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The human placenta is a transient organ that mediates essential feto-maternal interactions

that are critical for a successful pregnancy. Trophoblast cells are specialized placental epithelial

cells that arise from the trophectoderm, the first lineage to segregate during embryonic develop-

ment [139]. Impaired trophoblast development and function is associated with fetal and neonatal,

as well as maternal, morbidity and mortality, and has been correlated with diseases later in life

[19]. Due to fundamental differences between humans and model organisms, and the ethical and

safety concerns of experimental access to early human embryos, human pluripotent stem cells
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(hPSCs) and trophoblast stem cells (hTSCs) are valuable tools for investigating early development

[168].

This dissertation extends early human placental development research to further char-

acterize the genomic and transcriptomic landscape of hPSCs, hTSCs, and primary trophoblast

with the goal of using stem cells to model early human placental development. In the following

chapters, I systematically characterize trophoblast precursor cells, hPSCs and hTSCs, and primary

trophoblast to increase our understanding of early human placental development and provide a

framework for future efforts to model this development. First, I use bioinformatic and experi-

mental methods to characterize two quasi-stable pluripotent substates, termed the “naı̈ve” and

“primed” pluripotent states. I highlight the genomic, epigenomic, and transcriptomic differences

between the two substates. In the next chapter, I show that hTSCs can be derived from not only

naı̈ve pluripotent stem cells but also from the primed substate. Finally, I present the results from

comprehensive profiling of first trimester and term extravillous trophoblast (EVT), the invasive

trophoblast cells that anchor the placenta to the uterine wall. Overall, this dissertation describes a

model of early human placental development and provides a better understanding of normal EVT

formation and function, therefore providing future studies an in vitro hPSC to EVT framework to

build upon.
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Chapter 1

Introduction

1.1 Background

Over 70% of human pregnancies result in miscarriage, with a significant proportion

occurring in the peri-implantation period [83]. It is during this period that the very first lineage

specification occurs, leading to separation of the epiblast, cells which will give rise to the embryo-

proper, and trophectoderm (TE), cells which give rise to the epithelial portion of the placenta.

However, these events are poorly understood, particularly in human. Overall, the most significant

barrier to progress in this field is the lack of experimentally tractable in vivo small animal models

or in vitro cell culture models that accurately represent early human placental development.

A model system that recapitulates key human-specific features, and could be manipulated in

order to study the effects of genetic and environmental perturbations on placental development,

would prove to be invaluable to studying normal and abnormal early placental development and

placental-linked pregnancy disease.

Mouse models have been critical in elucidating early developmental events, including

specific stem cell states and the role of key genes in the establishment and maintenance of

these states. Using mouse models, several groups have shown that there are at least two main
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substates of pluripotency, naı̈ve and primed, which represent pre- and post-implantation epiblast,

respectively. However, there are numerous shortcomings with using murine systems to study

early embryonic development. The dissimilarity between mouse and human pluripotent stem

cells (PSCs) has been widely documented [40, 212, 166], including large differences between

the species in these two pluripotent substates. In addition, there are numerous known differences

in placental morphology, trophoblast cell types and function, and placenta-based pregnancy

complications [120, 30, 42]. These differences are particularly stark with respect to the early

development of the placenta, including the timing of, and genes involved in, trophoblast lineage

specification [21, 168, 202].

Until recently, in vitro modeling of placental development was limited to immortalized

or transformed versions of already lineage-committed cells of either villous (JEG3, BeWo) or

extravillous (HTR8) trophoblast [87, 22, 97]. Recently, conditions were established for the

derivation of bona fide human trophoblast stem cells (hTSCs) from blastocyst-stage embryos or

early first trimester human placentae [142]. These cells can be propagated indefinitely, and are

multipotent, with the ability to differentiate into both syncytiotrophoblast (STB) and extravillous

trophoblast (EVT). Although these cells represented an important step toward the establishment

of a model of placental development, the fact that these cells were derived from preimplantation

embryos or first trimester placentae means that they cannot be obtained from pregnancies for

which the clinical outcome is known. However, using the same culture conditions used for the

establishment and maintenance of these “primary” hTSCs, we and others have been able to

transition naı̈ve hPSCs directly to a hTSC-like state (hPSC-TSCs), and primed hPSCs through a

trophoblast progenitor-like intermediate to a similar hPSC-TSC state.

The trophectoderm cell lineage, the lineage that generates trophoblast stem cells and is

crucial to the formation of the blastocyst and critical for uterine implantation, undergoes lineage

restriction shortly after segregation from the undifferentiated inner cell mass, the cells which

give rise to all tissues of the embryo proper [59, 140]. In mouse, naı̈ve stem cell lines derived
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directly from the pre-implantation epiblast are unable to make trophoblast derivatives [23, 135],

in line with the canonical framework of early trophectoderm lineage restriction. Recent reports

indicated that the mouse model of trophectoderm lineage restriction differs from human and that

both naı̈ve and primed hPSCs can be converted to trophoblast [49, 39, 63, 31, 116, 210]. Despite

this recent progress in modeling development using hPSCs, several outstanding questions remain.

First, the question of whether the human primed stem cell substate can be converted to bona vide

hTSCs and if so, whether it is therefore better to derive and culture hPSCs in the naı̈ve or primed

substate. Second, how best to differentiate hPSC-TSCs so that they accurately represent primary

trophoblasts. Therefore, to realize the potential of creating an hPSC in vitro model that accurately

represents human placentae, it is critical to characterize both hPSCs, the precursors of hTSCs,

and primary trophoblasts, the differentiated derivatives of hTSCs.

1.2 Outline

Chapter 2 profiles the genetic, epigenetic, and transcriptomic landscape of isogenic cell

lines derived in naı̈ve culture conditions and either kept in naı̈ve conditions or transitioned to the

primed substate.

Chapter 3 describes the derivation of functional trophoblast stem cells from primed human

pluripotent stem cells.

Chapter 4 characterizes primary trophoblast cells with a focus on extravillous trophoblast

and the transcriptomic drivers of trophoblast differentiation.
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Chapter 2

Virgin naı̈ve hESCs can be stabilized on the

continuum between naı̈ve and primed states

as demonstrated by detailed transcriptomic

and epigenomic profiling

2.1 Introduction

The appeal of human pluripotent stem cells (hPSCs) arises from their capacity for essen-

tially limitless proliferation and self-renewal, as well as their receptivity for directed differentiation

to a broad range of cell types in response to the appropriate lineage-specific cues [46]. Pluripo-

tency, the capacity to differentiate into all three embryonic germ layers, is a transient state in the

natural course of embryonic development displayed by inner cell mass (ICM) cells in preimplan-

tation blastocysts. However, it can be captured in vitro in the form of embryonic stem cells (ESCs)

[141] cultured from ICM cells or by reprogramming somatic cells into induced pluripotent stem

cells (iPSCs) [177]. In both cases, the resulting hPSCs must be maintained in culture conditions
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that stabilize their pluripotency.

After the first report of in vitro conditions for establishment and maintenance of hESCs

[184], it was quickly recognized that hESCs differed markedly from naı̈ve mouse embryonic

stem cells (mESCs), derived from the ICM of the murine pre-implantation blastocyst, and that

in important ways, hESCs are more similar to mouse epiblast stem cells (mEpiSCs), derived

from the murine early post-implantation epiblast. Interestingly, hESCS are derived from the

ICM of preimplantation embryos, and so it was immediately recognized that the primed state

observed for hESCs might be due to dictated by the culture conditions applied to them, rather than

their embryonic origin. Several groups have since applied knowledge regarding differences in

signaling pathways modulated by mESCs and mEpiSCs culture conditions to promote the naı̈ve

or primed phenotypes of hESC cultures, respectively [58, 212, 64, 78, 180, 170, 178, 183, 32, 35,

208, 52, 157]. Like mESCs, naı̈ve human ESCs have been shown to possess characteristics such

as increased proliferation and higher clonogenicity [218, 52, 209, 203, 178]. The majority of

existing hESC lines were derived in primed conditions, and it has been shown that these primed

hESCs can be transitioned to a naı̈ve state by transferring them to naı̈ve conditions (we term

these cultures “converted naı̈ve”). A small number of hESC lines were directly derived in naı̈ve

conditions. Notably, we were the first to derive naı̈ve hESC lines directly from human blastocysts

(we term these lines “virgin naı̈ve”) [58].

Recently, there is evidence to suggest that early development exists along a pluripotency

continuum and that the various hPSC media stabilize cells at different points along this continuum

[166, 40, 224]. Differences in differentiation potential between naı̈ve and primed hPSCs may

drive the selection of a particular substate as the optimal starting point for the production of

cells for research or therapeutic applications [78, 58, 224]. Recently, Lee et al. reported that

lineage-specific differentiation is influenced by the hPSC substate [108].

In this chapter, we compared for the first time the cellular phenotype and transcriptomic,

genomic, and epigenomic characteristics over time in culture of matched isogenic pairs of naı̈ve
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and primed hESC cultures originating from the same four virgin naı̈ve hESC lines derived in

our laboratory. As expected, early passage virgin naı̈ve hESCs displayed shorter doubling times,

greater percentages of cells in S-phase, and higher clonogenicity compared to their primed

counterparts. The transition from the naı̈ve to the primed state was characterized by changes in

the transcriptome and increased DNA methylation. Compared to data from previously reported

naı̈ve and primed hESCs, the transcriptomic and epigenomic profiles of our cultures suggested

that they occupy moderately naı̈ve and primed states, placing them on either side of the recently

described “intermediate” pluripotent state [224].

We observed different phenotypic and genomic changes across time in culture for the

naı̈ve and primed hESCs. The naı̈ve cultures were phenotypically stable across time, but dis-

played increased DNA methylation and decreased expression of previously reported naı̈ve marker

genes, while the primed cultures showed increased proliferation at late compared to early passage.

With increasing time in culture, both the naı̈ve and primed hESC cultures accumulated genetic

aberrations. However, only a small subset of late passage cultures in either condition displayed

chromosomal or large subchromosomal aberrations, and the large majority of CNVs and SNVs

did not map to known functional areas of the genome. Overall, our results suggest that we have

established virgin naı̈ve hESCs that have a moderately naı̈ve phenotype that can be transitioned

to the primed state in a facile manner, and that this transition is characterized by expected shifts

in mRNA and miRNA expression and DNA methylation. Consistent with many prior studies,

extended time in culture for our primed hESCs was associated with phenotypic, genomic, epige-

nomic, and transcriptomic alterations; our naı̈ve hESCs displayed genomic changes consistent

with partial loss of naı̈ve marks, but were phenotypically stable. These findings lead us to sug-

gest that regardless of culture conditions, time in culture should be minimized, that there are

advantages and disadvantages for both naı̈ve and primed conditions, and therefore the substate

characteristics should drive the choice of condition used.
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2.2 Methods

2.2.1 Culture of hESC lines

The use of excess IVF-derived embryos following PGD for the generation of hESCs was

approved by the Israeli National Ethics Committee (7/04–043) and is in accordance with the

guidelines released by the Bioethics Advisory Committee of the Israel Academy of Sciences

and Humanities. Virgin naı̈ve hESC lines were derived in our laboratory at Tel-Aviv Sourasky

Medical Center (Lis38 N and Lis39 N published in [58], and Lis 45 N and Lis 46 N). Primed

WA09 (H9) and WIBR3 hESC lines were kindly provided by WiCell, University of Wisconsin

and Whitehead Institute for Biomedical Research, respectively).

Naı̈ve conditions included culture on MEFs in a modification of the naı̈ve human stem cell

medium (NHSM) developed by the Hanna laboratory [58], consisting of: 1:1 Neurobasal medium

and DMEM/F-12 (Gibco); 1X Pen/Strep (Biological industries); 2 mM L-Glutamine (Biological

industries); 1% non-essential amino acids (Biological industries); 0.7 mM sodium pyruvate

(Biological industries); 2% ml B27 supplement (in house produced); 0.2% ml defined lipid con-

centrate (Gibco); 0.05 mM β-ME (Gibco); 12.5 /mug/ml insulin (Sigma-Aldrich); 100 /mug/ml

apo-transferrin (Sigma-Aldrich); 0.02 /mug/ml progesterone (Sigma-Aldrich); 16 /mug/ml pu-

trescine (Sigma-Aldrich); 30 /muM sodium selenite (Sigma-Aldrich); 50 /mug/ml L-ascorbic

acid 2-phosphate (Sigma-Aldrich); 0.07% BSA (Gibco); 20 ng/ml human LIF (Peprotech); 5

/muM IWR1 (Biotest); 20 ng/ml human activin A (Peprotech); 1.7 ng/ml FGF2 (Peprotech); 0.2

/muM Chir99021 (Axon Medchem); 1 /muM PD0325901 (Axon Medchem); 0.2 /muM BIRB796

(Axon Medchem); 2 /muM SP600125 (Tocris); 2 /muM PKCi (Tocris); 0.4 /muM Thiazovivin

(Peprotech); and 1.5 /muM CGP77675 (Axon Medchem). Primed conditions included culturing

on mitotically inactivated mouse embryo fibroblast (MEF) feeder layers in primed hESC culture

medium, consisting of: DMEM/F-12 with 20% Knockout Serum Replacement (Gibco); 2 mM

L-glutamine (Biological industries); 0.1 mM β-ME (Gibco); 1% non-essential amino acids (Bi-
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ological industries); 1X Pen/Strep (Biological industries) and 8 ng/ml FGF2 (Peprotech). For

both naı̈ve and primed cultures, the medium was changed daily, passaging was performed every

3-5 days using 0.05% trypsin + EDTA (Biological industries), and 5/muM of Y27632 ROCK

inhibitor (Axon Medchem) were used for 24hr before and after passaging.

2.2.2 Quantitative RT-PCR

Total RNA was isolated using the RNeasy mini kit (Qiagen), followed by random hexamer-

primed reverse transcription using the Superscript IV RT-PCR kit (Invitrogen). Quantitative Real

Time PCR (qRT-PCR) was performed using the FAST SYBR Green Master Mix (Quanta bio).

Cycling and analysis were performed using a Rotor Gene 6000 Series instrument (Corbett) and

its dedicated data analysis software. Standard curves were performed for each gene in every

run, and all PCR reactions were performed for two independent experiments with three technical

replicates for each experiment. All qRT-PCR assays included no-template control (NTC) and

ACTIN served as the control for normalization of target gene expression. Primer sequences are

listed in Table 2.1. RNA from a primed WIBR3 culture was used as the reference.

Table 2.1: Primer sequences used for RT-qPCR

Gene Forward Reverse
ACTIN CCACGAAACTACCTTCAACTCC GTGATCTCCTTCTGCATCCTGT
STELLA GCATGAAAGAAGACCAACAAACA TTAGACACGCAGAAACTGCAGGG
TFCP2L1 TCCTTCTTTAGAGGAGAAGC ACCAACGTTGACTGTAATTC
KLF17 AGCAAGAGATGACGATTTTC GTGGGACATTATTGGGATTC
KLF4 CGCTCCATTACCAAGAGCTCAT CACGATCGTCTTCCCCTCTTT
KLF5 CACACTGGTGAAAAGCCATACAA GCCTGTGTGCTTCCGGTAGT
NANOG GCAGAAGGCCTCAGCACCTA AGGTTCCCAGTCGGGTTCA
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2.2.3 Immunofluorescence

Cells were grown on Matrigel-coated glass cover slips (13 mm; Marienfeld) in 24-well

plates, fixed with 4% paraformaldehyde, and incubated in blocking solution (2.5% BSA) with

0.1% Triton to enable staining of intracellular markers. Cells were incubated with primary anti-

body for 1 hr at RT, washed and incubated with secondary antibodies for 1 hr at RT, counterstained

with DAPI for nuclear staining, and imaged using an Olympus IX51 inverted light microscope.

The following antibodies were used at the indicated dilutions: mouse anti-OCT4 (sc-5279,

Santa-Cruz, 1:60), mouse anti-SSEA4 (CST-4755S, cell signaling technology, 1:200), mouse

anti-TRA-1-60 (ab16288, Abcam, 1:200) and rabbit anti-TFE3 (HPA023881, Sigma-Aldrich,

1:60).

2.2.4 Teratoma formation

hESCs were harvested, resuspended in their respective medium condition with 10%

Matrigel and 20 uM ROCKi, and injected subcutaneously into 6-8 week-old NSG mice (Jackson

laboratories). Teratomas generally developed within 7-10 weeks and animals were sacrificed

before tumor size exceeded 1.5 cm in diameter. Teratomas were dissected and prepared for

conventional FFPE and H and E histology. All animal experiments were conducted according to

institutional guidelines under approval by the Weizmann Institute IACUC (approval 00960212-3).

2.2.5 Proliferation and clonogenicity assays

Matched sets of naı̈ve and primed hESCs were seeded onto 6-well plates (200,000

cells/well on Matrigel coated wells). Two and four days following plating, cells were col-

lected using trypsin, and the doubling time was calculated as duration (hours)×log(2)/(log2(final

concentration)-log(initial concentration)) [209] using number of cells at day 4 normalized by

number of cells at day 2.
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Cell cycle distribution was determined using the Click-iT EdU Alexa Fluor 647 Flow Cy-

tometry Kit (Life Technologies) according to the manufacturer’s protocol. Cells were also stained

with FxCycle Violet (Invitrogen) for total DNA content and analyzed using a BD FACSCanto II

Flow Cytometer (BD Biosciences) with BD FACSDiva Software (BD Biosciences).

Clonogenicity was analyzed following plating of 100 cells/well on MEF coated 24-well

plates. After 7 days, colonies were stained for alkaline phosphatase using the AP staining kit

(Stemgent).

2.2.6 Karyotyping

Cells were incubated with 100 ng/ml colcemid (Biological Industries) for 30 min at

37°C, collected by trypsin, incubated with 0.075 mol/L potassium chloride for 10 min at 37°C,

fixed with methanol and acetic acid (1:3) and dropped onto glass slides. Karyotype analysis of

chromosome spreads was determined by Giemsa staining of at least 20 different metaphase-stage

cells for each culture.

2.2.7 DNA isolation and chromosomal microarray analysis (CMA)

Genomic DNA was extracted from samples using the DNeasy Blood and Tissue Kit

(Qiagen). The DNA was amplified, labeled, and hybridized to a 24sure V3 microarray (Illumina)

according to the manufacturer’s protocol. Scanning was performed using Agilent G2565CA

scanner and the arrays were analyzed using the BlueFuse Multi software. The detected CNVs

were interpreted by referring to key public databases (ISCA, DGV, Ensembl, and Decipher).

2.2.8 Whole genome sequencing (WGS)

WGS libraries were constructed using the Kapa HyperPlus Kit (Roche Holding AG).

Briefly, up to one ug of EDTA-free dsDNA was incubated with the fragmentation enzyme for ten
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minutes at 37◦ C. The fragmented samples were then end-repaired and A-Tailed and Illumina

indexed adapters were ligated onto the ends of the dsDNA. The libraries were then quanted

(Qubit, ThermoFisher Scientific) and run on the BioAnalyzer (Agilent Technologies Inc.) for

quality control purposes. The libraries were then size selected using Ampure XP beads (Beckman

Coulter) using a 0.65 Ampure XP to DNA ratio followed by a 0.9 ratio to achieve an average

library size of about 400 bp. Due to small input amounts for several of the libraries, library

amplification (4 cycles) was performed on a selection of samples. Libraries were sequenced using

paired-end 100 bp reads on the NovaSeq S4, and six of the 16 samples were re-sequenced on the

HiSeq 4000 to achieve greater depth. Samples were sequenced to an average depth of 27x and

assessed for quality using FASTQC (v. 0.11.8). Reads were quality trimmed using Trim Galore

(v. 0.4.1) with 30 as the quality cutoff. Bowtie 2 (v. 2.3.4.3) [105] was used to map the reads to

GRCh38 (v. GCA 000001405.15) and Picard Tools (v. 2.18.15) was used to fix mate information,

merge Bam files for samples with two sequencing runs, and mark duplicates.

2.2.9 DNA-seq single nucleotide variant and InDel calling

SNVs and InDels were identified using the best practice instructions of GATK4 (v.

4.0.11.0) HaplotypeCaller [195]. Bam files were recalibrated using GATK BaseRecalibrator with

the “known-sites” dbsnp138, 1000G phase1 high confidence SNPs, and Mills 1000G gold standard

indels. The data were then run through the HaplotypeCaller and combined using CombineGVCFs

for joint genotyping. Following joint genotyping the SNPs and InDels were recalibrated using the

following options for the SNPs: –resource hapmap, known=false,training=true, truth=true, prior

=15.0:/hapmap 3.3.hg38.vcf.gz –resource omni, known=false, training=true, truth=true, prior=

12.0:/1000G omni2.5.hg38.vcf.gz –resource 1000G, known=false, training=true, truth=false,

prior=10.0:/1000G phase1.snps.high confidence.hg38.vcf.gz –resource dbsnp, known=true, train-

ing=false, truth=false, prior=2.0:/Homo sapiens assembly38.dbsnp138.vcf -an QD -an FS -an

SOR -an MQ -an MQRankSum -an ReadPosRankSum -an DP –mode SNP -tranche 100.0 -tranche
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99.9 -tranche 99.0 -tranche 90.0 and for the InDels: –resource mills, known=false, training=true,

truth=true, prior =12.0:/Mills and 1000G gold standard.indels.hg38.vcf.gz –resource dbsnp,

known=true, training=false, truth=false, prior=2.0: /Homo sapiens assembly38.dbsnp138.vcf -an

QD -an FS -an SOR -an MQRankSum -an ReadPosRankSum -an DP –mode INDEL -tranche

100.0 -tranche 99.9 -tranche 99.0 -tranche 90.0 –max-gaussians 4. Genotype posteriors using the

sample trios as priors was calculated for each trio and possible de novo mutations were annotated

by VariantAnnotator. Finally, low-quality genotypes (q < 20) were removed and high-confidence

de novo variants were selected. Variants were then annotated using ANNOVAR (v. 2019Oct24)

[204]. Filtered variant files were compared using vcftools (v. 0.1.16), vcf-isec. Bedtools (v.

2.25.0) was used to find variants overlapping specific genomic regions.

2.2.10 Copy number variation analysis

Regions of the genome with copy number variations (CNV’s) were called using three

different algorithms, CNVkit (v. 0.9.6) [179], ERDS (v. 1.1) [228], and PURPLE (v. 2.34) [156].

CNVkit: A joint reference using the parental lines was created using the options: –method WGS,

–access access-excludes.GRCh38.bed followed by an estimation of the integer copy number of

each segment using cnvkit.py call. The input sample was first deduplicated using the samtools

(v. 1.9) command rmdup. The integer copy number output was then filtered for only cnv calls

and regions of the same copy number were combined. ERDS: erds pipeline.pl was used with the

filtered vcf files for each sample along with the merged and duplicate marked bam files as input.

The output from CNVkit and ERDS were split into deletion and duplication bed files. Bedtools (v.

2.25.0) intersect was then used to look for copy number overlaps between the output of the two

CNV calling tools, determine if a duplication or deletion was a de novo event, and find CNVs

overlapping regions of interest. A CNV was called if it was larger than 2000 bp and found by both

CNVkit and ERDS. CNV regions of the same copy number were merged if they were within 100

kb. The filtered CNV calls were then annotated using Homer (v. 4.10.4) [71] annotatePeaks.pl
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with hg38 (v. 6.0). PURPLE was used to validate differences in calls between the CMA array and

WGS CNV calls.

2.2.11 RNA sequencing

RNA was extracted using the mirVana miRNA Isolation Kit (Life Technologies, Inc.),

following the manufacturers’ instructions. RNA quality was assessed using a BioAnalyzer 2100

(Agilent Technologies, Inc.). All samples had a RIN greater than 8.5. RNA-seq libraries were

constructed in triplicate using the KAPA mRNA HyperPrep Kit (Roche) with 500 ng of input

RNA. Libraries were sequenced on a HiSeq 4000 (Illumina, Inc.) with paired-end (2x100 bp)

reads. Samples were sequenced to an average depth of 20 million uniquely mapped reads per sam-

ple and assessed for quality using FASTQC (v.0.11.8). The reads were mapped to GRCh38.p10

(GENCODE release 26) using STAR (v. 2.7.3a) [47] and annotated using featureCounts (subread

v.1.6.3, GENCODE release 26 primary assembly annotation) [113]. The STAR parameters used

were: –runMode alignReads –outSAMmode Full –outSAMattributes Standard –genomeLoad

LoadAndKeep –clip3pAdapterSeq AGATCGGAAGAGC –clip3pAdapterMMp 1. The feature-

Counts parameters were: -s 2 -p -t exon -T 13 -g gene id. Ensembl genes without at least three

samples with more than 10 reads were removed from the analysis leaving about 20k genes.

BiomaRt (v. 2.42.1) was used to convert Ensembl gene ID’s to HUGO gene names. The R

(v. 3.6.3) package DESeq2 (v.1.26.0) [117], using a multifactor design formula to account for

experimental design variables, was used to perform differential expression analysis and normalize

the count matrix. Genes with an adjusted p-value of less than 0.05 were considered significant

unless otherwise noted. Data from all lines created for this manuscript were compared to previ-

ously published naı̈ve and primed lines listed in (Table 2.3). Raw fastq files were downloaded

and processed using a similar pipeline to that listed above. Samples sequenced using single

end reads were mapped separately from paired-end samples and all samples were combined on

Ensembl gene IDs. PCA plots were created using DESeq2, VSD transformed values with limma
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removeBatchEffect. Gene Set Enrichment Analysis [173] was performed using the R package

fgsea (v. 1.12.0) [100] with the hallmark gene sets [114] and the C5 GO gene sets downloaded

from the gsea-msigdb (v. 7.1).

2.2.12 Small RNA-seq

Small RNA-seq libraries were constructed using the NEBNext® Multiplex Small RNA

Library Prep Set for Illumina® (New England Biolabs, Inc., Ipswich, MA). The libraries were

pooled, size-selected for products that were 120-135 nucleotides in length using a Pippin Prep

with a 3% agarose gel cassette (Sage Science, Beverly, Massachusetts), and run on a MiSeq

instrument (Illumina, San Diego, California) at the UC San Diego UCSD Institute for Genomic

Medicine (IGM) Genomics Core. Samples that produced adequate numbers of miRNA read

counts were then rebalanced to produce similar numbers of miRNA reads and sequenced on a

HiSeq 4000 instrument using 1x75 bp reads (Illumina, San Diego, California) at the UC San

Diego IGM Genomics Core. The data were trimmed and mapped to GRCh38 using the exceRpt

Small RNA-seq Pipeline Workflow implemented in the Genboree Workbench [161]. Micro RNAs

were filtered such that at least five reads in at least two samples were retained, resulting in 1035

pass-filter miRNAs. Differential expression was carried out in DESeq2 (v.1.26.0) [117] requiring

an adjusted p-value < 0.05 and Log2 FoldChange > 1 considered differentially expressed unless

otherwise noted. As with the long RNA-seq, data from all lines created for this manuscript were

compared to previously published naı̈ve and primed lines listed in (Table 2.4).

2.2.13 Differential mRNA expression analysis

(Fig. 2.8A) Naı̈ve transcriptional changes due to long term culturing, comparing post

derivation naı̈ve (p20) samples vs early (p30) and late (p50) naı̈ve samples, were determined by

performing differential expression analysis using DESeq2 (v.1.26.0) [117] with an adjusted p-
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value < 0.05, a Log2 fold change > 1, and a base mean > 50. Genes considered to be significantly

upregulated/downregulated in p20 naı̈ve samples were required to be upregulated/downregulated

in both the early (p20 vs p30) and late (p20 vs p50) differential expression analysis comparisons

as well as not upregulated/downregulated in a similar early (p30) primed vs late (p50) primed

comparison. The differentially upregulated/downregulated gene lists were then separately input

into Enrichr [34, 101, 217] to obtain the gene ontology significantly (adj. p-value < 0.05)

enriched biological process terms. The terms were then input into Revigo to summarize and find

representative subsets of terms using the semantic similarity algorithm SimRel and using the

adjusted p-value with every term [174]. The resulting tree map was then input into CirGO, which

allows for the visualization of the most enriched terms in an informative 2D circular graph [100].

2.2.14 Integrative analysis of miRNAs and mRNAs differentially expressed

between derivation naı̈ve and early/late naı̈ve cultures

mRNAs that were either upregulated or downregulated in the p20 cultures compared

to the later cultures (the same differentially expressed mRNAs identified in the section above,

“Differential mRNA expression analysis”) were used to create protein-protein interaction networks

using the stringApp (v. 1.5.1, confidence (score) cutoff = 0.4, max additional interactors = 0, use

smart delimiters) application in Cytoscape (v. 3.8.0). The networks were then clustered using

MCL clustering with the clusterMaker2 application (v. 1.3.1, inflation value = 2.0, assumption

that edges were undirected, and loops were adjusted before clustering). The largest clusters for

the mRNAs that were downregulated and upregulated in the p20 naı̈ve cultures are shown in

(Fig. 2.8B) and (Fig. 2.8C), respectively. Functional enrichment analysis was used to identify

pathways enriched for the genes in these clusters.

To integrate the miRNA and mRNA data in relation to the transcriptional changes due to

long term culturing, naı̈ve p20 samples vs p30 and p50 naı̈ve samples, we performed differential

expression of the small RNA-seq data, requiring miRNAs to be differentially expressed between
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both the p20 and p30 timepoints and the p20 and p50 timepoints. Additionally, miRNAs that

were differentially expressed between the primed p30 and primed p50 timepoints were filtered

out of the resulting miRNA lists. This differentially expressed miRNA list and the differentially

expressed mRNA list from the section above (“Differential mRNA expression analysis”) were

each converted to counts per million and combined by pairing the differentially upregulated

mRNA genes with the differentially downregulated miRNAs and vice versa. These combined

datasets were then used as input into the gene regulatory network inference algorithm GRNBoost2

using Arboreto (v. 0.1.5) [130]. For each target gene, the algorithm uses a tree-based regression

model to predict its expression profile using the expression values of the set of miRNAs. The

algorithm outputs importance scores that reflect the degree to which each potential mRNA target

is regulated by each miRNAs in the dataset.

For the largest clusters from both the downregulated (Fig. 2.8B) and upregulated (Fig.

2.8C) p20 mRNA networks, heatmaps comprised of the mRNAs in the clusters plotted against the

anticorrelated differentially expressed miRNAs were generated, where each cell is color-coded

according to the importance score for its respective miRNA/mRNA pair. Hierarchical clustering

was then used to visually identify the miRNAs with the highest composite importance scores

across their mRNA targets in each cluster. We then used miRPathDB 2.0 [94] to identify pathways

that are predicted to be regulated by these miRNAs, and mapped those to the pathways that are

enriched for the mRNA targets in each cluster.

2.2.15 Integrative analysis of miRNAs and mRNAs differentially expressed

between naı̈ve and primed cultures

Integration of miRNA and mRNA data in relation to the transcriptional changes between

naı̈ve p20 cultures vs late p50 primed cultures was carried out using mirTarBase (Release 8.0)

[77, 79]. Directionally opposite differentially expressed miRNAs (adj. p-value < 0.05, Log2

FoldChange > 1; normalized basemean > 10) and corresponding differentially expressed mRNAs
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(target genes) (adj. p-value < 0.05, normalized basemean > 50) were used in this comparison.

Pathway analysis on the genes within the largest clustered network and miRNA-targets were

analyzed using Enrichr [34, 100, 217].

2.2.16 Mapping of RNA-seq data to single-cell expression data from human

preimplantation embryos

RNA-seq samples were compared to single cell expression data from human embryonic

stages in a similar manner to Theunissen et al., 2016 [182]. Briefly, raw single cell mRNA-

seq counts [220] were downloaded from https://www.ebi.ac.uk/gxa/sc/experiments/E-GEOD-

36552/downloads, processed in scanpy (v. 1.3.2) [214] and differential expression was performed

in R (v.3.6.3) using the package DESeq2 (v. 1.26.0) for each cell state compared against all other

cell states. A gene was determined to be expressed in a specific cell state if it had an adjusted

p-value less than 0.05 and a Log2fold change greater than 3. Genes determined to be expressed in

a specific cell state were divided between up and down regulated and compared to the genes that

were determined to be up or down regulated in our early naı̈ve cell lines compared to our late

primed cell lines using an adjusted p-value cutoff of less than 0.05 and a Log2fold change greater

than 2.

2.2.17 Variant analysis using RNA-seq data

Samples were aligned to the GRCh38 reference genome as described above. Vari-

ants were identified using the best practice instructions of GATK4 HaplotypeCaller [195].

Briefly, Picard Tools (v. 2.18.15) was used to first merge bam files and mark duplicates. Next,

GATK (v. 4.0.11.0) SplitNCigarReads was used to reformat reads that span introns and base

quality recalibration was done to detect and correct for patterns of systematic errors in the

base quality scores. The following “known-sites” were used in the BaseRecalibrator step:

17



Homo sapiens assembly38.dbsnp138.vcf, 1000G phase1.snps.high confidence.hg38.vcf, and

Mills and 1000G gold standard.indels.hg38.vcf. HaplotypeCaller with a –stand-call-conf 20 was

then used to call variants. To find high certainty de novo variants, the HaplotypeCaller results

were filtered not dissimilar to [8]. First, variants were required to be called in two of the three

replicates for each sample and not in the low passage naı̈ve sample, unless the samples in question

were the low passage naı̈ve samples. Next, only positions with over 20 reads, are uncommon

in the general population (allele frequency lower than 0.0001 in the Exome Aggregation Con-

sortium (ExAC Database) (v.0.3) [111]), and cause nonsynonymous single nucleotide variations

or stop-gain mutations were assessed. InDels were not used in the analysis. Annotations were

obtained using ANNOVAR (v. 2019Oct24) [204] and only variants in genes listed as “Tier 1” in

Cancer Gene Census of the Catalogue of Somatic Mutations in Cancer (COSMIC) v. 90 database

(https://cancer.sanger.ac.uk/census) [55] with FATHMM scores below –1.5 were considered

pathogenic. Single nucleotide variants passing these filters were then checked against DNA-seq

reads as well as assessed for possible murine contamination.

2.2.18 DNA Methylation Profiling

DNA from every hESC line and time point was sent to UC San Diego UCSD Institute for

Genomic Medicine (IGM) Genomics Core for processing and imaging. The samples were pro-

cessed according to standard protocols and hybridized to the Illumina Infinium MethylationEPIC

array, which interrogates over 850,000 methylation sites across the genome, and imaged on the

Illumina iScan (Illumina Inc., San Diego, CA). The data was normalized in R (v. 3.6.3) using the

minfi package (v. 1.32.0) [6] with the “funnorm” function. Following normalization, probes that

were found to cross-reactive on the EPIC array, probes overlapping genetic variatants at targeted

CpG sites, and probes overlapping genetic variatants at single base extension sites for Infinium

Type I probes were filtered out [149] leaving a total of 811,063 probes. Annotation BED files

were download and analysis was performed using python scripts from the CpGtools package
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[210]. Imprinted regions (iDMRs) were taken from [15], and X-chromosome inactivation (XCI)

and escape regions (non-XCI) were lifted over to GRCh38 from [14].

2.2.19 Statistical Analysis

For each experiment data were obtained from 2-3 independent biological experiments

(with each experiment including at least three replicates). P-values were calculated by paired or un-

paired two-tailed Student’s t-test using SPSS software, are *P<0.05, **P<0.01, and ***P<0.001.

2.3 Results

2.3.1 Confirmation of naı̈ve and primed markers in matched isogenic hESC

cultures at early passage

Four hESC lines were derived in our laboratory in naı̈ve conditions, which we term virgin

naı̈ve hESCs: Lis38 N, Lis39 N, Lis 45 N and Lis 46 N. The Lis38 and Lis39 lines were derived

from blastocysts donated from one set of parents and the Lis45 and Lis46 lines were derived

from another set of parents; the Lis38 and Lis46 lines are male and the Lis39 and Lis45 lines

are female. After these lines were established, they were expanded, and triplicate biological

replicates were collected for genomic analysis at passage 20 (the p20 derivation naı̈ve samples)

(Fig. 2.1A). Since the genetic background of hPSC lines may result in line-to-line variability,

independently of their pluripotent state, we used these original virgin naı̈ve hESC cultures to

generate matched isogenic pairs of naı̈ve and primed hESC cultures. This was done at passage 20,

by transitioning a portion of each culture to primed conditions, while another portion was kept in

naı̈ve conditions. The primed and naı̈ve cultures were grown in parallel for another 10 passages

and at p30, phenotyping and collection of samples for genomic analysis was performed (the p30

Early primed and p30 Early naı̈ve samples) (Fig. 2.1A). Finally, these cultures were grown for an
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additional 20 passages and at p50, phenotyping and collection of samples for genomic analysis

was performed (the p50 Late primed and p50 Late naı̈ve samples) (Fig. 2.1A).
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Figure 2.1: (next page): Validation of naı̈ve and primed states at derivation, and at early and
late passages.
(A) Study design - four virgin naı̈ve hESC lines, Lis38; Lis39; Lis 45 and Lis 46, were derived
and cultured in naı̈ve conditions. At passage 20 (p20, Derivation naı̈ve), half of the cells from
each line were transferred to primed conditions (conversion), and half continued to be cultured
in naı̈ve conditions. After 10 passages cells in the naı̈ve (p30, Early naı̈ve) and primed (p30,
Early primed) cultures were analyzed. Cells were analyzed again at after an additional 20
passages (p50, Late naı̈ve and Late primed). (B) Colony morphology of virgin naı̈ve cells and
their isogenic primed counterparts (scale bar-200 µm) and immunofluorescence staining for the
pluripotent markers OCT4, TRA-1-60 and SSEA4 and for the naı̈ve marker TFE3 (scale bar-100
µm). (C) Relative mRNA expression levels of the naı̈ve markers KLF17, TFCP2L1 and STELLA
as determined by qRT-PCR in naı̈ve (red column) and their primed counterparts (blue column)
lines, relative to primed control (black column). All data are expressed as mean ± SEM of two
independent biological experiments, each was conducted in triplicates. ***p<.005 by paired
t-test. (D) In vivo differentiation is was demonstrated by teratoma formation at p40. Tissues
of representing the three germ layers were identified using hemotoxylin and eosin staining and
marked by white arrows (scale bar 50 µm).
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The pluripotency of Derivation naı̈ve, Early naı̈ve, Early primed, Late naı̈ve, and Late

primed cultures was confirmed by demonstrating expression of pluripotency-associated markers

(similar expression of OCT4, TRA-1-60, SSEA4 and NANOG (Fig. 2.1B, Fig. 2.2A, Fig. 2.3B,

Fig. 2.4B). The naı̈ve status of the Derivation naı̈ve, Early naı̈ve, and Late naı̈ve cultures was

confirmed by demonstrating domed colony morphology and nuclear staining of TEF3 (in contrast

to flat colony morphology and cytoplasmic staining in the primed cultures) (Fig. 2.1B, Fig.

2.2B, Fig. 2.3A-B, Fig. 2.4A-B), and higher expression of KLF17, TFCPL1, STELLA, KLF5

and KLF4 compared to primed cultures (Fig. 2.1C, Fig. 2.2C, Fig. 2.3C, Fig. 2.4C). The

differentiation capacity of the naı̈ve and primed hESC lines was demonstrated by their ability

to generate mature teratomas comprised of cells representing all three germ layers following

xenotransplantation into NSG mice (Fig. 2.1D).
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Figure 2.2: Characterization of virgin naı̈ve hESC lines.
(A) Immunofluorescence staining for pluripotency markers, OCT4, TRA-1-60 and SSEA4 (A)
and the naı̈ve marker TFE3 (B) in the virgin naı̈ve and primed control hESC lines (scale bar-100
µm). (C) Relative mRNA expression levels of the naı̈ve markers KLF17, TFCPL1, STELLA,
KLF5 and KLF4 and a pluripotency marker (NANOG) as determined by qRT-PCR in virgin
naı̈ve at p20 (Derivation naı̈ve) and primed control (black column) hESC cultures. All data are
expressed as mean ± SEM of two independent biological experiments, each was conducted in
triplicates. ***p<0.005 by one sample t-test.
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Figure 2.3: (next page): Validation of naı̈ve and primed states at early passage after conversion.
(A) Colony morphology of early passage (p30, Early naı̈ve, top row) and their early passage
isogenic primed counterparts (p30, Early primed, bottom row; scale bar-200µm). (B) Immunoflu-
orescence staining for pluripotent markers, OCT4, TRA-1-60 and SSEA4 and for the naı̈ve
marker TFE3 in Early naı̈ve (top 4 rows) and isogenic Early primed (bottom 4 rows) hESC
cultures (scale bar-100 µm). (C) Relative mRNA expression levels of naı̈ve markers KLF17,
TFCP2L1 and STELLA as determined by qRT-PCR in Early naı̈ve (red column) and Early
primed (blue column) cultures, relative to primed control (black column). All data are expressed
as mean ± SEM of two independent biological experiments, each was conducted in triplicates.
*p<0.05, **p<0.01, ***p<0.005 by paired t-test.
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Figure 2.4: (next page): Analyzing the naı̈ve and primed states of hESC lines after prolonged
culture.
(A) Colony morphology of p50 Late naı̈ve (top row) and isogenic Late primed (bottom row)
hESC cultures (scale bar-200 µm). (B) Immunofluorescence staining for pluripotency markers,
OCT4, TRA-1-60 and SSEA4 and for the naı̈ve marker TFE3 in naı̈ve and isogenic primed
hESCs (scale bar-100 µm). (C) Relative mRNA expression levels of the naı̈ve markers KLF17,
TFCP2L1 and STELLA as determined by qRT-PCR in Late naı̈ve (red column) and Late primed
(blue column) hESC cultures, relative to primed control cultures (black column). All data are
expressed as mean ± SEM of two independent biological experiments, each was conducted in
triplicates. *p<0.05, **p<0.01, ***p <0.005 by paired t-test.
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2.3.2 Transcriptome analysis places the isogenic naı̈ve/primed hESC cul-

tures along the previously reported developmental continuum

Transcriptomic profiling of all four isogenic naı̈ve and primed hESC lines was performed

using RNA-seq. Samples were collected at three timepoints: Derivation naı̈ve cultures at p20,

Early naı̈ve and primed cultures at p30, and Late naı̈ve and primed cultures at p50. Triplicate

cultures in each condition at each timepoint were collected and analyzed, for a total of 60 samples.

Principal component analysis (PCA) on normalized data revealed that the cultures separated along

the first principal component by pluripotent state (naı̈ve vs primed, (Fig. 2.5A)). The second

principal component divided our naı̈ve cultures by time in culture, with the p20 (Derivation naı̈ve)

cultures clustering above the p50 (Late naı̈ve) cultures for each hESC line, but with the p30 (Early

naı̈ve) cultures occupying variable positions (clustering more closely to the p20 cultures for Lis38,

more closely to the p50 culture for Lis46, close to both p20 and p50 for Lis45, and far from both

p20 and p50 for Lis39) (Fig. 2.5A). Differential expression analysis of our cultures resulted in

278 genes upregulated and 668 genes downregulated (adj p-value < 0.05, basemean > 50, paired

analysis by line and timepoint) in the naı̈ve cultures compared to their isogenic primed cultures at

similar time points (Fig. 2.6A). The genes upregulated in our naı̈ve cultures were enriched for

the ectoderm differentiation pathway (adj p-value < 0.005) whereas the top enriched pathways

for genes downregulated in our naı̈ve cultures were Focal Adhesion and the VEGFA-VEGFR2

Signaling Pathway (Table 2.2).
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Figure 2.5: (next page): Transcriptomic profiling of early and late naı̈ve and primed cultures in
the context of previously published reports.
(A) Principal component analysis of all 60 (triplicates of each condition and timepoint) samples
using all genes passing filter (see methods). (B) RNA-seq principal component analysis of all
60 (triplicates of each condition and timepoint) samples in this study along with previously
published naı̈ve, intermediate, and primed lines (Table 2.3) using all genes passing filter (see
methods). (C) Heatmap displaying the top 100 genes, ranked by their loadings on the first
principal component (see Fig. 2.5B). Samples and genes are hierarchically clustered using
Euclidean distance. A ”*” has been placed next to the five genes previously reported to be
naı̈ve markers shared by three different naı̈ve conversion methods. (D) Small RNA-seq principal
component analysis of all samples in this study along with previously published naı̈ve and
primed lines (Table 2.4) using all miRNAs passing filter (see methods).
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Figure 2.6: Transcriptomic and epigenomic characterization of our naı̈ve and primed cultures.
(A) Heatmap displaying the top 100 differentially expressed genes by fold change (50 upreg-
ulated in naı̈ve vs 50 upregulated in primed). (B) Global methylation levels from EPIC DNA
methylation array. One sample from each line at each condition and timepoint. Methylation
levels are displayed as a percentage of four beta value bins (beta values range from 0 to 1 and
are used to measure the percentage of methylation. They are the ratio of the methylated probe
intensity and the overall intensity (sum of methylated and unmethylated probe intensities))

Previous reports have suggested that instead of two pluripotent states, there exists a

developmental continuum between the naı̈ve and primed states [166, 212], including a formative

(and intermediate) state [224]. To assess where our naı̈ve and primed cultures lie in relation

to previously published human naı̈ve, primed, and intermediate pluripotent stem cell lines, we

combined our transcriptomic data with data from several previous studies. Using PCA, the
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Table 2.2: Gene set enrichment analysis for upregulated and downregulated genes in the naı̈ve
cultures compared to their isogenic primed cultures at similar time points using WikiPathways
2019 in Enrichr.

WikiPathways 2019 – Pathways enriched in genes upregulated in Naive cultures
Term Adj. p-value Score
Ectoderm Differentiation WP2858 0.003274123 60.825

WikiPathways 2019 – Pathways enriched in genes downregulated in Naive cultures
Term Adj. p-value Score
Focal Adhesion WP306 2.474994E-10 156.06
VEGFA-VEGFR2 Signaling Pathway WP3888 1.314557E-08 105.69
Primary Focal Segmental Glomerulosclerosis FSGS WP2572 1.367432E-06 141.58
Nuclear Receptors Meta-Pathway WP2882 2.848667E-05 45.891
NRF2 pathway WP2884 2.848667E-05 64.988
Lung fibrosis WP3624 5.342485E-05 95.692
Integrin-mediated Cell Adhesion WP185 5.342485E-05 69.769
Ebola Virus Pathway on Host WP4217 5.342485E-05 60.332
Senescence and Autophagy in Cancer WP615 7.130343E-05 64.184
Focal Adhesion-PI3K-Akt-mTOR-signaling pathway WP3932 0.000120781 36.198
Myometrial Relaxation and Contraction Pathways WP289 0.000137519 47.105
Pathogenic Escherichia coli infection WP2272 0.000315784 73.725
Prostaglandin Synthesis and Regulation WP98 0.000357064 81.412
Differentiation Pathway WP2848 0.000540748 71.432
Hepatitis C and Hepatocellular Carcinoma WP3646 0.000605166 68.502
Arrhythmogenic Right Ventricular Cardiomyopathy WP2118 0.000615547 52.877
Androgen receptor signaling pathway WP138 0.000785945 45.278
Endochondral Ossification WP474 0.0008113679 53.952
TGF-beta Receptor Signaling WP560 0.001092899 56.178
MAPK Signaling Pathway WP382 0.001304751 25.837
miR-509-3p alteration of YAP1/ECM axis WP3967 0.002554352 104.6
PI3K-Akt Signaling Pathway WP4172 0.002793695 19.915
Apoptosis Modulation and Signaling WP1772 0.002887426 33.89
Photodynamic therapy-induced AP-1 survival signaling. WP3611 0.002887426 46.622
Nanoparticle-mediated activation of receptor signaling WP2643 0.003291976 65.289
Copper homeostasis WP3286 0.003515558 43.016
Ferroptosis WP4313 0.003515558 49.828
Extracellular vesicles in the crosstalk of cardiac cells WP4300 0.003515558 83.662
Interferon type I signaling pathways WP585 0.004199503 39.792
TGF-beta Signaling Pathway WP366 0.00494669 24.468
Regulation of Actin Cytoskeleton WP51 0.0051118098 22.881
Selenium Micronutrient Network WP15 0.005616929 28.686
Mammary gland development pathway - Puberty (Stage 2 of 4) WP2814 0.00618824 94.086
Osteopontin Signaling WP1434 0.00618824 94.086
Oxidative Stress WP408 0.00618824 47.116

previously published naı̈ve and primed lines separated largely on the first principal component,

with the naı̈ve cultures to the left and the primed cultures to the right (Fig. 2.5B). Our naı̈ve lines

were positioned slightly to the left of hESCs cultured in similar naı̈ve culture conditions (NHSM)

or Intermediate conditions (Fig. 2.5B, Table 2.3). Our primed cultures were positioned slightly to
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the right of the NHSM and Intermediate hESCs. Our naı̈ve and primed lines were also separated

from each other on the second principal component. Performing hierarchical clustering using the

top 100 genes ranked by their loadings on the first principal component, our naı̈ve and primed

lines clustered together with all of the previously published primed lines, the intermediate lines

(FTW), the four NHSM derived naı̈ve lines (Fig. 2.5C, Table 2.3). These 100 genes include five

genes previously reported to be markers shared among three disparate naı̈ve conversion methods

(DNMT3L, KHDC3L, TRIM60, KLF17, OLAH) [128].

To focus on the transcriptomic changes that occurred in conversion from our naı̈ve to our

primed conditions, we identified the genes that were differentially up- and downregulated in our

p20 Derivation naı̈ve cultures compared to our p50 Late primed cultures (adj p-value < 0.05,

Log2 fold change > 2) and asked how many of these genes were also differentially expressed (adj

p-value < 0.05, Log2 fold change > 2) in each stage of human embryonic development compared

to all the other stages in a previously reported single-cell RNA-seq dataset [220]. Comparing

the gene expression changes between these datasets, we found that our naı̈ve lines most closely

resembled the late blastocyst stage (data not shown).

We next asked how similar the miRNA profiles of our matched isogenic naı̈ve and primed

cultures were to those in the small number of previously published miRNA datasets from naı̈ve

and primed hESC cultures. We performed PCA on our cultures in the context of two primed

samples from the Encode project (WA01 hESC line) and six primed and six naı̈ve samples (HNES

hESC line) (Fig. 2.5D, Table 2.4) [48]. The naı̈ve and primed cultures from the NHES line

separated predominantly on the first principal component (PC) and to a lesser extent on the second

PC, while the naı̈ve and primed cultures from our lines separated mostly on the second PC. For

both the NHES and our lines, the naı̈ve cultures clustered lower on PC2, and the primed cultures

clustered higher on PC 2. The primed WA01 cultures were positioned near the middle on both

PCs. Differential expression analysis (adj p-value < 0.05) revealed that the top five differentially
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Table 2.3: Publicly available RNA-seq samples used in Figure 2.5B

Sample Name Cell Line Description Subset BioProject Study Treatment
ERR1924246 S6EOS S6EOS_R1_s Primed PRJEB20388 Guo, et al., 2017 Primed
ERR1924247 S6EOS S6EOS_R2_s Primed PRJEB20388 Guo, et al., 2017 Primed
ERR1924248 S6EOS S6EOS_R3_s Primed PRJEB20388 Guo, et al., 2017 Primed
ERR1924232 S6EOS cR_S6EOS_p18_R2 Naive PRJEB20388 Guo, et al., 2017 tt2iLGo
ERR1924233 S6EOS cR_S6EOS_p18_R3_s Naive PRJEB20388 Guo, et al., 2017 tt2iLGo
ERR1924234 S6EOS cR_S6EOS_p26_R1_s Naive PRJEB20388 Guo, et al., 2017 tt2iLGo
ERR1924235 S6EOS cR_S6EOS_p26_R2_s Naive PRJEB20388 Guo, et al., 2017 tt2iLGo
ERR1924236 S6EOS cR_S6EOS_p26_R3_s Naive PRJEB20388 Guo, et al., 2017 tt2iLGo
ERR361241 WA01 hESCs_RNA_Rep1 Primed PRJEB4879 Chan et al., 2013 Primed
ERR361243 WA01 hESCs_RNA_Rep3 Primed PRJEB4879 Chan et al., 2013 Primed
ERR361245 WA01 hESCs_RNA_Rep2 Primed PRJEB4879 Chan et al., 2013 Primed
ERR361240 WA01 3iL_hESCs_RNA_Rep2 Naive PRJEB4879 Chan et al., 2013 3iL
ERR361242 WA01 3iL_hESCs_RNA_Rep1 Naive PRJEB4879 Chan et al., 2013 3iL
ERR361244 WA01 3iL_hESCs_RNA_Rep3 Naive PRJEB4879 Chan et al., 2013 3iL
ERR590401 WA09 H9_R3 Primed PRJEB7132 Takashima et al., 2014 Primed
ERR590408 WA09 H9-R1 Primed PRJEB7132 Takashima et al., 2014 Primed
ERR590410 WA09 H9-R2 Primed PRJEB7132 Takashima et al., 2014 Primed
ERR590400 WA09 H9_reset_R1 Naive PRJEB7132 Takashima et al., 2014 t2iLGo+NANOG+KLF2
SRR1561941 WA01 H1 mRNA rep 1 Primed PRJNA259889 Sperber et al., 2015 Primed
SRR2297450 WA01 H1 4iLIF rep1 Naive PRJNA259889 Sperber et al., 2015 4iLIF
SRR2297451 WA01 H1 4iLIF rep2 Naive PRJNA259889 Sperber et al., 2015 4iLIF
SRR2297452 Lis1 Lis1 rep1 Naive PRJNA259889 Sperber et al., 2015 4iLIF
SRR2297453 Lis1 Lis1 rep2 Naive PRJNA259889 Sperber et al., 2015 4iLIF
SRR1561942 ELF ELF rep1 Naive PRJNA259889 Sperber et al., 2015 2iL-I-F
SRR1561943 ELF ELF rep2 Naive PRJNA259889 Sperber et al., 2015 2iL-I-F
SRR4241925 WA09 RNA-seq_hESC_2 Naive PRJNA342888 Von Meyenn et al., 2016 t2iL+PKCi
SRR4289957 UCLA1 UCLA1_Primed_Rep1 Primed PRJNA343938 Sahakyan et al., 2017 Primed
SRR4289958 UCLA1 UCLA1_Primed_Rep2 Primed PRJNA343938 Sahakyan et al., 2017 Primed
SRR4289959 UCLA1 UCLA1_Reprimed Primed PRJNA343938 Sahakyan et al., 2017 5i/L/FA
SRR4289950 UCLA1 UCLA1_Clone12_XIST_Pos_Rep1 Naive PRJNA343938 Sahakyan et al., 2017 5i/L/FA
SRR4289951 UCLA1 UCLA1_Clone12_XIST_Pos_Rep2 Naive PRJNA343938 Sahakyan et al., 2017 5i/L/FA
SRR4289952 UCLA1 UCLA1_Clone4_LatePassage_XIST_Pos Naive PRJNA343938 Sahakyan et al., 2017 5i/L/FA
SRR4289953 UCLA1 UCLA1_Clone4_XIST_Neg_Rep1 Naive PRJNA343938 Sahakyan et al., 2017 5i/L/FA
SRR4289954 UCLA1 UCLA1_Clone4_XIST_Neg_Rep2 Naive PRJNA343938 Sahakyan et al., 2017 5i/L/FA
SRR4289955 UCLA1 UCLA1_Clone9_XIST_Pos_Rep1 Naive PRJNA343938 Sahakyan et al., 2017 5i/L/FA
SRR4289956 UCLA1 UCLA1_Clone9_XIST_Pos_Rep2 Naive PRJNA343938 Sahakyan et al., 2017 5i/L/FA
SRR5151105 WA09 Primed_Rep1 Primed PRJNA360413 Collier et al., 2017 Primed
SRR5151106 WA09 Primed_Rep2 Primed PRJNA360413 Collier et al., 2017 Primed
SRR5151102 WA09 Naive_Rep1 Naive PRJNA360413 Collier et al., 2017 t2iLGo+NANOG+KLF2
SRR5151103 WA09 Naive_Rep2 Naive PRJNA360413 Collier et al., 2017 t2iLGo+NANOG+KLF2
SRR5151104 WA09 Naive_Rep3 Naive PRJNA360413 Collier et al., 2017 t2iLGo+NANOG+KLF2
SRR6748810 WIBR3 WIBR3 Primed Primed PRJNA434588 Di Stefano et al., 2018 Primed
SRR6748811 UCLA1 UCLA1 Primed Primed PRJNA434588 Di Stefano et al., 2018 Primed
SRR6748812 UCLA4 UCLA4 Primed Primed PRJNA434588 Di Stefano et al., 2018 Primed
SRR6748813 UCLA5 UCLA5 Primed Primed PRJNA434588 Di Stefano et al., 2018 Primed
SRR6748814 UCLA9 UCLA9 Primed Primed PRJNA434588 Di Stefano et al., 2018 Primed
SRR6748815 WIBR3 WIBR3 naive PD03 1mM Naive PRJNA434588 Di Stefano et al., 2018 5i/L/FA
SRR6748816 WIBR3 WIBR3 naive PD03 0.5mM Naive PRJNA434588 Di Stefano et al., 2018 m5i/L/FA
SRR6748817 UCLA1 UCLA1 naive PD03 1mM Naive PRJNA434588 Di Stefano et al., 2018 5i/L/FA
SRR6748818 UCLA1 UCLA1 naive PD03 0.5mM Naive PRJNA434588 Di Stefano et al., 2018 m5i/L/FA
SRR6748819 UCLA4 UCLA4 naive PD03 1mM Naive PRJNA434588 Di Stefano et al., 2018 5i/L/FA
SRR6748820 UCLA4 UCLA4 naive PD03 0.5mM Naive PRJNA434588 Di Stefano et al., 2018 m5i/L/FA
SRR6748821 UCLA5 UCLA5 naive PD03 1mM Naive PRJNA434588 Di Stefano et al., 2018 5i/L/FA
SRR6748822 UCLA5 UCLA5 naive PD03 0.5mM Naive PRJNA434588 Di Stefano et al., 2018 m5i/L/FA
SRR6748823 UCLA9 UCLA9 naive PD03 1mM Naive PRJNA434588 Di Stefano et al., 2018 5i/L/FA
SRR6748824 UCLA9 UCLA9 naive PD03 0.5mM Naive PRJNA434588 Di Stefano et al., 2018 m5i/L/FA
SRR6748825 UCLA4 UCLA4 naive TAK-733 0.5mM Naive PRJNA434588 Di Stefano et al., 2018 4i/L/FA_TAK-733
SRR6748826 UCLA4 UCLA4 naive Refametinib 0.5mM Naive PRJNA434588 Di Stefano et al., 2018 4i/L/FA_Refametinib
SRR6748827 UCLA4 UCLA4 naive Cobimetinib 0.5mM Naive PRJNA434588 Di Stefano et al., 2018 4i/L/FA_Cobimetinib
SRR6748828 UCLA4 UCLA4 naive t2iLGoY Naive PRJNA434588 Di Stefano et al., 2018 t2iLGoY
SRR12430924 FTW-hiPS#1 FTW-hiPSC#1.r1 Intermediate PRJNA560892 Wang et al., 2021 FTW
SRR12430925 FTW-hiPS#1 FTW-hiPSC#1.r2 Intermediate PRJNA560892 Wang et al., 2021 FTW
SRR12430926 FTW-hiPS#2 FTW-hiPSC#2.r1 Intermediate PRJNA560892 Wang et al., 2021 FTW
SRR12430927 FTW-hiPS#2 FTW-hiPSC#2.r2 Intermediate PRJNA560892 Wang et al., 2021 FTW

expressed miRNA’s upregulated in the HNES naı̈ve cultures compared to HNES primed cultures

were miR-143-3p, miR-92b-3p, miR-512-3p, miR-199, and miR-363-3p. Of these, miR-92b-3p

and miR363-3p were also significantly upregulated in our naı̈ve cultures compared to our primed

cultures.
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Table 2.4: Publicly available small RNA-seq samples used in Figure 2.5D.

Sample Name Cell Line Description Subset BioProject Study
SRR026663 H1 ENCODE_H1_6 Primed PRJNA259585 Roadmap Epigenomics
SRR020285 H1 ENCODE_H1_8 Primed PRJNA34535 Roadmap Epigenomics

GSM3669491 HNES1 HNES1_naive_1 Naive PRJNA526900 Dodsworth et al., 2020
GSM3669492 HNES1 HNES1_naive_2 Naive PRJNA526900 Dodsworth et al., 2020
GSM3669493 HNES1 HNES1_naive_3 Naive PRJNA526900 Dodsworth et al., 2020
GSM3669503 HNES1 HNES1_primed_1 Primed PRJNA526900 Dodsworth et al., 2020
GSM3669504 HNES1 HNES1_primed_2 Primed PRJNA526900 Dodsworth et al., 2020
GSM3669505 HNES1 HNES1_primed_3 Primed PRJNA526900 Dodsworth et al., 2020
GSM3669494 HNES2 HNES2_naive_1 Naive PRJNA526900 Dodsworth et al., 2020
GSM3669495 HNES2 HNES2_naive_2 Naive PRJNA526900 Dodsworth et al., 2020
GSM3669496 HNES2 HNES2_naive_3 Naive PRJNA526900 Dodsworth et al., 2020
GSM3669506 HNES2 HNES2_primed_1 Primed PRJNA526900 Dodsworth et al., 2020
GSM3669507 HNES2 HNES2_primed_2 Primed PRJNA526900 Dodsworth et al., 2020
GSM3669508 HNES2 HNES2_primed_3 Primed PRJNA526900 Dodsworth et al., 2020

It is well established from DNA methylation studies that the preimplantation methylome

is hypomethylated [167]. Likewise, human naı̈ve hESCs generated under a variety of conversion

methods have reported global CpG methylation levels of about 30% whereas primed methylation

levels are generally reported to be close to 80% [40]. To interrogate our cultures’ global DNA

methylation profiles, we performed whole genome DNA methylation array analysis using EPIC

DNA methylation arrays (Illumina, Inc.). We found that the average methylation level of our

naı̈ve cultures was close to 60%, approximately 2-4% lower than that of our primed cultures (Fig.

2.6B).

2.3.3 Long-term culture has differential effects on the phenotypes and

transcriptomes of virgin naı̈ve and isogenic primed hESCs

We observed that the doubling times of early virgin naı̈ve cultures were significantly

shorter than those of their isogenic primed counterparts for all four hESC lines in this study

(Fig. 2.7A, left), consistent with higher proliferation rates. We then used EdU labeling to

determine whether the increased proliferation of the virgin naı̈ve cells was associated with a
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difference in cell cycle regulation, and found that early virgin naı̈ve cultures had significantly

higher fractions of cells in S phase compared to their isogenic primed counterparts (Fig. 2.7B,

left). Clonogenicity, or the ability to expand from single cells to form colonies, is a useful feature

that enables experimental manipulations that require cloning of single cells, such as gene targeting.

We determined that for each of our four hESC lines, the clonogenicity of the early virgin naı̈ve

culture was higher than that of its isogenic primed counterpart (Fig. 2.7C, left).
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Figure 2.7: Comparing proliferation rate and clonogenicity potential of virgin naı̈ve and isogenic
primed hESCs at early and late passage.
(A) Proliferation rate was determined by doubling time assay. (B) Fraction of cells in S-phase
was analyzed using EdU incorporation and quantitative DNA staining followed by FACS analysis.
(C) Clonogenicity potential determined by alkaline phosphatase staining of colonies 7 days after
seeding at low density. All data are expressed as mean ± SEM of two independent biological
experiments, each was conducted in triplicates. *p<.05, **p<.01, ***p<.005 by paired t-test.

We then investigated the effect of extended culture on these phenotypic properties for

the virgin naı̈ve and primed cultures. The colony formation assay showed that late naı̈ve cells

were more clonogenic than their isogenic primed counterparts (Fig. 2.7C, right). However,

analysis of proliferation rate, as indicated by either doubling time or fraction of cells in S phase,
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demonstrated that only one hESC line (Lis 38) maintained a higher proliferation rate in the late

naı̈ve culture compared to the primed culture; for the other three lines (Lis 39, Lis 45, and Lis

46), the late naı̈ve cells proliferated more slowly than their isogenic primed counterparts (Fig.

2.7A and Fig. 2.7B, right).

We next sought to determine whether these phenotypic changes were associated with

transcriptomic alterations that occurred during long-term culture in naı̈ve conditions. We first

identified changes in mRNA expression associated with long-term culture in naı̈ve conditions

by performing differential expression analysis among cultures collected at the post-derivation

(p20), early (p30) and late (p50) timepoints (please see “Differential mRNA expression analysis”

in the Methods section). By taking the mRNAs that were upregulated (adj. p-value < 0.05, Log2

fold change > 1) at the naı̈ve p20 timepoint compared to both the early (p30) and late (p50)

naı̈ve timepoints, and removing the mRNAs that were also upregulated in early primed compared

to the late primed timepoint, we identified 177 mRNAs that were uniquely upregulated at the

earliest naı̈ve state. These mRNAs were significantly enriched (adj. p-value < 0.05) for gene

ontology (GO) biological process terms relating to positive regulation of DNA transcription and

the regulation of pathway-restricted SMAD protein phosphorylation, including the previously

reported naı̈ve markers NODAL and LEFTY2 [52] (Table 2.5). This set of early naı̈ve upregulated

genes also contained the classical pluripotency markers OCT4 and NANOG, the pre-implantation

embryo-associated gene TEAD4, and the naı̈ve marker KLF4. The corresponding analysis to

identify mRNAs uniquely downregulated (adj. p-value < 0.05, Log2 fold change > 1) in the

early naı̈ve cultures yielded 157 mRNAs. These mRNAs were significantly enriched (adj. p-value

< 0.05) for GO terms relating to development, differentiation, and negative regulation of both the

Wnt and insulin-like growth factor receptor signaling pathways, supporting their more naı̈ve state

(Fig. 2.8A, Table 2.6).

Next, because miRNAs are known to play important roles in regulation of gene expression,
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Table 2.5: Gene ontology enrichment analysis (biological processes) for the 177 mRNAs
uniquely upregulated at the earliest naı̈ve (p20) timepoint.

Term Adjusted P-value
regulation of transcription DNA-templated (GO:0006355) 0.00665
cellular modified amino acid catabolic process (GO:0042219) 0.00843
regulation of gene expression (GO:0010468) 0.01381
positive regulation of transcription by RNA polymerase II (GO:0045944) 0.0192
regulation of cell differentiation (GO:0045595) 0.0192
cellular response to cadmium ion (GO:0071276) 0.0192
regulation of transcription by RNA polymerase II (GO:0006357) 0.0192
response to cadmium ion (GO:0046686) 0.01927
positive regulation of transcription DNA-templated (GO:0045893) 0.01927
regulation of pathway-restricted SMAD protein phosphorylation (GO:0060393) 0.02112

Table 2.6: Gene ontology enrichment analysis (biological processes) for the 157 mRNAs
uniquely downregulated at the earliest naı̈ve (p20) timepoint. Top 20 terms shown.

Term Adjusted P-value
regulation of BMP signaling pathway (GO:0030510) 2.0015E-04
regulation of cardiac muscle cell differentiation (GO:2000725) 5.3299E-04
negative regulation of steroid biosynthetic process (GO:0010894) 5.3299E-04
negative regulation of cell differentiation (GO:0045596) 6.8721E-04
negative regulation of cellular response to growth factor stimulus (GO:0090288) 6.8721E-04
negative regulation of BMP signaling pathway (GO:0030514) 6.8721E-04
cardiac muscle tissue development (GO:0048738) 6.8721E-04
cardiac myofibril assembly (GO:0055003) 6.8721E-04
negative regulation of insulin-like growth factor receptor signaling pathway (GO:0043569) 6.8721E-04
renal system development (GO:0072001) 6.8721E-04
chordate embryonic development (GO:0043009) 6.8721E-04
regulation of pathway-restricted SMAD protein phosphorylation (GO:0060393) 6.8721E-04
regulation of endothelial cell migration (GO:0010594) 6.8721E-04
regulation of muscle cell differentiation (GO:0051147) 7.4195E-04
cell-cell adhesion via plasma-membrane adhesion molecules (GO:0098742) 7.4557E-04
skeletal muscle thin filament assembly (GO:0030240) 7.9371E-04
neuron differentiation (GO:0030182) 7.9371E-04
nervous system development (GO:0007399) 9.2864E-04
regulation of insulin-like growth factor receptor signaling pathway (GO:0043567) 9.4121E-04
negative regulation of Wnt signaling pathway (GO:0030178) 1.4210E-03

and have recently been reported to influence human naı̈ve pluripotency [170, 206, 48], we

performed a combined mRNA/miRNA analysis to identify regulatory changes that occurred

over time in passage in naı̈ve conditions (see “Integrative analysis of miRNAs and mRNAs

differentially expressed between derivation naı̈ve and early/late naı̈ve cultures” in the Methods

section). We first used STRING to create separate networks of mRNAs that were upregulated

and downregulated between the derivation (p20) and early/late naı̈ve cultures (p30 and p50), and

performed clustering to highlight closely related genes (networks in (Fig. 2.8B and Fig. 2.8C).
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The largest subcluster of genes that showed mRNA downregulation in the derivation naı̈ve cultures

compared to early/late naı̈ve cultures (Fig. 2.8B network) was highly enriched for the Hippo,

TGF-beta, Wnt, and Hedgehog signaling pathways (Fig. 2.8B table), all of which have been

shown to be important in the establishment or regulation of the naı̈ve state [157, 69, 218, 206].

Using hierarchical clustering to identify the miRNAs with the highest composite importance

scores across the genes in the subcluster (Fig. 2.8B heatmap), we applied miRPathDB 2.0 [94]

and found that the majority of these miRNAs displayed significant (p-value < 0.05) enrichments

for one or more of the pathways enriched by the set of mRNAs in the cluster (Fig. 2.8B table).
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Figure 2.8: (next page): Effects of long-term culture on the transcriptomics of naı̈ve hESCs.
(A) Gene ontology (GO) enrichment analysis of uniquely downregulated genes in the naı̈ve
derivation (p20) timepoint compared to the early (p30) and late (p50) timepoints among cultures.
Genes that were downregulated in the early primed vs late primed timepoint were removed
leaving 157 genes (Table 2.6). Revigo and CirGO were used to provide a non-redundant and
biologically succinct visualization of GO terms with an adjusted p-value < 0.05. (B) Combined
mRNA and miRNA expression analysis to identify regulatory changes occurring over time in
naı̈ve conditions. The network (right) was constructed by creating STRING protein to protein
interaction networks and then clustering the networks. The network shows the largest cluster
of mRNAs downregulated in derivation (p20) naı̈ve cultures compared to early (p30) and late
(p50) naı̈ve cultures with the size relative to the Betweenness Centrality score and the color
representing the node degree. The heatmap (left) was created using the importance scores
generated by integrating the miRNA and mRNA using a gene regulatory inference algorithm.
The colors represent the importance scores with reflect the degree to which each potential mRNA
target is regulated by each miRNA in the dataset (see methods). The heatmap shows the mRNAs
downregulated in the p20 cultures that were also found in the largest clustered network (right).
The table shows the significant (adj. p-value < 0.00005) KEGG 2021 pathways enriched in the
mRNAs in the largest clustered network. The lines drawn from the miRNAs in the heatmap to
the pathways in the table, indicate the pathways predicted to be regulated by the corresponding
miRNAs by miRPathDB. Only the miRNAs highlighted in green were analyzed. (C) Combined
mRNA and miRNA expression analysis to identify regulatory changes occurring over time in
naı̈ve conditions. The network (left) was constructed by creating STRING protein to protein
interaction networks and then clustering the networks. The network shows the largest cluster
of mRNAs upregulated in derivation (p20) naı̈ve cultures compared to early (p30) and late
(p50) naı̈ve cultures with the size relative to the Betweenness Centrality score and the color
representing the node degree. The heatmap (left) was created using the importance scores
generated by integrating the miRNA and mRNA using a gene regulatory inference algorithm.
The colors represent the importance scores with reflect the degree to which each potential mRNA
target is regulated by each miRNA in the dataset (see methods). The heatmap shows the mRNAs
downregulated in the p20 cultures that were also found in the largest clustered network (right).
The table shows the significant (adj. p-value < 0.05) KEGG 2021 pathways enriched in the
mRNAs in the largest clustered network. The lines drawn from the miRNAs in the heatmap to
the pathways in the table, indicate the pathways predicted to be regulated by the corresponding
miRNAs by miRPathDB. Only the miRNAs highlighted in green were analyzed. (D) 5 of 18
miRNAs with the highest importance scores in Fig. 2.8B and Fig. 2.8C were found in the same
miRNA cluster on chromosome 7.
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The largest subcluster for the genes that showed mRNA upregulation in the derivation

naı̈ve cultures compared to early/late naı̈ve cultures (Fig. 2.8C network) was highly enriched

for pathways pertaining to pluripotency and the maintenance of pluripotency, namely the TGF-

beta and PI3K-Akt signaling pathways [158, 194] as well as pathways associated with cancer

(Fig. 2.8C network). The miRNA’s with the highest composite importance scores across

the corresponding mRNAs in this subcluster (Fig. 2.8C heatmap) were likewise significantly

enriched (p-value > 0.05) for the same pathways (Fig. 2.8C table).

Interestingly, 5 of the 18 miRNAs that had the highest importance scores for these two

subclusters (4 out of 13 downregulated and 1 out of 5 upregulated miRNAs in the derivation

naı̈ve cultures) are encoded by the same miRNA cluster on chromosome 7 (Fig. 2.8D). The

DNA methylation levels of the CpG islands in this region of chromosome 7 were lower for the

naı̈ve p20 samples compared to the naı̈ve and primed p30 and p50 samples, although statistically

significantly lower for only two of the four hESC lines (p-value < 0.05, Mann Whitney U

test)(data not shown). Moreover, 7 of these highest importance 18 miRNAs are included in the

miRPathDB database, and 6 of these 7 were found to have highly similar sets of target genes,

as assessed by their Jaccard similarity coefficients; using the “Similar miRNAs” function in

miRPathDB, these 6 miRNAs were ranked in the top 20 in the “Jaccard coefficient (‘target

genes strong)” column out of the over 4000 total miRNAs in the database [94]. Consistent

with prior studies, we found that several let-7 family miRNAs were downregulated in derivation

naı̈ve cultures compared to later cultures [61, 48, 206]. However, the miR-302/miR-371-373

clusters, previously reported to be associated with the transition from naı̈ve to primed substates

[61, 48, 206], were not differentially expressed between our early and late naı̈ve cultures.

We next focused on studying differences in miRNA expression between our naı̈ve and

primed cultures in the context of several previous reports [170, 206, 48]. To identify the greatest

differences between miRNAs expressed in our naı̈ve and primed cultures, we performed differ-

ential expression analysis between our p20 naı̈ve cultures and p50 primed cultures (adj p-value
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< 0.05, Log2 fold change > 1, basemean > 10) and compared the results to recently reported

human naı̈ve and primed small RNA-seq data (Fig. 2.9A) [206, 48]. Of the 72 miRNAs that were

more highly expressed in the p20 naı̈ve cultures, 20 were reported to be consistently upregulated

in previously reported naı̈ve lines, and of the 74 miRNAs that were upregulated in the p50 primed

cultures, 10 were found to be consistently upregulated in previously reported primed lines (Fig.

2.9A, miRNAs in blue = previously reported). Notably, similar to our comparison between the

p20 and p30/p50 naı̈ve cultures, the previously reported naı̈ve-associated miR-371-373 cluster

[206, 183, 48] was not upregulated in our p20 naı̈ve cultures compared to our p50 primed cultures.

To identify miRNAs that regulate the transition from the naı̈ve to primed substates in our study,

we combined our list of differentially expressed miRNAs with our list of differentially expressed

mRNAs (adj. P-value < 0.05, basemean > 50) from the same comparison and used mirTarBase, a

database of experimentally validated miRNA-target gene relations [38], to link changes between

our differentially expressed miRNAs and mRNAs (see “Integrative analysis of miRNAs and

mRNAs differentially expressed between naı̈ve and primed cultures” in the Methods Section).

Only miRNA-target mRNA connections changing in the opposite direction in our p20 naı̈ve vs

p50 primed comparison were considered.
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Figure 2.9: (next page): miRNA differences between our naı̈ve and primed cultures.
(A) Differential expression analysis between our naı̈ve and primed cultures. Volcano plot shows
miRNAs significantly different (adj. p-value < 0.05, Log2 fold change > |1|, basemean > 10)
between our derivation naı̈ve timepoint samples (p20) and our late (p50) primed cultures. The
dotted lines represent a Log2 fold change of |1| and an adjusted p-value of 0.05. Grey dots are
not significant miRNAs, blue dots are miRNAs that have an adj. p-value < 0.05 but not a Log2
fold change > |1|, green dots have a Log2 fold change > |1| but not an adj. p-value < 0.05,
and red dots are those miRNAs considered significantly different by both metrics. miRNAs in
blue font are those that were previously reported to be differentially expressed between naı̈ve
and primed lines. (B) Gene ontology (GO) enrichment analysis of downregulated genes in the
naı̈ve derivation (p20) timepoint that were also targeted by a miRNA that was upregulated in the
p20 naı̈ve cultures. Revigo and CirGO were used to provide a non-redundant and biologically
succinct visualization of GO terms with an adjusted p-value < 0.05. (C) Genomic locations of
miRNA clusters containing multiple miRNAs upregulated in naı̈ve derivation cultures (p20).
(D) Boxplots displaying methylation levels of the regions containing the chromosome 14 and
chromosome X miRNA clusters in part C above. Boxes span the top 75th percentile to bottom
25th percentile with the line in the middle of the boxes representing the median. Whiskers
contain 95% of the data. ”*” represents a significant difference between cultures (p-value <
0.05 Mann-Whitney U).
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We performed GO enrichment analysis on the 1235 downregulated genes that were

also targeted by a miRNA that was upregulated in our p20 naı̈ve cultures, and grouped the

resulting enriched (adj p-value < 0.05) GO terms into larger categories using Revigo and CirGO

[174, 103]. The largest group of enriched GO terms was signaling pathways, and included

numerous pluripotency-associated signaling pathways, including the MAPK cascade, and the

Wnt, ERK, and TGF beta pathways (Fig. 2.9B, Table 2.7). Notably, the TGF beta pathway was

recently reported to be required to maintain the naı̈ve pluripotent state [144]. Consistent with

Wang et al., [206], we found that the Hedgehog Signaling pathway was significantly enriched (adj.

p-value = 0.02, Wikipathway 2021) in our p20 naı̈ve cultures, with the ciliary G-protein coupled

receptor GPR161 targeted by hsa-miR-301a-3p, reported to repress the Hedgehog pathway in the

primed substate, being upregulated in our primed cultures. Interestingly, the second and fourth-

largest GO term groups were the related cell migration and extracellular matrix organization

term groups, respectively (Fig. 2.9B). Recent reports have shown that membrane mechanics and

cell migration may have important regulatory roles in the exit from naı̈ve pluripotency and help

explain morphological differences between the two substates /citeBergert2021. The third-largest

group of GO terms related to cell proliferation, suggesting that miRNAs might be involved in

regulating the doubling time and cell cycle differences that were noted between our naı̈ve and

primed cultures (Fig. 2.7A and 2.7B; Fig. 2.9B).

Finally, we noted that there were three genomic locations that contained multiple naı̈ve

upregulated miRNAs: one miRNA cluster on chromosome 14 q32 in the pluripotency-associated

DLK1-DIO3 locus, which contained 17 of the miRNAs that were upregulated in the p20 naı̈ve

cultures, and whose 167 target genes were enriched for the miRNA-regulated DNA damage

repair pathway (adj. p-value = 0.002); another miRNA cluster on the X chromosome, which

contained six p20 naı̈ve upregulated miRNAs, and whose 71 target genes were enriched for

regulation of cell migration (adj. p-value = 0.01); and a third smaller cluster on chr 7 (analysis
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Table 2.7: Gene ontology enrichment analysis (biological process 2021) of downregulated
genes also targeted by a miRNA upregulated in derivation (p20) naı̈ve cultures. Refers to data in
Figure 2.9B. Shows top 20 terms.

GO Biological Process 2021 Term Name Term ID Adj. P-value
regulation of cell migration GO:0030334 5.49249E-13
negative regulation of programmed cell death GO:0043069 4.4803E-09
regulated exocytosis GO:0045055 5.91794E-09
negative regulation of apoptotic process GO:0043066 2.36032E-08
cellular protein modification process GO:0006464 2.36032E-08
extracellular matrix organization GO:0030198 0.000000027
positive regulation of intracellular signal transduction GO:1902533 8.43956E-08
platelet degranulation GO:0002576 2.24847E-07
collagen fibril organization GO:0030199 2.41274E-07
regulation of apoptotic process GO:0042981 4.95629E-07
regulation of cell population proliferation GO:0042127 1.90928E-06
cytokine-mediated signaling pathway GO:0019221 2.94334E-06
regulation of DNA-templated transcription GO:0045449 3.1748E-06
regulation of focal adhesion assembly GO:0051893 4.35571E-06
positive regulation of cell motility GO:2000147 8.43932E-06
cellular response to growth factor stimulus GO:0071363 8.94593E-06
supramolecular fiber organization GO:0097435 1.92518E-05
positive regulation of cell migration GO:0030335 1.92518E-05
negative regulation of cell migration GO:0030336 4.70442E-05
protein phosphorylation GO:0006468 4.73694E-05

performed using miRTarBase) (Fig. 2.9C). Both the Chr.14 and Chr.X loci are known to be

epigenetically regulated (imprinted and X-linked, respectively). We therefore analyzed the DNA

methylation in the CpG island regions of the miRNAs in these two clusters. Interestingly, we

found that the methylation levels of the early naı̈ve cultures for Lis39 and Lis45 (the two female

lines) were markedly lower than their late corresponding primed cultures, whereas the p20 naı̈ve

cultures for Lis38 and Lis46 (the two male lines) had higher methylation levels (Fig. 2.9D). These

results suggest that miRNA-mediated mRNA regulation plays a role in the establishment and

maintenance of substates of pluripotency and may contribute the phenotypic differences seen in

our cultures.
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2.3.4 Genetic stability of naı̈ve and isogenic primed hESCs over time in

culture

Since high cellular proliferation rate may increase the susceptibility of the cells to genetic

instability, which in turn may increase the risk of tumorigenicity, we compared the genetic stability

of isogenic naı̈ve and primed hESCs. Karyotype analysis showed that all four early virgin naı̈ve

hESC lines retained normal karyotypes as shown by the G-banding (Fig. 2.10A). Consistent

with the karyotype results, chromosomal microarray analysis (CMA) also showed no genetic

aberrations in derivation and early virgin naı̈ve hESCs or isogenic early primed cultures (Fig.

2.10B).
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Figure 2.10: (next page): Cytogenetic analysis of virgin naı̈ve and isogenic primed hESCs over
time in culture.
(A) Karyotype analysis of early virgin naı̈ve hESC lines. (B) Chromosomal charts of the CMA
aberrations detected in late naı̈ve and isogenic primed cells. Duplications are shown in green
and deletions in red. (C) Validation of CMA results by WGS.
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A

B

Lis38_N Lis39_N Lis45_N Lis45_N

Lis45 Lis46

Naive Primed Naive Primed

C Sample Chr. Karyotype CMA Results WGS CNV Analysis

Lis 45_N early X Normal Normal 
4 MBdeletion 

Mosaic Chr. X Deletion 

Lis 45_N late X - EntireChr. X deletion EntireChr. X deletion 

Lis45_P late X - Normal Mosaic Chr. X duplication 

Lis 46_N early X Normal Normal Normal

Lis 46_N late X - EntireChr. X deletion Normal 

Lis46_P late X - Entire Chr. X duplication Chr. X duplication 

Lis45_Nearly 19 Normal Normal Normal

Lis 45_N late 19 - Normal Normal 

Lis45_P late 19 - 19 MB duplication Mosaic Chr. 19 duplication 

Lis 45_N early 17 Normal Normal Normal 

Lis 45_N late 17 - Normal Normal 

Lis45_P late 17 - 55MB duplication Mosaic Chr. 17 duplication 

Lis 46_N early 6 Normal Normal 61 KB duplication 

Lis 46_N late 6 - EntireChr. 6 duplication Mosaic partial Chr. 6 duplication 

Lis 46_P late 6 - Normal Small mosaic Chr. 6 duplication 

Lis 46_N early 1 Normal Normal 2-400 KB duplication 

Lis 46_N late 1 - 99.8 MB duplication 1 MB duplication 

Lis46_P late 1 - Normal -
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Prior studies have shown that extended culture is the most prominent factor contributing

to the accumulation of genetic abnormalities in hPSCs [104, 62, 20, 175, 2, 51, 13, 123, 106, 124,

7, 138, 127, 1]. Indeed, CMA analysis revealed no genetic aberrations in the late cultures for

two of the hESC lines (Lis 38 and Lis 39), the late naı̈ve and primed cultures for the two other

lines (Lis 45 and Lis 46) displayed large copy number aberrations. Specifically, CMA identified

monosomy X in naı̈ve cells for Lis 45 (Lis 45 N); partial duplications of chromosome 17 and

19 in primed cells for Lis 45 (Lis 45 P); a partial duplication of chromosome 1, trisomy 6 and

loss of chromosome X in Lis 46 N; and duplication of chromosome X in Lis 46 P (Fig. 2.10B

and 2.10C). While CMA is widely used method for detecting large chromosomal aberrations in

clinical samples, WGS provides higher resolution and the ability to detect mosaic populations of

cells, some of which contain a given genetic aberration, and others which do not. WGS confirmed

the majority of the CMA results (monosomy X in late Lis 45 N, trisomy X in late Lis 46 P, normal

X in early Lis 46 N, normal chr19 in early and late Lis 45 N, and normal chr17 in early and late

Lis 45 N; (Fig. 2.10C). Moreover, WGS showed that some of the aberrations identify by CMA

were in fact mosaic (monosomy X in late Lis 46 N, chr19 duplication in late Lis 46 P, chr17

duplication in late Lis 46 P and trisomy 6 in late Lis 46 N). In other cases, loci that were called

normal by CMA were shown to have copy number alterations by WGS (mosaic monosomy X in

early Lis 45 N, mosaic trisomy X in late Lis 45 P, a small duplication in chr6 in early Lis 46 N, a

mosaic duplication in chr6 in late Lis 46 P and a small duplication in chr1 in early Lis 46 N). In

one case, WGS detected a smaller aberration than was found by CMA (1 MB duplication in chr1

in late Lis 46 N) (Fig. 2.10C).

2.3.5 Whole Genome Sequencing reveals de-novo CNVs and SNVs that

arise in naı̈ve and isogenic primed hESCs over time in culture

We had access to DNA samples for the donor parents, which allowed us to filter out genetic

variants that were inherited and focus on those that arose de-novo during derivation and culture.
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Genome-wide WGS analysis was performed in order to discover de novo aberrations that were

acquired during culture and could not be detected by CMA. CNV analysis of sub-chromosomal

CNVs (see methods) revealed the presence of de-novo CNVs in both late naı̈ve and isogenic

primed hESCs (Fig. 2.11A and 2.11B). However, the total number of de novo CNVs varied

markedly among hESC lines, with the Lis45 and Lis46 lines showing higher numbers of CNVs

than Lis38 and Lis39. In addition, the naı̈ve cultures tended to accumulate deletions over time,

while the primed cultures tended to accumulate duplications (Fig. 2.11A and 2.11B). Since

just 15 of the CNVs were found to be located in coding regions, we asked if any of the CNVs

had an effect on expression levels of the nearest gene using RNA sequencing (RNA-seq). The

RNA-seq analysis showed only two CNVs that are associated with differentially expressed genes

(DEG). Both of these CNVs were duplications on chromosome 16 in the same primed line (Lis

46 P), and the corresponding upregulated gene was autocrine motility factor receptor (AMFR).

Overexpression of AMFR has been observed in several types of human cancer and its expression

has been found to be correlated with more advanced tumor stage and decreased survival rates

[36, 136, 189, 90, 80]. Notably, AMFR was significantly upregulated only in Lis 46 P compared

to its naı̈ve counterparts, and not compared to the other primed lines. Next, we studied de-novo

single nucleotide variations (SNVs). Our results showed that less than 50 SNVs arose during

derivation or early culture, and most of these were not seen in late passage culture (Fig. 2.12A).

During long-term culture, Lis 38 and Lis 39 acquired approximately 60-80 additional SNVs, with

no significant differences between the number of SNVs in late naı̈ve and isogenic primed cultures,

while in Lis 45 and Lis 46, substantially more SNVs were observed in primed cells compared to

late naı̈ve hESCs (>100 vs. <50 respectively; (Fig. 2.12A). Mapping the SNVs, we found that

all were located in non-coding regions, mostly in introns and intergenic regions (Fig. 2.12B).
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Figure 2.11: Copy number variations arising over time in culture.
(A) Stacked bar chart shows the number of deletions and duplications arising during time in
culture by whole genome sequencing.(B) CNV’s arising over time in culture. Genomic locations
of duplications (green) and deletions (red) in late passage cultures.
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Figure 2.12: (next page): SNVs in virgin naı̈ve compared to isogenic primed hESCs.
(A) Venn-diagrams presenting the number of SNVs detected in early virgin naı̈ve hESCs, as
well as in late naı̈ve and isogenic primed cells, including unique and overlapping SNVs. (B)
Bar graph showing the distribution of the detected SNVs throughout the genome for each line
in non-coding regions, including: SNVs within introns, up-stream or down-stream to genes,
non-coding transcript exons, TF binding sites, regulatory regions, and intergenic regions.
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2.3.6 Genetic aberrations within enhancers and super enhancers at late

passage

Apart from mutations in the coding sequences that may affect the encoded protein struc-

turally and functionally, genetic variants can also alter gene expression levels. Gene expression

levels are modulated by cis-regulatory elements, such as enhancers, which regulate spatiotemporal

expression of target gene by transcription factors binding, and super-enhancers, that consist of

clusters of enhancers. Since the majority of CNVs and all SNVs observed at late passage were

located in non-coding regions, we investigated whether they were associated with such regulatory

regions in light of a recent publication that naı̈ve and primed hESCs can be characterized by

unique sets of enhancers and super-enhancers [16]. When analyzing CNVs in these regions,

we found that the total number of CNVs was larger in the primed cells compared to their naı̈ve

counterparts in all four lines, both within enhancers (Fig. 2.13A) and super enhancer regions

(Fig. 2.13B). Moreover, more SNVs were found in these enhancers and super-enhancer regions

in all primed hESC lines compared to their naı̈ve counterparts (Fig. 2.13C). We then analyzed the

effects of these CNVs on the expression of genes that are close to the enhancer using RNA-seq

and found that in three out of four lines (Lis 38, Lis 45 and Lis 46) the primed cells had more DEG

resulting from duplications or deletions within enhancer or super enhancer regions containing

CNVs (Table 2.8). A similar analysis was done for SNVs and we found that none of these SNVs

was associated with a significant change in gene expression level.

Since the aberrations we detected were in non-coding regions (Fig. 2.12B), we investigated

whether there are aberrations in regulatory regions of cancer promoting genes (classified as Tier1

in The Cancer Gene Census of COSMIC v86 database). In addition, RNA-seq of the same lines

enabled us to evaluate whether these aberrations had transcriptional effects. Our CNV analysis

showed six CNVs located within enhancers of Tier1 genes that were also associated with altered

gene expression levels in primed hESCs, but not in their naı̈ve counterparts (FBXW7 in Lis39 P;
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Figure 2.13: Genetic aberrations within regulatory regions.
CNVs located within enhancer (A) or super-enhancer (B) regions in each line, including dupli-
cations (green) and deletions (red) with the respective DEG detected by RNA-seq. (C) SNVs
located within enhancer (dark gray) or super-enhancer (light gray) regions had no transcriptional
effect.

RAC1 and CARD11 in Lis 45 P; and CDH1, SLC45A3 and LMNA in Lis 46 P). However, the

only aberration with a statistical and biological significance was a deletion located upstream to the

FBXW7 tumor suppressor gene in Lis 39 P that was associated with down-regulation, contrary to

the high expression of these gene in all other primed lines. Importantly, no CNVs were found in

regulatory regions of Tier1 genes in naı̈ve lines.

In 2019, it was reported that hESCs that were derived in primed conditions and converted

to naı̈ve at later passages tend to acquire more SNV mutations in cancer related genes (classified

as Tier1 in The Cancer Gene Census of COSMIC v86 database), compared to cells that were

continually grown as primed [8]; these results were subsequently found to be likely an artifact of

contamination of hPSC lines by mouse feeder cells [171]. In our cultures, we identified only two

cancer-associated SNVs, which were found at very low allelic fractions, which appeared to be

acquired over time in culture: the first in POU5F1 in late Lis 39 N and the second in COL1A1
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Table 2.8: Summary of CNVs in enhancer regions. Table shows the number of duplications and
deletions in super-enhancers and non super-enhancers as defined by [16].

Super-Enhancers

Number of Duplicated Super-Enhancer Regions Sample Name Enhancer Associated Genes Up-Regulated DE Genes (adj pval)

5 Lis39Np51 0 (out of 5 genes) 0 N/A

8 Lis45Np51 0 (out of 8 genes) 0 N/A

36 Lis45Pp50 0 (out of 14 genes) 0 N/A

1 Lis46Np51 0 (out of 1 genes) 0 N/A

108 Lis46Pp51 1 (out of 62 genes) 0 SYT7 (0.005)

Number of Deleted Super-Enhancer Regions Sample Name Enhancer Associated Genes Down-Regulated DE Genes (adj pval)

6 Lis39Pp51 2 (out of 5 genes) 0

Non Super-Enhancers

Number of Duplicated ACTIVE Regions Sample Name Enhancer Associated Genes Up-Regulated DE Genes (adj pval)

105 Lis45Np51 3 (out of 38 genes) 0

211 Lis46Np51 2 (out of 40 genes) 0 MAEA (0.04), RHOU (0.017)

35 Lis38Pp50 0 (out of 14 genes) 0 N/A

2 Lis39Pp51 0 (out of 2 genes) 0 N/A

1426 Lis45Pp50 0 (out of 400 genes) 0 N/A

2970 Lis46Pp51 13 (out of 981 genes) 0

66 Lis39Np51 1 (out of 14 genes) 0 TM9SF4 (0.012)

Number of Deleted ACTIVE Regions Sample Name Closest Gene Down-Regulated DE Genes (adj pval)

8 Lis39Np51 0 (out of 4 genes) 0 N/A

179 Lis39Pp51 23 (out of 51 genes) 1 (FBXW7)

18 Lis45Np51 2 (out of 2 genes) 0

9 Lis38Np49 1 (out of 1 genes) 0 GRID2 (0.008)

Number of 
Cosmic Cancer 

Tier 1or 2 
Genes

Number of 
Cosmic Cancer 

Tier 1or 2 
Genes

ELF2 (0.00003), TMEM13L 
(0.0046)

Number of 
Cosmic Cancer 

Tier 1or 2 
Genes

ATG4C (0.02), BCL2L11 (0.007), 
HM13 (0.015)

C16orf8 (0.000003), CCS 
(0.000005), ANXA (0.0004), 
PELI3 (0.0006), RNF187 
(0.0006), AKTIP (0.002), MYLK3 
(0.003), TNN (0.004), ADAP2 
(0.004), SYT7 (0.005), DUSP10 
(0.02), CFDP1 (0.02), FTH1 
(0.04)

Number of 
Cosmic Cancer 

Tier 1or 2 
Genes

TIGD4 (0.000002), FBXW7 
(0.000004), ELF2 (0.00003), 
GNPNAT1 (0.00004), ARFIP1 
(0.00005), DDHD1 (0.00006), 
GATB (0.0002), GAB1 (0.0002), 
NUDT9 (0.0003), GPR137C 
(0.0005), HSD17B11 (0.0008), 
BMP4 (0.001), CTSO (0.001), 
FERMT2 (0.003), SMAD1 
(0.004), ZNF827 (0.005), 
TMEM131L (0.005), USP53 
(0.007), ERO1A (0.01), NDUFC1 
(0.02), SYNPO2 (0.03), SNX25 
(0.039), PDLIM3 (0.04)

ZC2HC1A (0.0001), MMP16 
(0.006)

in late Lis 39 P; however, consistent with the Stirparo et al. report, these two variants can be

attributed to a low level of contamination by mouse embryonic fibroblast (MEF) feeder cells.

2.3.7 Genome-wide DNA methylation analysis reveals alterations that dif-

fer by pluripotency state (naı̈ve vs primed) and time in culture

Recent studies have reported that, similar to the epigenetic profile of human preim-

plantation embryos [146, 167, 182, 162], the human naı̈ve stem cell state is characterized by
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genome-wide DNA hypomethylation [182, 64, 178]. Since our naı̈ve cultures were only slightly

hypomethylated compared to their corresponding isogenic primed cultures (Fig. 2.6B), we exam-

ined which loci were consistently differentially methylated between our naı̈ve and primed cultures.

To be considered a differentially methylated site, we required a beta (methylated/(methylated +

unmethylated)) difference of at least |0.3| in all four of the paired naı̈ve/primed comparisons. We

found there were 674 loci, associated with 307 genes, that were consistently hypomethylated in

our early naı̈ve cultures compared to their matched primed cultures and only 81 loci, associated

with 47 genes, that were hypomethylated in the early primed cultures compared to their matched

naı̈ve cultures (Fig. 2.14A). A similar analysis in our late cultures revealed 1124 (462 genes)

hypomethylated loci in our naı̈ve cultures compared to just 307 (157 genes) in our primed cultures

(Fig. 2.14A). PCA using either the early or late passage differentially methylated sites separated

the naı̈ve and primed samples along the first principal component (Fig. 2.14B). We also noted that

for three of the four hESC lines, the derivation (p20) naı̈ve cultures (indicated by “*”) separated

from their early (p30) and late (p50) passage naı̈ve counterparts along the second principal

component (Fig. 2.14B). This suggested to us that, in contrast to mRNA expression changes (Fig.

2.5A), DNA methylation changes resulting from time in culture occurred predominantly during

early culture, and stabilized by p30.
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Figure 2.14: (next page): Methylation differences between primed and naı̈ve cultures.
(A) Venn diagrams showing differential methylation (beta difference (methylated/(methylated +
unmethylated) of at least |0.3| in all four of the paired naı̈ve/primed comparisons) between early
and late passage naı̈ve and primed pairs. Venn diagrams show that naı̈ve cultures contain more
differentially hypomethylated probes than primed cultures and that there are more differentially
methylated probes in the late passage comparisons compared to the early passage comparisons.
(B) Principal component analysis using either the early or late passage differentially methylated
probes from part ”A”. The ”*” show the location of the derivation (p20) naı̈ve culture samples.
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To identify functional DNA methylation changes occurring during the early period after

derivation, we focused on the three hESC lines that showed separation along PC2 between the p20

cultures and the p30/p50 cultures (Lis38, Lis39, and Lis45). We identified loci with a > |0.3β|

difference between both the matched naı̈ve p20 vs naı̈ve p30 and naı̈ve p20 vs naı̈ve p50 cultures

for these three lines. We found that there were markedly more sites that were hypomethylated in

the p20 cultures than the later cultures, with 4682 sites showing lower DNA methylation levels in

the p20 cultures and 1956 sites showing lower DNA methylation levels in the p30/p50 cultures

(Fig. 2.15A).
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Figure 2.15: (next page): Methylation differences between naı̈ve cultures due to time in culture.
(A) Venn diagrams showing methylation differences between derivation (p20) naı̈ve cultures
and both early (p30) and late (p50) naı̈ve cultures. Lis46 was removed from the analysis (see
Fig 2.14B). (B) Heatmap showing the gene expression of genes that were both differentially
hypomethylated (see part ”A”) and were differentially upregulated (Log2 fold change > 1)
at the naı̈ve derivation (p20) timepoint when compared to both the early (p30) and the late
(p50) naı̈ve timepoints. (C) Scatterplot showing the correlation between methylation levels and
expression levels of all genes associated with probes that were hypomethylated (beta difference
(methylated/(methylated + unmethylated) of at least |0.3|) in virgin cultures (p20) compared to
late cultures (p50). The red dots are genes that are both differentially hypomethylated (see part
”A”) and were differentially upregulated (Log2 fold change > 1) at the naı̈ve derivation (p20)
timepoint when compared to both the early (p30) and the late (p50) naı̈ve timepoints.
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To find functional differences related to the differentially methylated sites, we identified

1581 mRNAs that were differentially expressed (Log2 fold Change > |1|) between both the

matched naı̈ve p20 vs naı̈ve p30 and naı̈ve p20 vs naı̈ve p50 cultures for these three lines,

of which 57 were associated with differentially methylated loci: 38 genes showed low DNA

methylation and high gene expression at p20 compared to p30/p50; eight showed high DNA

methylation and low gene expression at p20; 10 showed low DNA methylation and low gene

expression at p20; and 1 gene that showed high DNA methylation and high gene expression at

p20. Thus, the largest group of genes that showed both differential DNA methylation and gene

expression was hypomethylated and upregulated in the p20 cultures, and this group contained

several previously identified naı̈ve marker genes, including LEFTY2 and DPPA3, as well as

TRIM61, a gene closely related to the previously reported naı̈ve marker gene TRIM60 [209, 128]

(Fig 2.15B and 2.15C).

Gene enrichment analysis of the genes that were hypomethylated and showed higher

expression in the p20 cultures compared to the p30/50 cultures revealed significant enrichments

for pathways relating to NODAL and TGF-beta signaling, which have been associated with naı̈ve

pluripotency [52, 209], SMAD protein phosphorylation and BMP signaling pathway, which have

been reported to be important in the acquisition of multi-lineage competence in cells departing

naı̈ve pluripotency [134], and maintenance of pluripotency (SMAD)[225] (Fig. 2.16).

Loss of DNA methylation and imprinting have been linked to genomic instability [146, 65].

Recent reports have shown that while genome-wide naı̈ve DNA hypomethylation is reversible

upon conversion to a primed substate, naı̈ve hPSC methylation levels in imprinted regions are

dramatically reduced and not reestablished when naı̈ve hPSCs are transitioned into primed condi-

tions [182, 146]. We analyzed DNA methylation levels at regions associated with single-isoform

imprinted genes that were differentially methylated among naı̈ve and primed cultures according

to a previous report [15]. We found that our naı̈ve cultures were slightly more hypomethylated

than our primed cultures but not in a consistent manner (Fig. 2.17A). Moreover, unlike previously
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Figure 2.16: Gene ontology enrichment analysis of hypomethylated and high expressed early
(p20) naı̈ve cultures.
Gene ontology enrichment analysis of genes both hypomethylated and showing higher expression
in the derivation (p20) cultures compared to the early (p30) and late (p50) cultures.

reported 5i naı̈ve lines [182, 146], several imprinted loci that were hypomethylated in our deriva-

tion (p20) naı̈ve cultures converted to a hemi-methylated status after transition to a primed state,

and in some cases also after extended time in culture in our naı̈ve conditions (e.g., MAGEL2,

SNRPN, FAM50B). With the exception of a handful of loci (such as GNAS 1A and ZDBF2,

which were hypomethylated and hypermethylated in close to all of our cultures, respectively), our

primed cultures were hemimethyated at nearly all of the evaluated imprinted loci. In contrast,

the later passage naı̈ve cultures displayed sporadic losses of DNA methylation at imprinted loci,

suggesting greater epigenetic stability at imprinted loci in our primed cultures.
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Figure 2.17: (next page): Methylation at imprinted and X-Chromosome inactivation sites.
(A) Heatmap displaying the DNA methylation at regions associated with single-isoform im-
printed genes. (B) Methylation levels of the CpG islands associated with X-Chromosome
Inactivation (XCI) genes (top boxplot), non-XCI linked genes on the X-chromosome (middle),
and with all genes found on chromosome 7 (bottom). Boxes span the top 75th percentile to bot-
tom 25th percentile with the line in the middle of the boxes representing the median. Whiskers
contain 95% of the data.
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X chromosome inactivation (XCI) is characterized by methylation of XCI-linked CpG

islands (CGI) on one of the two X chromosomes in female somatic cells [164]. Thus, female

somatic cells are hemimethylated at XCI-linked CGIs, while male somatic cells are unmethylated

at these loci. Previous reports have shown that both female preimplantation embryos and female

human naı̈ve hPSCs contain two actively transcribed X chromosomes [143, 148, 182] and are

unmethylated at XCI-linked CGIs. On the other hand, female primed lines typically contain one

active X chromosome and have hemimethlated XCI-linked CGIs. We assessed the methylation at

the CGIs of XCI-linked, non-XCI-linked X chromosome, and autosomal genes in our cultures

(Fig. 2.17B). As expected, the male lines were largely unmethylated on the X chromosome.

For the two female lines (Lis39 and Lis45), we saw similar DNA methylation levels between

the XCI-linked and non-XCI-linked CGIs for both naı̈ve and primed cultures. Also in the

female lines, the p20 naı̈ve cultures showed slightly lower levels of DNA methylation on the

X chromosome compared to the p30 and p50 naı̈ve and primed cultures, which all had similar

X chromosome methylation levels with the exception of the late Lis45 cultures, which were

essentially unmethylated on the X chromosome, consistent with the X chromosome deletion seen

in the CMA and WGS data (Fig. 2.10C). However, the median beta values in all of the naı̈ve

female cultures (except for late passage Lis45) were close to 0.3-0.6, consistent with a largely

hemimethylated state. Despite this somewhat unexpected hemimethylated pattern, inspection of

the RNA-seq data showed that female naı̈ve cultures showed biallelic expression of XCI-linked

genes (data not shown), suggesting that they contain two active X chromosomes whereas only

Lis45 primed cultures showed biallelic expression.
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Chapter 3

Derivation of functional trophoblast stem

cells from primed human pluripotent stem

cells

3.1 Introduction

Much of what we know about placental development and trophoblast lineage specification

comes from studies in rodents. However, recent reports have highlighted several key differences

between these animal models and human placental development [169, 21, 168]. One significant

difference between mouse and human involves trophoblast invasion and the vascular remodeling

process mediated by these invading cells. It is generally accepted that trophoblast invasion

and vascular remodeling is crucial to fetal growth and survival and key to the pathogenesis

of preeclampsia [72, 121]. In human, extravillous trophoblast (EVT) invade the maternal en-

dometrium as well as the myometrium but in mice, trophoblast invasion does not extend into the

myometrium [121]. Additionally, compared to mice, specification of the trophectoderm (TE),

the cells that give rise to the epithelial cells of the placenta, occurs later in human and lacks
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expression of key mouse TE genes such as EOMES [21, 168]. Differences such as these lower

the utility of mouse models and necessitate human in vitro models.

We have reported that hPSCs can be differentiated into trophoblast in culture conditions

containing bone morphogenetic protein-4 (BMP4), and that they do so through a process that

mimics human placental development. Namely, the differentiating hPSCs first form KRT7+/TP63+

cytotrophoblast (CTB), and then further differentiate into either hCG-secreting STB or invasive

EVT that express cell-surface HLA-G [112]. We have demonstrated that this method can be

used to model both normal development and disease [76]. However, this method is limited by its

inability to maintain and expand the CTB-like cells obtained at the end of the first step. Recently,

Okae and colleagues described culture conditions for the derivation and maintenance of human

trophoblast stem cells (hTSCs) in vitro from both preimplantation blastocysts and early first

trimester placental tissues [142]. These primary human TSCs can be maintained and expanded

indefinitely and differentiated to both EVT- and STB-like cells. Although a vital first step in the

quest to model placental development, Okae’s protocol was limited to starting material from early

first trimester human placental tissue or blastocyst, posing both ethical and practical challenges,

namely the inability to model abnormal placental development because tissue would need to be

collected prior to knowing pregnancy outcomes.

In this chapter, we applied a culture media recently developed for the maintenance of

iTSC, reprogrammed from term CTB [11], to hPSC-derived CTB, and show that this transitions

the cells into bona fide TSC. These cells resemble placenta-derived TSC and can be differentiated

into functional syncytiotrophoblast and extravillous trophoblast, both in vitro and in vivo. In

addition, we compare these cells to those recently derived from naı̈ve hPSC [84], and show that

they resemble naı̈ve hPSC-derived TSC, both during the transition from pluripotency to TE, and

in the final CTB-like state. We conclude that, similar to their naı̈ve counterparts, primed hPSC

can be converted to self-renewing TSC following a short induction period with BMP4 containing

media.
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3.2 Methods

3.2.1 Isolation of primary cytotrophoblast and derivation of human tro-

phoblast stem cells and mesenchymal stem cells

Human placental tissues were collected under a UCSD Human Research Protections

Program Committee Institutional Review Board-approved protocol; all patients provided informed

consent for collection and use of these tissues. Primary cytotrophoblast (CTB) were isolated from

a total of 10 early first trimester (gestational age range of 5 to 7 weeks) and 10 late first trimester

(gestational age range of 10 to 14 weeks) normal placentae, defined as those coming from

patients undergoing elective termination of pregnancy in the absence of known structural fetal

abnormalities. CTB isolation was performed as previously described [132]. Briefly, chorionic

villi were minced, washed in Hanks’ balanced salt solution (Gibco) and digested three times with

DNase I (Roche) and trypsin (Gibco). The cells were then pelleted and separated on a Percoll

gradient (Sigma-Aldrich) and subjected to sequential magnetic activated cell sorting (MACS)

selection (Miltenyi Biotec). Specifically, cells were first subjected to negative selection using a

PE-conjugated antibody against HLA-G (EXBIO MEM-G/9) to remove extravillous trophoblast

(EVT). The unbound fraction was collected and CTB were selected using APC-conjugated

antibody against EGFR (Biolegend 352906) and tested for purity using flow cytometry. CTB

preparations yielding greater than 90% EGFR positivity were considered adequate and used in

downstream experiments.

Human trophoblast stem cell (hTSC) lines were derived from early first trimester placentae

as previously described [132]. Cells were plated on collagen IV coated 12-well plates at a density

of 200k cells per well, and cultured in the same media used for culture of pluripotent stem

cell-derived TSC (described below). Human mesenchymal stem cells (MSC) were isolated from

umbilical cord (UC) tissues as previously described [76].
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3.2.2 Human pluripotent stem cell culture and differentiation into TE-like

cells

Trophoblast differentiation of human pluripotent stem cells was performed under a pro-

tocol approved by the UCSD Institutional Review Board and Embryonic Stem Cell Research

Oversight Committee. Two human embryonic stem cell (hESC) lines (WA01/H1 and WA09/H9,

obtained from WiCell Institute, Madison, WI, USA), and one iPSC line (reprogrammed from

human dermal fibroblast/HDF from ScienCell Research Laboratories, using CytoTune-iPSC 2.0

Sendai Reprogramming Kit from ThermoFisher) [187] were used in this study. Prior to differenti-

ation, hPSCs were converted to feeder-free conditions in StemFlex (ThermoFisher) on Geltrex-

(ThermoFisher) coated plates (using 1:200 diluted Geltrex). Differentiation into trophectoderm

(TE)-like cells was performed using the first step of the two- step trophoblast differentiation

previously established in our lab (detailed in [75]). In brief, hPSCs were dissociated using TrypLE

Express (ThermoFisher) and plated onto Geltrex coated plates in StemFlex in the presence of

5µM Y-27632 (Selleck Chemicals). The next day media was changed to first-step differentiation

media: DMEM/F12 (ThermoFisher), with 1x ITS (Millipore-Sigma), 64µg/ml L-ascorbic acid

(Millipore-Sigma), 543µg/ml NaHCO 3 (Fisher Scientific), 2% BSA (Gemini), 10 ng/mL BMP4

(ThermoFisher), and 2µM IWP2 (Selleck Chemicals). Media was changed every day for 4 days.

Conversion into TE-like cells was confirmed based on surface EGFR expression of over 90% by

flow cytometry.

3.2.3 Conversion of hPSC-derived TE to TSC-like cells

Following the first-step of trophoblast differentiation above, hPSC-derived TE-like cells

were dissociated using TrypLE Express (ThermoFisher) and pelleted by centrifugation at 1000

rpm for 5min. hPSC-derived TE-like cells were resuspended in TSC media and plated with a

1:1 split ratio onto collagen IV (MilliporeSigma, 5µg/mL) coated plates. We used TSC media
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that was established in the laboratory of Dr. John Kessler for optimal growth and passage of

primary term CTB reprogrammed into self-renewing TSC-like cells [11], which is composed

of: Advanced DMEM/F12 (ThermoFisher), 1x N2 (ThermoFisher), 1x B27 (ThermoFisher),

1x Glutmax (ThermoFisher), 150µM 1-thioglycerol (MilliporeSigma), 0.05% BSA (Gemini),

1% Knockout serum replacement (KSR, ThermoFisher), 2µM CHIR99021 (MilliporeSigma),

0.5µM A83-01 (Tocris), 1µM SB431542 (MilliporeSigma), 5µM Y27632 (Selleck Chemicals),

130µg/mL Valproic Acid sodium salt (MilliporeSigma), 100ng/mL recombinant human FGF2

(BioPioneer), 50ng/mL recombinant human EGF (RD Systems), 50ng/mL recombinant human

HGF (Stem Cell Technologies), and 20ng/mL Noggin (RD System). Media was replenished every

day. Cells were passaged using TrypLE when confluent (approximately every other day) with a

split ratio of 1:2 onto collagen IV coated plates. Conversion into TSC was deemed complete after

at least 5 passages with surface EGFR expression of over 90%, and HLA-G expression of 20% or

less, by flow cytometry.

3.2.4 Statistical analysis

All experiments were performed at least in triplicate. Bar chart data display mean fold

change and standard deviation of the mean. Statistical analysis was done using GraphPad Prism

9. Student’s t-test was performed to determine significance of differences between groups, and

the level of significance is represented with * as indicated in the figures.

3.2.5 Flow cytometric analysis

Flow cytometry was conducted using live cells. Cells were collected and incubated at

room temperature for one hour in 200µL FC buffer (1% BSA,10% FBS in PBS) with 1µg APC-

conjugated mouse anti-human EGFR antibody (clone AY13, BioLegend) and 2µg PE conjugated

mouse anti-HLA-G antibody (MEM-G/9, ExBio) in combination, or 0.125µg APC-conjugated
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mouse anti-HLA-A2 (clone BB7.2, BD Pharmigen), 0.22µg PE-conjugated mouse anti-HLA-Bw6

(clone REA143, Miltenyi Biotec), and 0.5µg PE-conjugated rat IgG2b anti- CD49f (ITGA6, clone

GoH3, BioLegend) as single antibody stains. APC-conjugated mouse IgG

(cloneMOPC-21, BioLegend), PE-conjugated mouse IgG (cloneMOPC-21, BioLegend),

and PE-conjugated rat IgG2b (clone 141945, R&D Systems) were used at the same concentration

as isotype IgG controls. Cells were washed 3 times with Wash buffer (0.1% FBS in PBS) and

analysis was carried out using a BD FACS-Canto Flow Cytometer.

3.2.6 In vitro differentiation of primary and hPSC-derived TSC

Differentiation into extravillous trophoblast (EVT) and syncytiotrophoblast (STB) was

performed based on protocols slightly modified from Okae et al. [142]. Briefly, for EVT

differentiation, TSCs were dissociated by using TrypLE Express and resuspended in complete

EVT media, composed of DMEM/F12 no HEPES (ThermoFisher), 0.3% BSA (Gemini), 1x

ITS-X (ThermoFisher), 100µM 2-mercaptoethanol (ThermoFisher), 2.5µM Y-27632 (Selleck

Chemicals), 4% KSR (ThermoFisher), 7.5µM A83-01 (Tocris), 100ng/mL NRG1 (Abcam), and

supplemented with 2% Matrigel (Corning). 200,000 cells were plated per well of a fibronectin-

(MilliporeSigma, 20µg/mL) coated 6-well plate. On the 3rd day of differentiation, media was

changed with EVT media without NRG1, and Matrigel was added to a final concentration of

0.5%. Differentiation was deemed complete on day 6 and cells were collected for analysis. For

STB differentiation, TSCs were plated at 30% confluence. At this point, media was switched to

STB differentiation media, composed of DMEM/F12 no HEPES (ThermoFisher), 0.3% BSA

(Gemini), 1x ITS-X (ThermoFisher), 100µM 2 mercaptoethanol (ThermoFisher), 2.5µM Y-27632

(Selleck Chemicals), 4% KSR (ThermoFisher), 2µM Forskolin (Selleck Chemicals). Media was

replaced on day 3, and differentiation was deemed complete on day 6 and cells were collected for

analysis.
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3.2.7 In vivo differentiation of primary and hPSC-derived TSC (tumor

formation assay)

Use of mice for these assays was approved by the Institutional Animal Care and Use

Committee (IACUC) at UC San Diego. Primary and hPSC-derived TSCs were grown to 90%

confluence in TSC medium (as described above) and dissociated with TrypLE. 1.5 x 10 7 cells

were resuspended in 0.15 mL of a 1:2 mixture of Matrigel and TSC medium, and subcutaneously

injected into the flank or hindleg of 8-12-week-old male NOD-SCID mice (JAX Stock No:

005557). Tumor growths were collected 7-10 days after injection. The tumors were fixed in 10%

neutral-buffered formalin overnight at 4°C, then processed and embedded in paraffin. HE staining

and IHC were performed on 5-µm sections of these tissues. IHC was performed on a Ventana

Discovery Ultra automated stainer (Ventana Medical Systems) at the UC San Diego Advanced

Tissue Technology Core lab. Following standard antigen retrieval, performed for 40 min at 95°C

as per the manufacturer’s protocol (Ventana Medical Systems), the sections were stained using

mouse anti-HLAG antibody (1:6000; clone 4H84; Abcam), mouse anti-hCG antibody (1:75; clone

5H4-E2; Abcam), or mouse anti-EGFR antibody (1:15; clone 5B7; Ventana Medical Systems).

Staining was visualized using 3,3 - diaminobenzidine (DAB, Ventana Medical Systems) and slides

were counterstained with Hematoxylin. Slides were analyzed by conventional light microscopy

on an Olympus BX43 microscope.

3.2.8 hCG hormone secretion assays

Cell culture supernatants were collected and stored at -80°C until use. Levels of total hCG

were quantified using the hCG ELISA Kit (HC251F, Calbiotech Inc.) following manufacturer’s

protocol. Briefly, 100 uL of each diluted sample was incubated in the provided plate for 60min at

room temperature. Samples were removed and wells were washed 3 times with 300uL 1x Wash

Buffer. 100uL of TMB substrate was added to each well and incubated at room temperature for
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15min. 50uL of stop solution was added to each well. Absorbance was immediately measured at

450nm using Tecan infinite 200Pro. The concentration (mIU/mL) was calculated based off of

the standards provided. The concentrations were normalized to total DNA content, extracted by

DNeasy (Qiagen), and quantified by NanoDrop spectrophotometer (ThermoFisher).

3.2.9 RNA isolation, cDNA preparation, and quantitative real-time PCR

Total RNA was isolated using NucleoSpin isolation Kit (Macherey-Nagel). RNA concen-

tration was measured using Nanodrop. cDNA was prepared from total RNA using the Primescipt

RT-Kit (Takara bio). Quantitative real-time PCR (qPCR) was performed using TB GREEN

(Takara bio) on a Quant-it Studio 5 thermocycler (ThermoFisher). Relative expression of each

transcript was calculated using ∆∆CT method, normalized to L19 rRNA.

3.2.10 RNA sequencing and analysis

For RNA-seq, total RNA was isolated using the mirVana kit (Thermo Fisher). RNA

concentration was measured with the QubitTM RNA BR Assay Kit (Thermo Fisher) and RNA

integrity with the Agilent RNA 6000 Nano Kit on an Agilent 2100 Bioanalyzer (Agilent).

Only samples with RIN above 7.5 were used. RNA-seq libraries were prepared using the

TruSeq Stranded Total RNA Sample preparation kit with Ribo-Zero Gold (Illumina) at the

IGM Genomics Center, University of California, San Diego, La Jolla, CA. Libraries were

pooled and sequenced on NovaSeq 6000 S1Flow Cell (Illumina) to an average depth of 28

million uniquely mapped reads. Quality control was performed using FastQC (v. 0.11.8) and

multiQC (v.1.6). Reads were mapped to GRCh38.p10 (GENCODE release 26) using STAR

(v. 2.7.3a) [47] and annotated using featureCounts (subread v.1.6.3, GENCODE release 26

primary assembly annotation) [113]. The STAR parameters used were: –runMode alignReads –

outSAMmode Full –outSAMattributes Standard –genomeLoad LoadAndKeep –clip3pAdapterSeq
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AGATCGGAAGAGC –clip3pAdapterMMp 1. The featureCounts parameters were: -s 2 -p -t

exon -T 13 -g gene id. Ensembl genes without at least three samples with 10 or more reads were

removed from analysis. Normalization was performed using the R (v.3.6.3) package DESeq2 (v.

1.28.1) [117]. BiomaRt (v. 2.42.1) was used to convert Ensembl gene ID’s to HUGO gene names.

Data visualization was done in R (v. 4.0.2) using the packages ggplot2 (v3.3.3) and pvclust

(v.2.2-0), in python (v.3.6.11) using the package seaborn (0.11.0), Qlucore Omics Explorer (v3.6)

(Qlucore AB, Lund, Sweden), and BioVenn [81]. Differential expression analysis was performed

in Qlucore Omics Explorer: first low expression genes were eliminated by variance (0.01-0.02)

and then the two-sided two-group comparison (equivalent to a t-test) with q-value <0.05 was

used to identify differentially expressed genes. Up and down-regulated genes were manually

separated and analyzed in Metascape for gene ontology and PaGenBase enrichment, and for

placental cell type using the PlacentaCellEnrich tool [86]. Hierarchical clustering was done using

the R (v. 4.0.2) package pvclust (v.2.2-0) and Qlucore.

For single cell sequencing, a total of 11,259 cells across all timepoints were run on the

10X Genomics platform with the Chromium Next GEM Single Cell 3’ kit, with libraries prepared

according to the manufacturer’s protocol (10X Genomics). Libraries were pooled and sequenced

on the Illumina NovaSeq 6000 sequencer to an average depth of 20K reads per cell. Raw fastq files

were aligned and quantified with the CellRanger (v 6.0.1) count function with default parameters

to the human reference genome (GRCh38-2020-A). The counts matrix was filtered to retain genes

expressed in greater than 0.1% of the cells, cells that express greater than 200 unique genes, genes

expressed in greater than 10 cells, less than 20% mitochondrial reads, greater than 5% ribosomal

reads and those with less than 5% hemoglobin reads. The R package Seurat v4 [68] was used with

default values for preprocessing, cell cycle scoring, normalization using scTransform regressing

out variables for mitochondrial percentages and cell cycle phase, identifying variable features,

linear dimensional reduction, clustering and visualization. The FeaturePlot function was used to

visualize gene expression of selected genes.
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3.2.11 DNA isolation and ELF5 promoter methylation analysis

Genomic DNA was isolated using the DNeasy Blood and Tissue Kit (Qiagen) and quan-

tified using the Qubit dsDNA BR assay kit (ThermoFisher), 500 ng of DNA was then bisulfite

converted using the EZ DNA Methylation-Lightning Kit (Zymo Research) as per instructions.

Following bisulfite conversion, the upstream promoter region of the ELF5 start site was amplified

using a nested PCR and primers as described previously [107].

Primer Set 1:

forward: 5’-GGAAATGATGGATATTGAATTTGA-3’

reverse: 5’-CAATAAAAATAAAAACACCTATAACC-3’

Primer Set 2:

forward: 5’-GAGGTTTTAATATTGGGTTTATAATG-3’

reverse: 5’-ATAAATAACACCTACAAACAAATCC-3’

The 20µl PCR reactions were carried out using 10µl KAPA HiFi HotStart Uracil+

ReadyMix (2X), 0.5µl of the forward and reverse primers, 8µl of water, and 1µl of converted

DNA. PCR conditions for the first and second PCR were as follows: 95°C 10:00, 35x (95°C

30s, 45°C 30s, 72°C 30s), 72°C 7:00. 1µl of the reaction product from the first PCR was used

in the second PCR. Following both the first and second PCR, the PCR products were purified

using DNA Clean Concentrator (Zymo Research) and run on the BioAnalyzer (Agilent) for

quality control. 2µl of the purified PCR fragment was then A-tailed using 2µL of Taq polymerase

5X reaction buffer, 0.2µL of 50 mM MgCl2, 0.2mM dATP, and 1U of Taq DNA polymerase

(Qiagen) in a total reaction volume of 10µL, and incubated at 70°C for 30 min. The products

of the A-tailing reaction were then purified using the DNA Clean and Concentrator kit (Zymo

Research). The resulting DNA was ligated into the pGEM-T Easy Vector (Promega) according to

the manufacturer’s instructions using a 1:3 plasmid:insert molar ratio and incubated overnight

at 4°C. The ligation reaction was then transformed into DH5α competent bacteria (NEB, Cat

No. C2987H) and plated on LB Agar Plates with Ampicillin, IPTG, and X-gal (Teknova, Cat No.
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L1949) and incubated overnight at 37°C. The plasmid DNA was then purified using the QIAprep

Spin Miniprep Kit (Qiagen) and sent to Eton Bioscience Inc. for sequencing. The sequences were

subsequently aligned and analyzed using the BiQAnalyzer software [118].

3.3 Results

3.3.1 Generation of TSC-like cells from primed hPSC

We previously developed a two-step protocol for trophoblast differentiation of primed

hPSCs [75]. This protocol involved an initial induction of cells resembling villous cytotrophoblast

(CTB), uniformly expressing TP63, using a combination of BMP4 and the WNT inhibitor,

IWP2 [75]. This led to formation of a uniform group of EGFR + CTB stem-like cells, which,

though not able to self-renew, could be further differentiated, using BMP4 in the presence of

feeder-conditioned media, into a mixed set of terminally differentiated trophoblast, including mult-

inucleated hCG-secreting syncytiotrophoblast (STB) and invasive surface HLA-G+ extravillous

trophoblast (EVT) [75]. Nevertheless, this was not only a heterogenous mixture of trophoblast,

but also tended to favor STB formation, with only a minority (10-20%) of EVT in the final culture

[75]. Here, we applied a new media to CTB stem-like cells at the end of step 1 of our trophoblast

differentiation protocol (Fig. 3.1A). This media was developed originally by the Kessler lab for

reprogramming of term CTB into TSC-like cells (induced TSC/iTSC) [11], and is a modification

of the Okae media (see Methods) used for derivation of TSC from human embryos and early

gestation placentae [142]. After passage in this media at least 5 times, we were able to derive cells

morphologically resembling primary TSC (Fig. 3.1B) and uniformly expressing TSC markers,

EGFR and ITGA6 (Fig. 3.1C). We successfully derived such cells from both human embryonic

stem cell (hESC) lines (WA09/H9 and WA01/H1) and induced pluripotent stem cells (iPSCs)

(Fig. 3.2), having been able to keep these cells in culture for over 20 passages.

82



Figure 3.1: Protocol for conversion of primed hPSC into TSC.
(A) Protocol schematic. (B) Morphology of H9 hESC line as undifferentiated (day 0), following
4 days of BMP4/IWP2 treatment (day 4), and after 5 passages in our modified Okae media for
TSC (H9-TSC). (C) Flow cytometric analysis of H9-derived TSC for EGFR and ITGA6. Data
in B and C are representative of n = 5 independent experiments.

3.3.2 Characterization of cellular identity of hPSC-derived TSC

We next moved to compare the transcriptome of these cells to primary TSC, which we

recently derived from early gestation placental tissues in our own laboratory [132], and have

confirmed their identity by direct comparison to the Okae cells [142]. We isolated RNA from

the hPSCs, in both the undifferentiated state and on days 1-4 post trophoblast induction, as

well as from hPSC-derived TSC and the two primary TSC lines (1048 and 1049). Principal

component analysis (PCA) and k-means clustering separated undifferentiated hPSC, hPSC treated

with BMP4/IWP2 (days 1-4), and both primary and hPSC-derived TSC samples (Fig. 3.3A). The

transcriptomes of primary TSC and undifferentiated hPSC were then directly compared (variance
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Figure 3.2: Conversion of two additional primed hPSC into TSC.
Conversion of two additional primed hPSC lines (human dermal fibroblast/HDF-derived iPSC
and H1-ESC) into TSC, expressing both EGFR and ITGA6 (related to Figure 3.1). Data are
representative of 2 independent experiments per line.

= 0.05, two-group analysis q < 0.05), leading to identification of 1618 differentially expressed

genes, of which 839 genes were upregulated in TSC and 779 in PSC. When the top 50 up and

down-regulated genes were evaluated in hPSC-derived TSC, the vast majority showed similar

expression levels to primary TSC (Fig. 3.3B). The top 50 genes downregulated in primary TSC

were all down-regulated in hPSC-derived TSC. Of the top 50 genes upregulated in primary TSC,

BRDT was the only gene that failed to be up-regulated in any of the hPSC-TSC lines, while

PEG3 and XAGE3 were up-regulated in hPSC-TSC but levels remained lower than in primary

TSC (Fig. 3.3B). We validated expression levels of a handful of TSC-associated markers (TP63,

VGLL1, ELF5 and ITGA6) by qPCR, and found that the hPSC-derived TSC expressed similar or

higher levels of these markers (Fig. 3.3C).
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Figure 3.3: (next page): Characterization of hPSC-derived TSC.
Principal Component Analysis (A) of hPSC (undifferentiated/day 0), treated with BMP4/IWP2
for 1-4 days, and after 6-8 passages in the modified Okae TSC media (TSC) show that the latter
cluster together with primary (placenta-derived) TSC (lines 1048 and 1049). Each dot on the
PCA represents a sample from an independent experiment (n = 2 for H1 and iPSC, day 0 and
TSC; n = 3 for all other samples). Dotted lines show k-means clustering with k=3 and solid lines
show k=4. (B) Heatmap of top 50 genes, either upregulated (left) or downregulated (right), in
primary (placenta-derived) TSC (Plac-TSC) vs. undifferentiated hPSC, as expressed in hPSC-
derived TSC (PSC-TSC). (C) qPCR of the indicated CTB markers in undifferentiated primary
TSC (1049) compared to hPSC (H9)-TSC. Data were normalized to L19 and shown as fold
change over undifferentiated 1049 (D0=day 0), and represent mean +/- SD for n = 3 independent
experiments. *p < 0.05; **p < 0.01 by student’s t-test. (D) DNA methylation surrounding the
ELF5 promoter in undifferentiated (U) H9 ESC, TSC derived from both H9 and a human dermal
fibroblast (HDF)-derived iPSC, an umbilical cord derived mesenchymal stem cell line (1754),
and a primary (placenta-derived) TSC line (1049). Each line represents a distinct sequenced
clone (n= 3 to 9). (E) Flow cytometric analysis of primary (1049) and hPSC (H9)-derived TSC
for HLA-A2 and HLA-Bw6 with (grey) and without (purple) valproic acid (VPA) in the culture
media. Data are representative of 2 independent experiments. (F) Heatmap of first trimester
amnion-specific markers (based on Roost et al. [159]) in undifferentiated hPSC, as well as
primary (1048 and 1049 TSC) and hPSC-derived TSC.
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Primary TSC can only be derived from early first trimester (less than 10 weeks gestational

age) cytotrophoblast (CTB) [142]. We therefore asked how both our primary and hPSC-derived

TSC compare to CTB isolated from early (6-8 weeks, CTB 1E) vs. late (10-14 weeks, CTB 1L)

first trimester placentae. Transcriptomic analysis showed that both primary and hPSC-derived

TSC were distinct from isolated CTB (Fig. 3.4A). Unsupervised hierarchical clustering was

performed with primary CTB sub-groups combined and independently. Both primary and hPSC-

derived TSC clustered with early first trimester CTB when these cells were included in the

analysis, while they clustered with undifferentiated and BMP-treated hPSC cells when compared

to late first trimester CTB group only (compare left and center dendrograms to the one on the

right, in Fig. 3.4B).
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Figure 3.4: (next page): Comparison of hPSC-derived TSC to primary TSC and CTB (related
to Fig. 3.3).
(A) Principal component analysis of undifferentiated hPSC, hPSC after 1-4 days of BMP4/IWP2
treatment, and primary and hPSC-derived TSC, in comparison to CTB isolated from early (5-8
weeks) or late (10-14 weeks) first trimester placentae. For hPSC lines, each dot represents a
sample from an independent experiment (n = 2 for H1 and iPSC, day 0 and TSC; n = 3 for all
H9 samples); for CTB samples, each dot represents a biological replicate. (B) Dendrograms of
the same cells compared to early- and late- first trimester CTB, either together or independently.
Arrow points to cluster to which both primary and hPSC-derived TSC belong in each comparison.
Primary CTB (1E) are early first trimester primary CTB and Primary CTB (1L) are late first
trimester primary CTB.
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We next aimed to go beyond the transcriptome, and characterize two other features of

early gestation CTB, in our hPSC-derived TSC, namely methylation status of the ELF5 promoter

and expression of class I HLA. The ELF5 promoter is known to be hypermethylated in hPSCs,

but hypomethylated in early gestation CTB [73] and primary TSC [142]. Compared to both

undifferentiated hPSC and mesenchymal stem cells derived from umbilical cord [76], both

primary and hPSC-derived TSCs showed significant hypomethylation of this genomic region (Fig.

3.3D). In addition to a hypomethylated ELF5 promoter, villous CTB and TSC, which are thought

to reside within the CTB layer, are both known to lack expression of class I HLA (HLA-A and

HLA-B) [84, 4]. When we evaluated our cells by flow cytometry, both primary and hPSC-derived

TSC expressed class I HLA. Therefore, we re-evaluated our media components and noted that

valproic acid (VPA), a histone deacetylase (HDAC) inhibitor, had been previously identified

as a compound that promotes class I HLA expression in tumor cells [5, 131, 219, 222]. When

we removed this chemical from our media, after only three passages, class I HLA expression

significantly decreased in both primary and hPSC-derived TSC (Fig. 3.3E), without affecting

self-renewal.

It has been argued that, unlike naı̈ve hPSC, primed hPSC give rise to amnion when treated

with media containing BMP4 [84, 63]. To further examine the identity of hPSC-derived TSC,

we next evaluated expression of a set of amnion-specific genes [159] in primary TSC, compared

to hPSC and their TSC derivatives, and found that, overall, the expression of these genes was

lower in hTSC and similar between primary and hPSC-derived TSC (Fig. 3.3F). Based on all

these shared features with primary TSC, we conclude that we have successfully derived TSC-like

cells from primed hPSC.

3.3.3 Functional characterization of hPSC-derived TSC

We next moved to characterize the differentiation ability of primed hPSC-derived TSC.

When differentiated into STB, they upregulated appropriate markers, including CGA, CGB,
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GCM1, and PSG4 by qPCR, and secreted hCG into the media, at similar levels as primary

TSC- derived STB (Fig. 3.5A). Similarly, hPSC-derived TSC could be differentiated into EVT,

expressing similar levels of EVT markers, including ASCL2, HLAG, MMP2, HTRA4, ITGA5,

and ITGA1, and gaining surface HLA-G expression, similar to primary TSC-derived EVT

(Fig. 3.5B). Finally, when injected into NOD-SCID mice, both primary and hPSC-derived TSC

produced mixed trophoblastic tumors, composed of both hCG+ and HLAG+ cells (Fig. 3.5C and

D). Thus, both in vitro and in vivo, hPSC-derived TSC showed the capacity to differentiate into

both terminally- differentiated trophoblast lineages.
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Figure 3.5: (next page): In vitro and in vivo differentiation potential of hPSC-derived TSC.
(A) Morphology, lineage-specific gene expression, and hCG secretion of primary (1049) and
hPSC (H9)-derived TSC differentiated into syncytiotrophoblast (STB). qPCR data were nor-
malized to L19 and shown as fold change over undifferentiated (day 0/D0) 1049 TSC. hCG
secretion was normalized to ng of DNA. Both qPCR and ELISA data represent mean +/- SD
for n = 3 independent experiments. *p < 0.05; **p < 0.01 by student’s t-test. (B) Morphology,
lineage-specific gene expression, and flow cytometric analysis for surface HLA-G expression of
primary (1049) and hPSC (H9)-derived TSC differentiated into extravillous trophoblast (EVT).
qPCR data were normalized to L19 and shown as fold change over undifferentiated (day 0/D0)
1049 TSC, and represent mean +/- SD for n = 3 independent experiments. *p < 0.05; **p <
0.01; ***p < 0.001 by student’s t-test. Flow cytometric data are representative of 3 independent
experiments. (C) and (D) Tumors generated 10 days following injection of primary (1049) and
hPSC (H9)-derived TSC into NOD-SCID mice (representative of n = 2 independent experi-
ments). (C) H&E staining shows the tumor cells invading through muscle (1049-TSC tumor) or
forming a tumor with a necrotic center (H9-TSC), both characteristic of human trophoblastic
tumors. Scale bars = 250µm for low-power images (left) or 50µm for high-power images (right).
(D) Immunohistochemical staining of the same tumors using antibodies against EGFR, hCG,
and HLAG shows positively-stained cells (brown) in the TSC-derived lesions. Scale bars =
50µm.
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3.3.4 Characterizing the path from primed pluripotency to TSC

Our trophoblast induction protocol [75] was partially based on a previous study by

Kurek et al. [102], showing that BMP4 induces both trophoblast and mesoderm lineages, where

only the latter lineage is WNT-dependent. Thus, the addition of IWP2 should allow exclusive

differentiation into trophoblast. We evaluated cells at the end of step 1 (BMP4/IWP2 treatment

for 4 days), and noted the gradual flattening of the cells from pluripotency to this stage, and

gain of EGFR expression (Fig. 3.6A). By qPCR, these cells lost expression of pluripotency

factors, and gained expression of markers of trophectoderm (TE), including NR2F2 and CDX2,

as well as markers of CTB, including VGLL1 and TP63 (Fig. 3.6B); with the exception of

DNMT3L, markers of naı̈ve pluripotency were either decreased or only slightly increased (Fig.

3.6B). The transition from this state to TSC through several rounds of passage in our modified

Okae media was characterized by an initial transition of cells into a mesenchymal morphology,

with loss of EGFR, and then a gradual re-epithelialization, with re-gaining of EGFR (Fig. 3.6C).

Transcriptomic analysis of this adaptation phase showed unique changes in the gene expression of

cells from passage 0 (p0) to p2, before returning back to a signature that more closely resembled

primary TSC (Fig. 3.6D). Of the 839 genes differentially up-regulated in primary TSC compared

to undifferentiated hPSC, 37% (308 genes) were already up-regulated at the end of step I, while

59% (492 genes) were up-regulated in hPSC-derived TSC (Fig. 3.7A). The adaptation did

not change the nature of the cells as the most significant tissue-specific signature of all the

timepoints was associated with “placenta” (Fig. 3.7B). Compared to cells at the end of step 1

(4 days of BMP4/IWP2 treatment), cells at p0 (about 48h after being switched to TSC media)

demonstrated down-regulation of genes associated with adherens and tight junctions, and actin

cytoskeleton reorganization, which correlates with the observed loss of cell-cell adhesion (Fig.

3.7C). Compared to both primary and hPSC-derived TSC, cells at p2 (the transition point furthest

away from TSC) had up-regulated genes associated with the epithelial-mesenchymal transition,

extracellular matrix reorganization, cell-cell and cell-substrate adhesion (Fig. 3.7D).
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Figure 3.6: (next page): Transition from primed pluripotency to TSC involves a trophectoderm-
like intermediate.
(A) Morphology of H9-ESC at days 0-4 following treatment with BMP4/IWP2. At the end
of 4 days, the majority of the cells express EGFR by flow cytometric analysis. Data are
representative of n = 5 independent experiments. (B) qPCR of H9-ESC at days 0, 2, and 4
following BMP4/IWP2 treatment, for markers of pluripotency (NANOG and POU5F1), naı̈ve
pluripotency (DNMT3L, KLF17, DPPA3, and DPPA5), trophectoderm (ENPEP, TACSTD2,
NR2F2, and CDX2), and cytotrophoblast (CTB) (TP63, VGLL1, GATA2, GATA3, TFAP2C).
Data were normalized to L19 and shown as fold change over undifferentiated H9-ESC (D0=day
0), and represent mean +/- SD for n = 3 independent experiments. *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001 by student’s t-test. (C) Morphology and EGFR expression
of BMP4/IWP2-treated H9-ESC, passaged in modified Okae TSC media. During this time,
the cells initially lose EGFR expression and slowly re-gain it after at least 5 passages. Data
are representative of n = 3 independent experiments. (D) Principal component analysis of
cells transitioning from primed pluripotency (hPSC) through trophoblast induction (using
BMP4/IWP2), then undergoing adaptation through 6 passages (p0- p6) in modified Okae TSC
media. Arrow points to passage in which the hPSC-derived cells are farthest away from primary
TSC. Each dot on the PCA represents a sample from an independent experiment (n = 2 for H1
and iPSC, day 0 and TSC; n = 3 for all H9 samples).
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Figure 3.7: (next page): Analysis of gene expression changes during adaptation of BMP4/IWP2-
treated hPSC in modified Okae TSC media (related to Fig. 3.6).
(A) Proportion of genes (839), differentially up-regulated in primary TSC compared to undif-
ferentiated hPSC, first decreases from 37% at 4 days of BMP4/IWP2 treatment to 28% after
two passages in the modified Okae media, but then increases to 59% in hPSC- derived TSC. (B)
The most significant tissue-specific signature of hPSC-derived trophoblast at all the timepoints
was associated with “placenta.” (C) Downregulated genes in passage 0 (p0), 48 hours after
switching BMP4/IWP2-treated cells to TSC media, include those associated with adherens and
tight junctions and actin cytoskeleton reorganization, consistent with the initial loss of epithelial
morphology. (D) Upregulated genes at passage 2 (p2) (the transition point furthest away from
TSC), include those associated with the epithelial-mesenchymal transition, extracellular matrix
reorganization, and cell-cell and cell-substrate adhesion.
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Recently, Io et al. [84] developed a BMP4-based protocol for transitioning naı̈ve hPSCs,

first into a TE-like state (after 3 days), characterized by expression of ENPEP, TACSTD2, and

NR2F2, and subsequently into a CTB-like state (after 3-15 passages), characterized by SIGLEC6

among other markers (including VGLL1, TP63, and EGFR). We compared our cells to theirs,

starting with bulk RNA-seq, from primary CTB isolated by both our groups, as well as naı̈ve

and primed hPSC and their trophoblast derivatives. Principal component analysis (PCA) showed

separation between the naı̈ve and primed hPSC group and primary CTBs (separated along the PC1

axis, 67% variance), with both the naı̈ve and primed hPSC-derived cells located between these

two groups on PC1 (Fig. 3.8A). Unsupervised hierarchical clustering showed that, while naı̈ve

and primed hPSC and their early derivatives (Io’s naı̈ve-TE at day 1, and our BMP4/IWP2-treated

cells at days 1-2) clustered together, all the later derivatives (Io’s naı̈ve-TE at days 2-3, and our

BMP4/IWP2-treated cells at days 3-4, as well as both naı̈ve- and primed-hPSC-derived TSC)

clustered together with primary CTB (Fig. 3.8B). Within the latter group, our BMP4/IWP2-

treated cells (at days 3-4) clustered together with Io’s naı̈ve-TE (at days 2-3), suggesting the

primed cells go through a TE-like phase, while our primed-TSC (at passage 6-8) clustered together

with Io’s naı̈ve-CTB (at passage 3-15) (Fig. 3.8B).
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Figure 3.8: Comparison of trophectoderm and TSC derived from naı̈ve and primed hPSC (part
1).
(A) Principal component analysis of our cells, combined with those published by Io et al. [84],
including, from left to right: 1) undifferentiated naı̈ve and primed hPSC (day 0) and their
early trophoblast derivatives (days 1-2 in our BMP4/IWP2 treatment, and day 1 of Io et al.’s
induction); 2) naı̈ve and primed hPSC induced into a trophectoderm/TE-like fate (days 3-4 in our
BMP4/IWP2 treatment, and days 2-3 of Io et al.’s induction); 3) primary (placenta-derived) TSC
(1048 and 1049 lines), our primed hPSC-derived TSC (H9-TSC at passage 6, H1-TSC at passage
7, iPSC- TSC at passage 8), and Io et al.’s naı̈ve hPSC-derived TSC (naı̈ve cytotrophoblast
or N-CT at passage 3-15); and 4) primary cytotrophoblast (CTB) (CTB-1E include our preps
from 10 different 5-8 week-gestation placentae; other four samples include two 9-week and two
11-week gestation CTB preps from Io et al.). For hPSC lines, each dot represents a sample from
an independent experiment (n = 2 for H1 and iPSC, day 0 and TSC, and all samples from Io
et al.; n = 3 for all H9 samples); for CTB samples, each dot represents a biological replicate.
Dotted lines show k-means clustering (k=4). (B) Dendrogram of the same samples, showing
primed and naı̈ve hPSC and their early derivatives clustering separately (left) from primary CTB,
hPSC-derived TSC (naı̈ve and primed), as well as hPSC-derived TE (naı̈ve and primed).
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We next evaluated the progression from primed pluripotency to TSC by single cell RNA

sequencing (scRNA-seq) of H9 hESC, both undifferentiated and treated with BMP4/IWP2 for

12 hours, 24 hours, and 4 days, as well as H9-TSC, using 10X Genomics. A total of 11,259

cells across all timepoints were analyzed by Seurat, which separated the cells into 4 clusters (Fig.

3.9A). Cluster 0, despite containing mostly cells at early stages of trophoblast induction with

BMP4/IWP2 (12h and 24h), showed a separate transcriptional program from undifferentiated

hPSC in cluster 1. Feature plots of pluripotency- and trophoblast-associated genes showed that

both clusters 0 and 1 have a strong pluripotency signature (POU5F1 and NANOG), with a subset

of cluster 0 cells initiating the TE program, as noted by GATA3 expression, as early as 12 hours

from induction. Cluster 3 cells (those treated with BMP4/IWP2 for 4 days) had completely lost

NANOG expression, but had begun to express TE-associated genes, including KRT19, ENPEP,

TACSTD2, and NR2F2, similar to Io’s naı̈ve PSC-derived TE [84] (Fig. 3.9A). As TSCs, cells

gained expression of CTB-associated genes, including EGFR, VGLL1, and SIGLEC6, similar

to Io’s naı̈ve PSC-derived CTB [84] (Fig. 3.9A). Naı̈ve pluripotency markers were expressed at

low levels in rare undifferentiated primed hPSC but (with the exception of DNMT3L) they were

absent in BMP4/IWP2-treated hPSC (Fig. 3.9A). When the transcriptomic signatures of hPSC at

day 4 of BMP4/IWP2 treatment as well as both primary and hPSC-derived TSC were compared

to undifferentiated hPSC and analyzed by the PlacentaCellEnrich tool [86], all 3 groups showed

highest enrichment of genes from trophoblast cells in the placenta, with similar enrichment

for syncytiotrophoblast (STB)-, extravillous trophoblast (EVT)-, and cytotrophoblast (CTB)-

associated genes (Fig. 3.9B). These data suggest that primed hPSC have the potential to give rise

to TSC, following induction into a TE-like phase with 4 days of treatment with BMP4/IWP2,

providing a simple protocol for obtaining TSC from a vast array of available embryonic and

induced pluripotent stem cells.
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Figure 3.9: Comparison of trophectoderm and TSC derived from naı̈ve and primed hPSC (part
2).
(A) Single cell RNA-seq analysis of H9-ESC at day 0, at 12-hours, 24-hours and 4 days post-
BMP4/IWP2 treatment, as well as H9-TSC, separated into 4 clusters by Seurat. Feature plots
of pluripotency-, TE-, and CTB-associated markers show induction of TE- (and not naı̈ve
pluripotency-) associated genes, prior to finally transitioning into TSC state, with expression of
CTB-associated markers. (B) Analysis by PlacentaCellEnrich tool of transcriptomic signatures
of BMP4/IWP2-treated hPSC, primary TSC, and hPSC-derived TSC, compared to undifferenti-
ated hPSCs. Note similar enrichment proportions for syncytiotrophoblast (STB)-, extravillous
trophoblast (EVT)-, and cytotrophoblast (CTB)-associated genes across all 3 comparisons.
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Chapter 4

Transcriptomic Drivers of Differentiation,

Maturation, and Polyploidy in Human

Extravillous Trophoblast

4.1 Introduction

The human placenta is essential for successful pregnancy and unique in its transitory

nature. It performs a multitude of functions, including gas and nutrient exchange, synthesis

of pregnancy-specific signaling molecules, and induction of maternal immunological tolerance.

To realize the potential of creating an hPSC in vitro model that accurately represents human

placentae, it is not only important to create trophoblast stem cells that could be differentiated into

mature villous trophoblast cells but create in vitro trophoblast cells that were as close to primary

trophoblast as possible. To accomplish this objective, it is therefore critical to characterize primary

trophoblast and uncover the drivers of their differentiation and maturation in order to better model

these cell types.

The placenta is also unique in its invasive nature. Early in development, the placenta
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displays tumor-like properties as one of its component cell types, the extravillous trophoblast

(EVT), aggressively invades the endomyometrium of the maternal uterus and remodels the

spiral arteries [150]. EVTs arise from the proliferative epithelial stem cells of the placenta,

the cytotrophoblast (CTB), and exit the cell cycle as they differentiate and invade. EVT share

many of the molecular hallmarks of cancer cells [53], one of which is the frequent occurrence of

structural genomic rearrangements and aneuploidy [163]. Trophoblast giant cells (TGCs), the

mouse equivalent to EVTs, are known to be highly polyploid [17, 231], meaning they possess

more than two sets of chromosomes, and undergo endoreduplication, a process by which cells

undergo DNA replication in the absence of subsequent cell division [56]. Further studies have

shown that TGCs harbor consistent regions of copy number variation (CNV) that may function

as an important mode of genome regulation [67, 66]. Compared to rodents, there are only a

small number of previous studies examining human trophoblast polyploidy or genomic CNVs

[230, 229, 211, 126]. One such study in the human placenta showed an enrichment of CNVs,

suggesting that, as in the mouse, the human placenta contains an atypical genome architecture

that is important for the normal function of the organ [93]. Recently, however, another study

focused on invasive EVT in first trimester human placenta, and reported that, unlike mouse TGCs,

these cells did not contain CNVs but were predominantly tetraploid, and potentially undergo

senescence and endoreduplication [197]. To date, similar analyses of term EVT has not been

done.

Several groups, including ours, have characterized the transcriptome of human first

trimester EVT using microarray-based profiling [3, 181, 185, 201]. These studies have shown

that, compared to their CTB precursors, EVT downregulate pathways involving cell cycle,

oxidative phosphorylation, p53, and fatty acid metabolism, while upregulating those involved in

immune response, hypoxia- and hypoxia-inducible factor (HIF), mTOR signaling, and epithelial-

mesenchymal transition (EMT), of which the latter has been extensively studied during EVT

differentiation [44, 3, 181, 185, 201]. Nevertheless, there is a paucity of data, both on the gene
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expression profile of term EVT, as well as on gene regulatory networks associated with EVT

differentiation, maturation, and polyploidy.

In this chapter, we aim to extend the recent studies discussed above by performing

comprehensive profiling of the genomic organization and transcriptome of first trimester and

term EVT. To this end, we have used single-cell and bulk whole genome sequencing data, along

with SNP genotyping, to investigate CNVs in first trimester and term EVT, compared to CTB

and umbilical cord mesenchymal stem cells. We also used RNA sequencing to characterize

the transcriptomes of both first trimester and term CTB and EVT, in order to identify pathways

involved in EVT differentiation and maturation, as well as those that play a role in establishment

of polyploidy in these cells. Additionally, we used hTSC derivation and differentiation [142] to

evaluate development of polyploidy in in vitro-differentiated EVT, and to validate the unfolded

protein response as a newly-identified pathway involved in EVT function. Finally, we also analyze

our RNA-seq data to identify the TF networks involved in normal EVT formation and function.

4.2 Methods

4.2.1 Placenta samples, cell isolation, and EVT differentiation

Human placental tissues were collected under a UCSD Human Research Protections

Program Committee Institutional Review Board-approved protocol; all patients provided informed

consent for collection and use of these tissues. Cells were isolated from a total of 46 normal

placentae, 27 first trimester and 19 term (Table 4.1). Gestational age (GA) is stated in weeks

and days since the last menstrual period. For first trimester placentae, “normal” refers to elective

termination of pregnancy in the absence of structural fetal abnormalities; for third trimester

placentae (term), “normal” is defined by a non-hypertensive, non-diabetic singleton pregnancy,

where the placenta is normally grown and shows no gross or histological abnormalities.
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Table 4.1: Details of all samples used in study. CTB, cytotrophoblast; EVT, extravillous
trophoblast; MSC, umbilical cord-derived mesenchymal stem cells; and TSC, trophoblast stem
cells (derived from first trimester placentae).

Patient Number Cell Type Trimester Fetal Sex RNA-seq scCNV Ploidy Analysis by Flow Cytometry FISH Genotyping Array
716 CTB 1 Female X
788 CTB 1 Female X
793 CTB 1 Female X
804 CTB 1 Female X
805 CTB 1 Female X
822 CTB 1 Male X
825 CTB 1 Male X
830 CTB 1 Male X
831 CTB 1 Male X
832 CTB 1 Male X

2239 CTB 3 Male X
2256 CTB 3 Male X
2418 CTB 3 Female X
2430 CTB 3 Male X
2453 CTB 3 Male X
2504 CTB 3 Male X
2536 CTB 3 Female X
2538 CTB 3 Female X
2554 CTB 3 Female X
2567 CTB 3 Female X
2757 CTB 3 Male X
1026 EVT 1 Male X
1087 EVT 1 Male X
1089 EVT 1 Male X
1094 EVT 1 Male X
1096 EVT 1 Female X
1097 EVT 1 Female X
1099 EVT 1 Female X
951 EVT 1 Female X
970 EVT 1 Female X
977 EVT 1 Male X

2342 EVT 3 Male X
2656 EVT 3 Female X
2667 EVT 3 Female X
2700 EVT 3 Female X
2701 EVT 3 Male X
2706 EVT 3 Male X
2757 EVT 3 Male X
2757 UC-MSC 3 Male X
1386 EVT 1 Female X
1386 CTB 1 Female X
1391 EVT 1 Female X
1391 CTB 1 Female X (poor quality – dropped)
2754 EVT 3 Female X X X
2754 CTB 3 Female X X X
2754 UC-MSC 3 Female X X X
2771 EVT 3 Male X X X
2771 CTB 3 Male X X X
2771 UC-MSC 3 Male X X X
2834 EVT 3 Female X X X
2834 CTB 3 Female X X X
2834 UC-MSC 3 Female X X X
1389 EVT 1 Unknown X
1389 CTB 1 Unknown X
1383 EVT 1 Unknown X
1383 CTB 1 Unknown X
1048 TSC 1 Female Day 0 & Day 5/EVT-differentiated
1049 TSC 1 Male Day 0 & Day 5/EVT-differentiated

1270-C TSC 1 Male Day 0 & Day 5/EVT-differentiated

Gestational Age (wksday)
114

126

100

106

112

133

100

144

102

133

370

390

390

390

390

390

390

390

390

390

392

106

135

121

146

114

112

140

111

106

114

392

393

392

394

390

406

392

392

86

86

100

100

391

391

391

391

391

391

373

373

373

136

136

90

90

62

61

60

Isolation of cytotrophoblast (CTB) and extravillous trophoblast (EVT) from 20 term

placentae (37- to 41-weeks GA) was performed as previously described in [112]. Briefly, the

placentae were obtained immediately after C-section and placed on ice. Tissue from the basal

plate (for EVT) and chorionic portion (for CTB) was dissected and minced, rinsed in 1X PBS

107



(Corning), and digested for 20 minutes in 1X Ca/Mg-free HBSS (Gibco), 1X trypsin (Gibco),

collagenase, and DNase (Roche) three times, discarding the supernatant after each digestion. A

Percoll® gradient (Sigma-Aldrich) centrifugation separation was then performed. Cells were

then subjected to positive selection using magnetic activated cell sorting (MACS) (Miltenyi

Biotec) and a PE-conjugated antibody against HLA-G (EXBIO MEM-G/9). The bound fraction

was collected, tested for purity using flow cytometry. EVT preparations that contained greater

than 90% HLA-G+ cells were considered as adequate and used in downstream experiments.

The unbound fraction was collected and CTB were selected using APC-conjugated antibody

against EGFR (Biolegend 352906) and tested for purity using flow cytometry. CTB preparations

yielding greater than 90% EGFR positivity were considered adequate and used in downstream

experiments. Isolation of primary first trimester (9- to 14-week gestational age) trophoblast cells

from 27 placenta samples was performed as previously described in [201, 168]. Briefly, chorionic

villi were minced, washed in Hanks’ balanced salt solution (Gibco) and digested three times

with DNase I (Roche) and trypsin (Gibco). The cells were then pelleted and separated on a

Percoll gradient (Sigma-Aldrich) and subjected to sequential MACS selection similar to the term

placental samples.

Human Trophoblast Stem Cell (hTSC) lines were derived from early first trimester (6-7

week GA) placentae as previously described by [142]. Briefly, placental villi were minced,

enzymatically digested, and then filtered. After Percoll® separation, the cells in the trophoblast

fraction were MACS-purified with a PE-conjugated anti-ITGA6 antibody (Biolegend 313612; cell

line 1049) or an APC-conjugated anti-EGFR antibody (Biolegend 352906; cell line 1048). The

1270C hTSC line was derived directly from the trophoblast fraction (after Percoll gradient) of the

chorionic side of the placental tissue (manually separated from the basal side). Cells were then

plated on collagen IV coated 6-well plates for at least 1 hour on TS media as described previously

in [142]. Cells were first grown in modified basal media (advanced DMEM/F12, N2/B27

supplements, 2mM-glutamine, 10 µM 1-thioglycerol, 0.05% BSA, and 1% KSR). The media was
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then changed to modified complete media (basal media with the addition of 2 µM CHIR99021,

500 nM A83-01, 1µM SB431542, 5 µM Y-27632, 0.8 mM valproic acid sodium, 100 ng/ml

FGF2, 50 ng/ml EGF, 20 ng/ml Noggin, 50 ng/ml HGF) and grown to 80% confluency. Cells

were passaged using TrypLE incubated for 15 minutes at 37°C. To characterize the trophoblast

stem cell identity of these cells, their transcriptome was compared to that of cells derived by

Okae et al. [142], as well as to primary CTB and EVT; our TSC were found to cluster with both

the embryo- and placenta-derived Okae TSC (Fig. 4.9). EVT differentiation was performed by

plating 0.75x 105 cells in a six-well plate precoated with 20 µg/ml fibronectin using the EVT

differentiation media described in Okae et al., [142] (DMEM/F12 supplemented with 0.1 mM

2-mercaptoethanol, 0.3% BSA, 1% ITS-X supplement, 100 ng/ml NRG1, 7.5 µM A83-01, 2.5

µM Y27632, 2% Matrigel and 4% KnockOut Serum Replacement). On day 3, the medium was

replaced with EVT medium lacking NRG1, and Matrigel was added to a final concentration

of 0.5%. On day 5, the cells reached 80% confluency and were dissociated using TrypLE for

13 minutes at 37◦C. The cells were assessed for differentiation efficiency by flow cytometric

analysis using antibodies against HLA-G (EXBIO MEM-G/9) and EGFR (Biolegend 352906).

For experiments evaluating the unfolded protein response pathway during EVT differentiation,

the media was supplemented with 30 µM 4u8C (Sigma-Aldrich) or equivalent (vol/vol) amount

of DMSO carrier.

Human umbilical cord (UC) was collected aseptically under a protocol approved by

the Human Research Protections Program Committee of the UCSD Institutional Review Board

(IRB number: 181917X). All patients provided informed consent for collection and use of these

tissues, and all experiments were performed within guidelines and regulations set forth by the

IRB. Umbilical cord mesenchymal stem cells (UC-MSCs) were derived from minced umbilical

cord tissue per a published protocol [85, 221] Umbilical cord (UC) samples were collected and

processed within 24 hours of delivery. Briefly, UC’s were minced and washed to remove blood

and then cultured in basal medium (aMEM with nucleosides (ThermoFisher), containing 10%
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MSC-qualified FBS (OmegaScientific)). Cultures were maintained in a humidified atmosphere

with 5% CO2 at 37°C. Approximately three weeks after plating, adherent fibroblast-like cells

were detached using TrypLE Express for 5 minutes at 37°C (ThermoFisher) and filtered to remove

any tissue fragments. The collected cells were then reseeded and maintained in growth medium

containing b-FGF. After two weeks of growth with medium replacement every three days, the

cells were checked for purity by flow cytometry analysis (BD FACS Canto 2 HTS). Cells were

assessed for the expression of CD73 (FITC Mouse Anti-Human CD73 – BD 561254) and the

absence of CD31 (APC-Cy™7 Mouse Anti-Human CD31 BD 563653) and CD45 (APC Mouse

Anti-Human CD45 – BD 560973). UC-MSC samples displayed CD73 expression in over 90% of

cells and lacked expression of CD31 and CD45. Sex of first trimester samples was determined

based on PCR for SRY.

4.2.2 Whole Genome Sequencing Reanalysis

Whole genome sequencing fastq files from matched, isolated EGFR+ and HLA-G+ tro-

phoblast from two patients (11-12 weeks gestational age) were downloaded from BioProject

(Accession: PRJNA445189) [197]. The fastq files were trimmed (trim galore v. 0.4.1) using

a quality score cut-off of 30. The samples were then mapped to GRCh38 using Bowtie2 (v.

2.2.7) [105]. ERDS 1.1 was used to call CNVs on patient 1 using the erds pipeline.pl script

[228] with default parameters. CNV’s found in both the EGFR+ and HLA-G+ sample were

filtered out. Variants were called using GATK (v 4.0.11.0) on EGFR+ and HLA-G+ samples from

both patients. Briefly, after merging replicate samples, duplicates were marked using Picard (v.

2.18.15), base quality scores were recalibrated, and variants were called using HaplotypeCaller.

Joint genotyping followed by SNP and InDel recalibration was then performed according to

GATK best practices. Low quality variants (GQ < 20.0) were then removed and resulting vcf

files were used to run PURPLE (PURity and PLoidy Estimator) [28]. To run PURPLE, Amber3

(v. 3.1) and Colbalt (v. 1.8) were first run in “reference/tumor” mode with the EGFR+ sample
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used as the reference sample and the matched HLA-G+ sample used as the “tumor” sample.

4.2.3 Single cell RNA-seq reanalysis and InferCNV

Single cell data was downloaded from the European Genome-Phenome Archive hosted by

the European Bioinformatics Institute (EBI; accession no. EGAS00001002449). Data from only

the “normal” placenta samples (PN1, PN2, PN3C, PN3P, and PN4) (38 weeks gestational age) was

used in the InferCNV (inferCNV of the Trinity CTAT Project) analysis [147]. PN2 was determined

to be an outlier and was removed prior to cell cycle analysis. Prior to running InferCNV, data was

analyzed using Scanpy (v. 1.4.3) [214]. Briefly, quality control was performed, and data were

filtered, and batch corrected before dimensionality reduction and Louvain clustering. Cell cycle

analysis was done using Scanpy’s “score genes cell cycle” command and gene sets determined

previously [119]. Clusters were then annotated by ranking marker genes obtained by performing

a modified t-test between each cluster and the remaining cells. Sub-clustering was performed on

clusters that were not readily identifiable. Two EVT clusters were annotated and used downstream

in the inferCNV algorithm as the “tumor” cells. All other annotated cells were considered part

of the “normal” reference cells. Anscombe transform normalization was used before running

inferCNV to remove noisy variation at low counts, and the parameter HMM type “i3” was used

to perform inferCNV.

4.2.4 SNP genome-wide genotyping and CNV detection

DNA was isolated from placental cell pellets from two first trimester and three term

placentae (Qiagen DNeasy Blood and Tissue kit) and quantified (Qubit dsDNA BR Assay Kits,

Thermo Fisher Scientific) according to the manufacturer’s protocol. DNA was genotyped using

Illumina InfiniumOmni2-5-8v1-4 BeadChips (approx. 2,381,000 markers with a median spacing

of 0.65 kb) at the IGM Genomics Center, at UC San Diego. Samples were called in GenomeStudio
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(Illumina) with an average overall call rate of 99.4%. The CTB sample from one patient (1391)

was removed from the analysis due to a low call rate (91.3%). CNVs were identified using the

cnvPartition Plug-in (v. 3.2.0) in GenomeStudio. The cnvPartition confidence threshold was

set at 100, with a minimum number of SNPs per CNV region of 10. The R (v. 3.6.1) package,

allele-specific copy number analysis of tumors (ASCAT) (v. 2.5.2) [196], was used to estimate

the ploidy of EVT samples. LogR ratios and BAF values were exported from GenomeStudio

and no GC wave correction was performed. EVT samples were considered “tumor” samples and

matched UC-MSCs were used as “reference” samples.

4.2.5 Single cell CNV detection

Matched EVT, CTB, and UC-MSCs from three term placentae were obtained as detailed

above and following isolation were flash frozen. Cells were thawed and immediately resuspended

into a single-cell suspension with 1X PBS and 0.04% BSA and filtered through a Flowmi cell

strainer (Belart) before beginning the 10X Genomics single-cell DNA library prep. Briefly,

between 100 to 500 cells in each sample were encapsulated in a hydrogel matrix, lysed, and

then the genomic DNA (gDNA) was denatured and captured on a second microfluidic chip in

Gel Beads containing unique cell indexes. After creation of amplified barcoded DNA fragments,

sequencing libraries were created and sequenced on a NovaSeq at the IGM Genomics Center at

UC San Diego. Cell Ranger (v. 1.1.0) (10X Genomics) DNA CNV pipeline was run to associate

individual reads back to the individual cell. The reads were mapped to GRCh38 and downstream

analysis was performed in LoupeBrowser. Each sample had on average over 1 million mapped

and deduplicated reads per cell and a median estimated CNV resolution of less than 1 Mb.
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4.2.6 Flow cytometric-based ploidy analysis

Matched EVT and CTB, and matched EVT, CTB, and UC-MSC were isolated from two

first trimester and three term placentae, respectively; three hTSC lines were collected at day 0 and

day 5 of EVT differentiation. Cells were washed first with PBS and then cold ethanol. Following

the ethanol wash, the cells were allowed to rehydrate in PBS before pelleting and resuspending

in 1 mL of a 3 µM DAPI in staining buffer (100 mM Tris, pH 7.4, 150 mM NaCl, 1mM CaCl2,

0.5 mM MgCl2, 0.1% Nonidet P-40) solution. Cells were incubated in the DAPI solution for 15

minutes at room temperature before filtering and running on a BD FACSCanto II Cell Analyzer.

4.2.7 FISH

Isolated term placental cell samples from three patients (CTB, EVT, and UC-MSCs from

each patient) were sent to the Cytogenomics Laboratory at UCSD’s Center for Advanced Labo-

ratory Medicine. Fluorescence in situ hybridization (FISH) was performed using enumeration

probes for chromosomes 2, 6, 18, and 20 (D2Z2, D6Z1, D18Z1, D20Z1: Abbott Molecular, Inc.).

Each probe was examined in 200 interphase nuclei.

4.2.8 RNA isolation and RNA-seq library construction and analysis

RNA from ten first trimester CTB, ten term CTB, ten first trimester EVT, and six term

EVT (split evenly between male and female), were isolated using the mirVana miRNA isolation

kit (Ambion). RNA concentration was measured by Qubit RNA BR assay kit (ThermoFisher)

and the quality of isolated RNA was checked using a bioanalyzer (Agilent). All samples were

found to have a RIN above 7.5. RNA-seq libraries were prepared using the TruSeq Stranded

mRNA sample preparation kit (Illumina) at the IGM Genomics Center at UC San Diego. Li-

braries were pooled and sequenced on NovaSeq 6000 S1Flow Cell (Illumina) to an average

depth of 41 million uniquely mapped reads. Quality control was performed using FastQC (v.
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0.11.8) and multiQC (v. 1.6). Reads were mapped to GRCh38.p10 (GENCODE release 26)

using STAR (v. 2.7.3a) [47] and annotated using featureCounts (subread v.1.6.3, GENCODE

release 26 primary assembly annotation) [113]. The STAR parameters used were: –runMode

alignReads –outSAMmode Full –outSAMattributes Standard –genomeLoad LoadAndKeep –

clip3pAdapterSeq AGATCGGAAGAGC –clip3pAdapterMMp 1 – outFilterScoreMinOverLread

0.3 –outFilterMatchNminOverLread 0.3. The featureCounts parameters were: -s 2 -p -t exon -T

13 -g gene id. Ensembl genes without at least three samples with 5 or more reads were removed

from analysis. Normalization and differential expression analysis were performed using the R (v.

3.6.3) package DESeq2 (v. 1.28.1) [117]. Sample sex was accounted for in the DESeq2 design

and, unless otherwise stated, genes with an adjusted p-value < 0.05 and Log2 fold change > 1

were considered differentially expressed. BiomaRt (v. 2.42.1) was used to convert Ensembl gene

ID’s to HUGO gene names, and gene set enrichment analysis was done with the R (v. 3.6.3) pack-

age FGSEA (v. 1.14.0) using 10,000 permutations and the hallmark (v. 7.0) pathways gene set,

the GO term C5 (v. 7.0) gene set, and the transcription factor c3.tft (v. 7.2) gene set downloaded

from MSigDB. Genes were ranked based on their Wald test statistic after performing differential

expression. Additionally, where indicated, founder gene sets for the hallmark pathway gene sets

were downloaded from MSigDB (v. 7.2). The cell senescence signature was downloaded from the

Human Ageing Genomic Resources (https://genomics.senescence.info/download.html/cellage)

[176]. Cell cycle related genes for each phase of the cell cycle were previously determined [119].

Characterization using principal component analysis (PCA) of the three hTSC lines derived for

this study and two previously reported hTSCs [142], was done by merging the raw counts from

six placental samples (three EVT and three CTB) and four hTSC samples (duplicates of blastocyst

derived hTSCs and placental derived hTSCs) from Okae et al. [142], with the nine hTSC samples

(triplicates of each hTSC line) and 36 placental samples from this study, filtered as specified

above. The combined RNA-seq data was then processed and transformed using DESeq2’s vari-

ance stabilizing transformation method before performing PCA. Gene list enrichment analysis
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was done with Enrichr [101]. Visualization was performed with the R package ggplot2 or with

the python packages seaborn, matplotlib, or plotly.

Gene regulatory networks were created by first performing GSEA using the transcription

factor prediction gene set c3.tft (v. 7.2) from the Molecular Signatures Database. Transcription

factors used as input into the gene regulatory network inference algorithm were selected based on

adjusted p-value (< 0.05). Arboreto (v 0.1.5) [130] was run using the GRNBoost2 algorithm. The

input into the algorithm consisted of the differentially expressed genes (adjusted p-value < 0.05

and Log2 fold change > 1) from a given comparison and the significantly enriched transcription

factors for the same comparison. For each target gene, the algorithm uses a tree-based regression

model to predict its expression profile using the expression values of the set of input transcription

factors. The algorithm outputs transcription factor targets with a calculated importance score. The

top 1500 genes by Log2 fold change were then used to create a protein-protein interaction network

using the stringApp (v. 1.5.1, confidence (score) cutoff = 0.4, max additional interactors = 0, use

smart delimiters) application in Cytoscape (v. 3.8.0). The networks were then clustered using

MCL clustering with the clusterMaker2 application (v. 1.3.1, inflation value = 2.0, assumption

that edges were undirected, and loops were adjusted before clustering). The importance scores

from the genes in each cluster were then summed to find the transcription factors with the highest

importance for each subcluster.

4.2.9 RNA isolation for qPCR of hTSC and EVT derivatives

RNA was isolated using NucleoSpin® (Macherey-Nagel, USA) kit and 300ng of RNA

was reverse transcribed to prepare cDNA using PrimeScript™ RT reagent kit (TAKARA, USA)

following the manufacturer’s instructions. qRT-PCR was performed using Power SYBR® Green

RT-PCR Reagents Kit (Applied Biosystems, USA). Data were normalized to beta-actin and shown

as fold-change over day 0 (undifferentiated hTSC). Statistical analysis was performed using t-test.

Data is expressed as mean ± SD of 2-ddCt values. The level of statistical significance was set at p
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< 0.05.

4.2.10 Western Blot

hTSC 1049 cells were differentiated into EVT in 10cm dishes for 5 days. Cell lysate was

collected every day for 5 days using RIPA buffer (Fisher Scientific, USA) containing protease and

phosphatase inhibitors (Roche Applied Science, USA), according to the manufacturer’s protocol.

Protein concentration was quantified by BCA protein assay (Thermo Scientific, USA). 30µg

of total protein was loaded onto a 10% denaturing polyacrylamide gel for separation and then

transferred to PVDF membranes by electrophoresis. Membranes were blocked with 5% nonfat

dried milk in Tris-buffered saline containing 0.1% (v/v) Tween 20 (Sigma-Aldrich) for 1 hour and

then incubated overnight with primary antibodies: rabbit anti-STAT1 (Cell Signaling Technology

or CST 9175) or mouse anti-ACTB (Sigma-Aldrich A5441). Followed by 1-hour incubation with

HRP-conjugated secondary antibodies (donkey anti-rabbit IgG, CST 7074S, or anti-mouse IgG,

CST 7076S), signals were developed using SuperSignal West Dura Extended Duration substrate

(Thermo Fisher, USA) and captured on film.

4.2.11 Immunostaining and In-situ hybridization

First trimester placental tissues were fixed in 4% paraformaldehyde in phosphate-buffered

saline for 10 minutes, then permeabilized with 0.5% Triton X-100 for 2 minutes. Tissues were

stained with mouse anti-HLAG antibody (clone 4H84; Abcam) and rabbit anti-STAT1 (CST

9175), using Alexa Fluor-conjugated secondary antibodies (Thermo Fisher), and counterstained

with DAPI (Invitrogen), then visualized using a Leica DM IRE2 inverted fluorescence microscope.

Term placenta samples were fixed in neutral-buffered formalin and embedded in paraffin

wax. IHC and ISH was performed on 5-µm sections of these tissues on a Ventana Discovery

Ultra automated stainer (Ventana Medical Systems) at the UC San Diego Advanced Tissue
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Technology Core lab. For immunohistochemistry, standard antigen retrieval was performed for

40 min at 95°C as per the manufacturer’s protocol (Ventana Medical Systems), and the section

was stained using mouse anti-HLAG antibody (clone 4H84; Abcam). Staining was visualized

using 3,3’- diaminobenzidine (DAB, Ventana Medical Systems) and slides were counterstained

with Hematoxylin. For in-situ hybridization, we used the RNAscope method with probes specific

to human GCM1 from ACD-Bio. Following amplification steps, the probes were visualized

using DAB and slides counterstained with Hematoxylin. IHC and ISH slides were analyzed by

conventional light microscopy on an Olympus BX43 microscope (Olympus).

4.3 Results

4.3.1 Term EVT lack recurrent copy number variations at specific genomic

regions

To address the question whether human EVT are characterized by specific copy number

variations (CNVs) or contain whole genome amplifications (polyploidy), we first reanalyzed

whole genome sequencing (WGS) data from recently published EGFR+ (CTB, n=2) and HLA-G+

(EVT, n=2) trophoblast isolated from first trimester placentae (11- and 12-week GA) [197].

To identify CNVs, we applied the Estimation by Read Depth with Single-nucleotide variants

(ERDS) algorithm [228], which was recently found to have high sensitivity and accuracy [188]

and is an orthogonal method to those previously published [197]. Our reanalysis found fewer

duplications in the HLA-G+ samples compared to EGFR+ samples; in addition, no duplications

encompassed genes previously identified to be contained within amplified genomic regions of

murine trophoblast giant cells [66]. Of the 35 genes found to have a duplication unique to

the HLA-G+ sample, three (TTC34, PKP1, and MBD5) were identified in similar previously-

published data from second trimester whole human placental tissue [93] (data not shown). Read

117



depth CNV-detection algorithms use intra-chromosomal comparisons and therefore do not provide

aneuploidy/polyploidy detection. Therefore, to determine the ploidy of the HLA-G+ samples, we

applied the PURPLE (PURity and PLoidy Estimator) algorithm to the WGS data [28, 156], which

reported both HLA-G+ samples to be diploid, with no evidence of significant duplications (Fig.

4.1A). We do note that the Patient 2 and Patient 1 samples were properly identified as female (2

copies of the X chromosome) and male (1 copy of the X chromosome), respectively.
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119



Next, to find potential CNV genomic hotspots in term EVT, we isolated matched EVT,

CTB, and UC-MSCs from three term placentae (Table 4.1) and performed CNV calling on data

from genome-wide SNP genotyping arrays. For comparison, we performed a similar analysis

with matched CTB and EVT from two first trimester placentae. After removing one of the first

trimester CTB samples due to inadequate data quality, we found 9 CNVs unique to EVT samples

(not found in either the matched CTB or the matched UC-MSC samples) (Fig. 4.2A). Of these

9 CNVs, 6 were found in the first trimester EVT sample that lacked a matched CTB sample

(numbered in Fig. 4.2A), and 3 were duplications unique to the term EVT samples (green lines

marked by * in (Fig. 4.2A), although not common between term EVT; none of the nine CNVs

overlapped with previously-identified CNV regions [93]. We next sought to determine the ploidy

of our EVT samples by running ASCAT (allele-specific copy number analysis of tumors) [196]

on the data from genome-wide SNP genotyping arrays. We compared the EVT samples to their

matched diploid UC-MSCs and again found no evidence of polyploidy in our term EVT samples

(Fig. 4.1B).
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Figure 4.2: Copy number variation (CNV) analysis using genome-wide SNP genotyping array
and single cell CNV data.
(A) CNV analysis on matched cytotrophoblast (CTB), extravillous trophoblast (EVT) and
umbilical cord-derived mesenchymal stem cells (MSC) from three term placentae, and matched
CTB and EVT from two first trimester placentae, using genome-wide SNP genotyping array
(CTB sample from Patient 1391 was removed due to poor data quality). Deletions are shown in
red and duplications in green. ”*” indicate duplications that are unique to term EVT. Numbered
CNVs are those unique to first trimester EVT. Patient 2771 is female, and all other patients are
male. (B) CNV calls from single cell CNV analysis on matched CTB, EVT, and MSC from a
single term placenta sample (Patient 2757 - male). Red on the heatmap represents increase in
copy number and blue a loss in copy number. White represents a copy number of two.
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To exclude the presence of a subpopulation of EVT cells showing polyploidy or a signifi-

cantly higher load of CNVs, we performed single cell CNV analysis on over 600 matched EVT,

CTB, and UC-MSC cells isolated from one term placenta. The estimated ploidy in each of the

three samples was the same, at 1.95. Although some cells contained duplications, we were not

able to verify the existence of a polyploid subpopulation (Fig. 4.2B). Finally, we interrogated

a recently-published term placentae single-cell RNA-seq dataset [190] using InferCNV. After

identifying EVT cells based on expression of HLA-G, we used InferCNV to compare their

expression intensity to a set of reference “normal” cells in the same placental samples. We again

found no evidence of polyploidy. We did find cells with numerous smaller CNVs in many of the

EVT cells, but none that were common across multiple EVT (data not shown). We note that this

experiment was performed on one placenta (2757), and that placenta was not the same as those

used for other analyses.

These data suggest that, while EVT may display CNVs, high frequency CNVs common

across EVT within and between different individual placentae might not exist. Moreover, based

on reanalysis of existing trophoblast whole genome sequencing and single-cell RNA-seq data, as

well as newly generated bulk SNP genotyping array and single-cell CNV data, we did not observe

evidence of polyploidy in term EVT. However, as these techniques are not optimally designed to

detect polyploidy, we proceeded with additional analyses to more directly assess this feature.

4.3.2 Flow cytometry and cytogenetic analysis confirm the presence of

polyploid EVT at term

Given that the techniques used thus far were performed on bulk cell preparations (and

thus might miss genetic alterations present in a subpopulation of component cells), and/or were

not designed to detect polyploidy (e.g., single-cell CNV analysis), we next sought to evaluate

term EVT using approaches that can reliably detect polyploidy on the single-cell level. First, to

confirm the presence of a population of tetraploid first trimester EVT cells, as shown in Velicky et
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al. [197], we performed DNA ploidy analysis by flow cytometry on matched CTB and EVT from

two first trimester placentae. As reported previously [230, 197], the CTB were predominantly

diploid (76% of cells) compared to EVT, of which the majority (57%) were tetraploid (Fig. 4.3A).

We also noted a small subpopulation of cells that contained a DNA content above 4N (5.6% in

CTB and 14.4% in EVT). We next asked if isolated EVT from term placentae contain similar

proportions of hyper-diploid cells. We found that, although, on average, a lower percentage of

term EVT were tetraploid (44%), this was still a significantly larger proportion of tetraploidy

compared to matched CTB and UC-MSC from the same placentae (p-value < 0.01) (Fig. 4.3A

and 4.3B). Interestingly, compared to first trimester CTB and term MSC, term CTB showed

an almost 3-fold increase in the proportion of >4N cells, and this proportion (15%) remained

stable in matched term EVT (17%) (Fig. 4.3A and 4.3B). Additionally, we performed in vitro

differentiation of three hTSC lines into HLA-G+ EVT-like cells to assess how closely our in vitro

differentiated EVT-like cells recapitulated the increased DNA content in primary EVT samples.

We found no increase in the percentage of hyper-diploid cells following EVT differentiation of all

three hTSC lines; in one cell line (1049), there was a decrease in the number of diploid cells (and

thus an increase in the ratio of polyploid to diploid cells) following differentiation (Fig. 4.3A).
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Figure 4.3: (next page): DNA content flow cytometry and cytogenetics analysis.
(A) Table showing results of DNA content flow cytometry analysis in umbilical cord-derived
mesenchymal stem cells (MSC) from term placentae, cytotrophoblast (CTB) and extravillous
trophoblast (EVT) from first trimester or term placentae CTB and EVT, and human trophoblast
stem cells (hTSC) that are either undifferentiated (day 0) or differentiated (through a 5-day
protocol) into EVT in vitro. (B) DNA content as determined by flow cytometry from matched
CTB, EVT and MSC from three term placentae. Box in bottom right corner shows the mean
percentage of cells in each ploidy group of matched CTB and EVT from two first trimester
placentae as determined by flow cytometry. (C) Example images from FISH analysis of matched
EVT and CTB from one term placenta. Images show probes targeting chromosome 2 (red) and
chromosome 6 (green). (D) Bar graph showing the percentage of cells determined by FISH to be
tetraploid (chromosomes 2, 6, 18, and 20) in MSC, CTB, and EVT from three term placentae.

124



MSC CTB (EGFR+ ) EVT (HLA-G+ )

Patient (Term)

2N 4N >4N 2N 4N >4N 2N 4N >4N

2754 54.5 18.1 8.7 50.5 21.1 24.0 29.8 43.9 18.1
2771 62.4 16.2 4.9 62.3 19.8 14.1 32.6 38.4 18.8
2834 75.0 16.2 4.0 67.0 19.0 8.8 33.5 49.3 15.4

Patient (First Trimester)
1389 - - - 77.2 13.7 5.2 15.3 65.9 14.3
1383 - - - 75.6 16.2 6.0 18.4 47.7 14.4

64.0 16.8 5.9 59.9 20.0 15.6 32.0 43.9 17.4
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1270 day 0/CTB - - - 34.6 29.7 21.4 - - -
1270 day 5/EVT - - - - - - 33.6 29.2 18.5
1049 day 0/CTB - - - 45.1 25.7 17.6 - - -
1049 day 5/EVT - - - - - - 25.3 26.2 20.3
1048 day 0/CTB - - - 27.7 28.3 27.7 - - -
1048 day 5/EVT - - - - - - 22.6 23.8 19.4
Average (Differentiated day 0) - - - 35.8 27.9 22.2 - - -
Standard Error (Differentiated day 0) - - - 5.1 1.2 3.0 - - -
Average (Differentiated day 5) - - - - - - 27.2 26.4 19.4
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Finally, using the same matched term placental cell isolates, we subjected CTB, EVT, and

UC-MSCs to FISH analysis using enumeration probes for chromosomes 2, 6, 18, and 20. We

again found that our EVT samples had a much higher percentage of tetraploid cells compared to

their matched CTB and UC-MSC samples (Fig. 4.3C and 4.3D). We also noted that about 7% of

EVT cells were called triploid but no triploid cells were found in any of the CTB or UC-MSC

samples (data not shown). Taken together, these data suggest that similar to first trimester EVT,

and in contrast to first trimester CTB and third trimester CTB and MSC, term EVT contain a

large subpopulation of polyploid cells. Additionally, the similar proportion of >4N polyploid

CTB and EVT at term suggests that this may be a shared feature among term trophoblasts.

4.3.3 Global gene expression analysis reveals unique and common path-

ways involved in EVT differentiation and maturation

To further probe the differences between diploid CTB and polyploid EVT, we profiled the

transcriptomes of both first trimester and term CTB and EVT. We isolated CTB and EVT from 10

first trimester placentae, CTB from 10 term placentae, and EVT from 6 term placentae (Table 4.1),

with equal numbers of male and female placentae, and performed RNA-seq. Principal component

analysis showed that samples clustered into the four expected groups (first trimester CTB, term

CTB, first trimester EVT, and term EVT), based on cell-type along the first principal component,

and on gestational age along the second principal component (Fig. 4.4A). There did not appear to

be any obvious transcriptional differences based on sex. However, because we had sequenced

a sufficient number of patient samples and had equal numbers of male and female placentae,

we performed differential gene expression analysis between male and female EVT (adjusted

p-value < 0.05, Log2 fold change > 1, and normalized mean expression in group > 100) from

both gestational ages. We found a small number of sex-specific differentially expressed genes

(DEGs) in first trimester EVT, with just five genes upregulated in female EVT, including XIST

and EPPK1, the latter a negative regulator of epithelial cell migration, and 11 genes upregulated
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in male EVT, all of which were located on the Y chromosome except for PLXDC2 (Fig. 4.5A).

Interestingly, term EVT showed a larger number of sex-specific DEGs, with 27 genes upregulated

in the female samples and 24 in the male samples (Fig. 4.5B). Several of the genes on the Y

chromosome were upregulated in both male term EVT and male first trimester EVT, but no

significant gene ontology enrichment was identified in any groups.

127



Figure 4.4: (next page): Principal component analysis and Gene Set Enrichment Analysis
(GSEA) of RNA-seq data.
(A) Principal component analysis showing the first two components using all genes post-filtering
of all 36 placenta samples (see Table 4.1). Each sample group contained equal numbers of males
and females. (B) GSEA using the Hallmark Pathway gene set of first trimester EVT compared
to first trimester CTB. Genes were ranked based on their Wald test statistic after performing
differential expression on first trimester EVT and first trimester CTB. Normalized enrichment
scores (NES) indicate pathways either upregulated (NES > 0) or downregulated (NES < 0) in
first trimester EVT vs. first trimester CTB. Only pathways with an adjusted p-value < 0.05 are
shown. (C) GSEA using the Hallmark Pathway gene set of term EVT compared to term CTB.
Genes were ranked based on their Wald test statistic after performing differential expression
on term EVT and term CTB. Normalized enrichment scores (NES) indicate pathways either
upregulated (NES > 0) or downregulated (NES < 0) in term EVT vs term CTB. Only pathways
with an adjusted p-value < 0.05 are shown. Pathway names with an ”*” are those that were
also found to be significantly enriched in first trimester EVT vs first trimester CTB. (D) GSEA
using the Hallmark Pathway gene set of term EVT compared to first trimester EVT. Genes
were ranked based on their Wald test statistic after performing differential expression on term
EVT and first trimester EVT. Normalized enrichment scores (NES) indicate pathways either
upregulated (NES > 0) or downregulated (NES < 0) in term EVT vs first trimester EVT. Only
pathways with an adjusted p-value < 0.05 are shown. Pathway names with an ”*” are those that
were also found to be significantly enriched in term EVT vs term CTB.
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Figure 4.5: (next page): Differential gene expression between male and female samples in first
trimester and term EVT.
(A) Heatmap of all differentially expressed genes between male and female samples in first
trimester EVT. Blue- and pink- highlighted dendrogram rows are genes upregulated in male
or female samples, respectively. (B) Heatmaps of differentially expressed genes between male
and female samples in term EVT, with genes upregulated in the female samples shown in
top heatmap and those upregulated in male samples in bottom heatmap. For both analyses,
differentially expressed genes were determined by adj p-value < 0.05, Log2 fold change > 1,
mean normalized expression in group > 100; values were log transformed to create heatmap.
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To identify differences among these four groups of cells (first trimester CTB and EVT,

and term CTB and EVT), we first performed differential expression analysis, ranked genes based

on their Wald test statistic, and conducted Gene Set Enrichment Analysis (GSEA). CTB are

the proliferative epithelial cells of the placenta and differentiate early in pregnancy into EVT;

therefore, we first sought to identify pathways which were significantly enriched between first

trimester CTB and EVT (Fig. 4.4B). Similar to previously published microarray data [3, 181, 185],

all seven of the pathways that make up the immune process category in the Hallmark gene set

[114] were significantly upregulated in EVT vs CTB in the first trimester (adjusted p-value <

0.05) (Fig. 4.4B). Furthermore, similar to what we previously found using gene expression

microarrays [201], pathways such as hypoxia, unfolded protein response, and mTOR signaling

were significantly upregulated, and pathways such as oxidative phosphorylation, P53, fatty acid

metabolism, and those related to cell cycle control were significantly downregulated, in first

trimester EVT (Fig. 4.4B).

We next analyzed the pathways that were significantly enriched in term EVT compared

to term CTB (Fig. 4.4C). Perhaps unexpectedly, nearly all the pathways upregulated in term

EVT were also significantly upregulated in first trimester EVT (Fig. 4.4C, highlighted by *).

Likewise, most pathways downregulated in term EVT were also similarly altered in the first

trimester comparison (Fig. 4.4C, highlighted by *). However, in addition to the E2F targets, G2M

checkpoint, and P53 pathways, term EVT also showed downregulation of the three remaining

pathways in the proliferation process category (namely: MYC Targets V1, MYC Targets V2, and

Mitotic Spindle) in the Hallmark gene set [114].

Next, we examined the EVT maturation process by comparing gene expression between

first trimester and term EVT samples (Fig. 4.4D). We again saw many of the same pathways

enriched in term EVT, compared to first trimester EVT, as in the comparison with term CTB (Fig.

4.4D, highlighted by *). We noted that compared to first trimester EVT, term EVT downregulated

all of the proliferation process category pathways (E2F targets, G2M checkpoint, MYC targets,
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mitotic spindle), except the P53 pathway gene set (Fig. 4.4D).

To better understand how specific pathways were regulated during EVT development,

we next looked at the pathways that were unique or common through both steps of the EVT

maturation process (first trimester CTB -> first trimester EVT -> term EVT) (Fig. 4.6A). Of the

common downregulated pathways in EVT, the cell proliferation pathways E2F targets and G2M

checkpoint had the lowest scores. We therefore repeated GSEA using just the founder gene sets

[114] for these two pathways. We found that in both comparisons, term EVT showed significant

downregulation for the neighborhood of CCNA2 (Cyclin A2), PCNA, and RRM2 in the GNF2

expression compendium (Fig. 4.7A and Fig. 4.8) (all comparisons with NES > 3.34 and padj <

0.006). These three genes are expressed just before the onset or during the S phase of the cell

cycle, consistent with the absence of cells in the S phase in term EVT.

133



Figure 4.6: (next page): Pathways enriched in the EVT differentiation and maturation process.
(A) Pathways enriched either in one (unique) or both (common) steps of EVT differentiation
(first trimester CTB → first trimester EVT) and maturation (first trimester EVT → term EVT).
Colored bars in grid show significantly enriched pathways (adjusted p-value < 0.05) that are
either uniquely up or downregulated in first trimester EVT when compared to first trimester
CTB (left side), or uniquely up or downregulated in term EVT when compared to first trimester
EVT (right side). Likewise, common up and downregulated pathways are shown in both
comparisons. The grey bars on each unique pathway bar graphs represent the enrichment score
of the comparison on the opposite side of the graph to highlight the similarity or difference
of the corresponding comparison. The grey bars may show enrichment in the same direction
as the colored bars; however, the pathway is considered uniquely regulated because the grey
bars represent enrichment that did not achieve statistical significance. (B) Validation of the
IRE1-alpha arm of the Unfolded Protein Response (UPR) pathway regulating surface HLA-G
expression in EVT. Two hTSC lines were differentiated to EVT in vitro in presence of either the
IRE1-alpha inhibitor, 4u8c, or DMSO carrier alone. Graph shows the percentage of HLA-G+

cells at the end of the 5-day treatment, with about 25% decrease in these cells in the presence of
the inhibitor.
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Figure 4.7: Common and unique pathways involved in EVT differentiation and maturation.
(A) GSEA using only founder gene sets of the two common downregulated pathways during
EVT maturation (first trimester EVT → term EVT) (E2F targets and G2M checkpoint pathways)
showed downregulation in term EVT for the neighborhood of CCNA2 (Cyclin A2), PCNA,
and RRM2 in the GNF2 expression compendium. The three genes shown in the figure are
representative genes from each of these gene sets. (B) GSEA enrichment score plot showing
Hallmark pathway Unfolded Protein Response (UPR) gene set in first trimester EVT compared
to term EVT. The UPR pathway is also enriched in first trimester EVT compared to first trimester
CTB.

Two of the Hallmark pathways that were found to be uniquely upregulated only in the

first trimester EVT (compared to term EVT) were the PI3K/AKT/mTOR Signaling and Unfolded

Protein Response (UPR) pathways (Fig. 4.4B and Fig. 4.6A). These two pathways appeared

to switch directions during this two-step process: first upregulated during the initial conversion

of first trimester CTB to EVT, and then downregulated in the subsequent maturation step from

first trimester EVT to term EVT. The PI3K/AKT/mTOR pathway has been shown to be involved

in the initial transition of CTB to EVT (reviewed in [154] and [53]), specifically by promoting
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Figure 4.8: Cell cycle related gene expression in first trimester and term CTB and EVT.
Expression of known cell cycle phase-related genes [119] are shown. The median value of each
gene in each group was used to create swarm/violin plots. Inner dotted lines in swarm/violin
plots represent the quartiles of the distribution. Red lines on cell cycle figure represent location
during cell cycle with reported peak expression of the labeled gene (protein names have been
used in certain cases to represent multiple genes or because they are more commonly used).

epithelial-to-mesenchymal transition. The other significantly upregulated pathway, Unfolded

Protein Response (UPR, Fig. 4.7B), is mediated by ER stress, and is a method used by cells to

detect, eliminate, and avoid further accumulation of misfolded proteins in the ER lumen, which

build up due to several environmental cues, including hypoxia, a known EVT differentiation cue

[201]. Moreover, UPR is a stress response phenotype, triggered by similar inducers to senescence,

and recently found to be present in all types of senescence [153]. We have previously identified

this pathway among those upregulated during the transition from CTB to proximal column EVT

[201]; however, it has not been further validated in EVT differentiation and/or function. We

therefore repeated GSEA using just the founder gene sets [114] for the UPR pathway and found

that the Reactome activation of chaperone genes by XBP1S (adj p-value < 0.02) was significantly

enriched. Furthermore, we found the GO term IRE1 mediated UPR to be significantly upregulated

in first trimester EVT compared to first trimester CTB (adj p-value < 0.04). Therefore, to assess
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the importance of the UPR pathway in EVT, we asked whether suppression of the IRE1-alpha arm,

which is responsible for activating XBP1(S), would affect EVT formation in vitro. We derived

two separate hTSC lines from early first trimester placentas; these lines appeared transcriptionally

very similar to hTSC lines previously derived from early gestation placentas [142] (Fig. 4.9). We

then applied the IRE1-alpha arm inhibitor 4u8c to both hTSC lines during differentiation into

EVT and found a 25% decrease in the percentage of HLA-G+ cells at the end of the protocol in

two separate hTSC lines (Fig. 4.6B). However, qPCR did not show alteration of expression of any

other EVT marker with 4u8C suppression (Fig. 4.10A and 4.10B). In addition, only total (and

not spliced) XBP1 was increased with EVT differentiation (Fig. 4.10C). These results suggest

that, at least the IRE1-alpha arm of the UPR pathway is needed for proper surface expression of

HLA-G but is not required for EVT differentiation per se. Overall, these data provide, for the

first time, a global look at pathways involved in EVT differentiation and maturation, identifying

pathways that are uniquely and commonly up- or down-regulated in either step.

Okae et al.
This Study

Placental derived hTSC
Blast derived hTSC 
EVT term
EVT 1st Tri
CTB term
CTB 1st Tri

1270 hTSC

1048 hTSC

1049 hTSC

Figure 4.9: Principal component analysis of RNA-seq data comparing our three hTSC lines and
those previously reported by Okae et al.
Principal component analysis shows the first two components using all common genes between
the two datasets post-filtering. The plot shows all 36 placenta samples from this study and 6
from Okae et al. [142], triplicates of three hTSC lines (1048, 1049, and 1270) from this study,
and duplicates of blastocyst derived hTSC and placental derived hTSC from Okae et al. [142]
(see Table 4.1).
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4.3.4 Transcriptome analysis suggests cell cycle arrest, cellular senescence,

and endoreduplication as key features of EVT

The induction of cellular senescence leads to irreversible growth arrest and has been

proposed as a ploidy-limiting mechanism [70, 91]. Our initial transcriptomic analysis using

GSEA (Fig. 4.4B-D), along with the evaluation of expression of mitosis and cellular proliferation-

associated genes (Fig. 4.8), suggested that term EVT are not cycling. We found that genes

associated with all phases of the cell cycle exhibited decreased expression in term EVT, with

the largest difference seen in genes associated with mitosis (Fig. 4.8). An active cell cycle is

characterized by the expression of cyclins and cyclin-dependent kinases (CDKs). G1 phase cyclins

and cyclin-dependent kinases were differentially expressed between EVT and CTB samples,

with the lowest overall expression in term EVT, suggesting G1 cell cycle arrest (Fig. 4.11A).

Additionally, two of the three retinoblastoma family genes, RB1 and RBL2, both shown to play

pivotal roles in the negative control of the cell cycle by binding to E2F transcription factors and

thus preventing S-phase entry [60], were significantly upregulated (adj p-value < 0.01) in EVT

compared to CTB (Fig. 4.11B). Additionally, the genes encoding the “activating” E2Fs, which

are known to interact with RB proteins to restrict cell cycle advancement [165] were significantly

lower in term EVT compared to CTB (adj. p-value < 0.01) (Fig. 4.11C). Interestingly, mitosis-

associated cyclin B (CCNB1) was highly expressed in first trimester EVT [197], but was roughly

100-fold lower in term EVT, suggesting absence of mitosis in term EVT (Fig. 4.12A). Moreover,

expression of the mitosis-linked genes, CDK1, MKI67, and AURKA [229], was >10-fold lower

in term EVT than the other three groups (Fig. 4.12A). Additionally, we performed cell cycle

scoring on term single-cell RNA-seq data [190] and found that the EGFR+ cluster contained a

much higher fraction of cells in G1 and S phase compared to the HLA-G+ cluster, which was

contained predominantly in the G2/M phase, as previously reported [197] (Fig. 4.12B). Next,

to investigate whether polyploid EVT displayed a senescence-like transcriptomic profile, we
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performed principal component analysis using genes (n=1225) reported to comprise a human

senescence transcriptomic signature [176]. We found that term EVT samples were uniquely

clustered away from the other cell types, with first trimester EVT samples closer to both CTB

groups than to the term EVT group (Fig. 4.11D). A similar clustering was not present in a PCA

plot using a random set of 1225 genes (data not shown). Furthermore, the gene (GLB1) encoding

the senescence-associated marker Beta-Galactosidase (SAβG) (adj. p-value < 0.001), along with

several other senescence-associated secretory phenotype (SASP) and metabolic genes [18] were

most highly expressed in either first trimester or term EVT (Fig. 4.11E). Taken together, these

results suggest that EVT are undergoing cell cycle arrest and senescence.
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Figure 4.10: The role of IRE1-alpha arm of the Unfolded Protein Response (UPR) pathway in
EVT differentiation of hTSCs.
Two different hTSC lines (1048 and 1049) were differentiated into EVT over 5 days in the
presence or absence of the IRE1-alpha inhibitor, 4u8C. (A) qPCR for markers of CTB (ITGA6)
or EVT (ITGA5 and ITGA1). (B) qPCR for markers of EVT (HLAG and ASCL2). (C) qPCR
for UPR pathway genes, XBP1 (total and spliced) and ATF4. The decrease in spliced XBP1
following 4u8C treatment confirms inhibition of the IRE1-alpha arm of UPR. ddCT values were
normalized to beta-actin and shown as fold change over day 0. ”*” shows statistically significant
difference from day 0, while # shows statistically significant difference from DMSO carrier
alone treatment on the same day, based on t-test (p<0.05).
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Figure 4.11: (next page): Cell cycle and endoreduplication gene expression.
(A) Heatmap of G1 phase cyclins and cyclin-dependent kinases using log transformed normalized
gene counts. (B) Bar graph showing retinoblastoma family genes’ (RB1, RBL1, and RBL2)
normalized gene expression. (C) Bar graph displaying E2F activators’ (E2F1, E2F2, and E2F3)
normalized gene expression. (D) Three-dimensional principal component analysis using genes
(n = 1225) associated with human cellular senescence signature. (E) Heatmap of previously
identified [18] senescence-associated secretory phenotype (SASP)-associated genes) using log
transformed normalized gene counts. (F) Normalized expression of p57 (CDKN1C) and CDK1
(p-value: *, < 0.01 by t-test). (G) Normalized expression of p21(CDKN1A) and CHEK1
(p-value: *, < 0.05 by t-test).
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Figure 4.12: (next page): Expression of cell cycle-associated genes in first trimester and term
CTB and EVT.
(A) Normalized gene expression in all samples for AURKA, CDK1, MKI67, and CCNB1. (B)
Cell cycle scoring based on previously-identified cell cycle phase-specific gene expression [119]
on term single-cell RNA-seq data [190] visualized in a UMAP representation. HLAG and EGFR
expression are shown to identify EVT and CTB cell clusters, respectively. (C) Cell cycle and
endoreduplication-associated gene expression (normalized counts) of Cyclin E1 (CCNE1).
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A recent study has suggested that first trimester EVT induce endocycles and enter a

senescent state [197]. Endoreduplication consists of DNA replication without cell or nuclear

division. It is thought to be triggered by inhibition of CDK1 by p57 (CDKN1C), and suppression

of checkpoint protein kinase (CHEK1) by p21 (CDKN1A), preventing induction of apoptosis

[192]. In our data, we noted the strongest reciprocal expression of p57 and CDK1, as well as

p21 and CHEK1, in term EVT (p-value < 0.05) (Fig. 4.11F and 4.11G). Endoreduplication

is also characterized by downregulation of CDK1, Cyclin A, and Cyclin B, with simultaneous

persistence of Cyclin E expression [193]. In our data, CDK1 was uniquely decreased in term EVT

(Fig. 4.11F); however, both Cyclin B (CCNB1) and Cyclin E1 (CCNE1) were highly expressed

in first trimester EVT, with CCNB1 expression plummeting and CCNE1 persisting, albeit at a

lower level, in term EVT (Fig. 4.12A and 4.12C). Although Cyclin A (CCNA1) had a similar

expression profile to Cyclin E1, it was expressed at an extremely low level throughout (data not

shown). This pattern of gene expression is most consistent with endoreduplication occurring in

some first trimester EVT but becoming more ubiquitous/pronounced in term EVT.

4.3.5 Transcription factor drivers characteristic of EVT

To better understand the transcription factor (TF) regulatory drivers of first trimester

and term EVT, we performed GSEA using the TF prediction gene sets from the Molecular

Signatures Database. To determine which enriched TFs were critical in each set of differentially

expressed genes, and to infer gene regulatory networks, we used a tree-based regression model to

calculate an “importance score” for each TF gene target pair using GRNBoost2 in the Arboreto

software library [130]. Next, we created STRING networks for each of the top 1500 differentially

expressed genes in each of the different cell type comparisons and clustered the networks into

subnetworks. We were then able to use the TF gene target importance scores to infer which

TFs were critical to each of the subnetworks. In this process, more than one subnetwork may

be assigned to a given TF. We first asked which TFs had the highest importance scores when
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assessing the differentiation of CTB to EVT, initially focusing on the paired first trimester cells

and evaluating genes upregulated in EVT over CTB. Following network clustering, these genes

clustered into several subnetworks, with the largest containing close to 1000 genes with TNF,

FN1, and ALB as the genes with the highest centrality scores (Fig. 4.13, top), and the top four

TFs being STAT1, IRF7, GABPB1, and ETS2 (Fig. 4.13, top).

Next, we evaluated the TF network upregulated in EVT compared to CTB at term.

Following clustering, we compared the largest subnetwork in this comparison to the largest

subnetwork upregulated in first trimester EVT (compared to first trimester CTB) and found

that about 25% of the genes were the same. The top four TFs unique to the largest term EVT

subnetwork were MEF2A, RREB1, NFATC3, and FOXO4 (Fig. 4.13, bottom). Additionally,

FN1, the highest expressed gene in our EVT samples, and TNF, appeared to again have the

highest centrality scores in this subnetwork (Fig. 4.13, bottom). The top ranked TFs in terms of

importance scores shared in these two largest subnetworks in both first trimester and term EVT

were ZNF436, IRF2, IRF8, and TFEB (Fig. 4.13, center).
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Figure 4.13: (next page): Comparison of gene regulatory networks involved in development of
first trimester and term EVT.
Networks were created by first generating protein to protein interaction STRING networks of
upregulated genes, either in first trimester EVT compared to first trimester CTB (top), or in term
EVT compared to term CTB (bottom), then clustering networks into subnetworks. The largest
subnetwork from each comparative analysis is shown. Displayed ”unique” transcription factors
(TFs) (top left and bottom right tables) were those found to have the highest summed importance
scores in terms of the labeled subnetwork. Displayed ”top shared” TFs (middle table) were the
top four transcription factors in terms of importance for both subnetworks. Subnetwork node
sizes and colors are determined by the nodes calculated betweenness centrality scores.
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We next asked which TFs were important for EVT maturation. Using the genes that were

upregulated in term EVT, compared to first trimester EVT, we found that the four TFs with the

highest importance scores were GCM1, NFAT5, MEF2A, and STAT4 (Fig. 4.14A). GCM1 had

decreased expression in term EVT compared to first trimester EVT but was also the TF with the

highest importance score in the largest subnetwork (Fig. 4.14A). This subnetwork was enriched

for genes in the PI3K/AKT/mTOR pathway and extracellular matrix organization (adj p-value <

0.01). We then analyzed which TFs had the highest importance scores when comparing genes

downregulated in term EVT, compared to first trimester EVT. The top four TFs were E2F7,

HOXC6, ZFHX3, and TAF9B (Fig. 4.14B). Additionally, we found that PCBP1 was the TF with

the highest importance score in the three largest subnetworks in this comparison (Fig. 4.14B).

The identification of TFs involved in EVT differentiation and maturation provides the first step

toward the ability to model this important placental cell type in vitro and to begin to decipher the

various functions these cells serve at the maternal-fetal interface.
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Figure 4.14: (next page): Gene regulatory networks involved in EVT maturation.
All gene regulatory subnetworks were created by clustering STRING networks of up and
downregulated genes in term EVT compared to first trimester EVT. (A) All subnetworks created
from genes upregulated in term EVT compared to first trimester EVT. The top ten largest
subclusters are enlarged. The top four transcription factors (TFs) with highest summed scores
for all genes in the comparison are shown in the top right table. (B) All subnetworks created
from downregulated genes in term EVT compared to first trimester EVT. The top 10 largest
subclusters are enlarged. The top four TFs with highest summed scores for all genes in the
comparison are shown in the top left table. For both analyses, the red TF names alongside each
subnetwork are those with the highest importance scores in that subnetwork. Subnetwork node
sizes and colors are determined by the nodes calculated betweenness centrality scores.
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To validate some of these findings, we chose to focus on two TFs: STAT1, because it

was identified in the top four TFs of the largest TF subnetwork in first trimester EVT (Fig. 4.13,

top), and GCM1, because it was within the top four TFs with the highest importance scores in

term, compared to first trimester EVT, and the TF with the highest importance score in the largest

subnetwork (Fig. 4.14A). We first evaluated GCM1 expression and confirmed that this gene is

most enriched in first trimester EVT with levels decreased at term (Fig. 4.15A). We performed

in-situ hybridization on first trimester and term placental sections and confirmed enrichment of

this gene to be highest in first trimester HLA-G+ EVT (Fig. 4.15B-C). We next confirmed STAT1

gene expression in first trimester and term CTB and EVT and found that in fact it is enriched

in EVT, with similar levels at the different gestational timepoints (Fig. 4.15D). We stained first

trimester placental tissues with antibodies to HLA-G and STAT1 and found that STAT1 expression

was confined to HLA-G+ cells (Fig. 4.15E). We also differentiated one of our primary hTSC

lines into EVT and found that STAT1 expression significantly increases over this differentiation

time course (Fig. 4.15F). These data confirm that our analyses have indeed identified novel TF

drivers of EVT differentiation and/or function. Future studies are needed to further validate the

numerous additional findings from our TF network analyses, and to functionally assess the role

of each of these TF’s in EVT.
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Figure 4.15: (next page): Localization and expression of GCM1 and STAT1 transcription
factors.
(A) Bar graph depicting GCM1 expression in all 36 placental samples using RNA-seq. (B)
In-situ hybridization of GCM1 (right-side) and immunohistochemistry for HLA-G (left-side) in
adjacent sections of first trimester EVT. Empty arrowheads point to CTB and filled arrowheads
to syncytiotrophoblast, which also expresses GCM1. HLA-G staining highlights EVT. Scale
bars = 50 µm. (C) In-situ hybridization of GCM1 (right-side, with further magnification in inset)
and immunohistochemistry for HLA-G (left-side) in adjacent sections of term EVT. HLA-G
again highlights EVT at the basal plate. Scale bar = 100 µm in main panels and 25 µm in inset.
(D) Bar graph depicting STAT1 expression in all 36 placental samples using RNA-seq. (E)
Immunostaining of first trimester placenta with antibodies against HLA-G and STAT1, and
counterstained with DAPI. Scale bars = 50 µm. (F) Western blot of STAT1 and beta-actin
(control) during EVT differentiation of 1049 hTSC line.
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Chapter 5

Conclusion

5.0.1 Pluripotency exists along a continuum

Human developmental biology owes much of its success to experiments conducted on

model organisms. However, model organisms have obvious biological, ethical, and economic

limitations. Fundamental differences in placental development between humans and model

organisms, along with the ethical and safety concerns of experimental access to early human

embryos, have necessitated the use of in vitro model systems [168]. In comparison to human

embryonic development, there have been relatively few studies that have examined the use of

in vitro systems to model human placental development. Human pluripotent stem cells (hPSCs)

and trophoblast stem cells (hTSCs) have the potential to be valuable in vitro modeling tools for

investigating early placental development. To realize this potential, a thorough characterization of

the genomic, epigenomic, and transcriptomic landscape of hPSCs, hTSCs, and primary trophoblast

must be undertaken. Here, using both bioinformatic tools and experimental methods, we have

systematically characterized these cell types creating a holistic framework in which to model

placental development. This dissertation provides a detailed description of the precursor cells and

primary trophoblast cells needed to create an accurate model of early placental development.

The ability of hPSCs to recapitulate and model development depends on an understanding
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of both their pluripotent substate and stability. In chapter 2, we systematically and quantitatively

compared the cellular phenotype and genetic, epigenetic, and transcriptional changes in isogenic

naı̈ve and primed hESCs across time from derivation through long-term passage. In contrast

to the large majority of previous studies on naı̈ve hPSCs, in which hPSCs were established in

primed conditions and later converted to naı̈ve, all four of our hESC lines were derived in naı̈ve

conditions, and then each line was split and subjected to long-term culture in naı̈ve and primed

conditions in parallel, with longitudinal samples collected to enable phenotypic and genomic

comparisons between matched naı̈ve and primed cultures, as well as between derivation (p20,

naı̈ve only), early (p30, naı̈ve and primed), and late (p50, naı̈ve and primed) passages. We had

unique access not only to blastocyst-stage preimplantation embryos, but also parental DNA,

which enabled definitive identification of both de novo genetic aberrations and informative loci

for evaluation of allelic expression.

Previous studies that compared the genetic stability of naı̈ve and primed hESCs have

reported conflicting results, with some reporting a higher frequency of genetic changes in naı̈ve

cells [8, 12, 64], while others showed the opposite [1, 110]. To our knowledge, a well-controlled

molecular examination of genetic stability in different pluripotent substates has not yet been

reported. To address this gap in the literature, we performed detailed genomic analysis of our

unique model of virgin naı̈ve hESCs and their isogenic primed counterparts. Karyotype and CMA

analyses of early virgin naı̈ve and their primed counterparts were normal, while WGS revealed

several small aberrations in predominantly non-coding regions. In addition to variant calling

using WGS, we used our higher coverage RNA-seq to detect SNVs of low allelic fraction in

transcribed regions, but as with our WGS, found no substantial differences between our naı̈ve and

primed cultures, which is consistent with a recently reported study [171].

Since the phenotypic changes observed in our late passage cultures could not be explained

by genetic changes alone, we explored the possibility that some differences might be the result

of culture adaptations driven by epigenetic and/or transcriptomic changes, which has previously
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been reported in hESCs [213], mESCs [137], primary mammalian cell lines [57], and human

cancer cells [200]. Our naı̈ve and primed cultures exhibited differential expression of mRNAs

and miRNAs, as well as differences in DNA methylation. Both the transcriptional and DNA

methylation profiles of our naı̈ve lines showed that they are more similar to recently reported

intermediate pluripotent cells [224] than to the majority of naı̈ve hPSCs. Interestingly, the DNA

methylation profiles of our naı̈ve cultures were markedly different from hPSCs converted to naı̈ve

pluripotency using 5i/t2iL+PKCi-like protocols [182, 178, 64, 224], but were quite similar to

those derived in NHSM naı̈ve media [58, 146], which is the media most similar to that used in

our study.

For all but one of our virgin naı̈ve hESC lines, culture in naı̈ve culture conditions results in

a rapid transition (by passage 30) to a primed-like DNA methylation signature, increasing methy-

lation not only globally, but also at known naı̈ve pluripotency-associated genes and imprinted

regions. We note that over time in culture, even the cultures maintained in primed conditions

experienced epigenetic drift, with increases in global DNA methylation. Similarly, our mRNA

and miRNA profiling results, particularly when examined in the context of previously published

naı̈ve and primed hPSC datasets (Fig. 2.5B-D), suggest that our p20 virgin naı̈ve hESC lines

occupy a naı̈ve-like substate, and drift toward a more primed-like substate over time in culture.

By passage 30, our naı̈ve cultures appear stabilize in a state that remains slightly more naı̈ve than

the recently described intermediate substate [224].

Rather than any one of these substates being universally “better” than the others, the

ability to stabilize hPSCs in a range of substates might prove to be advantageous by providing

researchers with multiple developmental options depending on desired downstream applications.

The utility of hESCs to model placental development largely depends on their potential to

differentiate efficiently into functional trophoblast stem cells. Despite recent successes [39, 49]

in differentiating naı̈ve hPSCs to hTSCs, it might still be necessary to optimize differentiation

protocols using naı̈ve hPSCs as a starting material, in order to confirm their efficacy. Additionally,

159



our study confirmed the suspected risks of extended culture, which resulted in phenotypic

changes and genetic instability of both naı̈ve and primed hESCs, and highlights the importance of

monitoring cultures for both changes in the pluripotency state and genetic stability. Our results

support the hypothesis that pluripotency exists along a continuum, with the pluripotent substate

being heavily influenced by the specific media used. However, we also observed accumulation

of genetic aberrations and both epigenetic and transcriptomic drift over time in both primed and

naı̈ve conditions, which indicates that further research is needed to identify conditions that will

allow for stable long-term propagation of hPSCs at specific desired substates of pluripotency.

5.0.2 Trophoblast stem cells derived from primed human pluripotent stem

cells

The modeling of human trophoblast differentiation has proven difficult for multiple

reasons, including significant divergence of factors regulating early embryonic development [21],

as well as the establishment and maintenance of human trophoblast stem cells (hTSCs) [168].

Recently, hTSCs have been derived from human embryos, and early first trimester placenta. Aside

from ethical challenges, the unknown disease potential of these cells limits their scientific utility

necessitating an approach that enables the derivation of hTSCs from patients with known birth

outcomes. Although several groups have recently derived hTSCs from naı̈ve hPSCs [39, 49],

these cells have potential limitations such as the loss of imprinting as discussed in chapter 2. In

chapter 3, we show that hTSCs can be derived from not only naı̈ve pluripotent stem cells but also

from the primed substate following a short induction period with BMP4-containing media.

In chapter 3, we showed that our hPSC-derived TSC functionally recapitulate primary

TSC. They are able to differentiate into both hCG-producing syncytiotrophoblast (STB) and

surface HLAG-expressing extravillous trophoblast (EVT). This differentiation potential was

recapitulated in vivo, by their ability to form trophoblastic tumors in immunocompromised mice,

with the typical necrotic center and expression of STB- and EVT- associated markers. Such
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features of the hPSC- derived TSC functionally define their true identity as trophoblast, and

exclude other identities, including amnion. In addition to transcriptomic differences, as described

in chapter 3, normal amniotic epithelium is a simple cuboidal epithelium, lacking expression

of TP63 [112]. Rare reports of amnion expressing HLA-G do not cite specific antibodies used,

and in fact, report co-expression of class I HLA molecules in these cells [172]; similarly, the

single report of hCG expression in early amnion within the developing human embryo [215]

shows staining in a simple, non-stratified epithelium, rather than the secretory ability of a stem

cell, following forskolin- induced syncytialization, as occurs in primary TSC. When morphologic

features and marker expression are considered together, hPSC-derived TSC most closely resemble

primary, placenta- derived TSC, and are clearly distinct from amniotic epithelium.

Perhaps the most difficult-to-explain aspect of the trophoblast differentiation ability of

primed hPSC is the developmental trajectory of these cells. The initial segregation of the TE

lineage follows the transition from totipotency (2-cell/2C state) to naı̈ve pluripotency, which is

the defining feature of pre-implantation inner cell mass/ICM or epiblast [160, 12, 50]. It has

been suggested that, at least in mouse, this process of lineage segregation into TE and ICM is

in fact epigenetically irreversible, precluding mouse ESC transdifferentiated into TSC-like cells

(e.g. by overexpression of Cdx2) to significantly contribute to the trophoblast compartment [27].

Primed hPSC are considered equivalent to post-implantation epiblast, a stage of development

far beyond TE development, and thus, by definition, should not have the potential to generate

TE [45]. In fact, in mouse, both naı̈ve and primed ESC exclusively give rise to epiblast-derived

cells when injected into proper stage embryos [223, 80]. However, unlike naı̈ve mouse ESC,

naı̈ve human ESC have recently been shown by multiple groups to readily give rise to trophoblast

[84, 63, 39, 49], suggesting greater plasticity of human ESC. In addition, it has been shown that

media containing BMP4 induces chromatin remodeling in primed mouse ESC [98, 224], inducing

some cells toward a naı̈ve, and even 2C-like, fate, while producing TE-like features in other cells

[98, 186]. Our own analysis of primed hPSC treated with BMP4-containing media points to a
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direct conversion of these cells to a TE-like fate, following 4 days of treatment with BMP4 and

IWP2, with induction of only one naı̈ve pluripotency marker noted. Comparison to Io et al.’s [84]

naı̈ve hPSC-derived cells also showed that primed hPSC treated with BMP4/IWP2 clustered with

naı̈ve TE, not naı̈ve hPSC, thus suggesting differentiation into TSC through a TE intermediate.

Finally, recent reports have shown that direct reprogramming of human fibroblasts to a TSC-like

fate can occur when Yamanaka pluripotency factors are applied to the cells, and the media

switched from one used for culture of hPSC (E7) to Okae’s TSC media during reprogramming

[31]. Analysis of the reprogramming process suggests that iTSC can be captured from a TE-like

subpopulation, without initial formation of naı̈ve hPSC intermediates [116], suggesting perhaps

greater plasticity, and fewer epigenetic barriers, between early human stem cell lineages.

Our protocol offers a relatively simple way to convert the many existing hPSC lines,

including induced pluripotent stem cells representing many diseases, into TSC-like cells, thus

allowing researchers broad access to platforms for human placental research, even where this

research may be limited by lack of access to first trimester placental tissues. Nevertheless,

much work, and many questions, remain, including how primed hPSC-derived TSC compare

to similar cells derived from naı̈ve hPSC, not just in their DNA methylation patterns, but in

other aspects of their epigenome (including their chromatin and miRNA landscape) as well as

their ability to recapitulate trophoblast-based disorders of the placenta. In addition, the different

pluripotent states of human ESC, as well as TE and TSC, deserve further study in context of the

human embryo, including the extent of their lineage segregation, as well as the role of BMP4 in

potentially enhancing inter-conversion.
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5.0.3 Characterization of pathways and transcription factor networks in-

volved in both initial differentiation and maturation of extravillous

trophoblast

To accurately model placental development, it is critical to comprehensively characterize

the terminal differentiation point of the model and highlight the important pathways and factors

driving the maturation process. Not only is a well-defined map of trophoblast differentiation

necessary to build a good model but it is also imperative in order to decipher what abnormal

placental development looks like. Abnormal placental development has been linked to numerous

pregnancy complications, including pre-eclampsia, intrauterine growth restriction, miscarriage,

and stillbirth [95, 96, 82, 25, 54, 99]. The placenta develops by forming primary villi consisting

of rapidly-proliferating cytotrophoblast (CTB). These cells fuse to form an outer layer of villous

syncytiotrophoblast (STB). At the same time, the CTB start to differentiate into EVT within

the trophoblast columns of the early gestation placenta, anchoring the placenta to the uterine

wall [191]. EVT mature as they move distally within the trophoblast column, and subsequently

invade into the decidua and myometrium as interstitial EVT, or remodel decidual arterioles as

endovascular EVT [150, 151]. While much has been done to characterize early gestation EVT,

fewer studies have focused on mature EVT. In chapter 4, we set out to characterize these cells

from normal term placentae, including their genome and transcriptome; given this tissue source,

the majority of these cells are likely mature interstitial (and not endovascular) EVT. Additionally,

by comparison to both first trimester and term CTB, as well as first trimester EVT, we assembled

gene regulatory networks to better understand the pathways and transcription factors involved in

the maturation and unique genomic architecture of EVT.

EVT share numerous cellular characteristics with tumor cells, including epithelial-

mesenchymal transition [199]. Specifically, earlier studies [230, 229] suggested that EVT

show moderate genome amplification (up to 8N) but are not highly polyploid, unlike mouse
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TGCs; the latter not only show significant polyploidy (with some cells >900N), but also contain

functionally-relevant under- or over-represented genomic regions [67, 66]. In chapter 4, to gain

a better understanding of the genomes of normal human EVT, we applied multiple cellular and

bioinformatic methods. First, we reanalyzed a previously-published whole genome sequencing

dataset from CTB and EVT purified from first trimester placentae [197], applying CNV detection

algorithms not used in the original analysis. We did not find CNVs that had been reported in

mouse TGCs but did find three duplications previously reported in bulk second trimester human

placental samples [93, 41]. Additionally, we performed genome-wide CNV analysis of our

own samples using high-resolution SNP genotyping arrays and identified three duplications in

our term EVT samples, none of which were common between samples or previously reported

[93, 41]. Although we could not identify any common EVT-specific CNVs among preparations

from different placentae, including those from a previous publication, definitive assessment of

this observation will require a substantially larger sample size. We also applied ploidy-detection

algorithms on Velicky et al.’s whole genome sequencing data [197] as well as our SNP genotyping

data but found no evidence of polyploidy. Lastly, to rule out the presence of a subpopulation of

EVT cells showing a high polyploidy rate or widespread CNV’s, we performed single-cell CNV

analysis on a set of isolated samples and again found no evidence of polyploidy or cells with a

large number of CNVs. Nevertheless, we suspect that the algorithms used in our analysis are

poorly suited to calling polyploidy.

To validate previous reports of polyploidy in EVT, and to confirm the limitations of

the algorithms applied to our genomic data, we determined the DNA content of our isolated

placental cells by flow cytometry and found the majority (57%) of first trimester EVT, and a lower

percentage (44%) of term EVT to be tetraploid. FISH confirmed our flow cytometry results. As

previously reported [230], we also noted a population of EVT with > 4N status, with a slightly

larger proportion of such cells at term. Additionally, we also differentiated primary hTSC cells to

EVT, using established protocols [142] to assess how well current in vitro models recapitulate the
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polyploid phenotype seen in primary EVT. We found that in vitro differentiation did not increase

the proportion of hyper-diploid cells, suggesting that perhaps in vivo, EVT receive additional

signals from their environment that lead to polyploidization. Additional work is thus needed to

better recapitulate the in vivo EVT state in vitro.

The biological significance of polyploidization remains unclear, particularly in the pla-

centa. In the liver, polyploidization has been hypothesized to be a hallmark of terminal dif-

ferentiation, a mechanism through which a cell may shift energy usage from cell division to

more important functions, and/or as a way to protect cells against oxidative stress and genotoxic

damage [207]. Oxygen tension in blood surrounding the placental villi has been reported to

increase threefold during pregnancy, causing oxidative stress [88] and recently, [41] reported to

cause a substantial mutational burden in placental tissue. Thus, the onset of endoreduplication

and senescence, which requires replication arrest in a previously proliferative cell type such

as EVT, would lead to the acquisition of multiple sets of chromosomes, and could function to

buffer cells against harmful mutations. Our evaluation of the EVT transcriptome, discussed

below, may shed some light on this question; however, future studies examining transcriptomes of

EVT subpopulations, separated based on different levels of ploidy, along with delineation of the

spatial distribution of these subpopulations, are needed to more precisely define the function(s) of

polyploid EVT.

To help characterize the differences between the largely diploid CTB and the majority

polyploid EVT, we profiled the transcriptomes of isolated first trimester and term CTB and EVT,

using RNA-seq. Our RNA-seq dataset was well powered, consisting of 10 first trimester CTB,

10 first trimester EVT, 10 term CTB, and 6 term EVT samples at an average depth of over 40

million uniquely mapped reads, offering a detailed look at how these two trophoblast cell types

differed at two different gestational ages. With respect to first trimester EVT, our GSEA results

confirmed previously published microarray datasets [3, 181, 185, 201] and added further evidence

that EVT differentiation entails upregulation of epithelial-mesenchymal transition and hypoxia
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signaling, along with many inflammatory- and immune-mediated processes, and eventually

a downregulation of proliferation and cell cycle pathways suggesting terminal differentiation.

Perhaps surprisingly, many of the same pathways were up- or down-regulated when comparing

CTB and EVT from term placenta, suggesting that, despite a previous report [125], given the right

conditions, it may be possible to differentiate term CTB to EVT. Interestingly, two pathways that

were found to be upregulated in first trimester EVT and not term EVT were the PI3K/AKT/mTOR

signaling and Unfolded Protein Response (UPR) pathways. By inhibiting one arm of the UPR

pathway during EVT differentiation of primary hTSC, we found that this pathway is important

for surface expression of HLA-G, a molecule required for EVT crosstalk with maternal natural

killer cells [155]. ER stress has been studied in context of oxidative stress-induced placental

dysfunction (i.e. in the setting of preeclampsia and intrauterine growth restriction) [26, 129]. It is

also known that enhanced induction of this pathway disrupts placental development [226]; but,

until now, it had not been studied specifically in context of EVT. Interestingly, hypoxic conditions,

known to promote EVT differentiation [201], induce adaptive cellular responses including the

UPR pathway. It is tempting to speculate that hypoxia-induced EVT differentiation is partially

mediated through the IRE1-alpha arm of UPR; further studies are needed to test this hypothesis.

At the same time, we also noted a large overlap in pathways that were significantly

different in first trimester CTB vs. EVT and first trimester vs. term EVT. This suggests that

these overlapping pathways may be essential for both differentiation and maturation of, or simply

characteristic of both immature and mature, EVT. Many such pathways are likely to involve

signals from the decidua and decidual immune cells, of which natural killer (NK) and macrophages

are the most abundant [198, 152]. Given the lack of polyploidy in our in vitro-differentiated EVT,

it is worth exploring which, if any, of these pathways require further manipulation in order to

optimize EVT differentiation of hTSC lines in vitro.

Polyploidy has long been intricately linked with cellular senescence [29] and a recent

report has suggested that first trimester EVT exhibit both endoreduplication-induced polyploidy
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and senescence [197]. Therefore, we examined our RNA-seq data for genes involved in the

cell cycle, endoreduplication, and cellular senescence. We found that term EVT did not express

mitosis-linked genes, such as cyclin B, Ki67, and Aurora B, but all three genes were expressed in

first trimester EVT, in contrast to previous reports [197]. As discussed above, endoreduplication

consists of DNA replication without cell or nuclear division, and is triggered by p57 (CDKN1C)’s

inhibition of CDK1, and p21 (CDKN1A)’s suppression of checkpoint protein kinase (CHEK1),

preventing induction of apoptosis [192]. Our term EVT showed marked decrease in CDK1

and CHEK1 and corresponding increases in p57 and p21, suggesting that, as in mouse TGCs,

human term EVT undergo endoreduplication. Interestingly, the G1-S transition promoting

cyclin E1 was highly expressed in first trimester EVT, but nearly 3-fold lower in term EVT,

whereas cyclin E2 progressively decreased between both CTB, first trimester EVT, and term

EVT. Additionally, the mitosis-linked cyclin B gene was also highly expressed in first trimester

EVT but almost undetectable in term EVT. However, despite Velicky et al.’s claim that Cyclin

A+/p57- expression could be used as a marker for endoreduplicating HLA-G+ trophoblast, we

found very low levels of cyclin A in all of our samples despite relatively deep sequencing. We

did observe the genes encoding the RB protein and its E2F transcription factor family targets also

drop precipitously in term EVT, whereas senescence-associated secretory phenotype (SASP)-

associated genes were most highly expressed in term EVT. In the context of our FISH and flow

cytometry data, these results suggest that cells may begin to undergo endoreduplication and

senescence in the first trimester, but progress into a more fully senescent phenotype only at term.

However, further studies, including evaluation of protein and phosphorylation levels (including

RB protein phosphorylation) [60] should be conducted to more precisely evaluate the cell cycle

during EVT formation.

Using our RNA-seq data, we sought to identify TFs needed to drive EVT differentiation

and maturation. We found that many TFs identified as being important in our protein-to-protein

interaction networks were well-known regulators of processes previously identified as being vital
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in normal EVT development. During differentiation of first trimester CTB to EVT, we found the

top four TFs with highest importance scores in our largest clustered subnetwork to be TFEB, IRF7,

IRF8, and STAT1, all of which are involved in immune response [122, 24, 89, 92], correlating

well with our GSEA findings [227]. We validated STAT1 as uniquely expressed in EVT within

first trimester placental tissue, with its expression increasing during in vitro differentiation of

hTSC into EVT; similar findings were recently reported by [33], who have suggested that the

signals leading to STAT1 induction are derived from decidual stromal cells. Additionally, we

noted that this clustered subnetwork, and the largest subnetwork in the genes up-regulated in term

EVT vs. CTB, was centered around FN1, which, we found to be linked with XBP1, a key part of

the UPR pathway in mammals [74]. XBP1 was recently reported to initiate FN1 expression in

colon cancer cells [216] and thus deserves further study as a possible link between hypoxia, UPR,

and ECM remodeling in the context of EVT differentiation.

In our analysis of TFs involved in EVT maturation, we identified GCM1 as the TF with the

highest importance score in the largest subnetwork of genes upregulated in term, compared to first

trimester, EVT, although its expression appeared to decrease in term, compared to first trimester,

EVT. GCM1 is a TF known best as a master regulator of labyrinthine or villous trophoblast

differentiation in both mice and human [43, 9]. However, we and others have shown that GCM1

is also highly expressed in human EVT [10, 37, 201]. GCM1 has been shown to play a role in

trophoblast invasion, acting through HTRA4, a serine protease that facilitates fibronectin cleavage,

to suppress cell-cell fusion and promote invasion [205]. However, while this describes a clear

role for GCM1 in a basic function (invasion) of all EVT, including those in first trimester, its

identification as a key TF involved in regulation of term EVT transcriptome requires further study.

Other TFs identified as controlling up-regulated genes during EVT maturation included

NFAT5 and STAT4, both of which are involved in immune response, with the latter regulating

response to IL-12 signaling [133, 109]. The IL-12 cytokine family, produced by EVT, is important

in establishment of maternal–fetal tolerance through modulation of naı̈ve conventional T cells
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and their conversion into induced regulatory T cells [115]. Papuchova et al. [145] has pointed

to heterogeneity within term EVT, with subtypes showing differing capacities for modulating

resident immune cells, including regulatory T cells. Future studies, including single-cell analysis,

are warranted to further study EVT heterogeneity, based not just on ploidy and gene expression,

but on functional capacities, in order to better understand the role of these cells in establishment

and maintenance of the maternal–fetal interface.

In summary, chapter 4 builds on earlier reports characterizing first trimester EVT, extend-

ing such genomic and transcriptomic studies to term EVT, and defining pathways and transcription

factor networks involved in both initial differentiation and maturation of this important trophoblast

lineage at the maternal-fetal interface. Our results suggest that term EVT lack high rates of copy

number variations, though studies using whole genome sequencing with substantially larger

samples sizes are needed to definitively identify or rule-out the presence of functionally-relevant

under- or over-represented genomic regions. Additionally, we have highlighted senescence and

polyploidy-related genes, pathways, networks, and transcription factors that appeared to be im-

portant in EVT differentiation and maturation, and have validated a critical role for the unfolded

protein response in formation of functional EVT. Lastly, our results highlight the need for more

optimized in vitro models of EVT differentiation, further research into functional differences

among EVT subpopulations with different ploidy levels, and studies of placental diseases that may

be associated with changes in cellular ploidy or dysfunctional EVT differentiation or maturation.
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Özel, Jennifer Nichols, and Austin Smith. Human naive epiblast cells possess unrestricted
lineage potential. Cell Stem Cell, 2021.

[64] Ge Guo, Ferdinand von Meyenn, Fatima Santos, Yaoyao Chen, Wolf Reik, Paul Bertone,
Austin Smith, and Jennifer Nichols. Naive Pluripotent Stem Cells Derived Directly from
Isolated Cells of the Human Inner Cell Mass. Stem cell reports, 6(4):437–446, apr 2016.

[65] T Haaf. The effects of 5-azacytidine and 5-azadeoxycytidine on chromosome structure
and function: implications for methylation-associated cellular processes. Pharmacology
therapeutics, 65(1):19–46, jan 1995.

[66] Roberta L Hannibal and Julie C Baker. Selective Amplification of the Genome Surrounding
Key Placental Genes in Trophoblast Giant Cells. Current biology : CB, 26(2):230–236,
jan 2016.

[67] Roberta L. Hannibal, Edward B. Chuong, Juan Carlos Rivera-Mulia, David M. Gilbert,
Anton Valouev, and Julie C. Baker. Copy Number Variation Is a Fundamental Aspect of
the Placental Genome. PLoS Genetics, 10(5), 2014.

[68] Yuhan Hao, Stephanie Hao, Erica Andersen-Nissen, William M 3rd Mauck, Shiwei
Zheng, Andrew Butler, Maddie J Lee, Aaron J Wilk, Charlotte Darby, Michael Zager,
Paul Hoffman, Marlon Stoeckius, Efthymia Papalexi, Eleni P Mimitou, Jaison Jain, Avi
Srivastava, Tim Stuart, Lamar M Fleming, Bertrand Yeung, Angela J Rogers, Juliana M
McElrath, Catherine A Blish, Raphael Gottardo, Peter Smibert, and Rahul Satija. Integrated
analysis of multimodal single-cell data. Cell, 184(13):3573–3587.e29, jun 2021.

[69] Seyedeh-Nafiseh Hassani, Mehdi Totonchi, Ali Sharifi-Zarchi, Sepideh Mollamohammadi,
Mohammad Pakzad, Sharif Moradi, Azam Samadian, Najmehsadat Masoudi, Shahab
Mirshahvaladi, Ali Farrokhi, Boris Greber, Marcos J Araúzo-Bravo, Davood Sabour,
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and Pablo Tamayo. The Molecular Signatures Database (MSigDB) hallmark gene set
collection. Cell systems, 1(6):417–425, dec 2015.

[115] Jia Liu, Shengnan Hao, Xi Chen, Hui Zhao, Lutao Du, Hanxiao Ren, Chuanxin Wang,
and Haiting Mao. Human placental trophoblast cells contribute to maternal-fetal tolerance
through expressing IL-35 and mediating iT(R)35 conversion. Nature communications,
10(1):4601, oct 2019.

[116] Xiaodong Liu, John F. Ouyang, Fernando J. Rossello, Jia Ping Tan, Kathryn C. Davidson,
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