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Abstract

Human amniotic fluid contains cells that potentially have important stem cell characteristics, yet the programs controlling
their developmental potency are unclear. Here, we provide evidence that amniocytes derived from multiple patients are
marked by heterogeneity and variability in expression levels of pluripotency markers. Clonal analysis from multiple patients
indicates that amniocytes have large pools of self-renewing cells that have an inherent property to give rise to a distinct
amniocyte phenotype with a heterogeneity of pluripotent markers. Significant to their therapeutic potential, genome-wide
profiles are distinct at different gestational ages and times in culture, but do not differ between genders. Based on
hierarchical clustering and differential expression analyses of the entire transcriptome, amniocytes express canonical
regulators associated with pluripotency and stem cell repression. Their profiles are distinct from human embryonic stem
cells (ESCs), induced-pluripotent stem cells (iPSCs), and newborn foreskin fibroblasts. Amniocytes have a complex molecular
signature, coexpressing trophoblastic, ectodermal, mesodermal, and endodermal cell-type-specific regulators. In contrast to
the current view of the ground state of stem cells, ESCs and iPSCs also express high levels of a wide range of cell-type-
specific regulators. The coexpression of multilineage differentiation markers combined with the strong expression of a
subset of ES cell repressors in amniocytes suggests that these cells have a distinct phenotype that is unlike any other known
cell-type or lineage.
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Introduction

Amniocytes are a fascinating fetal cell-type whose precise

developmental role remains unclear. Recent findings have sparked

a surge of excitement among scientists looking for patient-derived

sources of therapeutic stem cells, yet current knowledge is

compromised by the small number of patient samples studied

and the limited analyses performed. Consequently, the literature is

incomplete and at times contradictory. The difficulty of driving

amniocytes directly into specific lineages hampers the ultimate

goal of transplanting and functionally engrafting them into diverse

tissues in order to treat specific congenital defects in utero or in

children [1–4]. While amniocytes may hold promising therapeutic

potential [5–10], the molecular mechanisms controlling their

developmental status are not understood, and a comprehensive

characterization of these cells is clearly required before patient-

derived amniocyte stem cell therapy becomes a clinical reality.

Human amniocytes are considered an embryonic or fetal

multipotent stem cell due to expression of transcriptional

regulators [11–14] and cell surface antigens [15–18] characteristic

of stem cells. Interestingly, amniocytes can be efficiently repro-

grammed into a primitive pluripotent state by DNA-integrating

[19–25] and non-integrating methods [18], and subsequently

differentiated along multiple lineages [17,18,22,26–32]. Alterna-

tively, they can be reprogrammed through direct methods, which

are thought to bypass pluripotency altogether [33], or as our data

suggests, use some of the innate pluripotency of amniocytes. Like

human embryonic stem cells (hESCs), amniocytes are highly

proliferative, but unlike ESCs, they do not produce tumors in vivo

and are not immortal [17]. Despite these important findings, the

regulatory networks controlling the developmental status of

amniocytes are still undefined.

To better define the developmental status of amniocytes, we

examined samples from a large number of patients by immuno-

staining, flow cytometry, clonal analysis, qPCR and RNA-seq

whole-genome profiling. Our bioinformatic analyses of amniocyte,

hESC and hIPSC transcriptomes reveal clear distinctions among

these populations. Relevant to clinical applications, we asked
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whether amniotic stem cell dynamics are dependent on gestation,

gender, or time in culture. Strikingly, amniocyte profiles resemble

transitioning cell-types that co-express markers for both undiffer-

entiated and differentiated derivatives. Clonal analysis indicates

that amniocytes are capable of self-renewal and generating

multiple distinct pluripotent lineages. Together, our findings

suggest molecular mechanisms maintain amniocytes in a stem cell

state while simultaneously activating and repressing diverse sets of

signaling and differentiation programs.

Results

Amniocytes Uniformly Express Pluripotency Transcription
Factors, but Cell Surface Pluripotency Antigens Are
Heterogeneous

Previous reports have indicated that cultured amniocytes exhibit

many properties of multipotent [2,17,27,34] and pluripotent [18]

stem cells. However, it is unclear whether amniocyte subpopula-

tions occupy distinct pluripotent states. We therefore examined the

distribution of core transcription factors known to regulate

pluripotency by immunofluorescent staining (Figure 1A–E).

Amniocytes expressed cytoplasmic and nuclear Oct4 (Pou5f1),

Sox2, Nanog, and Klf4. Low levels of cKit (Kit) were detected,

consistent with previous reports [17,30]. We also detected nuclear

expression of Wdr5 (Figure 1C), a key member of the mammalian

Trithorax complex that interacts with Oct4 [35]. When an

amniocyte isolate was positive for these pluripotency factors,

expression was consistent, with over 90% of cells showing nuclear

localization (Figure 1A–E; Figure 1K). However, expression was

highly variable across isolates, with many samples being negative

for one or more of these factors: Oct4 (present in 19/34 isolates

tested), Sox2 (2/25), Wdr5 (11/13), Klf4 (8/10), or Nanog (9/15).

Taken together, our results indicate most amniocytes show nuclear

localization of multiple transcription factors associated with

pluripotency, but expression levels of these factors are highly

variable among samples derived from different patients.

The cell surface antigens SSEA1, SSEA3, SSEA4, Tra-1-60,

and Tra-1-81 are important markers for pluripotency. During ES

cell differentiation, disappearance kinetics for each marker differ.

Therefore, expression of these factors cannot be taken as an

absolute indicator of pluripotency [36], and overall patterns of

expression must be considered. Subsets of amniocytes express all

five of these markers (Figure 1F–H), strongly suggesting the

population is a heterogeneous mixture containing some ESC-like

cells. Consistent with SSEA-1 immunoreactivity, Fut4 mRNA

transcripts were detected in amniocytes by RNA-seq and by qPCR

(Figure 2A–B). The Fut4 gene encodes a fucosyltransferase that

forms SSEA1-containing (also known as Lewis X and CD15)

glycoconjugate chains [37,38].

FACS analysis of the surface antigens SSEA1 and SSEA4

revealed three distinct subpopulations: a large group of low-to-

high expressing SSEA4+ cells, and two smaller populations

containing high-expressing SSEA1 or double positive high-

expressing SSEA1+/SSEA4+ (Figure 1M). To confirm this

observation, we double-stained amniocytes for combinations of

cell surface markers for pluripotency. The expression pattern of

SSEA1, SSEA3, SSEA4, Tra-1-60, and Tra-1-81 was strikingly

heterogeneous (Figure 1F–H). On average, 60% of amniocytes

were SSEA4+ (Figure 1L), albeit the prevalence of this marker

varied from 8% to 96% among different amniocyte isolates.

Interestingly, subpopulations of SSEA1, SSEA3, Tra-1-60, and

Tra-1-81 almost always co-stained positive for SSEA4 (over 90%).

Tra-1-60 and Tra-1-81 subpopulations appear in parallel and are

likely to overlap, but we could not verify this because both of these

antibodies are only available as the same isotype, preventing

costaining. Thus, amniocytes contain a large subpopulation of

SSEA4+ cells and smaller populations of SSEA1+/SSEA4+, Tra-

1-60+/SSEA4+, and Tra-1-81+/SSEA4+ cells.

To determine whether amniocytes are capable of self-renewal of

their undifferentiated character when expanded, we performed

clonal analysis. Singly dissociated amniocytes from seven patient

isolates were plated into 96-well plates and wells containing a

single cell identified. After one week, a subset of cells in all of the

clones expressed SSEA4, with some clones also containing Tra-1-

60+ cells. Cell counting of these co-stained clones revealed that

30% of cells were positive for SSEA4 alone and 0.5% were double-

positive for Tra-1-60 and SSEA4 (n = 3129 cells from 5

independent clones). A majority of Tra-1-60-positive cells (81%)

were double-positive for SSEA4. Differences in absolute percent-

ages between clones and the parental population may reflect

differences in time in culture (7 days versus 19 days) or differences

between patients, yet the heterogeneous state of the original

population is clearly recovered after cloning (Figure 1J). If

amniocytes were not able to self-renew the distinct subpopulations

seen with multiple markers (Fig. 1 F–I, L), individual clones would

produce a relatively homogenous population of progeny, with only

a single subset of markers. Moreover, we did not observe

decreased expression of stem cell markers over time in culture

within the parent populations (see Figure 2), suggesting the

heterogeneity we see in clonal populations is not likely to reflect

loss of these markers due to cell differentiation. The simplest

interpretation of these results is that amniocytes contain self-

renewing cells that have a distinct amniocyte phenotype.

Individual Patient Isolates Exhibit Significant Variability in
Expression of Stem Cell Markers

To precisely measure transcript levels of stem cell markers

across individual patients, we analyzed 37 RNA-seq datasets,

representing 11 isolates from patients at different gestational ages

and different times in culture. RNA-seq results revealed significant

variability across our patient pool in expression of stem cell

markers (Figure 2A). We confirmed that inter-patient variability is

present among amniocyte samples by performing qPCR on RNA

from 17 independent amniocyte isolates (17 patients) (Figure 2B).

Gene expression was highly variable for the seven stem cell

markers. To assess whether there might be any similarities in

transcript levels for these seven marker genes, we analyzed the

qPCR dataset by hierarchical clustering (Figure 2C). Oct4, Nanog,

and Sox2 clustered closest in a node together. However, when we

performed a comparable analysis with the RNA-seq dataset, the

branches of the dendrogram shifted significantly, likely influenced

by non-detection of Sox2 in 24/37 samples. The discordance

between the two datasets may be due to differences in the ability of

RNA-seq and qPCR to detect transcripts expressed at low

abundance, with qPCR being less quantitative, but more sensitive.

Additionally, it is important to note that different genes have

different amplification efficiencies, and comparing numbers of

transcripts across multiple genes or patients without proper

compensation for those differences can be problematic. Both

qPCR and RNA-seq methods have inherent technical disadvan-

tages that should be carefully considered so that the data is not

over-interpreted. Despite these limitations, results from qPCR and

RNA-seq can lend concurrence and support each other. None-

theless, these results indicate that every amniotic isolate expresses

distinct levels of stem cell markers.

Unique Stem Cell Identity of Human Amniocytes
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Expression of Stem Cell Markers Is Dynamic in
Amniocytes and Changes with Gestational Age and
Culture Time

Normal amniotic fluid is complex and dynamic [39]. Due to the

broad range of Cp values observed for stem cell markers

(Figure 2B), we asked whether gestational age, culture time, or

gender could account for those differences. Despite significant

variation, the median transcript levels for early and late gestational

ages were essentially the same for stem cell markers examined by

qPCR. Hierarchical clustering analysis of qPCR data showed

three main cluster groups having little correlation between

gestational age, time in culture, or gender (Figure 2D).

Examining our panel of seven stem cell markers by RNA-seq,

only Nanog transcript levels (adjusted p-value = 0.04) were higher in

older gestational isolates than younger gestational isolates, whereas

Oct4, Sox2, Klf4, Wdr5, Fut4, and cKit were unchanged (Table S1).

To further examine whether gestational changes exist in

amniocytes isolates, we expanded our list of stem cell markers

from seven to 250 genes that have been implicated in playing

functional roles in stem cell maintenance (see Table S2 for

supporting references). Hierarchical clustering of 37 RNA-seq

datasets for the 250 stem cell markers (Figure 2E) revealed that

similar gestational ages showed stronger clustering than the qPCR

data (Figure 2C). Taken together, these results suggest that some

aspects of amniocyte stem cell state are dynamically regulated

during gestation, but not the entire stem cell signature.

We next asked whether the expression profile of shorter cultured

isolates (less than four weeks) also differed from longer cultured

isolates (over four weeks). Hierarchical clustering of qPCR data

from 17 independent patients showed weak grouping among the

three main nodes for time in culture (Figure 2C). However, when

we analyzed our panel of 250 stem cell markers in our RNA-seq

datasets, strong clustering occurred among shorter cultured

isolates (Culture time: T1) and separately, among longer cultured

(Culture time: T2 and T3) isolates (Figure 2E). These results

emphasize the important influence of length of culture time on

stem cell transcript levels in cultured amniocytes, which has

important implications in clinical applications.

Figure 1. Amniocytes have properties of pluripotent stem cells. (A–E) Confocal images of amniocytes immunostained (green) for
transcription factors as indicated. Hoechst dye was used to label nuclei (cyan-colored insets) in all panels and cells in panel C were stained with a-
actinin to visualize the lateral cell border and cytoskeletal remodeling (red in panel C). 6,143 cells were counted for all conditions. (F–J) Confocal
images of amniocytes co-stained for cell surface antigens as indicated. (H) SSEA4 and Tra-1-60 staining in an (H) undifferentiated population and (J)
staining from clonal analysis reveals that individual amniocyte clones give rise to a heterogeneous population of progeny that had similar properties
to the parent population. (H–J) Each of these panels show two cells, both expressing SSEA4 but only one coexpressing Tra-1-60. (K) Amniocyte
isolates that are positive for transcriptional markers associated with pluripotency express these markers in .90% of nuclei. 19,010 cells were counted
for all conditions. (L) The average percent amniocytes per isolate co-expressing surface stem cell markers, 6 standard error of the mean. More than
60% of amniocytes stained positive for SSEA4, whereas far fewer cells co-stained for SSEA1 (2.1%, N = 11 isolates), Tra-1-60 (8.5%, N = 7 isolates), and
Tra-1-81 (7.1%, N = 7 isolates). Amniocytes exhibit a high rate of proliferation (4.3%), as counted by anti-phospho-histoneH3 (PH3; N = 7 isolates). (M)
FACS analysis of SSEA1/SSEA4 amniocytes reveals three distinct populations: low-to-high expressing SSEA4-positive (red circle); high-expressing
SSEA1-positive (green circle); and high-expressing double-stained SSEA1+/SSEA4-positive (yellow circle). Percent of cells are indicated in each
quadrant.
doi:10.1371/journal.pone.0053372.g001

Unique Stem Cell Identity of Human Amniocytes
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The Amniocyte Transcriptome Segregates by Gestational
Age, Culture Time, and Gender

In agreement with our stem cell marker findings (Figure 2), on a

genome-wide scale (total 49235 ensemble coding genes and non-

coding products), individual patients segregated by gestational age,

culture time, and (to a lesser extent) gender (Figure 3A). To

determine which variables were driving clustering, we performed

differential expression analyses. Volcano plots [40] identified

significant numbers of differentially enriched genes (Figure 3B, 3C,

3D). Comparison of early to late gestation samples revealed the

largest number of differentially expressed genes (n = 2,197 genes

with p-adjusted,0.05), followed by early to late times in culture

(n = 1039 genes with p-adjusted,0.05). Comparison of male to

female samples revealed the fewest number of differentially

expressed genes (n = 208 genes with p-adjusted,0.05), most of

which were X- or Y-linked genes. These data indicate that gene

expression is dependent on gestational age, culture time, and to a

lesser extent gender.

Amniocyte Isolates Have a Distinct Expression Signature
with Limited Similarities to ESC and iPSC Lines

Although amniocyte isolates are enriched for well-accepted

pluripotent markers (Figure 1 and 2A–B), whether they reside

closer to a multipotent state or to a more primitive pluripotent

state has not been clearly distinguished. To elucidate whether

amniocytes share any resemblance to a primed (epiblastic)

Figure 2. Core stem cell markers are variably expressed, depending on GA and time in culture. (A–B) Dot plots of (A) RNA-seq and (B)
qPCR results reveal significant variability in transcript levels for key genes known to be required for establishment and maintenance of pluripotency.
(A) RNA-seq measurements for 37 datasets are presented as variance-stabilized read counts. The string of horizontal dots at the lower detection limit
for genes Oct4, Sox2 and cKit indicates samples that had no reads in those genes. (B) qPCR units for 17 datasets are presented as normalized Cp
values (Cp value of target gene minus Cp value of reference gene Gapdh). (C–E) Hierarchical clustering of C) qPCR results for eight genes; (D) qPCR
results for 17 patients; and (E) RNA-seq results for 37 datasets using measurements of 250 stem cell markers. Clustering similarities in transcript levels
were calculated by Pearson’s r2 correlation coefficient as a measure of dendrogramatic distance and bootstrapping values were calculated from
10,000 random replications. (E) Culture time point T1 was taken on average from 1.3 days (0–8 range), T2 was taken on average from 15.2 days (13–22
range), and T3 was taken on average from 28.0 days (24–36 range).
doi:10.1371/journal.pone.0053372.g002

Unique Stem Cell Identity of Human Amniocytes
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pluripotent state, we used several bioinformatic approaches to

compare our full amniocyte transcriptome RNA-seq datasets to

publicly available datasets from ESC, iPSC, and human newborn

foreskin fibroblasts (NFF: the parental line for the reference iPSC

line). Hierarchical clustering of RNA-seq datasets generated in

different laboratories clustered together (Figure S1), suggesting

that technical variation might be a significant variable. Despite this

limitation, variation in gene expression between primed pluripo-

tent stem cells (ESC and iPSC lines), amniocytes and NFFs

segregates these cell-types into distinct groups.

To better understand the transcription signature of amniocytes,

we used a genome-wide comparison. Confirming results previously

published by Phanstiel et al [41], the transcriptomes of ESC and

iPSC lines show remarkable similarity (Figure 4A). In contrast, the

transcriptome of amniocytes showed only limited similarity to ESC

or to iPSC lines (Figure 4B and 4C). Comparing iPSC lines with

their parental NFFs demonstrates how dramatically reprogram-

ming alters the epigenetic signature in iPSC lines (Figure 4D). The

transcriptional profile of amniocytes was as equally dissimilar with

NFFs (Figure 4E) as ESC and iPSC lines (Figure B–C).

To identify which transcripts were specifically increased or

decreased, we reanalyzed our datasets as volcano plots (Figure 4F–

J). Very few genes differed between ESC and iPSC lines

(Figure 4F). Previous work [42] identified Tcerg1l and Fam19a5

as transcripts that were consistently higher in ESC lines, whereas

Tbx15 and Pitx2 were consistently higher in iPSC lines.

Interestingly, relative transcript levels for all of these genes in

amniocytes were closer to iPSC than ESC lines (Table S3). In

contrast, thousands of genes were either 2 fold higher or lower in

amniocyte versus ESC (Figure 4G), amniocyte versus iPSC

(Figure 4H), or amniocyte versus NFF (Figure 4J) comparisons.

Similar to amniocyte versus NFF, a large number of transcripts

were differentially regulated between iPSC and NFF lines

(Figure 4I).

In total, we found 20,512 (adjusted p-value,0.05) differentially

regulated transcripts between ESCs and amniocytes, 22,443

transcripts between iPSCs and amniocytes, and 16,264 transcripts

between NFFs and amniocytes. The ten transcripts most enriched

in ESC and iPSC lines (compared to amniocytes) contain a large

number of well-characterized stem cell markers (Table S3). In

contrast, the top ten genes enriched in amniocytes are generally

involved in more differentiated states. These results indicate that

the expression signature of ESC and iPSC lines is highly similar,

but distinct from that of amniocytes.

The Stem Cell State of Amniocytes is Unique and Distinct
from ESC and iPSC Lines

Based on their expression of key pluripotency factors (Figures 1–

2), amniocytes occupy an embryonic stem cell-like state, but this

state is clearly distinct from true primitive pluripotency (Figure 4).

To more precisely define the stem cell state in amniocytes, we

selectively analyzed 135 regulatory genes (Figure 5) required for

the pluripotent state (see Table S2 for references).

We first asked whether the three core factors, Sox2, Oct4 and

Nanog, have comparable transcript levels in amniocytes and ESC/

Figure 3. Amniocyte genome-wide transcriptional profile varies depending on GA and time in culture. (A) Hierarchical clustering of 11
independent amniocyte isolates at different times in culture (37 RNA-seq datasets; 24,609 ensemble genes per dataset). Four major clusters correlate
with gestational age and culture time since amniocentesis. (B–D) Volcano plots display the results of differential expression analyses using these three
variables (n = 49,235 Ensembl genes). Genes plotted above the red line have adjusted p-values,0.05, and genes plotted outside of the green lines are
.2-fold differentially expressed. Comparing (B) early vs. late gestational age revealed the most differentially expressed genes (n = 2,197), followed by
(C) time in culture (n = 1039) and (D) gender (n = 208). (A, C) Culture time point T1 was taken on average from 1.3 days (0–8 range), T2 was taken on
average from 15.2 days (13–22 range), and T3 was taken on average from 28.0 days (24–36 range).
doi:10.1371/journal.pone.0053372.g003
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Figure 4. Amniocytes are not transcriptionally similar to ESCs and iPSCs. (A) Genome-wide scatterplots (49,235 Ensembl genes) confirm
that ESC and iPSC cells lines are remarkably similar in gene expression profiles. (B–C) In contrast, genome-wide scatterplots comparing amniocytes to

Unique Stem Cell Identity of Human Amniocytes
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iPSC lines. Interestingly, Sox2 (adjusted p-value = 3.196102219),

Oct4 (7.56610229), and Nanog (7.48610232) were expressed at

many fold lower levels in amniocytes than in ESC and iPSC lines

(Figure 5A). In fact, Sox2 transcripts were undetectable in a

majority of amniocyte samples (23/36) and barely detectable in

the other 13 samples. Despite the low transcript levels of Sox2,

most amniocyte samples express Oct4 and Nanog at detectable

levels, but overall these key pluripotent genes, which sit

hierarchically at the top of the ESC core regulatory circuit, are

expressed at much lower levels than observed in true pluripotent

cells.

Similar to the core factors that regulate ESC pluripotency, the

majority of transcription factors, cofactors, chromatin regulators

and microRNA processors known to contribute to the ESC state

[43] are expressed at significantly higher levels in ESC and iPSC

lines (Figure 5B–M), but some are expressed higher in amniocytes

(27/135). In total, the ordering of differentially enriched genes

revealed that only 34 of 135 genes have similar transcript levels

between ESCs and amniocytes. These results indicate that the core

factors controlling embryonic stem cell identity are remarkably

dissimilar between amniocytes and well-characterized pluripotent

cells. Furthermore, marked differences in transcript levels for a

wide range of important transcriptional, chromatin and micro-

RNA regulators suggest that the downstream molecular mecha-

nisms maintaining stem cell state and differentiation potential are

distinct in amniocytes.

The Stem Cell State of Amniocytes Has Unique
Repressors

Transcriptional repression in ES cells is critically important for

maintaining pluripotency and self-renewal. Since amniocytes have

a unique stem cell-like identity, we asked whether the transcript

levels of known ES cell repressors are similar among amniocytes,

ESC, and iPSC lines. Using differential expression analyses, we

selectively analyzed 89 ES cell repressors (Figure 6; Table S4).

While most of these repressors were expressed at high levels (72/

89 genes had raw read counts .100), or even at extremely high

levels (26/89 genes had raw read counts .1000), only 10 of 89

genes have similar transcript levels between amniocytes and ESC

and iPSC lines. Intriguingly, Nr0b1 (Dax1) is highly enriched in

amniocytes and has previously been reported to be a potent

inhibitor of Oct4 transcriptional activity [44]. Overall, the

transcript levels for this selected set of transcriptional repressors

in amniocytes do not closely match those in ESC and iPSC lines.

This finding implies gene-specific repression of amniocyte

transcription is likely distinct and gene activity of signaling

pathways regulating their developmental potency is likewise

distinct. Based the transcriptional signature of ES cell repressors

in amniocytes, we conclude although they have many character-

istic features of pluripotent stem cell, they exist in a uniquely

repressed state.

Amniocytes Coexpress Lineage-specific Markers for All
Three Germ Layers

Undifferentiated amniocytes are thought to contain small

subsets of multipotent progenitor cells. To define how abundant

these multipotent progenitor cells are in amniocyte isolates and

their differentiation capability, we co-stained multiple patient

isolates with well-defined germ layer markers that are considered

definitive for endoderm (Sox17; an endodermal marker), meso-

derm (SM22a; a smooth muscle marker), and ectoderm (Tubb3; a

neuronal marker) (Figure 7A–D). Quite remarkably, over 75

percent of amniocytes were double-positive for two unrelated

lineage-specific markers (Figure 7D), for example both mesoderm

and endoderm or mesoderm and neural markers in the same cell.

Given these intriguing results, lineage-specific differentiation in

amniocytes may not be as rare, restricted, or independent as

previously believed. The coexpression of multiple differentiation

markers inside a large number of amniocytes may reflect an

overlapping multilineage status of the entire population or it may

be a distinct phenotype that sets this particular cell-type apart from

all other known cell populations.

To further explore the multilineage differentiation phenotype of

amniocytes, we examined expression of genes characteristic of

three different germ layer fates in amniocytes, ESCs and iPSCs.

We compiled a selected list of 150 genes known to play important

roles in formation of the primary germ layers and trophectoderm.

Since some of these 150 genes are enriched in multiple lineages,

we included a fifth category of genes grouped as mixed lineages

(Figure 7H; see Table S5 for supporting references).

There were clear differences between amniocytes and ESCs/

iPSCs in the expression of markers for specific embryonic lineages.

Surprisingly, amniocytes show fewer characteristics of the ectoder-

mal, mesodermal, and endodermal lineages than ESC and iPSC

lines (Figure 7E–G). For example, the important mesodermal

markers Eomes, Cdx2, Brachyury (T), and Goosecoid (Gsc) were almost

completely undetectable in amniocytes, whereas they are ex-

pressed at relatively high levels in ESC and iPSC lines. Although

the median read count was located near zero for many lineage-

specific genes, some samples of amniocytes expressed low levels or

even relatively higher levels of specific transcripts. This variability

in gene expression for germ layer markers indicates that certain

amniocyte samples may have a greater degree of specification than

other pluripotent cells types.

To determine whether undifferentiated amniocytes coexpress a

trophectodermal phenotype, we co-stained Cgb1 (Choriogonado-

tropin subunit beta variant 1; a trophectoderm and placenta

marker) with the other three germ layer markers. We did not

detect protein expression of Cgb1 in five independent amniocyte

patient isolates. However, when we examined a larger set of

known trophectoderm-related genes by RNA-seq analysis, Cgb1

and other Cgb family members had relatively high transcript levels

in amniocytes. In fact, a majority of the trophectoderm markers

were enriched in amniocytes (Figure 7I). Pregnancy-specific

glycoprotein (Psg) is another classic marker of the human placenta

[45]. Multiple Psg family members were enriched in amniocytes

compared to ESC and iPSC lines. Taken together, these results

suggest that amniocytes contain a fairly significant component of

cells with trophectodermal characteristics, but they also contain

progenitors that have characteristics of all three germ layers.

Discussion

Since the developmental state of amniocytes is unclear, we

sought to more precisely define the identity of this cell-type by

immunostaining, flow cytometry, clonal analysis, qPCR, and

(B) ESC lines and (C) iPSC lines show weak similarity. (D–E) The transcriptomes of (D) iPSC cell lines and human newborn foreskin fibroblasts (NFF) are
also weakly similar, (E) as are amniocytes and NFF. (F–J) Volcano plots (as in Figure 3) display the results of differential expression analyses. (K–O) Bar
graphs show the number of genes that were expressed exclusively in either cell type.
doi:10.1371/journal.pone.0053372.g004
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RNA-seq whole-genome profiling. Our results demonstrate that

amniocytes have a unique stem cell identity.

Previous studies argued that amniocytes are stem cells that exist

in an intermediate state between pluripotency and lineage-specific

restriction [15,17,20]. Recent microarray analyses performed on

undifferentiated amniocytes reported a limited stem cell-like

signature that can only be reverted to a more functional

pluripotent state by DNA-integrating transgene [23] and trans-

gene-free [18] approaches. Similar to Moschidou et al. [18], we

found a large fraction of amniocytes expressing key pluripotency

markers Oct4, Sox2, Nanog, and Klf4 and smaller subsets

enriched for the stem cell markers such as SSEA1, SSEA3,

SSEA4, Tra-1-60, and Tra-1-81. However, these studies signifi-

cantly differ in the quantification of absolute percentages of these

markers. It is unclear what factors could account for such

significant differences, but earlier gestational aged amniocytes

(10–12 G.A versus 15–36 G.A) or different culturing conditions

might be two possibilities.

In a separate study by Ginsberg et al., the amniocyte isolates

were reported to lack Oct4 and Sox2 transcripts and protein, but

the cell surface markers SSEA3 (31%), Tra-1-60 (17%), and Tra-

1-80 (28%) were detectable by FACS analysis [33]. This study also

performed RNA-seq analysis on a single isolate and did not detect

the pluripotency factors Oct4, Sox2, Nanog, Lin28, Sall4, Dppa, Utf1,

and Esrrb. In our larger RNA-seq dataset from 11 separate patients

(37 replicates); the pluripotency marker Sox2 is detectable in some,

albeit not all, amniocyte samples. Dppa2, Utf1, and Esrrb were

absent. However, the critical pluripotency markers Oct4, Nanog,

Lin28, and Sall4 were reliably detected in most isolates. Similarly,

Ginsberg et al. concluded that undifferentiated amniocytes are

devoid of endothelial progenitor cells [33]. In contrast, our data

from a large number of patient samples clearly shows expression of

key lineage-specific regulators for both endothelial and smooth

muscle cell-types. We suggest that the previous conclusions that

amniocytes lack pluripotency or other progenitor cell types and

can be directly transdifferentiated without benefit of a pluripotent

state need to be reinterpreted in light of our findings of multiple

pluripotent factors in a large number of amniocyte samples.

Based on evidence from a number of studies, a growing

consensus suggested that amniocytes are a heterogeneous popu-

lation expressing a specific set of pluripotency markers. However,

due to small sampling sizes, intra-patient differences have been

overlooked. In order to address the heterogeneity and variability of

multiple genomes in a statistically rigorous manner, we designed

our experimental analyses to include a large number of patient

samples and several culture time-points, making our study more

comprehensive than previous studies.

Importantly, although some amniocytes express the essential

triumvirate of Oct4, Sox2, and Nanog, differential expression

analyses show that transcript levels of these factors are an order

of magnitude lower in amniocytes than in ES or iPS pluripotent

cells, and in many isolates, Sox2 is low or undetectable. When we

Figure 6. Amniocytes exist in a unique state of transcriptional repression compared to ESC and iPSC. (A) Differential expression analysis
of RNA-seq datasets reveals that the repressed state in amniocytes is distinct from ESC/iPSC. Dot plots show RNA-seq read counts analyzed as in
Figure 5. Eighty-nine important ES cell repressors in mouse and human ES cells (Table S4) were sorted as in Figure 5. Asterisks = no statistical
difference between amniocytes and ESC/iPSC (defined as the adjusted p-value is greater than 0.05).
doi:10.1371/journal.pone.0053372.g006

Figure 5. Amniocytes have a distinct transcriptional profile for key pluripotency genes. (A–M) Differential expression analysis of RNA-seq
datasets reveals the transcriptional profile controlling the stem cell state in amniocytes conspicuously differs from well-characterized ESC or iPSC
lines. The selected 135 genes (Table S2) were grouped into transcriptional regulatory circuits based on their major functional role. Dot plots show
RNA-seq read counts (variance corrected) that were median centered for 37 amniocyte (red dots) isolates and 31 ESC and iPSC replicates (blue dots).
Circles outlined in black indicate the median value for each group. Within each panel, genes were sorted raw RNA-seq counts first by variance
correction, second by the difference between the group medians [median (stem cell samples) – median (amniocyte samples)] and third by ordering
the values from highest difference to lowest. All panels use the same y-axis scale, but unused portions of panels K-M were cropped (over +5 and
under 25 read counts) because these areas were blank. Asterisks indicate genes with read counts that are not statistically different between
amniocytes and ESC/iPSC (defined as the adjusted p-value is greater than 0.05).
doi:10.1371/journal.pone.0053372.g005
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Figure 7. Amniocytes coexpress a complex phenotype that partially differentiates along multiple lineages. (A–C) Confocal images of
amniocytes double-immunostained for well-defined lineage markers as indicated: Sox17; an endoderm marker, SM22a; a smooth muscle marker for
mesoderm, and Tubb3; a neuronal marker for ectoderm. Hoechst dye was used to label nuclei (cyan-colored insets) in all panels. (D) The average
percent of amniocytes per isolate that co-expressed lineage markers, 6 standard error of mean. Over 75% of amniocytes were double-positive for
two disparate lineage markers in multiple independent patient isolates: Sox17+/SM22a+(78.7%, n = 11); Tubb3+/SM22a+(98.0%, n = 11); Tubb3+/
Sox17+ (90.4, n = 8). 4,998 cells were counted for all conditions. (E–I) Amniocytes show partial differentiation into each of the four embryonic primary
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examined an expanded set of 250 stem cell and pluripotency

markers, amniocytes and ES/iPS cells shared expression of most of

these factors. However, many of these markers are expressed at

higher levels in ES/iPS cells, some at similar levels, and some at

lower levels. The transcriptional dosage is therefore a key

determinant controlling the distinct stem cell phenotype of

amniocytes.

We interpret this observation to mean that amniocytes have a

unique ground state that clearly differs from a true functional

pluripotent state. Supporting this idea of pluripotent factor dosage,

amniocytes treated with valproic acid (class I HDAC inhibitor)

significantly upregulated Oct4, Nanog, and Sox2 levels relative to

ESCs, and these cells were reprogrammed into a functional

pluripotent state capable of forming teratoma-like masses in

immunodeficient mice [18]. These authors also report that

chemical reprogramming alone yielded amniocytes sharing an

82% transcriptome identity with hESC lines, yet hierarchical

clustering still has reprogrammed amniocytes more closely related

to untreated amniocytes than hESC lines. In contrast, our

differential expression analyses show that iPSC lines (derived by

standard transgene approaches) and hESC lines have a calculated

genome-wide r-value of 0.99, much higher than valproic acid

reprogrammed amniocytes. In the burgeoning field of iPSC

reprogramming, evidence is lacking on what might be the

minimum transcriptional and epigenetic changes that allow

amniocytes to efficiently convert to a functional pluripotent state.

Gestational age and time in culture are major influences on the

extent of stem cell characteristics in amniocytes. During fetal

development, the cell-type profile in amniotic fluid varies. The

mechanisms responsible for shedding fetal and placental cells into

the amniotic cavity are poorly understood, but might relate to the

changing fluid dynamics of diverse epithelial surfaces [2]. As fetal

development progresses, pluripotency becomes more restricted.

We therefore expected earlier gestational ages would contain

larger stem cell populations than later gestational ages. Contrary

to what we hypothesized, Nanog transcript levels increased with

gestational age.

Gestational-influence on stem cell status could result from an

expanding pool of amniocytes or a stable pool that is undergoing

epigenetic reprogramming, allowing the reacquisition of pluripo-

tency. Recent work highlights how extended culturing of human

ES cells leads to progressive accumulations of both genetic and

epigenetic changes [46]. Elevated levels of many senescence-

associated genes in amniocytes slow proliferation rates over

multiple passages [23]. In contrast, long term cultures of

amniocytes in another study showed no signs of senescence or

slower rates of proliferation [18]. In our study, longer culture times

appear to select for an increase in stem cell markers, while

maintaining a distinct set of highly expressed senescence-associ-

ated genes. We noticed that proliferation rates in different

amniocyte samples are highly variable; some samples exhibiting

an indefinite length of exponential growth, while other samples

senesce abruptly without any obvious explanation.

Despite the different rates of growth kinetics observed among

these studies, our longitudinal analysis of cultured amniocytes

suggests longer culture times strongly influence global gene

expression. These expression features may reflect an increase in

the percentage of cells occupying a stem-like state over time, as

more differentiated cell types either exit the cell cycle or exhibit a

slower rate of proliferation. It is important to note that technical

limitations confound the interpretation that culture time correlates

with changes in gene expression. Variable diagnostic testing and

release times, changes in media conditions, and natural variability

across different patient isolates could influence gene expression

profiles. Most likely, each of these variables imparts a specific effect

on gene expression that should be considered experimentally when

designing protocols examining human amniocytes.

Amniocytes have characteristics of both embryonic and

extraembryonic derivatives. Based on our genome-wide analysis,

amniocyte developmental state is relatively primitive, suggesting

an immature state, rather than a bona fide multilineage

commitment. Despite expressing some markers suggestive of

commitment, most transcription factors and functional proteins

that define lineage-committed and mature cell-types are extremely

low or unexpressed in amniocytes. Moreover, compared to tissue-

specific patterns, amniocytes lack expression of key regulatory

genes for primary germ layers, indicating that they are not

committed to a particular lineage.

Recognition that different types of cytoskeletal filaments are

expressed within amniocyte subpopulations suggested that they

originate from different tissues [47–50] and even potentially from

all three germ layers [2,51,52]. However, testing this hypothesis

experimentally has been difficult, and it remains an open question

[53]. It is not known whether residual precursor cells within this

heterogeneous population can give rise to these germ layer

lineages de novo. Recent studies suggested that amniocytes generally

do not express any standard markers affiliated with embryonic

germ layers, and that germ layer markers can be upregulated

through combinations of reprogramming, embryoid body differ-

entiation, or directed differentiation [17,18,20,21,23,30,33].

In contrast, our genome-wide analysis reveals that second

trimester amniocytes already express many of these same germ

layer specific markers at robust levels, and do not require any

additional manipulation in order to activate these developmental

pathways. Second, our co-staining analysis (Fig. 7A–D) found that

most amniocytes express multiple germ layer markers, demon-

strating that a majority of amniocytes are in a baseline

differentiation state that is quite ambiguous. Third, our clonal

analysis from seven different patients found that individual

amniocyte clones are capable of self-renewal and give rise to a

heterogeneous population of progeny that have similar properties

to the parent population. For example, clonal cells give rise to

multiple categories of SSEA4 and Tra-1-60 expression (both on;

both off; only one on) in the clonal progeny population. Together,

these observations indicate that amniocytes are capable of self-

renewal and generation of the mixed populations, and that the

heterogeneity seen in multiple patient isolates is not a static

representation of contributions to amniotic fluid from different

embryonic sources, but that the amniocyte pluripotent heteroge-

neity is dynamically generated and maintained by amniocyte

populations themselves. Thus, the multilineage potential of

amniocytes might not be as clear-cut as previously interpreted.

The ambiguity of amniocytes’ molecular and phenotypic signa-

lineages that is distinct from the partial differentiation seen in ESC and iPSC. Differential expression analysis of RNA-seq datasets reveals that lineage
specification and potential in amniocytes differs from ESC/iPSC. Dot plots show RNA-seq read counts analyzed as in Figure 5. We examined 150 genes
known to specify the three germ layers (E) ectoderm, (F) mesoderm, (G) endoderm, as well as (H) mixed lineages (enriched in derivatives of more than
one germ layer) and (I) trophectoderm in mouse and human ES cells (Table S5). Asterisks = no statistical difference between amniocytes and ESC/iPSC
(defined as the adjusted p-value is greater than 0.05).
doi:10.1371/journal.pone.0053372.g007
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tures might represent a specific differentiation state that is tightly

regulated.

Alternatively, some of this distinct phenotype in amniocytes

might be related to culture artifacts. Post-amniocentesis culturing

might alter the differentiation state of amniocytes, dramatically

changing their molecular and phenotypic makeup. We believe this

possibility is less likely because amniocytes retain their core

phenotype even after manipulating them with a variety of

recombinant proteins and potent chemical inhibitors and activa-

tors (not shown). We conclude that the amniocytes’ complex

molecular and phenotypic signature reflects an early developmen-

tal state that is partially differentiated, but uncommitted.

Amniocytes have been hypothesized to be derived primarily

from embryonic endoderm, trophectoderm, and possibly from

primordial germ cells [18,51], yet they share an expression

signature that only partially matches these lineages. For example,

amniocytes express relatively high levels of Gata6 and Sox17,

markers typically associated with the definitive endoderm [54] and

extraembryonic primitive endoderm [55,56]. In contrast, many

other important endodermal markers are expressed at comparably

low levels in amniocytes (see Figure 7). Furthermore, amniocytes

do not phenocopy a true trophoblast identity because the key

trophoblast stem cell markers Elf5, Cdx2, and Eomes are mostly

undetectable. A recent study proposes that amniocytes share

common gene expression profile with primordial germ cells [18].

In our large RNA-seq dataset, many key markers for primordial

germ cells are not expressed, arguing against a population of

amniocytes being derived from primordial germ cells. Alterna-

tively, the primordial germ cell markers that are expressed in

amniocytes might be related to these genes playing functional roles

in multiple lineages besides germ cells. Based on our genome-wide

analyses, we conclude that the expression signature of amniocytes

is distinct from ES and other pluripotent cells. Thus, absence of

key lineage markers suggests that amniocytes are not locked into

lineages from which they might have been derived.

Amniotic fluid contains a complex milieu of nutrients and

signaling molecules [39] that could potentially influence gene

expression. Free-floating amniocytes may not be specified by the

same repertoire of developmental signals as resident stem cells

inside tissue, resulting in an expression signature that is unlike any

other lineage. Nonetheless, our genome-wide expression study

reveals that a transcriptional footprint of certain developmental

regulators may be retained in amniocytes, giving a clue to the

original anatomical sites of cell origin. For example, amniocytes

exhibit a specific pattern of Hox and Fox genes that are consistently

expressed at high levels. However, many of these highly expressed

genes are erased when amniocytes are induced into a pluripotent

state [23].

A surprising feature of our analysis is the large degree of lineage-

specific gene expression observed in both amniocytes and in

pluripotent ESC/iPSC lines (see Figure 7). Pluripotent ESC and

iPSC lines are routinely derived from pre-implantation embryos or

from molecular reprogramming of somatic cells [57,58]. Despite

some small differences between ESC and iPSC lines [59], both are

thought to exist in a fully unrestricted ground state that remains

unprimed for lineage specification and commitment. However,

pluripotent stem cells are transcriptionally and epigenetically

heterogeneous [60–63]. Their inherent heterogeneity has spurred

researchers to ask whether pluripotent stem cells contain multiple

metastable subpopulations that exhibit distinct differentiation

biases [64–66]. Our genome-wide analysis provides striking

evidence that pluripotent ESC and iPSC lines exhibit a

transcriptional signature that has partially differentiated, counter-

ing the prevailing view that these cells are entirely unspecified.

Previous studies have asserted that a variety of key embryonic

germ layer markers are unexpressed in undifferentiated amnio-

cytes and then upregulated in response to differentiation stimuli.

However, using more sensitive RNA-seq analyses, we demonstrate

that many of these markers are expressed unambiguously in

undifferentiated amniocytes at baseline [18,23]. We therefore

conclude that the question is not whether these key genes are on or

off, but at what levels and to what extent these levels change upon

differentiation.

Amniocytes also have an expression signature suggestive of

partial differentiation, but it is clearly dissimilar from ESC and

iPSC lines. Thus, both amniocytes and pluripotent ESC/iPSC

lines may have undergone distinct forms of multilineage priming, a

mechanism that could explain their precocious transcription of

developmental genes. Alternatively, naı̈ve pluripotent stem cells

accumulate paused RNA polymerase II on key regulatory

promoters, allowing cells to quickly respond to developmental

cues and transcriptional potentiation [67]. The promiscuous

transcription of some lineage-affiliated genes in amniocytes may

therefore be unrelated to multilineage priming, but to a uniquely

permissive, yet repressed chromatin state. Determining the

epigenetic landscape in amniocytes, particularly for key lineage

regulators, might help better define their developmental status and

potency.

Transcriptional repression is an important feature of the

developmental status of amniocytes. We demonstrate that

amniocytes express a profile of repressive factors that is distinct

from other pluripotent cells. Some of these repression factors were

the highest differentially enriched genes in our genome-wide

analyses. The unique dynamics of amniocyte differentiation are

likely to depend on both transcriptional and epigenetic regulation.

Little is known about epigenetic status in amniocytes. However, a

recent study using array-based profiling determined that DNA-

methylation levels in amniocytes are extremely high and many

genes enriched with low CpG content are hypermethylated [68].

Linking highly expressed transcriptional repressors to specific

epigenetic marks in amniocytes will deepen our understanding of

their developmental potency. Preliminary studies in our laboratory

indicate that directing amniocytes toward specific lineages fails to

reduce highly expressed repression markers. Therefore, the high

level of repression might need to be overcome by driving

amniocytes completely back to primitive functional pluripotency.

In some cases, the repressive state in amniocytes might be

advantageous for direct reprogramming approaches, driving them

down specific lineages.

Conclusions
Our results reveal that amniocytes have a unique stem cell

identity. The stem cell state in amniocytes shows greater

heterogeneity and variability in gene expression than previously

appreciated. Genome-wide, amniocytes express many of the same

genes as undifferentiated pluripotent cells. However, core plurip-

otent genes are expressed at disproportionately lower levels in

amniocytes, a key feature that distinguishes their expression

signature from true pluripotent cells. The stem cell state in

amniocytes is therefore transcriptionally distinct, as is their gene

lineage program that allows partial differentiation into the four

primary embryonic germ layers. Low levels of crucial lineage

markers and high levels of repressor markers indicate that

amniocytes exists in a developmentally intermediate yet uncom-

mitted state.
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Materials and Methods

IRB Review of Study
The University of Utah IRB determined that our project

(IRB_00040970) did not meet the definitions of Human Subjects

Research according to Federal regulations and IRB oversight was

therefore not required.

Human Amniocytes and Stem Cell Culture
Patient de-identified, cytogenetically normal human amniocytes

were obtained from ARUP laboratories (Salt Lake City, Utah),

after having been cultured in AmnioMAX (Invitrogen: 12558) for

two to four weeks. Once we received samples from ARUP, the

media was replaced with Knockout D-MEM (Invitrogen: 10829-

018) with 15% BenchMark FBS (Gemini-Bio: 100–106), 0.4 mM

1-Thioglycerol (Sigma: M6145), 0.1 mM 2-Mercaptoethanol

(Millipore: ES-007-E), 1% GlutaMAX (Invitrogen: 35050), and

1% Penicillin/Streptomycin, and cultures were maintained at 5%

CO2. We used 80 independent amniocyte isolates from gestational

weeks 15–17, 25, and 30, with some samples used for multiple

protocols (Table S6). hESCs and hIPSCs cell lines used in the

RNA-seq differential expression analysis were cultured in supple-

mented DMEM and maintained in a feeder-independent system

as described by Phanstiel et al [41].

Clonal analysis
Amniocytes were dissociated with TrypLE Express (Invitrogen

Cat# 12604-013) for 15 minutes and mechanically dissociated

until a majority of cells were singly suspended in solution. Single

amniocytes were cloned by limiting dilution placed in single wells

of 96-well place and allowed to expand for one week.

Immunohistochemistry and Confocal Microscopy
Amniocyte cell lines that had reached confluency were

dissociated using Accutase (Sigma: A6964), counted using the

Scepter handheld automated cell counter (Millipore, Bellrica,

MA), and replated in either 6-well plates or 24-well plates. Cells

were fixed in 4% paraformaldehyde (PFA) for 5 min, and either

not permeabilized or permeabilized (depending on the antibody)

with PBS, 0.1% BSA, and 0.2% Triton X-100 for 30 minutes.

Cultures were stained with primary antibodies (see Table S6) in

PBS and 0.1% BSA for 30 minutes, washed twice with PBS,

incubated 30 minutes with secondary antibodies (Invitrogen:

AlexaFluor in PBS and 0.1% BSA) and washed twice with PBS.

Nuclei were counterstained using 1.8 mM Hoechst in PBS

(Invitrogen: H21486). Cultures were visualized using an Olympus

FV1000/IX81 confocal microscope (Olympus America Inc.,

Center Valley, PA) with an Olympus LUCPlanFLN 206objective

lens (numerical aperture, 0.45). Blue, green, and red fluorescent

probes were excited using a 405 nm-line LD laser (425–475 band

pass), a 488 nm-multiline argon laser (500–530 band pass), and a

543 nm-line helium/neon-red laser (BA560IF filter set).

Image Processing
Confocal images were acquired in TIFF format as either single

images or stacks, converted into average Z-plane projections using

ImageJ software (NIH, Bethesda, MD) and merged to produce

single pseudo-colored images. Cell counting was performed by an

observer blinded to the experimental conditions, using three to five

random images per well for each sample. Positive nuclei were

counted if the entire nucleus could be delineated, and confirmed

with an overlapping nuclear dye counterstain. For the surface stem

cell markers, cells were scored as positive if the entire surface

extending to the lateral border was evenly stained.

qPCR (real-time PCR)
Total RNA was isolated using Absolute RNA Microprep Kit

(Agilent Stratagene: 400805) or RNeasy Mini Kit (Qiagen: 74104)

and measured on a NanoDrop 2000c spectrophotometer (Thermo

Scientific). qPCR reactions were mixed with cDNAs (Invitrogen:

18080-51), 10 mM SYBR Green (Qiagen: 204072) and primer sets

(designed by Roche’s Universal ProbeLibrary Assay Design

Center, made by Operon’s PCReady PCR & Sequencing Primers;

see Table S6). PCR reactions were run with reference gene

GAPD-Human (Roche: 05190541001) on a LightCycler 480

(Roche). Raw Cp values were generated by running the absolute

quantification/2nd Derivative Max setting. Relative gene expres-

sion was calculated as raw Cp values for genes from individual

patients and normalized to the Cp value of Gapdh. We followed

the MIQE guidelines for evaluating qPCR results [69]. For

hierarchical clustering analysis of qPCR raw Cp values, we used

Pearson’s r [distance = 12 |r|] to calculate the pairwise correla-

tion distance among several pluripotency genes (+Gapdh). This

analysis calculated the strength of linear dependence of all gene Cp

values and is not affected by different amplification efficiencies.

RNA-seq
We performed longitudinal culture studies by serially splitting

isolates at an average culture time of 1.3 days (T1), 15.2 days (T2),

and 28 days (T3). Some patient samples arrived from the ARUP

laboratories as extremely small isolates and were grown for a few

days to increase cell number before the first time point could be

collected. RNA was isolated as above and analyzed using a

Bioanalyzer 2100 (Agilent Technologies) to verify RNA integrity.

1.5 mg of total RNA from each sample was converted to mRNA-

seq library at the CvDC RNA Expression Core using Illumina

Tru-seq kit (Illumina: FC-122-1001). Libraries were sequenced on

a HiSeq 2000 (Illumina), containing three barcoded samples per

lane. Sequences were aligned to human genome build hg19 using

Novoalign V2.07.10 (Novocraft Technologies). Useq software [70]

was used to convert splice junction read coordinates and to count

reads that overlap annotated genes (Ensgene annotation) (for a

summary of RNA-seq reads see Table S6).

High-quality publically available RNA-seq datasets containing

raw files for 11 samples (32 replicates) were downloaded from

Stem Cell-Omics Repository (SCOR http://scor.chem.wisc.edu).

These RNA-seq datasets were generated from 1) four human ESC

lines (H1, H7, H9, and H14 cell lines); 2) three iPSC lines (DF4.7,

DF6.9, DF19.7); and 3) a single iPSC parental newborn foreskin

fibroblasts (NFF). Two additional RNA-seq datasets generated

from H1 cell lines were downloaded from Gene Expression

Omnibus (GEO).

Differential expression analyses were conducted in R [71] using

the DESeq package [72]. Negative binomial p-values are based on

dispersions estimated separately for each gene, treating all samples

as biological replicates. P-values are adjusted to control for false

discovery rate (FDR) within each comparison. Hierarchical

clustering and bootstrapping were performed with the pvclust

package for R [73]. Data were median centered by gene before

clustering. Bootstrap p-values are reported as percentages and are

based on 10,000 randomly resampled replicates unless otherwise

noted. For all analyses, RNA-Seq reads are size factor corrected to

allow comparison of samples with varying read depth. Addition-

ally, for clustering and dot plots, read counts were subjected to a

variance-stabilizing transformation as described by [72]. No

correction for transcript length was performed.
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Flow Cytometry
Confluent amniocytes were dissociated with Accutase (Sigma:

A6964) for 30 minutes, filtered using 40 mm cell strainer (BD

Falcon: 352340), fixed with 4% PFA for 10 minutes, and washed

16PBS. Cells were then stained with primary antibodies SSEA1

and SSEA4, as above. PBS suspensions of amniocytes were run on

a Flow Cytometer (BD Biosciences: BD FACSAria II Flow

Cytometer), using BD FACSdiva analysis software (BD bioscienc-

es: FACSDiva Version 6.1.3).

Data Access
All 37 amniocyte RNA-seq datasets (raw FASTQ and post-

processed BAM files) created for this study are publicly available at

the GNomEx CvDC (Cardiovascular Development Consortium)

link: https://b2b.hci.utah.edu/gnomex/gnomexGuestFlex.

jsp?topicNumber = 39

Supporting Information

Figure S1 Hierarchical clustering analysis of all sam-
ples. RNA-seq datasets were generated from 1) amniocytes, 2)

ESC (H1, H7, H9, and H14 cell lines); 2) iPSC; and 3) iPSC

parental newborn foreskin fibroblasts (NFF). 71 samples clustered

by variance-stabilized mRNA2seq read counts of 24,612 genes

(mean read count .4). Bootstrapping values are based on 100

randomized replicates. Correlation distance is 12|Pearson’s r|.

(PDF)

Table S1 Statistical analysis of selected stem cell
markers. (A) Statistical analysis of RNA-seq read counts

comparing gestational age, time in culture (T1/T3), and gender

using the negative binomial test provided by DESeq (1). * indicates

FDR adjusted p-value less than 0.05. (B) pPCR Cp values

(normalized to GAPDH) comparing gestational age, time in

culture (T1/T3), and gender using the Wilcoxon rank sum test

provided by R (2). * indicates FDR adjusted p-value less than 0.05.

(PDF)

Table S2 Reference list for 250 stem cell markers. The

250 stem cell markers were included in our list based on the

following two criteria; 1) each stem cell marker has a reported

functional analysis in stem cells and 2) each gene was reliably

detected at significant levels in our RNA-seq dataset for

amniocytes or ESC and iPSC.

(PDF)

Table S3 RNA-seq differential expression analysis.
Table S3A shows transcripts identified by RNA-seq analysis (1)

that were (A) consistently higher in ESC or (B) consistently higher

in iPSC compared to amniocytes. Table S3B shows differential

expression results that were sorted by the smallest to largest

adjusted p-value. The top ten most significant genes for each

comparison are listed.

(PDF)

Table S4 Reference list for 89 embryonic stem cell
repressors. The 89 putative repressors were included in our list

based on the following two criteria; 1) each gene has a reported

repressive function during development and 2) each gene was

reliably detected at significant levels in our RNA-seq dataset.

(PDF)

Table S5 Reference list of 150 genes for primary
embryonic lineages. The 150 genes were included in our list

based on the criteria; 1) previous reports show the gene playing a

possible functional role in any of the three primary germ layers or

in the trophectodermal lineage during development and 2) each

gene was reliably detected at significant levels in our RNA-seq

dataset.

(PDF)

Table S6 Timeline and patient samples used in study,
related to Figures 1–7. Panel A is the experimental timeline

that depicts time since amniocentesis, culture time at ARUP Labs

(red bar) and culture time in our lab (green bar). Table S6B is a

summary of total patient samples used in this study. (Patient

samples were de-identified and new patient numbers were given in

a general order they were received). (X marks) in table indicates

type of analysis tested for each sample. Table S6C summarizes

RNA-seq samples and read counts. Table S6D is a complete list of

antibodies used in this study. Table S6E is a complete list of

primers used in this study.

(PDF)

Acknowledgments

We thank ARUP laboratories for providing human amniocyte samples for

this study. We thank members of the Yost Research Group for helpful

discussions of results presented here, especially Brent Bisgrove, Bushra

Gorsi, Judith Neugebauer, Todd Townsend, Luca Brunelli, and Martin

Tristani-Firouzi. We thank Jennifer Akiona for her superb technical

assistance in cell culture and qPCR analysis of amniocytes.

Author Contributions

Collection of patient samples: ARB. Conceived and designed the

experiments: CTM ARB BLD HJY MLC. Performed the experiments:

CTM JDP JH. Analyzed the data: CTM BLD JDP JH HJY MLC.

Contributed reagents/materials/analysis tools: BLD. Wrote the paper:

CTM HJY MLC.

References

1. De Santis M, De Luca C, Mappa I, Cesari E, Quattrocchi T, et al. (2011) In-

utero stem cell transplantation: clinical use and therapeutic potential. Minerva

Ginecol 63: 387–98.

2. Fauza D (2004) Amniotic fluid and placental stem cells. Best Practice &

Research Clinical Obstetrics & Gynaecology 18: 877–91.

3. Shaw SW, David AL, De Coppi P (2011) Clinical applications of prenatal and

postnatal therapy using stem cells retrieved from amniotic fluid. Curr Opin

Obstet Gynecol 23: 109–16.

4. Kunisaki SM (2012) Congenital anomalies: Treatment options based on

amniotic fluid-derived stem cells. Organogenesis 1;8(3).

5. Antonucci I, Pantalone A, Tete S, Salini V, Borlongan CV, et al. (2012)

Amniotic fluid stem cells: a promising therapeutic resource for cell-based

regenerative therapy. Curr Pharm Des 18: 1846–63.

6. Walther G, Gekas J, Bertrand OF (2009) Amniotic stem cells for cellular

cardiomyoplasty: promises and premises. Catheter Cardiovasc Interv 73: 917–24.

7. Warburton D, Perin L, Defilippo R, Bellusci S, Shi W, et al. (2008) Stem/

progenitor cells in lung development, injury repair, and regeneration. Proc Am

Thorac Soc 5: 703–6.

8. Perin L, Giuliani S, Sedrakyan S, S DAS, De Filippo RE (2008) Stem cell and

regenerative science applications in the development of bioengineering of renal

tissue. Pediatr Res 63: 467–71.

9. Mimeault M, Hauke R, Batra SK (2007) Stem cells: a revolution in therapeutics-

recent advances in stem cell biology and their therapeutic applications in

regenerative medicine and cancer therapies. Clin Pharmacol Ther 82: 252–64.

10. Pozzobon M, Ghionzoli M, Coppi P (2009) ES, iPS, MSC, and AFS cells. Stem

cells exploitation for Pediatric Surgery: current research and perspective.

Pediatric Surgery International 26: 3–10.

11. Prusa AR, Marton E, Rosner M, Bernaschek G, Hengstschlager M (2003) Oct-

4-expressing cells in human amniotic fluid: a new source for stem cell research?

Human reproduction 18: 1489–93.

12. Tsai MS, Hwang SM, Tsai YL, Cheng FC, Lee JL, et al. (2006) Clonal amniotic

fluid-derived stem cells express characteristics of both mesenchymal and neural

stem cells. Biology of Reproduction 74: 545–51.

13. Jezierski A, Gruslin A, Tremblay R, Ly D, Smith C, et al. (2010) Probing

stemness and neural commitment in human amniotic fluid cells. Stem Cell Rev

6: 199–214.

Unique Stem Cell Identity of Human Amniocytes

PLOS ONE | www.plosone.org 14 January 2013 | Volume 8 | Issue 1 | e53372



14. Woodbury D, Kramer BC, Reynolds K, Marcus AJ, Coyne TM, et al. (2006)

Long-term cryopreserved amniocytes retain proliferative capacity and differen-

tiate to ectodermal and mesodermal derivatives in vitro. Molecular Reproduc-

tion and Development 73: 1463–72.

15. Roubelakis MG, Pappa KI, Bitsika V, Zagoura D, Vlahou A, et al. (2007)

Molecular and proteomic characterization of human mesenchymal stem cells

derived from amniotic fluid: comparison to bone marrow mesenchymal stem

cells. Stem Cells Dev 16: 931–52.

16. Grisafi D, Piccoli M, Pozzobon M, Ditadi A, Zaramella P, et al. (2008) High

transduction efficiency of human amniotic fluid stem cells mediated by

adenovirus vectors. Stem Cells Dev 17: 953–62.

17. De Coppi P, Bartsch G, Jr., Siddiqui MM, Xu T, Santos CC, et al. (2007)

Isolation of amniotic stem cell lines with potential for therapy. Nat Biotechnol

25: 100–6.

18. Moschidou D, Mukherjee S, Blundell MP, Drews K, Jones GN, et al. (2012)

Valproic Acid Confers Functional Pluripotency to Human Amniotic Fluid Stem

Cells in a Transgene-free Approach. Mol Ther 20(10):1953–67.

19. Li C, Zhou J, Shi G, Ma Y, Yang Y, et al. (2009) Pluripotency can be rapidly

and efficiently induced in human amniotic fluid-derived cells. Hum Mol Genet

18: 4340–9.

20. Anchan RM, Quaas P, Gerami-Naini B, Bartake H, Griffin A, et al. (2010)

Amniocytes can serve a dual function as a source of iPS cells and feeder layers.

Human Molecular Genetics 20: 962–74.

21. Galende E, Karakikes I, Edelmann L, Desnick RJ, Kerenyi T, et al. (2009)

Amniotic Fluid Cells Are More Efficiently Reprogrammed to Pluripotency Than

Adult Cells. Cloning Stem Cells 12(2):117–25.

22. Ge X, Wang IN, Toma I, Sebastiano V, Liu J, et al. (2012) Human amniotic

mesenchymal stem cell-derived induced pluripotent stem cells may generate a

universal source of cardiac cells. Stem cells and development 21(15):2798–808.

23. Wolfrum K, Wang Y, Prigione A, Sperling K, Lehrach H, et al. (2010) The

LARGE principle of cellular reprogramming: lost, acquired and retained gene

expression in foreskin and amniotic fluid-derived human iPS cells. PLoS One 5:

e13703.

24. Liu T, Zou G, Gao Y, Zhao X, Wang H, et al. (2012) High Efficiency of

Reprogramming CD34(+) Cells Derived from Human Amniotic Fluid into

Induced Pluripotent Stem Cells with Oct4. Stem cells and development 21(12):

2322–32.

25. Easley CAt, Miki T, Castro CA, Ozolek JA, Minervini CF, et al. (2012) Human

Amniotic Epithelial Cells are Reprogrammed More Efficiently by Induced

Pluripotency than Adult Fibroblasts. Cellular reprogramming 14: 193–203.

26. Prusa A-R, Marton E, Rosner M, Bettelheim D, Lubec G, et al. (2004)

Neurogenic cells in human amniotic fluid. American Journal of Obstetrics and

Gynecology 191: 309–14.

27. Bossolasco P, Montemurro T, Cova L, Zangrossi S, Calzarossa C, et al. (2006)

Molecular and phenotypic characterization of human amniotic fluid cells and

their differentiation potential. Cell Res 16: 329–36.

28. Kolambkar YM, Peister A, Soker S, Atala A, Guldberg RE (2007) Chondrogenic

differentiation of amniotic fluid-derived stem cells. Journal of Molecular

Histology 38: 405–13.

29. Perin L, Giuliani S, Jin D, Sedrakyan S, Carraro G, et al. (2007) Renal

differentiation of amniotic fluid stem cells. Cell Prolif 40: 936–48.

30. Ditadi A, de Coppi P, Picone O, Gautreau L, Smati R, et al. (2009) Human and

murine amniotic fluid c-Kit+Lin- cells display hematopoietic activity. Blood 113:

3953–60.

31. Decembrini S, Cananzi M, Gualdoni S, Battersby A, Allen N, et al. (2011)

Comparative analysis of the retinal potential of embryonic stem cells and

amniotic fluid-derived stem cells. Stem cells and development 20: 851–63.

32. Bottai D, Cigognini D, Nicora E, Moro M, Grimoldi MG, et al. (2012) Third

trimester amniotic fluid cells with the capacity to develop neural phenotypes and

with heterogeneity among sub-populations. Restor Neurol Neurosci 30: 55–68.

33. Ginsberg M, James D, Ding BS, Nolan D, Geng F, et al. (2012) Efficient Direct

Reprogramming of Mature Amniotic Cells into Endothelial Cells by ETS

Factors and TGFbeta Suppression. Cell 151(3): 559–75.

34. Parolini O, Soncini M, Evangelista M, Schmidt D (2009) Amniotic membrane

and amniotic fluid-derived cells: potential tools for regenerative medicine?

Regen Med 4: 275–91.

35. Ang YS, Tsai SY, Lee DF, Monk J, Su J, et al. (2011) Wdr5 mediates self-

renewal and reprogramming via the embryonic stem cell core transcriptional

network. Cell 145: 183–97.

36. Ramirez JM, Gerbal-Chaloin S, Milhavet O, Qiang B, Becker F, et al. (2011)

Brief report: benchmarking human pluripotent stem cell markers during

differentiation into the three germ layers unveils a striking heterogeneity: all

markers are not equal. Stem Cells 29: 1469–74.

37. Williams SA, Stanley P (2009) Complex N-glycans or core 1-derived O-glycans

are not required for the expression of stage-specific antigens SSEA-1, SSEA-3,

SSEA-4, or Le(Y) in the preimplantation mouse embryo. Glycoconj J 26: 335–47.

38. Gooi HC, Feizi T, Kapadia A, Knowles BB, Solter D, et al. (1981) Stage-specific

embryonic antigen involves alpha 1 goes to 3 fucosylated type 2 blood group

chains. Nature 292: 156–8.

39. Underwood MA, Gilbert WM, Sherman MP (2005) Amniotic Fluid: Not Just

Fetal Urine Anymore. Journal of Perinatology 25: 341–48.

40. Cui X, Churchill GA (2003) Statistical tests for differential expression in cDNA

microarray experiments. Genome Biol 4: 210.

41. Phanstiel DH, Brumbaugh J, Wenger CD, Tian S, Probasco MD, et al. (2011)

Proteomic and phosphoproteomic comparison of human ES and iPS cells. Nat

Meth 8: 821–27.

42. Phanstiel DH, Brumbaugh J, Wenger CD, Tian S, Probasco MD, et al. (2011)

Proteomic and phosphoproteomic comparison of human ES and iPS cells.

Nature Methods 8: 821–7.

43. Young Richard A (2011) Control of the Embryonic Stem Cell State. Cell 144:

940–54.

44. Sun C, Nakatake Y, Akagi T, Ura H, Matsuda T, et al. (2009) Dax1 binds to
Oct3/4 and inhibits its transcriptional activity in embryonic stem cells.

Molecular and Cellular Biology 29: 4574–83.

45. Plouzek CA, Leslie KK, Stephens JK, Chou JY (1993) Differential gene

expression in the amnion, chorion, and trophoblast of the human placenta.

Placenta 14: 277–85.

46. Amps K, Andrews PW, Anyfantis G, Armstrong L, Avery S, et al. (2011)

Screening ethnically diverse human embryonic stem cells identifies a

chromosome 20 minimal amplicon conferring growth advantage. Nature

Biotechnology 29: 1132–44.

47. Aula P, von Koskull H, Teramo K, Karjalainen O, Virtanen I, et al. (1980) Glial

origin of rapidly adhering amniotic fluid cells. Br Med J 281: 1456–7.

48. von Koskull H, Virtanen I, Lehto VP, Vartio T, Dahl D, et al. (1981) Glial and

neuronal cells in amniotic fluid of anencephalic pregnancies. Prenatal diagnosis

1: 259–67.

49. Chen WW (1982) Studies on the origin of human amniotic fluid cells by

immunofluorescent staining of keratin filaments. J Med Genet 19: 433–6.

50. Heikinheimo M, Wahlstrom T, Aula P, Virtanen I, Seppala M (1980)

Pregnancy-specific beta-1-glycoprotein (SP1) in cultured amniotic fluid cells.

J Clin Endocrinol Metab 51: 1432–6.

51. Gosden CM (1983) Amniotic fluid cell types and culture. Br Med Bull 39: 348–

54.

52. Hoehn H, Salk D (1982) Morphological and biochemical heterogeneity of

amniotic fluid cells in culture. Methods in cell biology 26: 11–34.

53. Dobreva MP, Pereira PNG, Deprest J, Zwijsen A (2010) On the origin of

amniotic stem cells: of mice and men. The International Journal of

Developmental Biology 54: 761–77.

54. Kanai-Azuma M, Kanai Y, Gad JM, Tajima Y, Taya C, et al. (2002) Depletion

of definitive gut endoderm in Sox17-null mutant mice. Development 129: 2367–

79.

55. Niakan KK, Ji H, Maehr R, Vokes SA, Rodolfa KT, et al. (2010) Sox17

promotes differentiation in mouse embryonic stem cells by directly regulating

extraembryonic gene expression and indirectly antagonizing self-renewal. Genes

& Development 24: 312–26.

56. Frankenberg S, Gerbe F, Bessonnard S, Belville C, Pouchin P, et al. (2011)

Primitive endoderm differentiates via a three-step mechanism involving Nanog

and RTK signaling. Developmental Cell 21: 1005–13.

57. Nichols J, Smith A (2010) The origin and identity of embryonic stem cells.

Development 138: 3–8.

58. Nichols J, Smith A (2009) Naive and Primed Pluripotent States. Cell Stem Cell

4: 487–92.

59. Bilic J, Belmonte JCI (2012) Concise Review: Induced Pluripotent Stem Cells

Versus Embryonic Stem Cells: Close Enough or Yet Too Far Apart? Stem Cells

30: 33–41.

60. Stewart MH, Bosse M, Chadwick K, Menendez P, Bendall SC, et al. (2006)

Clonal isolation of hESCs reveals heterogeneity within the pluripotent stem cell

compartment. Nature Methods 3: 807–15.

61. Narsinh KH, Sun N, Sanchez-Freire V, Lee AS, Almeida P, et al. (2011) Single

cell transcriptional profiling reveals heterogeneity of human induced pluripotent

stem cells. The Journal of clinical investigation 121: 1217–21.

62. Chambers I, Silva J, Colby D, Nichols J, Nijmeijer B, et al. (2007) Nanog

safeguards pluripotency and mediates germline development. Nature 450: 1230–4.

63. Toyooka Y, Shimosato D, Murakami K, Takahashi K, Niwa H (2008)

Identification and characterization of subpopulations in undifferentiated ES cell
culture. Development 135: 909–18.

64. Graf T, Stadtfeld M (2008) Heterogeneity of embryonic and adult stem cells.

Cell Stem Cell 3: 480–3.

65. Hayashi K, Lopes SM, Tang F, Surani MA (2008) Dynamic equilibrium and

heterogeneity of mouse pluripotent stem cells with distinct functional and

epigenetic states. Cell Stem Cell 3: 391–401.

66. Hanna J, Cheng AW, Saha K, Kim J, Lengner CJ, et al. (2010) Human

embryonic stem cells with biological and epigenetic characteristics similar to

those of mouse ESCs. PNAS 107: 9222–7.

67. Marks H, Kalkan T, Menafra R, Denissov S, Jones K, et al. (2012) The

transcriptional and epigenomic foundations of ground state pluripotency. Cell

149: 590–604.

68. Eckmann-Scholz C, Bens S, Kolarova J, Schneppenheim S, Caliebe A, et al.

(2012) DNA-Methylation Profiling of Fetal Tissues Reveals Marked Epigenetic

Differences between Chorionic and Amniotic Samples. PLoS One 7: e39014.

69. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, et al. (2009) The MIQE

guidelines: minimum information for publication of quantitative real-time PCR

experiments. Clin Chem 55: 611–22.

70. Nix DA, Courdy SJ, Boucher KM (2008) Empirical methods for controlling false

positives and estimating confidence in ChIP-Seq peaks. BMC Bioinformatics 9:

523.

Unique Stem Cell Identity of Human Amniocytes

PLOS ONE | www.plosone.org 15 January 2013 | Volume 8 | Issue 1 | e53372



71. R Development Core Team (2012) R: A language and environment for

statistical computing. R Foundation for Statistical Computing, Vienna, Austria.
ISBN 3-900051-07-0, URL http://www.r-project.org/.

72. Anders S, Huber W (2010) Differential expression analysis for sequence count

data. Genome Biol 11: R106.

73. SuzukiR and Shimodaira H (2012) pvclust: Hierarchical Clustering with P-

Values via Multiscale Bootstrap Resampling. R package version 1.2–2. URL

http://cran.r-project.org/web/packages/pvclust/index.html.

Unique Stem Cell Identity of Human Amniocytes

PLOS ONE | www.plosone.org 16 January 2013 | Volume 8 | Issue 1 | e53372


