wnt family 

member 1 (WNT1) [18,34,55–59]. ARID3B knockout in immortalized first trimester human 

trophoblast cells results in reduced proliferation of these cells [18]. The c-MYC protooncogene has 

been identified as a proliferation factor in human cytotrophoblast cells and its level is reduced 

when cytotrophoblasts differentiate into syncytiotrophoblast [60]. 

To date, the role of LIN28-let-7 miRNA axis in trophoblast cells has not been studied in 

vivo. The aim of this study is to demonstrate the role of LIN28-let-7 axis in the regulation of 

proliferation-associated genes in trophoblast cells in vivo. We used sheep as an in vivo model to 

generate trophectoderm specific knockdown of LIN28A or LIN28B by infecting day 9 hatched 

blastocysts with shRNA-expressing lentiviral particles. This way, only the trophoblast cells will 

be infected by the lentiviral particles [61–63] and any phenotype will be due to knockdown of 

LIN28A or LIN28B in trophoblast cells. We hypothesize that the LIN28-let-7 miRNAs axis plays 

an important role in sheep trophoblast cell proliferation and conceptus elongation by regulating 

the expression of genes associated with cell proliferation including IGF2BP1, IGF2BP2, 

IGF2BP3, HMGA1, ARID3B and c-MYC. 
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2. Materials and Methods 

2.1.Lentivirus vector construction for shRNA expression 

Lentiviral infection was used to stably integrate and express shRNA targeting LIN28A or 

LIN28B mRNA in the host cell. Lentiviral vectors were constructed using the protocol previously 

described by Baker et al. [61]. Briefly, LIN28A targeting shRNA, LIN28B targeting shRNA, or 

scrambled control shRNA sequence (Table 6) were first cloned into the pLKO.1 vector (plasmid 

10878; Addgene, Cambridge, MA, USA), which contains the human U6 promoter upstream of 

cloning site for shRNA cassettes. The human U6 promoter and downstream LIN28A/LIN28B/SC 

shRNA sequence within pLKO.1 was PCR amplified using a forward primer with a 5′ XbaI 

restriction site(5′-TCTAGATTCACCGAGGGCCTATTTCCC-3′) and a reverse primer 

containing a 3′ XhoI restriction site (5′-GAATACTGCCATTTGTCTCGAGGTCG-3′). The 

resulting PCR amplicon was gel purified and cloned into the StrataClone PCR cloning vector using 

StrataClone PCR Cloning KIT (Agilent, Santa Clara, CA). The human U6 promoter and 

LIN28A/LIN28B/SC shRNA DNA fragment was digested from StrataClone PCR cloning vector 

using XbaI/XhoI restriction enzymes. Subsequently, the DNA fragment was ligated into the 

pLL3.7 vector also digested with XbaI/XhoI. Insertion of the human U6 promoter and 

LIN28A/LIN28B/SC shRNA sequence into pLL3.7 was verified by sanger sequencing. 

2.2.Lentivirus vector construction for overexpression of LIN28A and LIN28B 

To overexpress LIN28A and LIN28B, pCDH lentiviral expression vector (System 

Biosciences, Palo Alto, CA, USA) was used. The mRNA was extracted from day 16 TE using 

RNeasy Mini Kit (Qiagen Inc. Germantown, MD, USA) following the manufacturer’s protocol, 

and then reverse transcribed to cDNA using iScript cDNA synthesis kit (Bio-Rad Laboratories, 

Hercules, CA, USA). cDNA was amplified using PCR primers for LIN28A or LIN28B (Table 7). 
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The PCR primers included restriction sites for NheI and SwaI restriction enzymes. The resulting 

PCR amplicons were gel purified and cloned into the StrataClone PCR cloning vector using 

StrataClone PCR Cloning KIT (Agilent, Santa Clara, CA). StrataClone vector with successful 

cloning of PCR product were double digested using NheI/SwaI. The double digested product was 

cloned in double digested pCDH vector and confirmed by sanger sequencing. 

2.3.Lentiviral vector for immortalizing passaged ovine trophoblast cells 

To immortalize the OTR cells, pLV-hTERT-IRES-hygro was used (Addgene, Watertown, 

MA, USA, Plasmid # 85140) [64]. pLV-hTERT-IRES-hygro vector-based lentiviral particles 

express human telomerase reverse transcriptase (hTERT) in the infected cells. 

2.4.Production of lentiviral particles 

To generate lentiviral particles, three vectors were used including transfer vector (LL3.7 or 

pCDH or pLV-hTERT-IRES-hygro), packaging plasmid (psPAX2 from Addgene, Watertown, 

MA, USA, Plasmid # 12260) and envelope plasmid (pMD2.G from Addgene, Watertown, MA, 

USA, Plasmid # 12259). 293FT cells (Invitrogen, Carlsbad, CA, USA) were cultured in DMEM 

high-glucose media supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1x 

penicillin-streptomycin-amphotericin B (PSA) solution, at 37°C and 5% CO2. 8.82 µg transfer 

vector DNA, 6.66 μg psPAX2 packaging plasmid DNA and 2.70 μg pMD2.G envelope plasmid 

DNA was mixed with 180 µl of polyfect transfection reagent (Qiagen Inc., Germantown, MD, 

USA) and final volume was brought up to 855 µl using DMEM high-glucose media without any 

supplements. The plasmids-polyfect mixture was incubated at room temperature for 10 min and 

then gently mixed in the media on 70-80 % confluent 293FT cells. Cells were incubated for 4–6 h 

at 37°C and 5% CO2. After incubation time, the transfection media was replaced by fresh DMEM 

high glucose media supplemented with 10% FBS and 1x PSA solution. After 72 h, the medium 
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containing lentiviral particles was collected and ultra-centrifuged over a 20% sucrose cushion at 

25,000 RPM for 2 h at 4°C. LL3.7 vector-based lentiviral particles were resuspended in CDM-2 

media whereas pCDH or pLV-hTERT-IRES-hygro vector-based lentiviral particles were 

resuspended in 1x PBS, aliquoted and stored at −80°C.   

To infect the cells by pCDH or pLV-hTERT-IRES-hygro based-lentiviral particle, the 

TCID50 of lentiviral particles was calculated. The frozen viral aliquot was resuspended in 0.5-1 

ml of appropriate media with 8 μg/ml polybrene. The target cells were incubated with lentiviral 

particles (MOI = 10) for 24 h, at 37˚C and 5% CO2. After 72 h of culture, cells were selected with 

appropriate selection antibiotic. The LL3.7 vector-based lentiviral particles were tittered by 

infecting HEK cells and counting GFP-positive cells [61]. 

2.5.Blastocyst collection and transfer 

All animal procedures were approved by Institutional Animal Care and Use Committee at 

Colorado State University, Fort Collins, Colorado, USA. Blastocysts collection and transfer was 

done following the procedure previously described by Baker at al [61]. A group of 12 ewes at day 

6-12 of estrus were synchronized by two intramuscular injections of PGF-2α (10 mg/dose) given 

at interval of 4 h (Lutalyse; Pfizer, New York, NY). After 48 h of estrus synchronization, 4 ewes 

were separated to be used as recipients while 8 donor ewes were bred by intact rams. At day 9, 

donor ewes were euthanized using pentobarbital sodium (90 mg/kg iv, Pentasol; Vibrac, Fort 

Worth, TX, USA), and blastocysts were flushed from the uterus using DMEM-F-12 (1:1) medium 

supplemented with 0.25% BSA. The hatched blastocysts were infected with 100,000 shRNA 

expressing lentiviral particles in a 100µl drop of CDM-2 media with 5µg/ml polybrene (Sigma-

Aldrich, St. Louis, MO, USA). Blastocysts with lentiviral particles were kept in incubator for 4-5 

h at 5% CO2, 5% O2 and 38.5°C. Overnight fasted recipient ewes were sedated using ketamine 
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(12.5 mg/kg iv, Ketacine; VetOne, Boise, ID, USA) and diazepam (0.125 mg/kg iv; Hospira, Lake 

Forest, IL, USA). Surgical procedure was performed under general anesthesia on 2 l/min O2 and 

2–4% isoflurane (Fluriso; VetOne, Boise, IS, USA). A total of 23 blastocysts were transferred 

including 6 SC, 7 AKD and 10 BKD. One blastocyst was transferred in each recipient. 

2.6.Tissue collection 

For analysis of LIN28A or LIN28B knockdown and its effect on conceptus elongation, 

terminal surgeries were conducted on recipient ewes 16 dGA, and tissues were collected. 

Conceptuses were flushed from the uterus using DMEM-F-12 (1:1) medium. After separating the 

embryo, trophectoderm length was measured, and both embryo and TE were snap frozen. TE 

samples were used to extract mRNA, miRNA or proteins for further analysis. 

2.7.Cell lines 

Day 16 TE from 3 non-infected pregnancies was minced in DMEM-F-12 (1:1) medium 

supplemented with 10% bovine serum albumin, 1x penicillin-streptomycin-amphotericin B 

solution, 10 µg/ml insulin, 0.1 mM non-essential amino acids, 2mM glutamine, and 1 mM sodium 

pyruvate. The minced tissue was spun down at 1000 rpm for 5 minutes and the supernatant was 

incubated in a 100 mm collagen treated tissue culture dish, at 37°C and 5% CO2. After 24 h, the 

cells attached to the plate were washed and incubated with fresh complete medium. After 48-72 h, 

the cells were passaged and later collected at passage number 4-6 at 70-80% confluency to extract 

mRNA, miRNA and proteins for further analysis. Western blot analysis for cytokeratin-7 (CK-7) 

was done to confirm if the phenotype of OTR cells. To generate immortalized ovine trophoblast 

cells (iOTR cells), the OTR cells were infected with pLV-hTERT-IRES-hygro based-lentiviral 

particles resuspended in complete DMEM-F12 (1:1) medium supplemented with 8 µg/ml 

polybrene transfection reagent. The media with viral particles was replaced with fresh media after 
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24 h. The cells were selected in complete DMEM-F12 (1:1) medium supplemented with 300-500 

µg/ml hygromycin B (Sigma-Aldrich, St. Louis, MO, USA). 

2.8.Overexpression of LIN28A and LIN28B 

To overexpress LIN28 genes in iOTR cells, pCDH-LIN28A or pCDH-LIN28B-based 

lentiviral particles were used to infect iOTR cells at 70-80% confluency in one well of a 12-well 

plate (Corning Inc., Corning, NY, USA). After 48-72 hours, the infected cells were selected using 

2-4 µg/ml puromycin. Successful gene knock-in was confirmed using real-time RT-PCR and 

western blot analysis. iOTR cells with knock-in of LIN28A (AKI) or LIN28B (BKI). iOTR cells 

infected with empty-expression vector based lentiviral particles were used to generate expression 

vector control (EVC) iOTR cells. 

2.9.RNA extraction and real-time RT-PCR 

For real-time RT-PCR analysis, mRNA was isolated from day 16 sheep TE, OTR cells and 

iOTR cells using RNeasy Mini Kit (Qiagen Inc. Germantown, MD, USA), following the 

manufacturer’s protocol. The mRNA was reverse transcribed to cDNA using iScript cDNA 

synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). Real-time RT-PCR reactions were run 

in triplicate in 384-well plates, using 10µl reaction volume in each well. The reaction volume 

included 5µl of 2x Light-Cycler 480 SYBR Green I Master (Roche Applied Science, Penzberg, 

Germany), 50ng reverse-transcribed mRNA and 1µM of target specific forward and reverse 

primers. Primer sequences used for real-time RTPCR are listed in table 8. PCR reactions were 

incubated in the Light-Cycler 480 PCR machine (Roche Applied Science, Penzberg, Germany) at 

the following cycling conditions: 95˚C for 10 min, 45 cycles of 95˚C for 30 seconds, 55˚C for 1 

minute, and 72˚C for 1 min. Relative mRNA levels were normalized using RPS15. For miRNA 

profiling, total RNA was extracted using a miRNeasy Mini Kit (Qiagen Inc. Germantown, MD, 
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USA), following the manufacturer’s protocol. 300 ng total RNA was reverse transcribed to cDNA 

using miScript RT II kit (Qiagen Inc. Germantown, MD, USA). Real-time RT-PCR reactions were 

run in triplicate in 384-well plates, using 10µl reaction volume in each well. The reaction volume 

included 5µl of 2x QuantiTech SYBR Green Master Mix (Qiagen Inc. Germantown, MD, USA), 

3ng cDNA, 1x miScript universal primer (Qiagen Inc. Germantown, MD, USA) and 1x miScript 

assay for let-7 miRNAs (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i). These reactions 

were incubated in the Light-Cycler 480 PCR machine (Roche Applied Science, Penzberg, 

Germany) at following cycling conditions: 95˚C for 15 minutes, 45 cycles of 94˚C for 15 seconds, 

55˚C for 30 seconds, and 70˚C for 30 seconds. Relative miRNA levels were normalized using 

SNORD-48. 

2.10. Protein Extraction and Western Blot 

Western blot analysis was performed using whole cell lysate to quantify proteins in cells 

and tissue samples. For protein extraction, cell pellets were resuspended in 200-400 µl RIPA buffer 

(20 mM Tris, 137 mM NaCl, 10% glycerol, 1% nonidet P-40, 3.5 mM SDS, 1.2 mM sodium 

deoxycholate, 1.6 mM EDTA, pH 8) containing 1x protease/phosphate inhibitor cocktail (Sigma-

Aldrich, St. Louis, MO, USA). Whole cell lysate was incubated on ice for 5 min and then 

centrifuged at 14,000 g for 5 min to remove cell debris. To extract protein from day 16 TE, the 

tissue was homogenized in RIPA buffer. Homogenized samples were sonicated using a Bioruptor 

Sonication System (Diagenode, Denville, NJ, USA) for 5 cycles of 30 seconds “ON” and 30 

seconds “OFF”. Sonicated samples were centrifuged at 14,000 g for 5 minutes to remove debris. 

Protein concentration was measured using the BCA protein assay kit (ThermoFisher, Waltham, 

MA, USA). Protein was separated in 4-15% Bis-Tris gels (Bio-Rad Laboratories, Hercules, CA, 

USA) at 90 volts for 15 min and 125 volts for 60 min, and then transferred to 0.45 μm pore size 
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nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, USA) at 100 volts for 2 hours at 

4°C. The membranes were then blocked in 5% non-fat dry milk solution in TBST (50 mM Tris, 

150 mM NaCl, 0.05% Tween 20, pH 7.6) for 1 hour at room temperature. After blocking, the 

membranes were washed 3 times with 1x TBST for 5 min each, and then incubated at 4°C 

overnight with specific primary antibody. After overnight incubation, the membranes were washed 

3 times with 1x TBST for 5 min each. After washing, the membranes were incubated with 

appropriate secondary antibody conjugated to horseradish peroxidase for 1 hour at room 

temperature. After removing the secondary antibody, the membranes were washed following the 

same procedure and developed using Super Signal WestDura Extended Duration Substrate 

(ThermoFisher, Waltham, MA, USA) and imaged using ChemiDoc XRS+ chemiluminescence 

system (Bio-Rad Laboratories, Hercules, CA, USA). The images were quantified using Image-Lab 

software (Bio-Rad Laboratories, Hercules, CA, USA). To normalize protein quantity, β-actin, α-

tubulin, or GAPDH were used as loading control. Each experiment was repeated on three 

replicates. The antibodies used and their dilutions are listed in table 9. 

2.11. Cell Proliferation Assay 

Cell proliferation was measured using Quick Cell Proliferation Assay Kit (Abcam, 

Cambridge, MA, USA) following manufacturer’s protocol. This assay is based on cleavage of 

tetrazolium salt (WST-1) to formazan by mitochondrial dehydrogenases. EVC, AKI and BKI 

iOTR cells were plated to a density of 1000 cells/100 µl in 96-well tissue culture plates, with four 

replicates of each cell type. After 4, 24, 48 or 96 hours of plating the cells, 10 µl WST-1 reagent 

was added in each well followed by incubation for 2 hours in standard culture conditions. 

Absorbance was measured using Cytation 3 Multi-Mode Reader (BioTek Instruments, Inc., VT, 

USA) at 440 nm with reference wavelength of 650 nm. 
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2.12. Matrigel Invasion Assay 

Cell invasion was measured using Corning BioCoat Tumor Invasion System (Corning, 

New York, NY, USA) following manufacturer’s protocol. EVC, AKI and BKI iOTR cells were 

stained with CellTracker™ Green 5-chloromethylfluorescein diacetate (CMFDA) (Invitrogen, 

Carlsbad, CA, USA). Four replicates of each cell line were plated at a density of 10,000 cells/500 

µl DMEM/F-12 (1:1) media without phenol red and fetal bovine serum, in a 24-multiwell insert 

plate with 8 µm pore size polyethylene terephthalate membrane coated with uniform layer of 

matrigel matrix. DMEM/F-12 (1:1) media without any cells was added in four wells to be used as 

blank. In the bottom wells, 750 µl of DMEM/F-12 (1:1) media with 10% fetal bovine serum was 

added. Plates were read at 2, 4, 24 and 48 hours after plating the cells using Cytation 3 Multi-Mode 

Reader (BioTek Instruments, Inc., VT, USA) with top and bottom reading ability, at 492 nm 

excitation and 517 nm emission wavelengths. The invasion index was calculated using the 

formula: (RFU of cells at the bottom/RFU of cells at top + RFU of cells at bottom) x 100. 

2.13. Statistics 

All data were analyzed using GraphPad Prism 7 Software. To determine significance of 

mRNAs, miRNAs and proteins, t-test was used when comparing two groups and analysis of 

variance followed by Tukey’s HSD post-hoc test was done when comparing three groups. P values 

less than 0.05 were considered statistically significant. The error bars in the figures indicate 

standard error of the mean (SEM). 
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3. Results 

3.1.LIN28 knockdown in trophectoderm results in reduced proliferation of trophoblast cells 

and lower expression of proliferation-associated genes 

Day 9 hatched blastocysts were infected with lentiviral particles expressing shRNA to 

knockdown LIN28A (AKD) or LIN28B (BKD), or scramble control shRNA (SC). The blastocysts 

treated with lentiviral particles were surgically transferred to synchronized ewes at day 9 of estrus. 

The conceptuses were collected at day 16 of gestation and trophectoderm (TE) was separated from 

embryo. LIN28A and LIN28B mRNAs and proteins were quantified by real-time RT-PCR and 

western blot. LIN28A mRNA and protein was significantly reduced in AKD TE while LIN28B 

mRNA and protein was significantly reduced in BKD TE compared to SC (Fig. 19A-B). As 

expected due to reduced LIN28, let-7 miRNAs (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, 

let-7i) were significantly higher in AKD and BKD TE compared to SC, and there was no 

significant change in let-7 miRNAs between AKD and BKD TE (Fig. 19C). These results suggest 

that reduced LIN28A or LIN28B led to significant increase in let-7 miRNAs. 

To determine the effect of LIN28 knockdown on conceptus elongation, we measured the 

length of TE. Knockdown of LIN28A or LIN28B resulted in a significant reduction in day 16 TE 

length compared to SC (Fig. 20A-B). There was no significant difference in elongation of AKD 

vs BKD TE. This data suggests knockdown of either LIN28A or LIN28B in vivo resulted in 

reduced proliferation of trophoblast cells. 

Due to the potential for reduced proliferation of trophoblast cells in the AKD and BKD 

conceptuses, we measured the mRNA and protein levels of let-7-regulated proliferation-associated 

genes. The mRNA and protein levels of IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B and 

c-MYC were significantly reduced in AKD and BKD day 16 TE compared to SC (Fig. 21, 22). 
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These results suggest that high let-7 miRNAs in AKD and BKD TE led to a significant reduction 

in expression of IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B and c-MYC, and the reduced 

proliferation of trophoblast cells in AKD and BKD TE is due to significantly reduced expression 

of these proliferation-associated genes. 

3.2.Ovine trophoblast cells generated from day 16 trophectoderm have a significant reduction 

in LIN28 

To further investigate the regulation of ovine trophoblast cell proliferation by LIN28 in 

vitro, we used day 16 TE to generate ovine trophoblast cells. The day 16 TE was minced and plated 

in collagen coated plates and were passaged to obtain a cell line. The cells used for further 

experiments were collected at passage 4-6, so we called these cells non-immortalized ovine 

trophoblast (OTR) cells. Interestingly, real-time RT-PCR data showed that OTR cells had a 

significant reduction in LIN28A and LIN28B mRNAs compared to day 16 TE (Fig. 23A). 

Densitometric analysis of western blots showed that LIN28A and LIN28B proteins were also 

significantly reduced in OTR cells compared to day 16 TE (Fig. 23B). Furthermore, real-time RT-

PCR data showed significant increase in let-7 miRNAs (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, 

let-7g, let-7i) in OTR cells compared to day 16 TE (Fig. 23C). The significantly reduced LIN28 

and high let-7 miRNAs in OTR cells after only 4-6 passages suggest that these cells have 

differentiated to a different phenotype compared to trophoblast cells in day 16 TE. 

The effect of low LIN28 and high let-7 miRNAs on proliferation-associated genes in OTR 

cells was determined by measuring IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B and c-

MYC mRNAs and proteins. Real-time RT-PCR showed that mRNA levels of IGF2BP1, 

IGF2BP2, IGF2BP3, HMGA1, ARID3B and c-MYC were significantly reduced in OTR cells 

compared to day 16 TE (Fig. 24). Densitometric analysis of western blots revealed a significant 
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reduction in protein levels of IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B and c-MYC in 

OTR cells compared to day 16 TE (Fig. 25). These results suggest that reduced LIN28 and high 

let-7 miRNAs led to reduced expression of proliferation-associated genes in OTR cells.  

The OTR cells originated from day 16 TE undergo senescence after only a few passages. 

Therefore, the OTR cells were immortalized by overexpressing hTERT to keep them growing for 

further in vitro experiments. The newly generated immortalized cells were referred to as 

immortalized ovine trophoblast (iOTR) cells. 

3.3.Overexpression of LIN28 in iOTR cells results in increased proliferation and expression of 

proliferation-associated genes 

To determine if LIN28 overexpression will rescue the expression of proliferation-

associated genes, the iOTR cells were infected with lentiviral particles expressing LIN28A (AKI) 

or LIN28B (BKI), or lentiviral particles with empty expression vector as expression vector control 

(EVC). Real-time RT-PCR data showed that AKI iOTR cells had a significant increase in LIN28A 

mRNA while BKI iOTR cells had a significant increase in LIN28B mRNA compared to EVC (Fig. 

26A). The densitometric analysis of western blots showed a significant increase in LIN28A protein 

in AKI and significant increase in LIN28B protein in BKI iOTR cells compared to EVC (Fig. 

26B). Moreover, the real-time RT-PCR data showed that let-7 miRNAs (let-7a, let-7b, let-7c, let-

7d, let-7e, let-7f, let-7g, let-7i) were significantly reduced in both AKI and BKI iOTR cells 

compared to EVC (Fig. 26C). These results suggest that increased expression of either LIN28A or 

LIN28B leads to reduction in let-7 miRNAs. 

To determine the effect of LIN28 overexpression and reduction in let-7 miRNAs on 

expression of proliferation-associated genes, real-time RT-PCR and western blot analysis were 

done. Real-time RT-PCR showed that mRNA levels of IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, 
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ARID3B and c-MYC were significantly increased in both AKI and BKI iOTR cells compared to 

EVC (Fig. 27). Densitometric analysis of western blots showed significant increase in IGF2BP1, 

IGF2BP2, IGF2BP3, HMGA1, ARID3B and c-MYC proteins in both AKI and BKI iOTR cells 

compared to EVC (Fig. 28). These results suggest that the expression of proliferation-associated 

genes in immortalized ovine trophoblast cells is regulated by the LIN28-let-7 axis. 

3.4.Overexpression of LIN28 led to significant increase in trophoblast cell proliferation 

The role of LIN28-let-7 miRNA axis on the functionality of iOTR cells was determined by 

measuring proliferation of AKI and BKI iOTR cells compared to EVC after 4 h, 24 h, 48 h and 72 

h. The results showed that proliferation of both AKI and BKI iOTR cells was significantly 

increased at 24 h, 48 h and 72 h compared to EVC (Fig. 29A). Furthermore, proliferation of BKI 

iOTR cells was not different at 24 h but was significantly higher at 48 h and 72 h compared to AKI 

iOTR cells (Fig. 29A). The matrigel invasion assay showed that there was no significant change 

in the invasion index of AKI and BKI iOTR cells compared to EVC (Fig. 29B). These results 

suggest that increased proliferation of AKI and BKI iOTR cells is due to increased expression of 

proliferation-associated genes in these cells compared to EVC. 

4. Discussion 

The pluripotency factors LIN28A and LIN28B inhibit the maturation of let-7 miRNAs 

[39,62]. Recently, we showed that both Lin28A and LIN28B were significantly decreased and 

levels of let-7 miRNAs (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i) were significantly 

increased in term human placentas from IUGR pregnancies compared to control pregnancies [18]. 

We further demonstrated that double knockout of LIN28A and LIN28B in immortalized first 

trimester human trophoblast (ACH-3P) cells resulted in significantly increased let-7 miRNAs [18].  

In this study, we show that RNA interference (RNAi) of LIN28A or LIN28B in sheep TE in vivo 
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resulted in significant increase in let-7 miRNAs (let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, 

let-7i). Moreover, the conceptus elongation was significantly reduced after RNAi of LIN28A or 

LIN28B in TE. 

Although animal models with global gene knockout or knockdown have been extensively 

and successfully used in many studies, it is difficult to exclude the effect of global gene 

manipulation while focusing on mechanisms involved in one tissue type or organ. Incubating the 

day 9 hatched sheep blastocyst with shRNA expressing lentiviral particles causes viral infection 

of only trophoblast cells while all other cells including the inner cell mass are spared of lentiviral 

infection [61]. Hence, significant reduction in LIN28A or LIN28B in day 16 TE conceptus is 

restricted to the trophoblast cells only. Conceptus elongation in sheep is due to rapid proliferation 

of trophoblast cells [7–9], therefore a significant reduction in conceptus length at day 16 after 

trophectoderm-specific LIN28A or LIN28B knockdown indicates reduced proliferation of 

trophoblast cells. 

LIN28 is a part of a complex genetic pathway known to regulate multiple downstream 

targets [66]. Inhibition of biogenesis of mature let-7 miRNAs is one of the main pathways through 

which LIN28 regulates the expression of its downstream targets [67]. Let-7 miRNAs reduce 

expression of many genes by degrading their mRNAs or inhibiting translation [39]. Our results 

show that RNAi of LIN28A or LIN28B and resultant increase in let-7 miRNAs in day 16 TE 

significantly reduced IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B and c-MYC. Previous 

studies have shown the role of IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B and c-MYC in 

cell proliferation [17,38–40,40,43,45,46,48,51], suggesting that reduced proliferation of 

trophoblast cells after LIN28A or LIN28B knockdown in TE is due to reduced expression of 

proliferation-associated genes (Fig. 30). 



118 

 

To further investigate the role of the LIN28-let-7 miRNA axis in sheep trophoblast cells in 

vitro, OTR cells were generated from day 16 TE. Surprisingly, both LIN28A and LIN28B were 

depleted and the let-7 miRNAs were significantly higher in OTR cells compared to day 16 TE. 

The senescence of OTR cells after only a few passages along with high let-7 miRNAs suggests 

that these cells are a differentiated phenotype of trophoblast cells compared to day 16 TE. 

Furthermore, the expression of proliferation-associated genes including IGF2BP1, IGF2BP2, 

IGF2BP3, HMGA1, ARID3B and c-MYC was also significantly reduced in OTR cells compared 

to day 16 TE. To overcome the OTR cell senescence, we generated immortalized ovine trophoblast 

(iOTR) cells by expressing hTERT in these cells. Immortalized human first trimester trophoblast 

cells (Sw.71 cells) were also generated by expressing hTERT in first trimester human trophoblast 

cells at passage 3 [68]. Sw.71 cells also have depleted LIN28A and LIN28B and high let-7 

miRNAs compared to other trophoblast-derived cell lines such as ACH-3P cells [18]. The iOTR 

cells generated in this study are similar to Sw.71 cells in terms of LIN28 and let-7 miRNAs 

expression, which may be because both cell lines were generated by immortalizing the passaged 

trophoblast cells. The contrasting levels of LIN28, let-7 miRNAs and let-7 miRNA target genes 

between day 16 TE and iOTR cells should be taken in consideration if using these cells for further 

studies. 

To generate iOTR cells that are more similar to day 16 TE, we overexpressed LIN28A or 

LIN28B in iOTR cells. Overexpression of LIN28A or LIN28B in iOTR cells led to a significant 

decrease in let-7 miRNAs and significant increase in expression of IGF2BP1, IGF2BP2, IGF2BP3, 

HMGA1, ARID3B and c-MYC compared to control. Additionally, the proliferation of both AKI 

and BKI iOTR cells was significantly increased compared to control. These results suggest that 

the LIN28-let-7 miRNA axis plays a role in proliferation of iOTR cells by regulating the 
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expression of genes associated with cell proliferation. We suggest that the iOTR cells 

overexpressing LIN28A and LIN28B would be a better choice to study molecular mechanisms in 

ovine trophoblast cells compared to iOTR cells with depleted LIN28A and LIN28B. 

To our knowledge, this is the first in vivo study defining the role of LIN28-let-7 miRNA 

axis in early placental development by trophoblast specific RNAi of LIN28A or LIN28B. Due to 

wide range of let-7 miRNAs target genes, as well as the ability of LIN28 to directly bind the mRNA 

of different genes, LIN28 knockdown might be affecting many different genetic pathways in 

trophoblast cells which are yet to be explored. Reduced conceptus elongation in LIN28A or 

LIN28B knockdown TE can lead to impaired placentation, fetal growth restriction, loss of 

pregnancy and reduced fertility in domestic ruminants. 
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Figure 19. LIN28A or LIN28B knockdown and let-7 miRNAs in day 16 sheep TE. (A) LIN28A 

and LIN28B mRNA in AKD (n=5) and BKD (n=6) day 16 TE compared to SC (n=6). (B) 

Representative immunoblots for LIN28A, LIN28B and β-actin in AKD, BKD and SC day 16 TE, 

and densitometric analysis. (C) Let-7 miRNAs in AKD and BKD day 16 TE and SC. *P<0.05 vs. 

SC. 
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Figure 20. (A) Conceptus length at day 16 after LIN28A knockdown (n=6) and LIN28B 

knockdown (n=8) compared to SC (n=5). (B) Representative images of day 16 sheep conceptuses 

for LIN28A KD, LIN28B KD, and SC day 16 TE. *P<0.05 vs. SC. 
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Figure 21. IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B and c-MYC mRNA in AKD and 

BKD day 16 TE compared to SC (n=5/treatment). *P<0.05 vs. SC. 
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Figure 22. Representative immunoblots for IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B, 

c-MYC and β-actin, and densitometric analysis of immunoblotting results in AKD and BKD day 

16 sheep TE compared to SC (n=3/treatment). *P<0.05 vs. SC.  
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Figure 23. LIN28A, LIN28B and let-7 miRNAs in OTR cells. (A) LIN28A and LIN28B mRNA in 

OTR cells compared to day 16 sheep TE. (B) Representative immunoblots for LIN28A, LIN28B 

and β-actin, and densitometric analysis of immunoblotting results in OTR cells compared to day 

16 TE. (C) Let-7 miRNAs in OTR cells (n=3/treatment) compared to day 16 TE (n=3). *P<0.05 

vs. TE. 
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Figure 24. IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B and c-MYC mRNA in OTR cells 

compared to day 16 TE (n=3/treatment). *P<0.05 vs. TE. 
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Figure 25. Representative immunoblots for IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B, 

c-MYC and β-actin, and densitometric analysis of immunoblotting results in OTR cells compared 

to day 16 TE (n=3/treatment). *P<0.05 vs. TE. 
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Figure 26. LIN28A, LIN28B and let-7 miRNAs in AKI and BKI iOTR cells. (A) LIN28A and 

LIN28B mRNA in AKI and BKI iOTR cells compared to EVC. (B) Representative immunoblots 

for LIN28A, LIN28B and β-actin, and densitometric analysis of immunoblotting results in AKI 

and BKI iOTR cells compared to EVC. (C) Let-7 miRNAs in AKI and BKI iOTR cells compared 

to EVC (n=3/treatment). *P<0.05 vs. EVC. 
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Figure 27. IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B and c-MYC mRNA in AKI and BKI 

iOTR cells compared to EVC (n=3/treatment). *P<0.05 vs. EVC; # P<0.05 vs AKI. 
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Figure 28. Representative immunoblots for IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B, 

c-MYC and β-actin, and densitometric analysis of immunoblotting results in AKI and BKI iOTR 

cells compared to EVC (n=3/treatment). *P<0.05 vs. EVC; # P<0.05 vs AKI. 
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Figure 29. Proliferation and invasion of AKI, BKI and EVC iOTR cells. (A) Proliferation of AKI, 

BKI and EVC iOTR cells (n=4/treatment) was measured after 4h, 24h, 48h and 72h using Quick 

Cell Proliferation Assay Kit. (B) Invasion of AKI, BKI and EVC iOTR cells (n=4) measured after 

2h, 4h, 24h and 48h using the Matrigel Invasion Assay Kit. a, P<0.05 for AKI vs EVC; b, P<0.05 

for BKI vs EVC; c, P<0.05 for BKI vs AKI. 
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Figure 30. Graphical abstract. A) In control day 9 TE, let-7 miRNAs are low because of high 

LIN28A and LIN28B. Because of low levels of let-7 miRNAs, IGF2BP1, IGF2BP2, IGF2BP3, 

HMGA1, ARID3B, and c-MYC are higher leading to increased proliferation of trophoblast cells 

and hence conceptus elongation. B) In LIN28A or LIN28B KD day 9 TE, let-7 miRNAs are higher. 

Elevated let-7 miRNAs target IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B and c-MYC, 

leading to reduced expression of these genes leading to reduced proliferation of trophoblast cells 

and hence reduced conceptus elongation. 

  



132 

 

Table 6: shRNA oligos 

 

LIN28A 

Forward Oligo 
5’     CCGGGCATCTGTAAGTGGTTCAACGTTCAAGAGACG 
TTGAACCACTTACAGATGCTTTTTG     3’ 

Reverse Oligo 
5’     AATTCAAAAAGCATCTGTAAGTGGTTCAACGTCTCT 
TGAACGTTGAACCACTTACAGATGC  3’ 

LIN28B 

Forward Oligo 
5’     CCGGGGATTCATCTCCATGATAAGCTTCAAGAGAGC 
TTATCATGGAGATGAATCCTTTTTG      3’ 

Reverse Oligo 
5’     AATTCAAAAAGGATTCATCTCCATGATAAGCTCTCT 
TGAAGCTTATCATGGAGATGAATCC     3’ 

SC 

Forward Oligo 
5’     CCGGAGTTAAAGGTTCGGCACGAATTCAAGAGATTC 
GTGCCGAACCTTTAACTCTTTTTG      3’ 

Reverse Oligo 
5’     AATTCAAAAAGAGTTAAAGGTTCGGCACGAATCTC 

TTGAATTCGTGCCGAACCTTTAACT     3’ 
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Table 7: Primers for LIN28A and LIN28B Expression 

 

LIN28A 

Expression 

Forward Oligo 5’     GCTAGCCAGACTACCATGGGCTCTGTG     3’ 
Reverse Oligo 5’     ATTTAAATACCCACTGTGGCTTCAATTC     3’ 

LIN28B 

Expression 

Forward Oligo 5’     GCTAGCGCCGGAAAGAATTAGTTTCGC     3’ 
Reverse Oligo 5’     ATTTAAATACATAACACATGACACCCT     3’ 
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Table 8: Realtime RTPCR Primers 

 

LIN28A 

Forward Oligo 5’     GACAGGTGCTACAACTGTGGAG     3’ 
Reverse Oligo 5’     ATGGCAGAGCTATGGATCTCTT     3’ 

LIN28B 
Forward Oligo 5’     GCCTTGAATCAATACGGGTAAC     3’ 
Reverse Oligo 5’     CTTCTTTGGCTGAGGAGGTAGA     3’ 

IGF2BP1 (IMP1) 

Forward Oligo 5’     GCAACCTGAAGAAGGTGGAG     3’ 
Reverse Oligo 5’     GCAGCCACGTCATTCTCATA     3’ 

IGF2BP2 (IMP2) 

Forward Oligo 5’     TCCCGGGTAGACATCCATAG     3’ 
Reverse Oligo 5’     GTGGGCCAAGATCTTCAGAG     3’ 

IGF2BP3 (IMP3) 
Forward Oligo 5’     TGCCGCTGAGAAGTCAATTA     3’ 
Reverse Oligo 5’     TCCGTCCTTCCTTACCAATG     3’ 

HMGA1 
Forward Oligo 5’     AAGGGGAGCAAAAACAAGG     3’ 
Reverse Oligo 5’     CCTCCTCTTCCTCCTTCTCC     3’ 

ARID3B 
Forward Oligo 5’     AAGGTGATGGAGTCCCAGTG     3’ 
Reverse Oligo 5’     CCTCTTCTGACAGCCTGGAC     3’ 

c-MYC 
Forward Oligo 5’     CTTCTCCCCCTCCTCTGACT     3’ 
Reverse Oligo 5’     GCCTCTTTTCCACAGAGACAA     3’ 

S15 
Forward Oligo 5’     ATCATTCTGCCCGAGATGGTG     3’ 
Reverse Oligo 5’     TGCTTGACGGGCTTGTAGGTG     3’ 
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Table 9: Antibodies 

 

Protein Vendor Catalog # Host Species Dilution used Band size 

LIN28A Abcam ab63740 Rabbit 1:1000 30 kDa 

LIN28B Bethyl Labs A303-588A Rabbit 1:2000 35 kDa 

IGF2BP1 Abcam ab82968 Rabbit 1:500 63 kDa 

IGF2BP2 Abcam ab124930 Rabbit 1:3000 60-66 kDa 

IGF2BP3 Abcam Ab225697 Rabbit 1:3000 64 kDa 

c-MYC Abcam ab32 Mouse 1:1000 45 kDa 

HMGA1 Abcam ab226850 Rabbit 1:1000 17 kDa 

ARID3B Bethyl Labs A302-565A Rabbit 1:4000 70 kDa 

GAPDH Abcam ab9485 Rabbit 1:3000 37 kDa 

β-actin SCBT sc-47778 Mouse 1:2000 45 kDa 

α-tubulin Abcam ab4074 Rabbit 1:3000 50 kDa 

Goat anti-

rabbit (HRP) 
Abcam ab97051 

Goat 
1:3000 

Secondary 

(HRP) 

Goat anti-

mouse (HRP) 
Abcam ab97023 

Goat 
1:3000 

Secondary 

(HRP) 
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CHAPTER IV: KDM1A REGULATES GENES IMPORTANT FOR PLACENTAL 

DEVELOPMENT IN HUMAN TROPHOBLAST-DERIVED CELLS  

 

 

 

Synopsis 

Compromised placentation can lead to serious pregnancy related disorders including 

preeclampsia (PE), intrauterine growth restriction (IUGR), preterm birth and gestational diabetes 

mellitus (GDM). The important steps during early placental development include rapid 

proliferation of trophoblast cells and remodeling of spiral arteries. These processes are regulated 

by complex molecular mechanisms which are not well understood. We recently showed that 

LIN28-let-7 miRNA axis regulates genes important for trophoblast cell proliferation and 

angiogenesis. Lysine-specific demethylase 1(LSD1/KDM1A) is the first discovered histone 

demethylase which regulates gene transcription by chromatin remodeling. In the current study we 

used in vitro and in vivo approaches to determine the function of KDM1A in placental 

development. We hypothesize that KDM1A regulate the expression of genes important for early 

placental development including LIN28, androgen receptors (AR), vascular endothelial growth 

factor A (VEGF-A), high mobility group AT-hook 1 (HMGA1) and MYC protooncogene (cMYC). 

Using CRISPR-Cas 9 based genome editing, ACH-3P cells with KDM1A knockout (KDM1AKO) 

were generated. KDM1AKO cells had significantly reduced LIN28A and LIN28B and 

significantly increased let-7 miRNAs (let-7a, b, c, d, e, g) compared to scramble control (SC). 

Moreover, the mRNAs and proteins of AR, VEGF-A, HMGA1 and cMYC were significantly 

reduced in KDM1AKO cells compared to SC. An in vivo experiment was conducted to 

demonstrate the role for KDM1A in placental development, using the sheep as a model. Briefly, 

day 9 hatched blastocysts were flushed and infected with a Lenti-CRISPRv2 KDM1A target 
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construct (n=4) to knockout KDM1A specifically in the trophectoderm or with SC (n=5). Infected 

embryos were transferred to recipient ewes and embryos were collected at gestational day 16. The 

results show that KDM1A is necessary for embryo elongation. Collectively these results suggest 

that KDM1A plays a role in AR signaling in trophoblast cells and is necessary for early placental 

development. 

1. Introduction 

 Human placental development starts with the implantation of blastocyst. Throughout the 

gestation, fetus is dependent on placenta for nutrition. Structural and functional placental 

abnormalities can cause sever pregnancy disorders including IUGR, PE, stillbirth, spontaneous 

abortion, and placental abruption [1]. These disorders result into around 60000 maternal 

mortalities every year [2]. Understanding the placental development and associated pathologies 

can help to reduce this loss. Development of human planta starts with the interaction of 

trophectoderm with uterine luminal epithelium [3]. The cytotrophoblasts undergo rapid 

proliferation and differentiate into multinucleated syncytiotrophoblast and extravillous trophoblast 

cells [4]. Syncytiotrophoblast helps the blastocyst to invade the decidualized uterus and the 

extravillous trophoblast cells invade deep in the maternal uterus and transform the spiral arteries 

[5]. These steps are critical in development of hemochorial human placenta and are not well 

understood. 

 The transcription factors bind the promoter or enhancer regions of genes and recruit co-

repressors and co-activators which activate or repress gene transcription by histone modifications. 

Methylation or demethylation of is an example of histone modifications which occur at lysine and 

arginine of histones [6]. Until the discovery of lysine specific demethylase 1 (LSD1 or KDM1A) 

in 2004, histone methylation was thought to be an irreversible epigenetic mark [7]. KDM1A is a 
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flavin adenine-dinucleotide dependent enzyme which catalyzes the demethylation of mono- and 

di-methylated lysine 4 or 9 in histone 3 (H3K4me1/2 or H3K9me1/2) [7,8]. Demethylation at 

H3K4me1/2 leads to transcriptional repression, whereas demethylation at H3K9me1/2 causes 

transcriptional activation [7–9]. 

 KDM1A regulates important biological functions in cells and tissues. KDM1A knockout 

in mice leads to developmental arrest and embryonic lethality before E7.5 [10,11]. 

Undifferentiated human cells have high expression of KDM1A which gradually decreases as the 

cells differentiate, indicating the role of KDM1A in cell proliferation [12]. It is also required to 

maintain the pluripotency of cells by suppressing the lineage-specific cell differentiation [12]. 

Various studies have defined KDM1A as an oncogene due to its role in cancer development [13–

17]. Inhibition of KDM1A leads to reduced proliferation of tumor cells while overexpression of 

KDM1A promotes cells proliferation, invasion and migration [18]. The ENCODE transcription 

factor targets dataset shows that KDM1A bind in the promoter regions of many genes including 

LIN28, HMGA1, VEGF-A and cMYC [19]. 

 Androgen receptors (AR) signaling has been shown to promote cell proliferation [20,21]. 

AR binds the androgen response elements (ARE) in promoter regions of target genes and recruits 

KDM1A which activates the transcription of target gene by H3K9me1/2 demethylation [22]. The 

expression of AR is regulated by different mechanisms. Oncogene cMYC activates AR 

transcription by binding in its promoter region [23]. The miRNA let-7c suppresses the expression 

of AR either by directly targeting AR mRNA or through downregulation of cMYC [23,24]. AR-

KDM1A duplex binds in the promoter region of VEGF-A and activate its transcription [25]. 

Knockdown of KDM1A leads to decreased expression of VEGF-A through inhibition of AR 

function [26]. 
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The role of KDM1A in regulation of genes important for placental development has not 

been described previously. In this study, we show that knockout of KDM1A in first trimester 

human trophoblast-derived cells (ACH-3P cells), leads to reduced expression of AR by modulating 

various molecular pathways. We further show that KDM1A is required for early placental 

development in sheep. 

2. Materials and Methods 

2.1.Cell line 

The first trimester human trophoblast (ACH-3P) cells were used in this study. ACH-3P 

cells are hybrid cells obtained by fusion of primary first trimester human trophoblast cells (week 

12 of gestation) with a human choriocarcinoma cell line (AC1-1) [27]. 

2.2.CRISPR-Cas9 based genome editing 

Knockout ACH-3P cells were generated using CRISPR-Cas9 based genome editing 

technique. Target specific gRNAs for human and sheep KDM1A were designed [28,29], and 

cloned in lentiCRISPR v2 plasmid. The lentiviral particles were generated and used to infect ACH-

3P cells following the same procedure described in our previous study [30]. The gRNA sequences 

used in this study are listed in table 10. 

2.3.Embryo Transfer and Tissue Collection 

All animal procedures were approved by Institutional Animal Care and Use Committee at 

Colorado State University, Fort Collins, Colorado, USA. The blastocysts were collected and 

transferred following the procedure described by Baker et al [31]. 
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2.4.RNA extraction and real-time RT-PCR 

For real-time RT-PCR analysis, mRNA and miRNA were isolated from ACH-3P cells 

using RNeasy and miRNeasy Mini Kits (Qiagen Inc. Germantown, MD, USA). The mRNA was 

reverse transcribed to cDNA using iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, 

CA, USA). Real-time RT-PCR reactions were run in triplicate in 384-well plates, using 10µl 

reaction volume in each well containing 50ng cDNA. Primer sequences used for real-time RTPCR 

are listed in table 11. PCR reactions were incubated in the Light-Cycler 480 PCR machine (Roche 

Applied Science, Penzberg, Germany). Relative mRNA levels were normalized using GAPDH. 

For miRNA profiling, 300 ng total RNA was reverse transcribed to cDNA using miScript RT II 

kit (Qiagen Inc. Germantown, MD, USA). Real-time RT-PCR reactions were run in triplicate in 

384-well plates, using 10µl reaction volume in each well. These reactions were incubated in the 

Light-Cycler 480 PCR machine (Roche Applied Science, Penzberg, Germany) at following 

cycling conditions: 95˚C for 15 minutes, 45 cycles of 94˚C for 15 seconds, 55˚C for 30 seconds, 

and 70˚C for 30 seconds. Relative miRNA levels were normalized using SNORD-48. 

2.5.Protein Extraction and Western Blot 

Western blot analysis was performed using whole cell lysate to quantify proteins in cells. 

Protein was extracted using RIPA buffer and quantified using BCA protein assay kit 

(ThermoFisher, Waltham, MA, USA). Protein was separated in 4-14% Bis-Tris gels (Bio-Rad 

Laboratories, Hercules, CA, USA) at 90 volts for 15 min and 125 volts for 60 min, and then 

transferred to 0.45 μm pore size nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA, 

USA) at 100 volts for 2 hours at 4°C. The membranes were then blocked in 5% non-fat dry milk 

solution in TBST (50 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.6) for 1 hour and incubated 

at 4°C overnight with specific primary antibody. After overnight incubation, the membranes were 
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washed 3 times with 1x TBST and incubated with appropriate secondary antibody conjugated to 

horseradish peroxidase for 1 hour at room temperature. The blots were imaged using ChemiDoc 

XRS+ chemiluminescence system (Bio-Rad Laboratories, Hercules, CA, USA). To normalize 

protein quantity, α-tubulin or GAPDH were used. Each experiment was repeated on three 

replicates. The antibodies used are listed in table 12. 

2.6.Co-immunoprecipitation 

Proteins extracted from ACH-3P cells were incubated with and KDM1A antibody 

conjugated protein-G magnetic beads (Bio-Rad Laboratories, Hercules, CA, USA) to 

immunoprecipitate KDM1A protein. After immunoprecipitation, proteins were eluted using 1x 

laemmli buffer and used for western blot following the same procedure described earlier. The 

membranes were probed using AR antibody. Normal rabbit IgG was used as a negative control in 

this experiment. 

2.7.Chromatin Immunoprecipitation Assay 

Chromatin immunoprecipitation (ChIP) assay was performed using Magna ChIP G (EMD 

Millipore Corp., Burlington, MA, USA). 70-80% confluent ACH-3P cells were used in this 

procedure. Cells were fixed with formaldehyde and chromatin was extracted and sheared to 

produce 100-1000 bp strands using Bioruptor Sonication System (Diagenode, Denville, NJ, USA). 

Immunoprecipitation was done using KDM1A antibodies and immunoprecipitated DNA was 

eluted and used to run end-point PCR for AR. The primers used in ChIP assay are listed in table 

13. ChIP input DNA was used as positive controls for PCR, and sheared chromatin 

immunoprecipitated by normal Rabbit IgG was used as negative control. 
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2.8.Cell Proliferation Assay 

Cell proliferation was measured using Quick Cell Proliferation Assay Kit (Abcam, 

Cambridge, MA, USA). SC, KDM1A KO or ACH-3P cells treated with LSD1 inhibitor (Millipore 

Sigma, CA, USA) at 13 nM final concentration were plated to a density of 1000 cells/100 µl in 

96-well tissue culture plates, with four replicates of each cell type. After 24 hours of plating the 

cells, 10 µl WST-1 reagent was added in each well followed by incubation for 2 hours in standard 

culture conditions. Absorbance was measured using Cytation 3 Multi-Mode Reader (BioTek 

Instruments, Inc., VT, USA) at 440 nm with reference wavelength of 650 nm. 

2.9.Statistics 

All data were analyzed using GraphPad Prism 7 Software. To determine significance of 

mRNAs, miRNAs and proteins, all values were compared between SC and KDM1A KO ACH-3P 

cells using student t-test. P values less than 0.05 were considered statistically significant. 

3. Results 

3.1.Knockout of KDM1A resulted in reduced expression of AR in ACH-3P cells 

ACH-3P cells were infected with lentiCRISPR-V2 based lentiviral particles expressing 

gRNA to target KDM1A. Western blot data showed significant reduction in KDM1A protein in 

KDM1A KO ACH-3P cells compared to SC (Fig. 31A). The real-time RT-PCR and western blot 

data showed significant reduction in mRNA and protein of AR in KDM1A KO ACH-3P cells 

compared to SC (Fig. 31B). Co-immunoprecipitation assay showed that AR and KDM1A proteins 

physically bind with each other in ACH-3P cells (Fig. 32A). Chromatin immunoprecipitation assay 

showed that KDM1A binds the promoter region and untranslated region of axon 1 of AR (Fig. 

32B-C). From these results we interpret that KDM1A regulates the expression of AR by directly 



152 

 

binding in its promoter region. Additionally, AR-KDM1A duplex might play role in gene 

regulation in human trophoblast-derived cells. 

3.2.KDM1A KO ACH-3P cells had significant reduction in LIN28 and significant increase in 

let-7 miRNAs 

To access the effect of KDM1A KO on expression of LIN28, real-time and western blot 

analysis were done. The results demonstrated that mRNA and proteins of both LIN28A and 

LIN28B were significantly reduced in KDM1A KO ACH-3P cells compared to SC (Fig. 33A-B). 

As expected, the real-time RT-PCR data showed that levels of let-7a, b, c, d, e and g miRNAs 

were significantly increased in KDM1A KO cells compared to SC (Fig. 33C). These results 

suggest that reduction in AR expression in KDM1A KO cells is potentially due to increase in let-

7 miRNA. 

3.3.KDM1A KO ACH-3P cells had significantly reduced expression of VEGF-A, HMGA1 and 

cMYC 

The effect of KDM1A knockout on proliferation and angiogenesis associated genes was 

accessed using real-time RT-PCR and western blot analysis. The results showed that KDM1A KO 

ACH-3P cells had significant reduction in mRNA and protein levels of VEGF-A, HMGA1 and 

cMYC (Fig. 34A-C). These results suggest that reduced expression of these genes is either an 

effect of KDM1A knockout or increased let-7 miRNAs. 

3.4.KDM1A knockout or inhibition leads to reduced proliferation of ACH-3P cells 

Proliferation of ACH-3P cells with knockout of KDM1A or inhibition of KDM1A was 

measured using Cell Proliferation Assay. The results showed significant reduction in proliferation 

of ACH-3P cells with KDM1A knockout or inhibition compared to control (Fig. 35). 
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3.5.KDM1A is required for conceptus elongation in sheep 

After trophectoderm specific targeting with lentiviral particles, the sheep conceptus 

collected at day 16 were smaller in KDM1A KO treatment compared to control. This indicated 

that KDM1A is required for initial conceptus development in sheep (Fig. 36A). Moreover, real-

time RT-PCR data showed significant reduction in KDM1A and AR mRNA in KDM1A KO TE 

compared to SC (Fig. 36B). These results suggest that KDM1A regulated AR expression in sheep 

TE in vivo. 

 

4. Discussion 

KDM1A complexes with AR and binds promoter regions of AR-stimulated genes, where 

KDM1A acts as a co-activator by causing demethylation of H3K9me1/2 [16,26,32]. In this study 

we showed that KDM1A and AR bind with each other in ACH-3P cells suggesting that KDM1A 

regulates AR-stimulated genes in these cells. We further demonstrated that AR itself is potentially 

regulated by KDM1A. KDM1A binds the promoter region and untranslated region of exon 1 of 

AR gene. Knockout of KDM1A lead to reduction of AR expression which suggests that, KDM1A 

activates AR transcription by binding in its promoter region by the well-known mechanism of 

H3K8me1/2 demethylation. Previous studies have shown that KDM1A increased proliferation and 

invasion of cancer cell and is considered as a promising target for cancer therapy [33–36]. In 

immortalized first trimester human trophoblast (ACH-3P) cells, KDM1A knockout lead to 

significant reduction in cell proliferation suggesting a role of KDM1A in early placental 

development. The activity of KDM1A can be inhibited by using KDM1A inhibitors. Reduced 
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proliferation of ACH-3P cells after inhibition of KDM1A activity suggests that such inhibitor can 

be useful in controlling tumor progression in human and animals. 

 KDM1A binds the promoter areas of more than 7000 genes in humans indicating its role 

in major biological processes. LIN28, a pluripotency factor that suppresses let-7 miRNAs, is also 

a potential target of KDM1A [19]. Our results show that KDM1A KO ACH-3P cells had 

significant reduction in LIN28A and LIN28B and significant increase in let-7 miRNAs. Let-7 

miRNAs target several genes and inhibit their translation. AR is targeted by let-7c in human 

trophoblast cells [24]. Significant reduction in AR expression in KDM1A KO ACH-3P cells can 

be either due to direct effect of KDM1A knockout or due to increased let-7c in these cells. 

 Similar to AR and LIN28B, HMGA1 and cMYC are also regulated by KDM1A as well as 

by let-7 miRNAs [30]. KDM1A KO ACH-3P cells had reduced expression of HMGA1 and cMYC. 

Both HMGA1 and cMYC are proliferation-associated genes and play a role in placental 

development. HMGA1 promotes trophoblast cell invasion and its reduced expression is involved 

in pathogenesis of preeclampsia [37,38]. Reduced expression of cMYC drives the cytotrophoblast 

cells towards differentiation [39]. Although KDM1A promoter proliferation, reduced expression 

of HMGA1 and cMYC might also contribute towards reduced proliferation of KDM1A KO ACH-

3P cells. The AR receptor transcription is activated by cMYC [23]. The data from this study 

suggests that knockout of KDM1A, high let-7c miRNA, and reduced cMYC can all contribute 

towards reduced expression of AR in KDM1A KO ACH-3P cells. 

 Other than rapid proliferation and invasion, one critical role of trophoblast cells is to 

transform the spiral arteries. VEGF-A is a key regulator in differentiation of trophoblast cells to 

endovascular trophoblast cells and plays major role in spiral artery remodeling [40]. VEGF-A is 

an AR-receptor stimulated gene and we have previously shown that AR-KDM1A complex bind 
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the androgen response element (ARE) in VEGF-A promoter region [41]. Our results suggest that 

knockout of KDM1A and resultant reduction in AR expression leads to reduced expression of 

VEGF-A. 

 Although we transferred only 4 blastocysts with TE-specific knockout of KDM1A, only 

two of them were able to elongate by day 16 and were smaller (average length = 5 cm) compared 

to control conceptuses (average length = 35 cm). This data might not be enough to draw a concrete 

conclusion, but it suggests that KDM1A might be playing critical role in early conceptus 

elongation. KDM1A KO ACH-3P cells have reduced proliferation, suggesting that reduced 

elongation from KDM1A KO conceptuses might be due to reduced proliferation of trophoblast 

cells. In humans, spiral artery remodeling is a critical process for successful placentation. Reduced 

VEGF-A due to KDM1A knockout suggests its role in spiral artery remodeling. AR-KDM1A acts 

as transcriptional activator for many genes by binding the ARE in their promoter regions. These 

pathways and their role in placental development is yet to be explored. 

  



156 

 

 

 

 

 

Figure 31. AR in KDM1A KO ACH-3P cells. (A) Representative immunoblots for KDM1A and 

α-tubulin and densitometric analysis in KDM1A KO ACH-3P cells compared to SC. (B) AR 

mRNA, representative immunoblots for AR and α-tubulin in KDM1A KO ACH-3P cells 

compared to SC. (n=3/treatment). *P<0.05 vs. control. 
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Figure 32. Interaction between KDM1A and AR in ACH-3P cells. (A) Co-immunoprecipitation 

assay using KDM1A and normal rabbit IgG for immunoprecipitation, and AR for immunoblotting. 

(B) Schematic diagram indicating the AR DNA regions amplified by PCR primers. (C) Chromatin 

immunoprecipitation assay using KDM1A for immunoprecipitation, and end point PCR for 

primers amplifying different areas in AR DNA. 
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Figure 33. LIN28-let-7 axis in KDM1A KO ACH-3P cells. (A) LIN28A and LIN28B mRNA, 

representative immunoblots for LIN28A, LIN28B and α-tubulin, and densitometric analysis in 

KDM1A KO ACH-3P cells compared to SC. (B) Let-7 miRNAs in KDM1A KO ACH-3P cells 

compared to SC. (n=3/treatment). *P<0.05 vs. control. 

 

  



159 

 

 

 

Figure 34. VEGF-A, HMGA1 and cMYC in KDM1A KO ACH-3P cells. (A-C) VEGF-A, 

HMGA1 and cMYC mRNA, representative immunoblots and densitometric analysis for VEGF-

A, HMGA1, cMYC and α-tubulin in KDM1A KO cells compared to SC. (n=3/treatment). *P<0.05 

vs. control. 
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Figure 35. Cell proliferation assay for SC ACH-3P cells, KDM1A KO cells, and SC cells treated 

with KDM1A inhibitor. (n=4/treatment). *P<0.05 vs. control. 
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Figure 36. KDM1A knockout in sheep TE (A) Representative SC (n=5) and KDM1A KO (n=4) 

conceptuses (B) KDM1A and AR mRNA in KDM1A KO conceptuses compared to SC. *P<0.05 

vs. control. 

 

 

  



162 

 

Table 10. CRISPR-Cas9 oligos 

KDM1A 

(Human-1) 

Forward oligo 5’     CACCGCGGCTCCGAGAACGGGTCTG       3’ 
Reverse oligo 5’     AAACCAGACCCGTTCTCGGAGCCGC       3’ 

KDM1A 

(Human-2) 

Forward oligo 5’     CACCGCCGCAAGAAAGAGCCTCCGC      3’ 
Reverse oligo 5’     AAACGCGGAGGCTCTTTCTTGCGGC       3’ 

KDM1A 

(Sheep) 

Forward oligo 5’     CACCGAGAGTAGACTTCCTCATGAC       3’ 
Reverse oligo 5’      AAACGTCATGAGGAAGTCTACTCTC      3’ 

Scramble 
Forward oligo 5’     CACCGGCTGATCTATCGCGGTCGTC       3’ 
Reverse oligo 5’     AAACGACGACCGCGATAGATCAGCC     3’ 
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Table 11. Real-time RT-PCR primers 

 

LIN28A 
Forward primer 5’     CTTTAAGAAGTCAGCCAAGGG           3’ 
Reverse primer 5’     TGGCATGATGATCTAGACCTC            3’ 

LIN28B 
Forward primer 5’     TAGGAAGTGAAAGAAGACCCA          3’ 
Reverse primer 5’     ATGATGCTCTGACAGTAATGG            3’ 

KDM1A 
Forward primer 5’     CTCTTCTGGAACCTCTATAAAGC       3’ 
Reverse primer 5’     CATTTCCAGATGATCCTGCAGCAA    3’ 

AR 
Forward primer 5’     TGTCCATCTTGTCGTCTTC                   3’ 
Reverse primer 5’     CCTCTCCTTCCTCCTGTAG                  3’ 

RPS15 

(Sheep) 

Forward primer 5’     ATCATTCTGCCCGAGATGGTG           3’ 
Reverse primer 5’     TGCTTGACGGGCTTGTAGGTG          3’ 

AR 

(Sheep) 

Forward Primer 5’     TCCTGGATGGGGCTTATGGT             3’ 
Reverse Primer 5’      GCCTCATTCGGACACACTGG           3’ 

KDM1A 

(Sheep) 

Forward primer 5’     ACATTGCAGTTGTGGTTGGA              3’ 
Reverse primer 5’     GACCCCAGAGCCTATGATGA             3’ 

HMGA1 
Forward primer 5’     AGGAAAAGGACGGCACTGAGAA      3’ 
Reverse primer 5’     CCCCGAGGTCTCTTAGGTGTTGG       3’ 

cMYC 
Forward primer 5’     CTGGTGCTCCATGAGGAGA                 3’ 
Reverse primer 5’     CCTGCCTCTTTTCCACAGAA                3’ 

VEGF-A 
Forward primer 5’     CCGGAGAGGGAGCGCGAGCCGCGCC    3’ 
Reverse primer 5’     GATGTCCACCAGGGTCTCGATTG       3’ 

GAPDH 
Forward primer 5’     AAGGTCGGAGTCAACGGATTTG           3’ 
Reverse primer 5’     CCATGGGTGGAATCATATTGGAA       3’ 
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Table 12. Antibodies 

 

Protein Vendor Catalog # Host Species Dilution Band size 

KDM1A Abcam ab17721 Rabbit 1:1000 95 kDa 

AR Abcam ab3509 Rabbit 1:1000 100 kDa 

LIN28A Abcam ab63740 Rabbit 1:1000 30 kDa 

LIN28B Bethyl Labs A303-588A Rabbit 1:2000 35 kDa 

cMYC Abcam ab32 Mouse 1:1000 45 kDa 

HMGA1 Abcam ab226850 Rabbit 1:1000 20 kDa 

VEGF-A SCBT sc-7269 Mouse 1:500 30 kDa 

GAPDH Abcam ab9485 Rabbit 1:3000 37 kDa 

α-tubulin Abcam ab4074 Rabbit 1:3000 50 kDa 

Goat anti-rabbit 

(HRP) 
Abcam ab97051 

Goat 
1:3000 

Secondary (HRP) 

Goat anti-

mouse (HRP) 
Abcam ab97023 

Goat 
1:3000 

Secondary (HRP) 
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Table 13. Chip assay primers 

 

AR Primer 1 
Forward primer AGATCTTGTCCACCGTGTGT 

Reverse primer GGAAGCTCCAGAGAAGGAAA 

AR Primer 2 
Forward primer AGACAGACTGTGAGCCTAGCA 

Reverse primer TTCAACAGGCTGTGATGATG 

AR Primer 3 
Forward primer CTCAGTCGGCTACTCTCAGC 

Reverse primer AGAGCCTTCTTTGCAATGTG 

AR Primer 4 
Forward primer CTCAGTCGGCTACTCTCAGC 

Reverse primer AAGGGAGTTACCTCTCTGCAA 

AR Primer 5 
Forward primer GCGACAGAGGGAAAAAGG 

Reverse primer AGTCCTACCAGGCACTTTCC 
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CHAPTER V: SUMMARY 

 

 

 

More than half a million women die every year because of pregnancy-associated 

conditions. Abnormal placental structure and function is the most common cause of pregnancy 

complications. The growing fetus is dependent on placenta for nutrients, gaseous exchange and 

waste removal. Therefore, a malformed placenta can have short-term and long-term consequences 

on both maternal and fetal health. Placental development begins as blastocyst interacts with uterus. 

The progenitor cytotrophoblast cells undergo rapid proliferation and differentiate into 

syncytiotrophoblast and extravillous trophoblast cells. The syncytiotrophoblast helps the 

blastocyst to make its way into the decidualized uterine stroma whereas extravillous trophoblast 

cells invade deep in the uterine wall and transform the spiral arteries. The hemochorial human 

placenta is fully established and functional by week 12 of pregnancy but continues to grow 

throughout the gestation. Unlike tumor cells, proliferation of trophoblast cells is a controlled 

process which is regulated by complex genetic pathways. Reduced proliferation of CTBs can cause 

placental insufficiency whereas excessive proliferation can lead to trophoblastic disease. The aim 

of this study was to explore genetic pathways involved in proliferation of trophoblast cells during 

early placental development. 

 We investigated the role LIN28-let7 miRNA axis in regulation of proliferation-associated 

genes in trophoblast cells. The pluripotency factor LIN28 is an RNA binding protein with two 

paralogues, LIN28A and LIN28B. One of the main functions of LIN28 is to bind pre-let-7 and pri-

let-7 miRNAs and inhibit the biogenesis of mature let-7 miRNAs. The mature let-7 miRNAs bind 

the mRNA of several target genes and reduce their expression. Many let-7 miRNA target genes 

have been associated with cell proliferation and maintaining pluripotency of cells. HMGA1, c-
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MYC, VEGF-A, WNT1, ARID3A and ARID3B are examples of such genes. We saw that in term 

human placentas from IUGR pregnancies, LIN28 was significantly reduced, let-7 miRNAs were 

significantly increased and ARID3A and ARID3B were significantly reduced. 

Many proliferation factors in the cells are regulated by the ARID3B-complex which 

comprises of ARID3A, ARID3B and KDM4C. The ARID3B-complex bind in the promoter areas 

of genes and activate their transcription through histone demethylation caused by KDM4C. The 

three members of the ARID3B-complex are also known targets of let-7 miRNAs. Hence, there are 

two possible pathways of gene regulation by let-7 miRNAs. Either the let-7 miRNAs directly bind 

the mRNAs of target genes to degrade them or inhibit their translation, or they operate by targeting 

the ARID3B-complex. This led us to the idea of existence of LIN28-let-7-ARID3B pathway in 

human trophoblast cells. 

We used two first trimester human trophoblast cell lines, ACH-3P and Sw.71, which have 

contrasting expression of LIN28. ACH-3P cells have higher LIN28 and low let-7 miRNAs whereas 

Sw.71 cells have low LIN28 and high let-7 miRNAs. Knockout of LIN28 in ACH-3P cells resulted 

in increased let-7 miRNAs and reduced expression of ARID3A, ARID3B and KDM4C. Moreover, 

LIN28 knockout lead to reduction in HMGA1, c-MYC, VEGF-A and WNT1 expression. In Sw.71 

cells, overexpression of LIN28 lead to reduced let-7 miRNAs and increased expression of 

proliferation associated genes. We further found that the ARID3B-complex binds the promoter 

regions of HMGA1, c-MYC, VEGF-A and WNT1. Knockout of ARID3B in ACH-3P cells lead to 

reduced expression of HMGA1, c-MYC, VEGF-A and WNT1. Additionally, knockout of LIN28 

and ARID3B lead to reduced proliferation of ACH-3P cells. From these findings, we interpret that 

let-7 miRNAs play crucial role in trophoblast cell proliferation either by direct targeting the 
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proliferation factors or by regulation of proliferation-associated genes through the ARID3B-

complex. 

Our n vitro findings led us to further investigate the role of LIN28-let-7 axis in vivo. Day 

9 hatched sheep blastocyst is structurally similar to day 5-6 hatched human blastocyst. A hatched 

blastocyst has single layer of trophectoderm, a blastocoel and an inner cell mass. If incubated with 

lentiviral particles for gene knockout or RNAi, only the trophectoderm is infected with the virus 

while other cells including inner cell mass are spared of lentiviral infection. In both human and 

sheep, rapid proliferation of trophoblast cells is required for successful placental development and 

establishment of pregnancy.  Sheep blastocyst elongates from day 10-16 due to rapid proliferation 

of trophoblast cells. By day 16, the conceptus is elongated but still not attached to the endometrium 

which can be easily collected by uterine flush. The above-mentioned factors make sheep a prefect 

model to investigate genetic pathways involved in proliferation of trophoblast cells. 

We infected day 9 sheep blastocysts with shRNA expressing lentiviral particles to 

knockdown LIN28A or LIN28B or scramble control and transferred them to synchronized ewes 

at day 9 of cycle. When collected at day 16, the conceptuses with LIN28A or LIN28B knockdown 

specifically in trophectoderm were smaller compared to SC. This indicated that LIN28 knockdown 

in trophoblast cells in vivo led to reduced cell proliferation. TE with LIN28 knockdown had 

increased let-7 miRNAs and reduced expression of proliferation factors including IGF2BP1, 

IGF2BP2, IGF2BP3, HMGA1, ARID3B and c-MYC. From these results we interpret that reduced 

elongation of LIN28 knockdown conceptuses is due to reduced expression of proliferation factors 

in trophoblast cells. The ovine trophoblast cells (OTR) generated from day 16 TE represent a 

completely different phenotype of cells compared to day 16 TE. We saw depletion of LIN28 and 

increase in let-7 miRNAs in OTR cells compared to day 16 TE and these cells senesced after only 
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few passages. OTR cells also had significantly reduced expression of IGF2BP1, IGF2BP2, 

IGF2BP3, HMGA1, ARID3B and c-MYC. 

Due to senesce of OTR cells, we immortalized them and overexpressed LIN28 to generate 

a cell line that resembles more to day 16 TE. Overexpression of LIN28 led to reduced level let-7 

miRNAs and increased the expression of IGF2BP1, IGF2BP2, IGF2BP3, HMGA1, ARID3B and 

c-MYC. Both iOTR cells and Sw.71 cell have depleted LIN28A and LIN28B and high let-7 

miRNAs. These cells are not a good representative of human or sheep trophoblast cells in vivo 

because they have higher LIN28 expression. However, LIN28 overexpressing iOTR and Sw.71 

cells generated in this study are a better in vitro model to study gene regulation in placenta. 

Next, we investigated if epigenetic pathways play role in gene regulation in placental 

development. KDM1A is a lysine demethylase which catalyzes the demethylation at H3K9me1/2 

causes transcriptional activation. KDM1A can bind to promoter regions of more than 7000 genes, 

and interestingly LIN28 is one of them. Knockout of KDM1A in ACH-3P cells leads to reduced 

expression of LIN28 and increased let-7 miRNAs. Additionally, KDM1A knockout ACH-3P cells 

had reduced expression of AR, VEGF-A, HMGA1 and cMYC and the cell proliferation was also 

significantly reduced. Interestingly, AR, VEGF-A, HMGA1 and cMYC are also known targets of 

let-7 miRNAs. Either KDM1A knockout is the direct cause of downregulation of these genes, or 

it operate indirectly through LIN28-let-7 axis is still unknown. TE specific knockout of KDM1A 

led to reduced elongation of sheep conceptus at day 16, indicating importance of KDM1A for 

conceptus elongation and trophoblast proliferation in vivo. 

In sum, these results show that LIN28-let-7-ARID3B pathway is involved in trophoblast 

cell proliferation both in vitro and in vivo. The main highlight of this study is the macro role of let-

7 miRNAs in gene regulation in trophoblast cells. Several studies have shown that miRNAs can 
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be used as biomarkers to indicate or predict a pathological condition in the body. MiRNAs can be 

easily measured in peripheral blood, cerebrospinal fluid, tissue biopsies, saliva, urine and other 

biological samples. In this study, let-7 miRNAs were high in term human placentas from IUGR 

pregnancies. It would be interesting to find out if the difference in let-7 miRNAs can be detected 

in blood samples or placental biopsy at early stages of pregnancy and if it can be used as an 

indicator of placental pathology. Use of small RNAs in therapy has been a very exciting 

development in clinical research and first approval to use siRNA as drug was approved by FDA 

in 2018. Until today, miRNAs are not approved by FDA to be used in medical intervention. 

However, there are many companies focused exclusively on use of miRNAs in diagnosis and 

therapeutics. 

 


