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Previous microarray analyses of RNAs from 8-cell (8C) human embryos revealed a lack of cell cycle check-
points and overexpression of core circadian oscillators and cell cycle drivers relative to pluripotent human stem
cells [human embryonic stem cells/induced pluripotent stem (hES/iPS)] and fibroblasts, suggesting growth
factor independence during early cleavage stages. To explore this possibility, we queried our combined mi-
croarray database for expression of 487 growth factors and receptors. Fifty-one gene elements were over-
detected on the 8C arrays relative to hES/iPS cells, including 14 detected at least 80-fold higher, which
annotated to multiple pathways: six cytokine family (CSF1R, IL2RG, IL3RA, IL4, IL17B, IL23R), four
transforming growth factor beta (TGFB) family (BMP6, BMP15, GDF9, ENG), one fibroblast growth factor
(FGF) family [FGF14(FH4)], one epidermal growth factor member (GAB1), plus CD36, and CLEC10A. 8C-
specific gene elements were enriched (73%) for reported circadian-controlled genes in mouse tissues. High-
level detection of CSF1R, ENG, IL23R, and IL3RA specifically on the 8C arrays suggests the embryo plays an
active role in blocking immune rejection and is poised for trophectoderm development; robust detection of
NRG1, GAB1, -2, GRB7, and FGF14(FHF4) indicates novel roles in early development in addition to their
known roles in later development. Forty-four gene elements were underdetected on the 8C arrays, including 11
at least 80-fold under the pluripotent cells: two cytokines (IFITM1, TNFRSF8), five TGFBs (BMP7, LEFTY1,
LEFTY2, TDGF1, TDGF3), two FGFs (FGF2, FGF receptor 1), plus ING5, and WNT6. The microarray
detection patterns suggest that hES/iPS cells exhibit suppressed circadian competence, underexpression of early
differentiation markers, and more robust expression of generic pluripotency genes, in keeping with an artificial
state of continual uncommitted cell division. In contrast, gene expression patterns of the 8C embryo suggest that
it is an independent circadian rhythm-competent equivalence group poised to signal its environment, defend
against maternal immune rejection, and begin the rapid commitment events of early embryogenesis.

Introduction

Conservation of maternal resources is an overarching
principle of mammalian reproduction, leading to miscar-

riage of incompetent conceptuses as early as possible to allow a
repeat attempt at a normal pregnancy. Therefore, to avoid
miscarriage, the fertilized egg must signal the mother it is de-
veloping; the signals, such as chorionic gonadotropin, must be
adequate, timely, and increase daily. Despite the importance to
human reproduction and to the safety of assisted reproductive
technologies, there is limited information about such signals
and the controls on gene expression responsible for them during
the first few cleavages of the fertilized human egg.

Cells of the early human embryo, *10,000 times larger
than somatic cells, are totipotent and appear capable of
guiding their cleavage stages without need for external
growth factor stimulation, perhaps because cell growth is
not needed and key cell cycle checkpoints are not expressed
[1,2]. Each cleavage divides the blastomeres into two
daughter cells, half the size of the precursor, and without an
increase in embryo mass. At the blastocyst stage (*100
cells), the embryonic cells are about the size of somatic cells
and they need to enlarge for each subsequent cell cycle.

Many studies to measure the expression of various growth
factors and their receptors, and the influence of growth factor
addition to culture systems for early cleaving embryos, have
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been reported in animal model systems ([3–6] and [7] for
reviews), especially mouse, but only a few studies have fo-
cused on early human embryos, most of which rely on re-
verse transcription–polymerase chain reaction (RT-PCR)
amplification of specific mRNAs [8–10] or immunostaining
for proteins [11,12]. Innovative methods of linear amplifi-
cation of small quantities of mRNA [1,13–15], improved
whole human genome microarrays [16–18], and RNA deep-
sequencing methods for single cells [19] have allowed for
more global in-depth analyses of gene expression patterns of
preimplantation human embryos.

We have reported that noncryopreserved, normal ap-
pearing 8-cell (8C) embryos overexpress circadian oscilla-
tors, CLOCK, period, cryptochrome, and ARNTL(BMAL),
and cell cycle drivers, Cyclins A, -B, -E and Myc, and un-
derexpress key cell cycle checkpoints, Rb and Wee1 [1,2],
relative to pluripotent human embryonic stem (hES) cells,
induced pluripotent stem (iPS) cells, and human fibroblasts.

The silence of Rb is in keeping with a lack of growth factor
dependence to stimulate early embryo cleavages following
fertilization, but the silence of Wee1 heightens the following
questions: What cellular controls are in place to ensure accu-
rate DNA replication and chromosome segregation? Is euploid
human blastomere cleavage dependent on cyclic overexpression
of key proteins rather than on cell cycle checkpoints imposed by
growth factor dependency and Gap 2 [20]? The silence of Rb in
the human 8C [2], and the human oocyte [14], is in contrast to
the mouse, in which Rb is detectable in both oocytes and early
cleaving embryos [21], although knockout of Rb family mem-
bers blocks postimplantation, not preimplantation, mouse em-
bryo development [22].

Perhaps the need for gene amplification to support timely
signals to the mother to prevent miscarriage outweighs the
need to maintain accurate ploidy during preimplantation
development [20], or perhaps heretofore unrecognized in-
tracellular signals, such as the circadian oscillators, are
guiding early embryonic cleavages. Growth factors and
cytokines expressed and secreted by the embryo itself,
perhaps influenced by circadian transcription factors, which
would limit their availability to certain time periods, could
exert autocrine control on embryo development and para-
crine stimulation of endometrial receptivity [4–6,8].

The goal of the present study is to begin to understand the
repertoire of growth factors and their receptors expressed in
normal 8C human embryos not previously cryopreserved.
We have compared microarray data from the 8C embryos,
hES cells, and human fibroblasts before and after induced
pluripotency (iPS cells) to determine differences between
the totipotent embryo cells, the pluripotent hES and iPS
cells, and the lineage-restricted fibroblasts. The results
provide clues about the unique molecular mechanisms that
guide early human development and participate in the
complex embryo–endometrium dialog. We analyzed two
pools of five embryos each to avoid individual embryo and
blastomere bias in an effort to focus on overarching gene
expression and pathway differences between the totipotent
8C embryos and the pluripotent stem cells.

Using public databases, we compiled a list of 487 growth
factors and receptors and grouped them according to Table 1,
with underlining to indicate the elements that are expressed
with a circadian rhythm in mouse tissues according to Cir-
caDB [23]. The epidermal growth factor (EGF) family con-

sists of several structurally homologous polypeptides that act
by binding to the EGF receptor (EGFR) or the erbB family of
receptors (ERRB2–4) [24–26]. The fibroblast growth factor
(FGF) family, known to play numerous essential roles in de-
velopment and cell proliferation, consists of about 23 struc-
turally related proteins, 18 of which act by binding to FGF
receptors (FGFRs), and four of which, FGF homologous
factors, FGF11–14(FHF1–4), act intracellularly [27,28].

The insulin and insulin-like growth factor (IGF) family
consists of insulin (INS) and two IGF peptides (IGF1 and
IGF2) that share structural similarity with insulin, plus a
group of six high-affinity binding proteins (IGFBP1–6),
IGFBP proteases, and three receptors, insulin receptor
(INSR) and IGF1R and IGF2R.

The transforming growth factor beta (TGFB) superfamily
includes at least 38 structurally related proteins that share se-
quence homology with TGFB, such as activins, anti-Mullerian
hormone, bone morphogenetic proteins (BMPs), endoglin,
growth differentiation factors (GDFs), left–right determination
factors (LEFTY1, -2), Nodal, and teratocarcinoma-derived
growth factors (TDGF) [29]. Two families of TGFB recep-
tors have been described, type I receptors (TGFBR1) and
type II receptors (TGFBR2), with counterparts for other
family members, such as activin receptor type I and type II
and BMP receptor type I and type II, as well as Endoglin
(ENG), an auxiliary receptor that modulates TGFB signaling.

Nine different genes (PDGF1–4 and VEGF1–5) encode
platelet-derived growth factors and vascular endothelial growth
factors, respectively, which form hetero- or homodimers,
binding to their receptors (PDGFRA–D) and (FLT1–4). There
are four members of the nerve growth factor family, nerve
growth factor (NGF), neurotrophins, neuron-derived neuro-
trophic factor, and brain-derived neurotrophic factor (BDNF),
which act mainly through their respective receptors. The cy-
tokines are a large family of interleukins, interferons, inducible
factors, and regulatory factors, including colony-stimulating
factors (CSFs) and leukemia inhibitory factor (LIF), tumor
necrosis factor (TNF), and FAS ligand, thought to act princi-
pally through their cognate receptors.

The CCN family consists of six members: CYR61,
connective tissue growth factor (CTGF), nephroblastoma
overexpressed gene, and WNT-1-induced secreted proteins
(WISP). Growth factors not belonging to one of the su-
perfamilies have been grouped as ‘‘Others’’ (Table 1), and
are described according to known functions.

For purposes of discussion, the microarray results are
grouped according to the level of detection in each cell type
and growth factor superfamily, subjected to GenBank de-
scriptions and pathway analyses using DAVID and Gene-
MANIA, and queried for reported circadian expression
according to CircaDB [23]. Gene elements reported to be
expressed in a circadian pattern in mouse tissues are un-
derlined throughout this report.

Materials and Methods

Supernumerary embryos were donated by nine Greek
couples undergoing assisted reproduction at the 1st Ob-
stetrics and Gynecology Department of the University of
Athens, ‘‘Alexandra’’ Maternity Hospital, Athens, Greece,
as reported [1,2]. The study protocol and written informed
consent process were reviewed and approved by the ethics
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Table 1. Growth Factor Receptor Superfamilies

Family Growth factor Receptors

EGF Amphiregulin (AREG), betacellulin (BTC), epidermal
growth factor (EGF), EGF-like (EGFL6-AM),
epiregulin (EREG), epithelial mitogen (EPGN),
jagged ( JAG1, -2) heparin-binding EGF-like
(HBEGF), neuregulins (NRG1–4), transforming
growth factor alpha (TGFA)

EGF receptor (EGFR/ERBB1), EGFR pathway
(EPS8, -9–14, -15), HER2–4 (ERBB2, -3, -4),
growth factor receptor-bound protein (GRB2, -7),
GRB2-binding protein (GAB1, -2), nardilysin
(NRD1), Notch signaling (DNER)

FGF Fibroblast growth factors 1–10; 15–23 (FGF1, -2–8,
FGF9–10, FGF15, FGF16, FGF17–21, FGF22, -23),
FGF homologous factors, FHF1–4 (FGF11, -12, -13,
-14); ATPase accessory protein (ATP6AP1, -2),
FGF-binding protein (FGFBP1–3; FIBP)

FGF receptors 1–4 (FGFR1, -2, -3, -4); FGFR
substrate (FRS2, -3); FGF-like receptor
(FGFRL1); apoptosis inhibitor (API5)

INS/IGF Insulin (INS), insulin-like (INSL3–6), insulin-induced
genes (INSIG1–2), insulin-like growth factors
(IGF1–2), IGF-binding proteins (IGFALS, IGFBP1–
7, IGF2BP1, -2, -3), IGFBP proteases; YWHAH, -G

Insulin receptor (INSR); INSR-related receptor
(INSRR), INSR substrate (IRS1, -2, 3–4); IGF
receptors, (IGF1R–2R)

TGFB Artemin (ARTN), activin (INHBA, -BB), bone
morphogenetic proteins (BMP1, -4, -5, -6, -7, -8, -10,
-15), CITED2, dual specificity phosphatase
(DUSP22), EID2, farnesyl transferase (FNTA),
growth differentiation factors (GDF1–11, -15);
inhibin (INHA, -BC, BE), left–right determination
factors (LEFTY1, -2), NODAL, NET1, PEG10,
teratocarcinoma-derived growth factor (TDGF1/
CRIPTO), glial cell-derived neurotrophic factor
(GDNF), transforming growth factor beta
(TGFB1–3)

Activin receptors I-II (ACVR1, -1B/ALK4, -1C;
ACVR2A, -2B, ACVRL1), BMP receptors I-II
(BMPR1A, -1B; BMPR2), EID2, endoglin
(ENG), TGFB receptors I-III (TGFBR1–3, -AP1),
breast cancer antiestrogen resistance (BCAR1),
latent transforming growth factor (LTBP1, -2, -3),

PDGF/
VEGF

Endothelial cell growth factor (ECGF1), platelet-
derived growth factors (PDGFA, -D); vascular
epithelial growth factors (VEGFA–D, -F)

PDGF receptors A–B (PDGFRA–B), PDGF
receptor-like (PDGFRL), VEGF receptors
(FLT1, -2, -3, -4)

NGF Neurotrophins (NTF3, -5), nerve growth factor
(NGFB), neuron-derived neurotrophic factor
(NENF), neuroepithelial cell transforming gene
(NET1); brain-derived neurotrophic factor (BDNF)

Nerve growth factor receptor (NGFR), neurotrophic
tyrosine kinase receptor 1–3 (NTRK1–3/TRKA–
C), NGFR-associated protein (NGFRAP1)

Cytokines Chemokine ligand (CXCL1–4, -5, -6–8, -9, -10, -11, -12),
colony-stimulating factors (CSF1, -2), growth differ-
entiation factor (GDF1, -2–7, -8, -9, -10, -11–15), FAS
ligand, Fas-activated kinase (FASTK, -D1, -D2, -D3,
-D4–D5); interleukins (Il1A, -B; IL3–4, -5–17, -17RA,
-18, -18R1, -19–21, -22, -23–24, -25, -26–29, -34),
interleukin 1 family (IlF2, -3), interferon (IFNA, -W),
interferon inducible (IFI6–44, IFITM1-4P), interferon
regulatory factor (IRF1, -2–3, -4, -5, -6–8, -BP),
interferon-related developmental regulator (IFRD1–2),
leukemia inhibitory factor (LIF), TICAM1, -2;
suppressor of cytokine signaling (SOCS1–3); tumor
necrosis factor (TNF, TNFSF2–18, TNFAIP1–8)

CSF receptors (CSF1R,2R), interleukin receptors
(IL1R-22R, -23R, -24–29R, IRAK1–2, -3–4),
interferon receptors (IFNAR1–2; IFNGR1, -2),
FAS, leukocyte receptors (LILRA1–5; LILRB1,
-2, -3, -4–5; LILRP2), LIF-receptor (LIFR),
tumor necrosis factor receptor (TNFRSF1, -2–18,
-19, -20, -21, -22–25; CD40)

CCN Cysteine-rich 61 (CYR61), connective tissue growth
factor (CTGF), nephroblastoma overexpressed gene
(NOV), Wnt1-induced sereted proteins (WISP1–3),

Others Calcium modulating ligand (CAMLG), CBL, CDP-
diacylglycerol synthetases (CDS1–2); CDV3, C-type
lectin domain (CLEC1, -2D, -3–14), diacylglycerol
kinase (DGKD), CREG1, DKK1, -2–3, -4; EDARADD;
ILK, -AP; endothelin (EDN2, -3); glia maturation factor
(GMFB, -G); granulins (GRN), heparin-binding growth
factors (MDK, PTN), hepatocyte growth factors (HGF),
HGF activator (HGFA), HGFA inhibitor (HGFAI),
hepatoma-derived growth factor (HDGF); integrin-
linked kinase (ILKAP), inhibitor of growth (ING1–2, -3,
-4, -5); KIT-ligand (KITL), KLF10; neuropilin
(NRP1–2), placental growth factor (PGF), Sarc
homology (SHC1–3), UTP11L, WNT (WNT1–3, -4,
-5, -6, -7–14); WNT-induced (WISP1, -2–3)

CD molecules (CD3–32, -33, -34–35, -36, -37–71,
-72, -73–78, -79B, -80–301, -302, -320),
endothelin receptor (ENDRA–B); gamma-
aminobutyric acid receptor (GABRQ); HGF
receptor (cMET), KIT, low-density lipoprotein
receptor (LDLR, -D3), LDLR-related protein
(LRP1–3, -5, -6–7, -8, -9–10; LRPAP), S100A6

Underline denotes gene elements reported to be circadianly expressed in some mouse tissues (CircaDB.hogeneschlab.org).

162



research committees of ‘‘Alexandra’’ Hospital and Bedford
Research Foundation, as described (Supplementary Data;
Supplementary Data are available online at www.liebertpub
.com/scd) [1,2]. We collected and linearly amplified [14]
RNAs from two pools of five human embryos each, fol-
lowed by hybridization to Agilent whole genome micro-
arrays [1,2]. Statistical analyses of the microarray data, in
combination with data from the same Agilent microarray
platform for two lines of hES cells (H9 and hES01 [30]) and
human fibroblasts before and after induced pluripotency
[31], have been described (Supplementary Data) [1,2]. We
refer to the combined database (*270,000 data points) as
8CFES.

Using gene ontology (GO) terms (www.geneontology
.org), Reactome (www.reactome.org), and KEGG (www
.genome.ad.jp/kegg), we compiled a list of 487 growth
factors and receptors to query our database, 8CFES. We
have discussed the results according to growth factor su-
perfamilies and ‘‘Others,’’ as listed in Table 1.

Array signals ranged from 20 fluorescence units (FUs) to
>740,000 FUs. For purposes of discussion, we set 500 FUs
as the upper limit for off/marginal expression, 500–5,000
FUs as the range for moderate expression, and greater than
5,000 as the threshold for high expression. The highest
signal was used to group genes with multiple probes. We
chose a conservative sevenfold difference in detection levels
to designate over- or underdetected in the tables and dis-
cussion. This is two standard deviations from the mean of
the variation between the microarray elements on the two
8C embryo arrays [1,2]. This approach does not distinguish
between gene variants and is not meant to be a compre-
hensive analysis; the raw data are presented in Supple-
mentary Table S1 for use in other analyses.

Microarray detection levels were further evaluated by real-
time PCR analyses of eight additional 8C embryos whose
RNA was individually extracted and analyzed for selected
mRNAs (Supplementary Data), the relative copy numbers for
which agreed in all instances with the microarray results.

Groups of gene elements were further analyzed for
common pathways by GeneMania (www.genemania.org),
for GO designations by DAVID functional annotation
(www.ncifcrf.gov), and for circadian rhythm expression by
CircaDB (circadb.hogeneschlab.org).

Results

The list of 487 growth factors and receptors (Table 1)
identified 1,044 gene elements in 8CFES, listed in Supple-
mentary Table S1. Two hundred and twenty (21%) of the gene
elements were off/marginal in all the cells in 8CFES (Table 2,
Supplementary Table S1), with only 34 (3.2%) gene elements
detected above off/marginal on all HCFES arrays (Tables 3
and 4). A comparison of the percentages of gene elements in
each category is listed in Supplementary Table S2.

The lineage-restricted fibroblasts have more off/marginal
(43%) and more high, (12%), whereas the totipotent 8C em-
bryos have fewer off/marginal (30%) and fewer high (5%).
Fifty-one gene elements were overdetected on the 8C arrays,
at least sevenfold higher than the pluripotent cells, and 44
were underdetected, at least sevenfold lower (Tables 3 and 4).
These groupings are not meant to indicate the level of protein
expression, nor cellular importance, but as a starting point for

discussion of which growth factor/receptor pathways might
function in each cell type for autocrine stimulation and/or for
paracrine stimulation between cell types frequently co-
cultured, such as embryonic stem cells with a fibroblast feeder
layer, and iPS cells derived in a background of fibroblasts.
Except as noted in a special section at the end of Results, iPS
cells more closely reflected the microarray detection patterns
of hES cells than their fibroblast precursors.

EGF family

Several EGF family members were silent or marginal on all
8CFES arrays, including TGFA (Supplementary Table S1 and
Table 2). Three members (ERBB2, GRB2, and NRG1) were
detected above marginal on all cell arrays, EGFR only on the
fibroblast array, and ERBB3 only on the hES/iPS arrays. Eight
members of the EGF family were detected at least 7-fold
higher in 8Cs than the other cell types (EGF, EGFL8, EPS15,
GAB1, -2, GRB7, NRG1, -4), with GAB1 detected 90-fold
higher than all the other cell types. ERBB2 and ERBB2-
interacting proteins (ERBB2IP) were detected at least seven-
fold lower on the 8C arrays than the other cell types.

FGF family

Eleven FGFs and FGFR4 were silent or marginal on all
8CFES arrays (Table 2). Six (API5; ATP6AP1, -2; FGF3;
FGFR1; FIBP) were detected above marginal on all of the
8CFES arrays, although FGFR1 and -2 were detected at least
sevenfold lower on the 8C arrays. API5 was placed in the FGF
family because it binds FGFs. Four FGF family members
[FGF9, FGF14(FHF4), FRS2, and API5] were overdetected at
least 7-fold on the 8C arrays, with FGF14(FHF4) detected
more than 70-fold higher than the other cell types. FGF2 (basic
FGF) was off/marginal on the 8C arrays, but robustly detected
on the other cell arrays. FGF13(FHF2) and FGFBP3 were
underdetected at least sevenfold on the 8C arrays. FGFR1 was
detected on both the fibroblast and pluripotent cell arrays, but
not the 8C arrays. FGFR2 was not detected on either the 8C or
fibroblast arrays, but consistent with the hES cells, it was up-
regulated in the iPS cells (Supplementary Table S1).

INS/IGF family

INS, IGF1, and INSR were off/marginal on all the arrays
(Supplementary Table S1 and Table 2). Seven family
members were detected above marginal on all 8CFES ar-
rays, including IGF receptors 1 and 2 (IGFR1 and 2) and
IGF1- and 2-binding proteins (IGF1R, -2R; IGFBP3;
IGF2BP2; INSIG1; YWHAG, -H; Supplementary Table S1
and Table 3). Three family members, insulin-induced gene 1
(INSIG1), IGF2 antisense (IGF2AS), and IGFBP1, were
overdetected on the 8C arrays, with IGFBP1 overdetected
more than 70-fold. Two family members, IGFBP2 and INSR
substrate 2 (IRS2), were underdetected on the 8C arrays, and
IGF2BP1 was detected sevenfold higher on the hES and iPS
arrays than on both the 8C and fibroblast arrays.

TGFB family

Many members of the TGFB superfamily were off/
marginal on the arrays of all cells, including several BMPs,
several GDFs, inhibin (INHA, -BE), TGFB3, as well as an
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activin receptor (ACVR1C), BMP receptors (BMP1B,
BMPR2), and TGFBR1 (Supplementary Table S1 and Table
2). Six family members [ACVR1, BMP8B, FNTA, GDF15
(macrophage inhibitory cytokine 1), LTBP2, and
TGFBRAP1] were detected on all 8CFES arrays. TGFB1
was detected above off/marginal only on the fibroblast ar-
rays, not the 8C, nor pluripotent arrays (Tables 2 and 3).
NODAL and BMP receptor (BMPR1A) were detected
above marginal on the 8C and pluripotent cell arrays and no
BMPs other than BMP8B were detected on the fibroblast
arrays. Six TGFB family members were overdetected spe-
cifically on the 8C arrays, including four maternal messages
(BMP4, -6, -15, and GDF9), dual specificity phosphatase 22
(DUSP22), and endoglin (ENG), four of which (BMP6,
BMP15, GDF9, ENG) were overdetected more than 70-fold.
Eight family members were underdetected on 8C arrays
(BMP7, BMP8B, GDF3, GDNF, LEFTY1, LEFTY2,
TDGF1, TDGF3), three of which were underdetected more
than 70-fold (BMP7, TDGF1, TDGF3).

PDGF/VEGF family

Two PDGFs (PDGFB and -D) and all VEGF receptors
(FLT1–4) were silent on all the arrays, except FLT1, which
was detected at a moderate level on the pluripotent cell
arrays. VEGFB was the only member of this family detected
on all 8CFES arrays, four were detected above off/marginal
on the 8C arrays (ECGF1/TYMP, VEGFB, -C, PDGFRL),
three on pluripotent cell arrays (PDGFA, VEGFB, FLT1),
and seven (ECGF1/TYMP, PDGFC; PDGFRA, -B;
VEGFA–C) on the fibroblast arrays.

NGF family

Nerve growth factor (NGFB) and nerve growth factor re-
ceptor (NGFR) were essentially silent on the arrays of all
cells, whereas three other NGF family members (NENF,
NET1, and NGFRAP1) were detected on all 8CFES arrays,
although NET1 and NGFRAP1 were sevenfold underdetected
on the 8C arrays. Two members of this family [BDNF and its
receptor, NTRK2(TRKB)], were at least sevenfold over-
detected on the 8C arrays relative to hES/iPS cells.

Cytokines

Many members of the cytokine superfamily were off/
marginal on all the arrays, including the interleukin-1 family
(IL1A, -1B, IL1R1, -R2), interleukin-3 (IL3), TNF, and
CSF1–3 (Supplementary Table S1 and Table 2). Seventeen
members [FASTK; FASTKD3, -5; IFITM2; IFNGR1, -2;
IL17RA; IL27; ILF2(NF45), ILF3(NF90); IRF2BP2; IRF3,
-7; SOCS1; TNFRSF1A, -21, -25] were detected above mar-
ginal on all 8CFES arrays (Supplementary Table S1 and Tables
3 and 4), including both chains of the interferon gamma re-
ceptor (IFNGR1, -2), and the interleukin transcription factor,
ILF2(NF45), which was detected at high levels on all arrays.
TNFRSF12A (FGF-induced 14) was robustly detected on all
arrays, although detection of its ligand, TNFRSF12(TWEAK),
was restricted to the fibroblast array.

Ten members of this family were at least sevenfold
overdetected on the 8C arrays relative to hES/iPS cells:
interferon inducible factor 6 (IFI6), three interferon regu-
latory factors (IRF1, -4, -6), and six others were over-

detected greater than 80-fold: CSF 1 receptor (CSF1R, silent
on the other cell arrays), IL4, IL3RA, IL2RG, IL17B,
IL23R. IL12RB1, the heterodimer essential for IL23A sig-
naling through IL23R, and IL23A were also detected on the
8C arrays, although at a low level. Six members of this
family were underdetected on the 8C arrays relative to hES:
CXCL12, interferon-induced transmembrane proteins 1 and
2 (IFITM1, -2), IL4 receptor (IL4R), and two tissue necrosis
factor receptors, TNFRSF8 and -21.

CNN family

No WISPs were above off/marginal on any 8CFES arrays,
except WISP2, which was detected on the fibroblast arrays.
CYR61 was the only member of this family detected on all
8CFES arrays. No members of this family were over-
detected on the 8C arrays. Two members, CYR61 and
CTGF, were sevenfold underdetected on the 8C arrays rel-
ative to hES/iPS.

Others

Many factors and receptors grouped in this category were
not above off/marginal on any 8CFES arrays, including
several members of the WNT and Dikkkopf pathways
(Table 2, 6 and Supplementary Table S1). Twenty-one
members were detected on all 8CFES arrays (Tables 3, 4,
and 6): CBL; CD79A, -320; CLEC2D; CREG1; DGKD;
GMFB; GRN; ILK; ING4, -5; RABEP2; LRP4; LRPAP1,
CAMLG, ILKAP; ING1, -3; CDV3; PTN; UTP11L. Nine
were at least 7-fold overdetected on the 8C arrays relative to
hES: CLEC10A, ILKAP, ING3, CDV3, PTN, GABRQ,
CD36, LDLRAP1, and LRP5, two of which, CLEC10A (C-
type lectin domain 10A) and CD36, were greater than 80-
fold overdetected on the 8C arrays. Thirteen members of
this group were detected 7-fold lower on the 8C arrays than
hES arrays: CD200; CITED2; DKK3; HDGFRP3; ING5;
WNT3, -5, -6; EDARADD; EDNRB; MET; LRP3, -6;
S100A6; two of which (EDNRB and WNT6) were detected
more than 70-fold lower.

iPS cells and hES cells

As has been previously reported, the iPS cells generated by
Yamanaka and colleagues [31] from fibroblasts exhibit mi-
croarray results similar to the hES cells. Interesting exceptions
noted are CD4 remained 13-fold lower in iPS cells than hES
cells and 20-fold lower than 8Cs; activin receptor, ACVR1B,
was 7-fold lower than hES cells and 19-fold lower than 8Cs;
LEFTY2 was 12-fold lower in the iPS cells than hES cells, but
not lower than 8Cs; IFITM5 was 9-fold lower than hES cells,
but not lower than 8Cs; FGF3 was 7-fold lower than hES cells
and 3-fold lower than 8Cs. The only gene not downregulated
in the iPS cells was S100A6 (a high value on all the arrays at
>100,000 FUs), 9-fold higher than the hES cells and 88-fold
higher than the 8Cs. Interestingly, NODAL appeared only
partially upregulated on the iPS arrays.

Pathway analyses

To query the gene sets for cell pathway enrichment, we
submitted gene groups to GeneMania [32] and to DAVID
[33]. The 34 gene elements detected on all 8CFES arrays
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(Tables 3, 4 and 6) revealed no particular pathway enrich-
ments and the enzyme-linked receptor protein signaling
pathway (CBL, ACVR1, DGKD, GRB2, IGF1R, LTBP2,
TGFBRAP1) was the top functional annotation clustering
category in DAVID.

Half of the 51 genes overdetected specifically on the 8C
arrays were DAVID functional annotation clustering growth
factor and signal, with subcategories enriched for various
developmental processes (Table 5) because of detection of
BMP4, -6, SHH, EGF, and ENG along with developmental-
specific factors such as BDNF and PGF. GeneMANIA
analysis of the same set emphasized leukocyte differentia-
tion, (SHH, BMP4, IL23R, CSF1R, GAB2, JAG2, IRF1, -4,
IL4) and regulation of cell migration (HBEGF, ENG,
CSF1R, JAG2, NTF3, GRB7, BMP4, SHH), along with the
other developmental process pathways listed in Table 5.

Over half of the 44 gene elements underdetected on the
8C arrays relative to hES cells were DAVID functional
annotation clustering signal/secreted (Table 5), 13 were
growth factor activity, 12 were extracellular space, 7 were
positive regulation of cell motion, 16 were regulation of cell
proliferation (Table 5), and 7 were blood vessel morpho-
genesis. The top functions enriched in GeneMANIA were
regulation of ERK1/2 cascade (CYR61, KDR, FGFR2,
FGF2, ERBB2, PDGFA), morphogenesis of an epithelium
(CYR61, WNT6, FGFR2, FGF2, GDNF, TDGF1, LRP6,
MET, PDGFA), phosphatidylinosital-mediated signaling
(IRS1, -2; ERBB2; FGFR1; PDGFA; FLT1), and tube de-
velopment (MET, GDNF, LRP6, WNT6, BMP7, FGF2,
FGF2R, PDGFA).

Circadian-controlled genes

Gene element groups were submitted to CircaDB for as-
signment to reported circadian expression in some mouse
tissues (Table 6). Of the 34 gene elements above off/mar-
ginal on all cell arrays, 59% were reported to exhibit cir-
cadian patterns of expression, peaking every 24 h. In
contrast, only 27% of the 150 gene elements below off/
marginal on all cell arrays were reported to display circadian
expression. Of the 48 gene elements specific to the 8C ar-
rays, 73% exhibited circadian expression in mouse tissues in
CircaDB, whereas of the 47 gene elements specific to the
hES/iPS cells, only 51% exhibited circadian expression
(Table 6).

Discussion

The capacity for hES/iPS cells to maintain uniform
pluripotency during expansion for many generations in
culture is a remarkable artificial state that shows great
promise for stem cell therapies. Suppressing commitment,
while encouraging expansion and maintaining normal kar-
yotype and commitment potential, was an early challenge of
hES/iPS cell culture that has now largely been met. In
contrast, embryonic development is a dynamic process of
commitment, expansion of committed cells, and patterned
differentiation.

The 8C stage of human embryo development is a fleeting
period of totipotency for what is essentially a developmental
equivalence group that will undergo its first commitment
event to trophoblast and inner cell mass within the next
couple of cell cycles. In contrast to hES/iPS cell culture, the

goal of human embryo culture is to fully support natural
commitment events to the blastocyst stage in an in vitro
environment.

Heuristically, it seems most likely that the early embryo is
in charge of its development within a hospitable maternal
environment. For the first few weeks, the embryo must
signal the mother that it is developing to avoid a miscar-
riage. Whether or not its early in vivo development is aug-
mented by specific maternal cues has thus far not been
determined, but since most in vitro fertilization (IVF) con-
ceptions take place in the absence of growth factors, maternal
signals during the first few days do not appear to be essential
for successful pregnancy. The high variability of successful in
vitro embryo development among mouse strains [34–36] as
well as human couples supports the concept, however, at least
some fertilized human eggs might benefit from as yet unde-
termined growth factors while in culture.

One advantage of in vitro culture is that the early embryo
avoids the threat of immune rejection by the maternal re-
productive tract, but that possibility is presented abruptly at
the time of embryo transfer. Whether or not further embry-
onic development would be enhanced if the maternal tract
were preconditioned to receive the embryo, and/or if the
embryo were preconditioned to the maternal tract, is urgently
needed information for programs of assisted reproduction.

The concept of an equivalence group implies that each of
the 8C stage blastomeres is equivalent to the others and
poised for the next developmental event, but this has not
been demonstrated, even for mouse embryos. Attempts to
derive stem cell lines from individual 8C blastomeres from
the mouse, cow, and human essentially fail, in that only a
small percentage of the blastomeres continue to divide when
separated from sisters [37–39]. This suggests either that
paracrine signaling is essential for further cell division at
this stage or that aneuploidy incompatible with independent
continued cleavage is common in blastomeres in early em-
bryos, as has been suggested [20,40], or both.

Our present comparison of growth factor/receptor gene
expression in 8C embryos with pluripotent hES/iPS cells
and committed fibroblasts has revealed insight into poten-
tially active, and inactive, growth factor pathways in early
human embryos derived in vitro as well as which pathways
are artificially balanced differently in cultured hES/iPS cells
to stabilize robust multiplication and pluripotency.

EGF family

More members of the EGF family were detected on the
8C arrays than on the other arrays and at markedly higher
levels, including EGF and NRG1. Nonetheless, the lack of
EGFR detection on the 8C arrays, plus the lack of EGF and
NRG1 detection in the other cell types, suggests the absence
of canonical autocrine EGF/EGFR and NRG/ERBB sig-
naling in any of the 8CFES. These results for the EGF
family agree with some, but not all, previous reports of gene
expression in 8C human embryos. Using RT-PCR and im-
munohistochemistry, Chia et al. reported EGF expression by
8C human embryos [41] in agreement with these microarray
findings, but they also reported TGFA and EGFR expres-
sion, in contrast with the data reported here. To help un-
derstand this difference, we did a BLAST search of the PCR
primers used by Chia et al. and discovered substantial
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Table 5. Gene Ontology Term Enriched Gene Groups by DAVID

DAVID GO terms Genes Number Number

Overdetected specifically on 8C arrays Overdetected specifically on hES/iPS arrays

Growth factor activity BMP4, -6, -15, BDNF, EGF,
FGF9, -14, GDF9, HBEGF,
IL4, JAG2, NRG1, -4,
NTF3, PGF, PTN

16 BMP7, -8B; CXCL12, CTGF;
FGF2, -13, GDNF,
HDGFRP3, INHBA,
LEFTY1, -2, PDGFA,
TDGF1, TDGF3

14

Cell surface receptor-linked
signal transduction

BMP4, -6, GAB1, -2, CSF1R,
DUSP22, EGF, ENG,
EPS15, FGF9, FRS2,
GDF9, GRB7, HBEGF,
IGFBP1, JAG2, LRP5,
NRG1, PTN, SHH,
WNT9A, WNT10A

22 None

Enzyme-linked receptor
protein signaling
pathway

None BMP7, CTGF, FGF2, EID2,
FGFR1, -2; FLT1; IRS1,
-2, LEFTY1, -2, MET,
PDGFA, TDGF1, TDGF3

13

Extracellular space None BMP7, -8B; CXCL12,
DKK3, FGF2, FLT1, IN-
HBA, LEFTY1, -2, LRP8,
PDGFA, TDGF1, T-3

13

Regulation of cell
proliferation

BMP4, DUSP22, EGF, ENG,
EPS15, FGF9, HBEGF,
IL4, IRF6, JAG2, LRP5,
NRG1, PGF, PTN, SHH,

15 BMP7, EID2, FGF2,
EDNRB, FLT1, IRS1,
IRS2, IFITM1, PDGFA,
TDGF1, TDGF3,
TNFRSF8

12

Regulation of cell size None FGF2, FGFR1, -2; INHBAl;
LEFTY1, -2

Regulation of cell motion,
migration

None CXCL12, FGF2, FLT1, IRS1,
-2, PDGFA, TDGF1, -3

8

Positive regulation of
developmental process

BMP4, -6, BDNF, CD36,
FGF9, NRG1, NTF3, SHH,
WNT9A

9 None

Embryonic morphogenesis BMP4, FGF9, FRS2, JAG2,
LRP5, SHH, WNT9A

7 None 4

Branching morphogenesis
of a tube

BMP4, ENG, EGF, PGF,
SHH

5 BMP7, CXCL12, FLT1 3

Angiogenesis BMP4, ENG, EGF, FGF9,
PGF, SHH

6 CXCL12, CTGF, CYR61,
FGF2, FLT1, PDGFA

5

Ureteric bud development,
metanephros development

BMP4, BDNF, PGF, SHH 4 None

Skeletal system development BMP4, -6, FGF9, JAG2,
PTN, SHH, WNT9A

7 None

Blood vessel morphogenesis,
blood vessel development

BMP4, ENG, EGF, FGF9,
PGF, SHH

6 CXCL12, CTGF, FLT1,
PDGFA, TDGF1, TDGF3

6

Epithelial development BMP4, ENG, IRF6, JAG2,
PGF, SHH

6 None

Regulation of cell death API5, BMP4, BDNF, IGF3,
IFI6, IL4, JAG2, NRG1,
NTF3, SHH

10 BMP7, EDNRB, FGF2,
GDNF, INHBA, IFI6,
TDGF1, TDGF3,
TNFRSF8

9

Regulation of glial cell
differentiation

BMP4, NTF3, SHH 3 None

Signal, secreted None BMP7, -8b; CXCL12, CTGF,
CYR61, DKK3, EDNRB,
FGFR1, -2, -L1; FLT1;
GDNF, INHBA, IFI6,
IL4R; LEFTY1, -2; LRP3,
-6, -8; MET; PDGFA;
TDGF3, -1; TNFRSF8,
-21; ERBB2; WNT3, -6

29

GO, gene ontology.
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Table 6. Gene Elements Grouped by Microarray Detection

>500 FUs all cells <500 FUs all cells >500 FUs 8C only >500 FUs hES/iPS only

IGF1R AREG IFNA2 TNF BDNF BMP7
IGF2R BTC IFNA4 TXLNA BMP4 LEFTY1
ACVR1 CLCF1 IFNA5 TNFRSF6B CD302 LEFTY2
LTBP2 EPGN IFNA6 TNFRSF9 CD36 TDGF1
TGFBRAP1 NRG2 IFNA8 TNFRSF10A CDS1 TDGF3
FASTKD3 TGFA IFNA10 TNFRSF11A CLEC10A IFITM1
IL27 DNER IFNA14 TNFRSF13B EGF TNFRSF8
IRF3 FGF1 IFNA21 TNFRSF17 FGF14 HDGFRP3
IRF7 FGF4 IL1 TNFRSF19 FGF9 FGF2
SOCS1 FGF6 IL2 IRAK3 HBEGF IGF2BP2
IL17RA FGF10 IL3 IRAK4 IL4 IRS1
IFNGR1 FGF11 IL5 CD3D IRF1 IRS2
IFNGR2 FGF16 IL7 CD3E IRF4 INHBA
TNFRSF1A FGF17 IL8 CD3G IRF6 GDNF
TNFRSF25 FGF20 IL9 CD27 JAG2 GDF3
CBL FGF21 IL11 CD28 LRP5 EID2
CREG1 FGF22 IL12A CD33 NRG1 PDGFA
DGKD FGF23 IL12B CD58 NRG4 FLT1
GMFB FGFR4 IL13 CD72 PDGFRL CXCL12
ILK IGF1 IL16 CD79B PGF IFI6
ING2 IGF2 IL17 CD300A SHH IL4R
ING4 IGFL2 IL18 CLEC1 WNT10A CTGF
ING5 INSL3 IL19 CLEC2L WNT9A WNT3

RABEP2 INSL4 IL20 CLEC4A EDNRB
CD320 INSL5 IL21 CLEC5A >5,000 FUs

8C only
LRP8

LRP4 INSL6 IL22 CLEC7A MET
GRB2 IGF2BP1 IL24 DKK2 DKK3
YWHAH INSR IL25 DKK4 BMP6

INSRR IL26 DMBX1 BMP15>5,000 FUs
all cells BMP1 IL31 EDN2 CSF1R

>5,000 FUs
hES only

BMP2 IL32 EDN3 ENG
BMP3 IFRG15 HGF GAB1 FGF13YWHAG
BMP5 FASLG HGFAC GDF9 TDGF1–3BMP8B
BMP8A IL1R ING5 IGFBP1 IFITM1FASTKD5
CD200R1 IL2RA WISP1 IL3RA HDGFRP3ILF2
GDF1 IL5RA WISP3 IL17BGRN
GDF2 IL8RB WNT1 IL23R hES/8C>7a

CLEC2D
GDF5 IL12RB WNT2

8C/hES >7a
BMP8BLRPAP1

GDF6 IL17RD WNT3 ERBB2

GDF8 IL18R1 WNT4 API5 FGFR1

INHA IL20RA WNT7A CDV3 FGFR2
INHBE IL22RA1 WNT7B EGF FGFRL1
TGFB3 IL28RA WNT10A EPS15 NET1

(59% CCGs in
mouse tissues)

ACVR1C IL31RA WNT16 FRS2 NGFRAP1
BMPR1B LDLRAD1 GAB1 IFITM2
BMPR2 LDLRAD3 (27% CCGs in

mouse tissues)
GABRQ IFITM5

TGFBR1 LILRA2 GRB7 TNFRSF21
PDGFB LILRA3 IFI6 CYR61
PDGFD LILRA5 ILKAP EDARADD
FLT3 LILRB1 ING3 LRP3
FLT4 LILRB2 INSIG1 LRP6
NGFB LRP5L LDLRAP1 S100A6
NGFR LILRB3 NTF3 Wnt6
IFI44L PTN

(73% CCGs in
mouse tissues)

(52% CCGs in
mouse tissues)

CCGs in bold italics.
aElements detected >5000 FUs and also greater than sevenfold overdetected per cell type.
CCGs, circadian-controlled genes; FUs, microarray fluorescence units.
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overlap with other human genes, one of which, TACC3, was
detected at relatively high levels on the 8CFES arrays. In
contrast, BLAST analysis of the 60-mers used on the 8CFES
Agilent arrays revealed homology with only TGFA and
EGFR, respectively. Smotrich et al. also [12] reported both
TGFA and EGFR proteins in 4- to 14-cell human embryos
using only immunocytochemistry (they did not assay for
EGF). In addition, using immunoassay, but of embryo cul-
ture medium, EGF secretion was detected by human em-
bryos that did not arrest development at the morula stage
[42]. This suggests that EGF expression by the embryo may
begin at the 8C stage and be an important marker of the
morula-to-blastocyst transition.

The robust expression on the 8C arrays of the EGFR
adaptor protein, GRB, and its cognate docking proteins,
GAB1–2 (not a leftover maternal transcript) [14], suggests
that pathways downstream of EGF family receptors become
active in early human embryos. For purposes of discussion,
we grouped GAB1, -2 with the EGFR family, but they are
activated by several growth factors and cytokines, including
EGF, NGF, BDNF, PDGF, HGF, KIT ligand, IL3, and IL6.
Gab1 knockout mice die in utero with defects in placenta,
heart, and skin, phenotypes similar to gene depletion of EGF,
HGF, and PDGF, all of which must signal through Gab1 [43].

This suggests that early cleaving embryos have the ca-
pacity to carry out important downstream cellular functions
without the growth factor/receptor interaction required by
somatic cells. This type of innate pathway potential may
serve to augment their independence during the preimplan-
tation period. The robust detection of the signaling molecule,
neuregulin (NRG1), on the 8C arrays is in keeping with its
reported important roles in organogenesis [44] and its silence
on the hES/iPS arrays suggests that suppression may be
necessary to prevent differentiation in culture.

FGF family

Detection of three of the four FGFRs suggests 8C embryos
and hES/iPS cells may be receptive to multiple members of
the FGF superfamily, although receptor detection on the 8C
arrays was low. The lack of detection of FGF4 (essential for
blastocyst formation in the mouse) and FGF8 (essential for
gastrulation in the mouse) on any of the 8CFES arrays is
surprising and suggests that they do not play similar roles in
human embryo development and are suppressed in the cul-
tured hES/iPS cells to maintain pluripotency. The lack of
FGF2 detection on the 8C arrays is consistent with the lack
of FGF2 detection in mouse embryos (www.eurexpress.org)
and is in contrast to its detection on the arrays of the cultured
cell lines, especially the fibroblasts. The robust detection of
FGF3 on all the microarrays is consistent with its known
developmental importance [45,46].

Taken together, the data suggest that the pluripotent cells
and the fibroblasts are capable of autocrine FGF2 and FGF3
signaling, but the 8Cs only autocrine FGF3 signaling. FGF9,
detected specifically on the 8C arrays, and also detected on
human oocyte arrays [14], plays a key role in mouse lung
and germ cell development [47,48]. Its silence on the hES
and iPS arrays suggests its expression has been suppressed
in long-term culture.

The differential expression of FGF13(FHF2) (high in hES
and iPS cells) and FGF14(FHF4) (detected specifically on the

8C arrays) is intriguing and may relate to their respective de-
velopmental potentials since both were undetected in fibro-
blasts (Supplementary Table S1). FGF13(FHF2) has been
reported to be a microtubule-stabilizing protein regulating
neuronal polarization and migration [49]. FGF14(FHF4) is
also a maternal message [14]. In mice, deletion of
FGF14(FHF4) does not impair viability or fertility, but at 3
weeks of age, the animals develop dyskinesia similar to
several human dyskinesias. FGF14(FHF4) is an intracellular
moderator of voltage-gated sodium channels [50], mutations
in which result in ataxia, severe mental retardation, and
neurodegeneration in humans [51,52].

This suggests that the robust expression of FGF14(FHF4) in
the 8Cs relates to a novel role for this protein in early embryo
sodium channel regulation and/or demonstrates how poised
the embryo is to begin neuronal differentiation. Moreover, the
stimulation of the FGF14(FHF4) sodium channel complex by
GSK3 [53] is especially intriguing given that inhibition of
GSK3 inhibits spontaneous differentiation in pluripotent stem
cells [54,55].

The detection of API5 in all cells, and at highest levels on
the 8C arrays, suggests that mechanisms to block apoptosis
are important to early development as well as to cells in
culture.

INS/IGF family

Insulin is a common component of cell culture additives
(eg, ITS, insulin-transferrin-selenium), although INSR was
essentially silent on all 8CFES arrays, suggesting that ca-
nonical insulin signaling is lacking in these cell types.
Nonetheless, the detection of IGFR1 and IGFR2 at moderate
levels on all arrays suggests some receptivity to paracrine
IGF signaling in all cell types. Prior reports of IGF1 de-
tection in 8C human embryos are conflicting, with two re-
ports of no detection [9,56] in agreement with the findings
reported here and one report of protein detection [12]. The
prior report of IGFR1 and IGFR2 detection [9] is also in
agreement with the findings reported herein.

The marked overdetection of IGFBP1 on the 8C arrays
suggests the possibility of a unique function in early embryo
development in addition to the reported importance of
IGFBPs to fetal development and the fetal/maternal inter-
face in the placenta [57,58]. IGFBP1 is best known for its
role in binding, thereby controlling the activity of IGF1;
however, more recent work has revealed IGF-independent
activities related to cell motility [59]. In contrast, IGFBP1
was silent in the hES/iPS cells and IGFBP2 was markedly
overdetected, the significance of which is unclear.

The YWHAG, -H proteins, robustly detected on the 8C
and the pluripotent cell arrays, may also play a regulatory
role in GAB signaling [60] and are readily detected in the
developing CNS of mouse embryos (www.eurexpress.org).
They have been assigned the GO term ‘‘IGFR binding’’ and
may thus serve to link the GAB signaling pathways to IGF
stimulation.

TGFB family

The pattern of TGFB1 and -2 and TGFB1 and -2 receptor
detection suggests the possibility of autocrine stimulation
of TGFB pathways in fibroblasts, but not hES/iPS cells, nor
the 8C.
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BMPs are important molecules in tissue differentiation,
especially modulation of a variety of endocrine systems
[61]. BMP8B, the only BMP family member detected on all
8CFES arrays, although at lowest levels in the 8Cs, is
known to play a role not only in developing skeletal tissues
[62] but also in the induction of primordial germ cells in the
mouse [63].

Downregulation in the hES/iPS cells of the maternal mes-
sages overdetected in the 8Cs (BMP4, -6, -15, and GDF9) and
upregulation of LEFTY1, -2 may be related to the mainte-
nance of pluripotency in long-term culture, a possibility sup-
ported by their silence in the lineage-committed fibroblasts.
BMP4 and -6 are known maternal messages in mouse eggs,
but are also expressed in other tissues, and are not essential for
normal mouse fertility [64,65].

BMP15 and GDF9 are well-characterized maternal mes-
sages in several species [66] whose synergism is essential
for normal fertility. Using subtractive suppression hybrid-
ization, BMP15 was reported to decrease from oocyte to the
8C stage in mice [67], but by global gene expression anal-
ysis, BMP15 increased from the 4-cell to 8-cell stage [68]
and, by RT-PCR, was found to persist through the 8C stage
in bovine embryos [69]. The recent finding that BMP15 is
overexpressed in proliferative leukemia stem cells supports
a role in growth factor-independent cell division [70].
BMP15/GDF9 heterodimers are reportedly more bioactive
than homodimers [71,72] and their overdetection on the 8C
arrays suggests they may function during early embryonic
development in addition to regulating ovarian function.

BMP7, overdetected on hES/iPS arrays, has been reported
to regulate neural progenitor cells during brain development
in the mouse [73].

The detection of ACVR1 at low/moderate levels on all
cell arrays and ACVR2B on all arrays except the fibroblasts
(Supplementary Table S1 and Tables 2–4) indicates Activin/
Nodal signaling, known to function in multiple essential
developmental programs, including anterior–posterior (A-P)
patterning, by binding to Acvr2b, which leads to a complex
with Acvr1b(Alk4) and downstream signaling. Unlike Ac-
tivin, which has a high affinity for Acvr2b, Nodal requires
Tdgf1(Cripto) to bind to Acvr2b, thus leading to differential
binding capabilities between Activin and Nodal. Mouse
knockout studies have revealed that Tdgf1(Cripto) also
plays an independent role in A-P patterning [74,75]. The
detection of ACTIVIN, Activin receptors, NODAL, and
TDGF1(CRIPTO) on the pluripotent cell arrays supports the
reported functionality of this pathway in the cultured plu-
ripotent cells, balanced by LEFTY1, -2 also detected on the
hES/iPS arrays.

In contrast, although ActivinIIB receptor was robustly
detected on the 8C arrays, NODAL was only moderately
detected and ACTIVIN and TDGF1(CRIPTO) were low/
marginal, indicating that Activin/Nodal signaling is not
functional at the 8C stage. Taken together, the data suggest
that Lefty1, -2 are important pluripotency factors to suppress
Activin/Nodal-stimulated A-P patterning and mesoderm/en-
doderm formation in cultured pluripotent stem cells, but that
the totipotency of 8C embryos may be due, in part, to the
absence of Activin/Nodal signaling, a possibility supported
by the relative silence of LEFTY1, -2 on the 8C arrays.

The robust detection of Endoglin (silent in oocytes) [14]
specifically on the 8C and fibroblast arrays indicates that the

8C embryo already expresses genes expressed in trophecto-
derm [76], endothelial cells, vascular smooth muscle cells,
endometrial stromal cells, activated monocytes, and erythroid
precursors [77]. Endoglin is a transmembrane auxiliary re-
ceptor for the TGFB family, predominantly expressed on
proliferating vascular endothelial cells [78].

Endoglin knockout mice die mid-gestation due to angio-
genesis and cardiovascular defects [79] because endoglin is
important for the endoderm/mesoderm transition in the mouse
heart to form the heart valves. The markedly robust detection
of Endoglin on the 8C arrays suggests that the 8C embryos are
poised to develop trophectoderm and erythroid precursors, and
the silence on the hES/iPS arrays suggests Endoglin may need
to be suppressed in the pluripotent cells to prevent differen-
tiation. The silence of TGFB1, -2 and TGFBR1, -3 indicates a
novel role for Endoglin in early embryo development, inde-
pendent from TGFBR signalling. Best studied for its role in
modulating TGFB signaling, Endoglin is becoming increas-
ingly appreciated for TGFB-independent functions, such as
intracellular tubule organization.

Also known as macrophage inhibitory cytokine-1, GDF15,
most robustly detected on the 8C and fibroblast arrays, has been
implicated in several pathways, including immunomodulation.
It is tempting to speculate it plays a role in blocking maternal
immune rejection of the newly developing embryo.

The high level of detection of GDF9 (Supplementary
Table S1 and Table 4) specifically on the 8C arrays is not
surprising given its known role as a maternal message im-
portant to folliculogenesis, but it has more recently been
shown to be an effective antiapoptotic signal by inhibiting
caspase 3, suggesting a survival factor role in early embryo
development as well as a key player, along with ASF1A and
OCT4, in nuclear reprogramming [80]. The silence of GDF3
on the 8C arrays, but not the hES/iPS arrays, indicates that
although it has a well-described role in maintaining plur-
ipotency in hES cells [81], it is not operational at the toti-
potent 8C stage.

VEGF/PDGF family

The detection of VEGFC and ECGF1(TYMP) involved in
angiogenesis and induced by gonadotropins [82] suggests
that the 8C is poised to initiate angiogenesis, and the path-
way is silenced in the hES/iPS cells to maintain plur-
ipotency. The exact function of PDGFRL, overdetected
more than sevenfold on the 8C arrays, is unknown, although
its identification as a tumor suppressor gene suggests it may
assist the fidelity of blastomere cleavage in the absence of
canonical cell cycle checkpoints.

NGF family

The overdetection of BDNF and its receptor
NTRK2(TRKB) in the 8C relative to the cultured cell lines
is intriguing and suggests the possibility of autocrine sig-
naling in the 8C and suppression in hES/iPS to maintain
pluripotency, as evidenced by downregulation in the iPS
cells relative to the fibroblasts (Supplementary Table S1).
Known to be expressed in the ovary and placenta, and
previously reported in human embryos past the 8C stage,
BDNF and NTRK2 were not detected on human oocyte
microarrays [14]. Well known to be involved in neuronal
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development and signaling, BDNF has more recently been
implicated in energy homeostatis and Ca++ pathway sig-
naling, suggesting possible novel roles in early human em-
bryo cleavage stages.

Cytokines

Several prior studies have examined the expression of the
IL1 and LIF families in early embryos because they are
believed to play important roles in implantation [83–85]
with mixed results. The absence of a signal on the multiple
probes for the IL1 family and the low/marginal detection of
the Lif family on the 8C microarray in the present study
suggest that they are not important pathways at the 8C stage
of human embryos.

The high level of detection of ILF2(NF45) and
ILF3(NF90) on the arrays of all the cells, with the 8C arrays
being the highest, indicates that the alternate system of
translational control, recruitment of the ribosome to the
protein initiation site without the canonical 5¢terminal 7-
methylguanosine cap, is operational in all cell types, in-
cluding the 8C embryo [86]. The system is thought to allow
the cell to respond quickly to a changing environment, in-
cluding upregulation of members of the inhibitor of apo-
ptosis family in keeping with results discussed above. In
addition to interleukin transcription, ILF2(NF45) may play a
role in regulation of CyclinE and Survivin, previously re-
ported to be overdetected in 8C embryos [1,2].

Although CSF1 was detected on the 8C arrays at the off/
marginal level, an alternate ligand for CSF1R, IL34(-
C16orf77), was detected at the low/moderate level on the 8C
arrays, both of which were silent on the arrays of the other
cells. This suggests the possibility of autocrine signaling
through the CSF1R, a pathway reported to be responsible for
cell proliferation, as well as trophoblast development [87].
CSF1 and CSF1R proteins were previously reported in
human embryos later than the 8C stage.

The marked overdetection of IL23R, but not IL12RB1,
the receptor subunit obligate for IL23 binding, suggests the
8C embryo may express a soluble form of IL23R that an-
tagonizes Th17CD4-stimulated IL17 production, thus per-
haps helping to block immune rejection of the embryo in the
female reproductive tract. Avoiding immune rejection is
essential to embryonic development, and it is important to
discover how the cytokine expression pattern detected on
the 8C embryo may serve this role.

Others

Many factors and receptors listed in this category are
known members of cell differentiation and control pathways
and were silent on all the arrays. Nine were overdetected on
the 8C arrays, two of which, CLEC10A and CD36, were 70-
fold overdetected. CLEC10A(MGL) is not well understood,
but is known to be immunosuppressive [88], and CD36 is a
widely expressed cell surface glycoprotein involved in a
number of cell processes, including cell–cell interactions.

Circadian-controlled genes

An estimated 10% of mouse gene elements are reported to
be circadian-controlled genes (CCGs) [23]. The much
higher percentage of the growth factor and receptor gene

groups reported here indicates circadian controls may be
more focused on growth factor-responsive pathway genes
than on the genome at large. This raises the provocative
possibility of a circadian fine-tuning of growth factor/re-
ceptor pathway responses. Limiting the availability of
growth factors and/or their receptors to defined times of day
would support a more programmed, patterned cellular re-
sponse, perhaps especially important during embryonic de-
velopment.

The fact that the gene elements specific to the 8Cs had the
highest percentage of reported CCGs (73%) is in agreement
with our earlier report of enhanced expression of circadian
oscillators in the 8C human embryos. The possibility of a
circadian influence during early development is an intrigu-
ing concept in urgent need of additional study.

Conclusions

EGF family

8C human embryos may influence their environment by
EGF and NRG1 secretion and activate downstream path-
ways through GRB and GAB1, -2 without canonical EGF or
NRG/ERBB signaling.

FGF family

The 8C embryo may be capable of FGF3/FGFR3 auto-
crine signaling, and the ion channel regulator, FGF14(FH4),
may have a novel role in early human embryos.

INS family

The detection of IGFR1 and -2 supports prior reports of
IGF signaling in all cell types, and the overdetection of
IGFBP1 on the 8C arrays suggests a novel role for this
binding protein in early development, in addition to the
reported roles in fetal development.

TGFB family

The relative silence of LEFTY1 and -2 in the 8C embryos
was surprising given their prominence as pluripotency markers
in pluripotent stem cells and may be due to lack of Activin/
Nodal/TDGF1 signaling. The overdetection of Endoglin in 8Cs
suggests a novel role in early embryos for this multifaceted
transmembrane auxiliary receptor.

VEGF/PDGF family

The detection of ECGF1(TYMP) and VEGFC only on the
8C and fibroblast arrays suggests that the 8C embryos are
poised for angiogenesis.

NGF family

BDNF and its receptor, NTRK2(TRKB), may be an au-
tocrine signaling pathway in the 8C embryo, but not in the
pluripotent hES/iPS cells.

Cytokines

LIF appears to not be an important signaling pathway at
the 8C stage, despite the well-documented importance of
LIF signaling during blastocyst formation and implantation
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for both mouse and human embryos [89]. CSF1R over-
expression could result in autocrine signaling by IL34, an
alternate ligand, or could participate in paracrine signaling
by CSF1 expressed by the maternal reproductive tract.

Others

The marked overdetection of CLEC10A and CD36 spe-
cifically on the 8C arrays suggests novel roles in early human
development not previously reported.

Circadian-controlled genes

The variability of the repertoire of CCGs in different
mouse tissues emphasizes the need for caution in extrapo-
lating those data to human embryos and cultured stem cells.
Nonetheless, given the potential importance of circadian
signals to early embryo and stem cell development, this is an
area in urgent need of additional study. The ambiguous and
artificial state of pluripotent stem cells needs to be consid-
ered in all studies designed for them to serve as models for
early human developmental pathways.

Acknowledgments

This work was supported by the Naylor Research fund,
the Irene Solonsky Gift fund, and the National and Kapo-
distian University of Athens research fund. The authors are
grateful to Deborah Weidman and Elizabeth Creason for
assistance with CircaDB.

Author Disclosure Statement

All authors have no commercial association and no
competing financial interest with the work presented here.

References

1. Kiessling AA, R Bletsa, B Desmarais, C Mara, K Kallia-
nidis and D Loutradis. (2009). Evidence that human blas-
tomere cleavage is under unique cell cycle control. J Assist
Reprod Genet 26:187–195.

2. Kiessling AA, R Bletsa, B Desmarais, C Mara, K Kallia-
nidis and D Loutradis. (2010). Genome-wide microarray
evidence that 8-cell human blastomeres over-express cell
cycle drivers and under-express checkpoints. J Assist Re-
prod Genet 27:265–276.

3. Kaye PL. (1997). Preimplantation growth factor physi-
ology. Rev Reprod 2:121–127.

4. Hardy K and S Spanos. (2002). Growth factor expression
and function in the human and mouse preimplantation
embryo. J Endocrinol 172:221–236.

5. Richter KS. (2008). The importance of growth factors for
preimplantation embryo development and in-vitro culture.
Curr Opin Obstet Gynecol 20:292–304.

6. Diaz-Cueto L and GL Gerton. (2001). The influence of
growth factors on the development of preimplantation
mammalian embryos. Arch Med Res 32:619–626.

7. Kane MT, PM Morgan and C Coonan. (1997). Peptide
growth factors and preimplantation development. Hum
Reprod Update 3:137–157.

8. Sharkey AM, K Dellow, M Blayney, M Macnamee, S
Charnock-Jones and SK Smith. (1995). Stage-specific ex-
pression of cytokine and receptor messenger ribonucleic

acids in human preimplantation embryos. Biol Reprod
53:974–981.

9. Lighten AD, K Hardy, RM Winston and GE Moore. (1997).
Expression of mRNA for the insulin-like growth factors
and their receptors in human preimplantation embryos. Mol
Reprod Dev 47:134–139.

10. Kimber SJ, SF Sneddon, DJ Bloor, AM El-Bareg, JA
Hawkhead, AD Metcalfe, FD Houghton, HJ Leese, A Ru-
therford, BA Lieberman and DR Brison. (2008). Expression
of genes involved in early cell fate decisions in human
embryos and their regulation by growth factors. Re-
production 135:635–647.

11. Cauffman G, M De Rycke, K Sermon, I Liebaers and H
Van de Velde. (2009). Markers that define stemness in ESC
are unable to identify the totipotent cells in human preim-
plantation embryos. Hum Reprod 24:63–70.

12. Smotrich DB, RJ Stillman, EA Widra, PR Gindoff, P
Kaplan, M Graubert and KE Johnson. (1996). Im-
munocytochemical localization of growth factors and their
receptors in human pre-embryos and Fallopian tubes. Hum
Reprod 11:184–190.

13. Galan A, D Montaner, ME Poo, D Valbuena, V Ruiz, C
Aguilar, J Dopazo and C Simon. (2010). Functional geno-
mics of 5- to 8-cell stage human embryos by blastomere
single-cell cDNA analysis. PLoS One 5:e13615.

14. Kocabas AM, J Crosby, PJ Ross, HH Otu, Z Beyhan, H
Can, WL Tam, GJ Rosa, RG Halgren, et al. (2006). The
transcriptome of human oocytes. Proc Natl Acad Sci U S A
103:14027–14032.

15. Shaw L, SF Sneddon, L Zeef, SJ Kimber and DR Brison.
(2013). Global gene expression profiling of individual hu-
man oocytes and embryos demonstrates heterogeneity in
early development. PLoS One 8:e64192.

16. Canales RD, Y Luo, JC Willey, B Austermiller, CC Bar-
bacioru, C Boysen, K Hunkapiller, RV Jensen, CR Knight,
et al. (2006). Evaluation of DNA microarray results with
quantitative gene expression platforms. Nat Biotechnol
24:1115–1122.

17. Consortium M, L Shi, LH Reid, WD Jones, R Shippy, JA
Warrington, SC Baker, PJ Collins, F de Longueville, et al.
(2006). The MicroArray Quality Control (MAQC) project
shows inter- and intraplatform reproducibility of gene ex-
pression measurements. Nat Biotechnol 24:1151–1161.

18. Morey JS, JC Ryan and FM Van Dolah. (2006). Microarray
validation: factors influencing correlation between oligo-
nucleotide microarrays and real-time PCR. Biol Proced
Online 8:175–193.

19. Zhang P, M Zucchelli, S Bruce, F Hambiliki, A Stavreus-
Evers, L Levkov, H Skottman, E Kerkela, J Kere and O
Hovatta. (2009). Transcriptome profiling of human pre-
implantation development. PLoS One 4:e7844.

20. Kiessling AA. (2010). Timing is everything in the human
embryo. Nat Biotechnol 28:1025–1026.

21. Tanaka TS and MS Ko. (2004). A global view of gene
expression in the preimplantation mouse embryo: morula
versus blastocyst. Eur J Obstet Gynecol Reprod Biol 115
Suppl 1:S85–S91.

22. Lin SC, SX Skapek and EY Lee. (1996). Genes in the RB
pathway and their knockout in mice. Semin Cancer Biol
7:279–289.

23. Pizarro A, K Hayer, NF Lahens and JB Hogenesch.
(2013). CircaDB: a database of mammalian circadian
gene expression profiles. Nucleic Acids Res 41:D1009–
D1013.

174 VLISMAS ET AL.



24. Wells A. (1999). EGF receptor. Int J Biochem Cell Biol
31:637–643.

25. Falls DL. (2003). Neuregulins: functions, forms, and sig-
naling strategies. Exp Cell Res 284:14–30.

26. Harris RC, E Chung and RJ Coffey. (2003). EGF receptor
ligands. Exp Cell Res 284:2–13.

27. Wesche J, K Haglund and EM Haugsten. (2011). Fibroblast
growth factors and their receptors in cancer. Biochem J
437:199–213.

28. Zhang F, Z Zhang, X Lin, A Beenken, AV Eliseenkova, M
Mohammadi and RJ Linhardt. (2009). Compositional
analysis of heparin/heparan sulfate interacting with fibro-
blast growth factor.fibroblast growth factor receptor com-
plexes. Biochemistry 48:8379–8386.

29. Knight PG and C Glister. (2006). TGF-beta superfamily
members and ovarian follicle development. Reproduction
132:191–206.

30. Tesar PJ, JG Chenoweth, FA Brook, TJ Davies, EP Evans,
DL Mack, RL Gardner and RD McKay. (2007). New cell
lines from mouse epiblast share defining features with hu-
man embryonic stem cells. Nature 448:196–199.

31. Takahashi K, K Tanabe, M Ohnuki, M Narita, T Ichisaka,
K Tomoda and S Yamanaka. (2007). Induction of plurip-
otent stem cells from adult human fibroblasts by defined
factors. Cell 131:861–872.

32. GeneMANIA.org Nucleic Acids Research. (2010). Jul 1; 38
Suppl: W214–20.

33. DAVID. (2008). ncifcrf.gov Nature Protocols 4:44–57.
34. Jackson KV and AA Kiessling. (1989). Fertilization and

cleavage of mouse oocytes exposed to the conditions of
human oocyte retrieval for in vitro fertilization. Fertil Steril
51:675–681.

35. Loutradis D, D John and AA Kiessling. (1987). Hypox-
anthine causes a 2-cell block in random-bred mouse em-
bryos. Biol Reprod 37:311–316.

36. Nureddin A, E Epsaro and AA Kiessling. (1990). Purines
inhibit the development of mouse embryos in vitro. J Re-
prod Fertil 90:455–464.

37. Klimanskaya I, Y Chung, S Becker, SJ Lu and R Lanza.
(2006). Human embryonic stem cell lines derived from
single blastomeres. Nature 444:481–485.

38. Wakayama S, T Hikichi, R Suetsugu, Y Sakaide, HT Bui, E
Mizutani and T Wakayama. (2007). Efficient establishment
of mouse embryonic stem cell lines from single blasto-
meres and polar bodies. Stem Cells 25:986–993.

39. Mitalipova M, Z Beyhan and NL First. (2001). Plur-
ipotency of bovine embryonic cell line derived from pre-
compacting embryos. Cloning 3:59–67.

40. Kort J, R Lathi, K Brookfield, V Baker, Q Zhao and B Behr.
(2015). Aneuploidy rates and blastocyst formation after
biopsy of morulae and early blastocysts on day 5. Journal of
Assisted Reproduction and Genetics 32:925–930.

41. Chia CM, RM Winston and AH Handyside. (1995). EGF,
TGF-alpha and EGFR expression in human preimplantation
embryos. Development 121:299–307.

42. Loutradis D, GA Koussidis, R Bletsa, S Milingos, A An-
tsaklis and S Michalas. (2005). EGF and IGF-I as predictors
of ICSI outcome in human preimplantation embryo cul-
tures. Clin Exp Obstet Gynecol 32:166–168.

43. Itoh M, Y Yoshida, K Nishida, M Narimatsu, M Hibi and T
Hirano. (2000). Role of Gab1 in heart, placenta, and skin
development and growth factor- and cytokine-induced ex-
tracellular signal-regulated kinase mitogen-activated pro-
tein kinase activation. Mol Cell Biol 20:3695–3704.

44. Odiete O, MF Hill and DB Sawyer. (2012). Neuregulin
in cardiovascular development and disease. Circ Res 111:
1376–1385.

45. Charles C, V Lazzari, P Tafforeau, T Schimmang, M Tekin,
O Klein and L Viriot. (2009). Modulation of Fgf3 dosage in
mouse and men mirrors evolution of mammalian dentition.
Proc Natl Acad Sci U S A 106:22364–22368.

46. Koch P, HB Lohr and W Driever. (2014). A mutation in
cnot8, component of the Ccr4-not complex regulating
transcript stability, affects expression levels of develop-
mental regulators and reveals a role of Fgf3 in development
of caudal hypothalamic dopaminergic neurons. PLoS One
9:e113829.

47. Rossi P and S Dolci. (2013). Paracrine mechanisms in-
volved in the control of early stages of Mammalian sper-
matogenesis. Front Endocrinol (Lausanne) 4:181.

48. Yin Y, AM Castro, M Hoekstra, TJ Yan, AC Kanakame-
dala, LP Dehner, DA Hill and DM Ornitz. (2015). Fibro-
blast growth factor 9 regulation by MicroRNAs controls
lung development and links DICER1 loss to the patho-
genesis of pleuropulmonary blastoma. PLoS Genet 11:
e1005242.

49. Wu QF, L Yang, S Li, Q Wang, XB Yuan, X Gao, L Bao
and X Zhang. (2012). Fibroblast growth factor 13 is a
microtubule-stabilizing protein regulating neuronal polari-
zation and migration. Cell 149:1549–1564.

50. Laezza F, BR Gerber, JY Lou, MA Kozel, H Hartman,
AM Craig, DM Ornitz and JM Nerbonne. (2007). The
FGF14(F145S) mutation disrupts the interaction of FGF14
with voltage-gated Na+ channels and impairs neuronal
excitability. J Neurosci 27:12033–12044.

51. Brusse E, I de Koning, A Maat-Kievit, BA Oostra, P
Heutink and JC van Swieten. (2006). Spinocerebellar ataxia
associated with a mutation in the fibroblast growth factor
14 gene (SCA27): a new phenotype. Mov Disord 21:396–
401.

52. van Swieten JC, E Brusse, BM de Graaf, E Krieger, R van
de Graaf, I de Koning, A Maat-Kievit, P Leegwater, D
Dooijes, BA Oostra and P Heutink. (2003). A mutation in
the fibroblast growth factor 14 gene is associated with au-
tosomal dominant cerebellar ataxia [corrected]. Am J Hum
Genet 72:191–199.

53. Shavkunov AS, NC Wildburger, MN Nenov, TF James, TP
Buzhdygan, NI Panova-Elektronova, TA Green, RL Vese-
lenak, N Bourne and F Laezza. (2013). The fibroblast
growth factor 14.voltage-gated sodium channel complex is
a new target of glycogen synthase kinase 3 (GSK3). J Biol
Chem 288:19370–19385.

54. Lian X, X Bao, A Al-Ahmad, J Liu, Y Wu, W Dong, KK
Dunn, EV Shusta and SP Palecek. (2014). Efficient dif-
ferentiation of human pluripotent stem cells to endothelial
progenitors via small-molecule activation of WNT signal-
ing. Stem Cell Reports 3:804–816.

55. Sato N, L Meijer, L Skaltsounis, P Greengard and AH
Brivanlou. (2004). Maintenance of pluripotency in human
and mouse embryonic stem cells through activation of Wnt
signaling by a pharmacological GSK-3-specific inhibitor.
Nat Med 10:55–63.

56. Hemmings R, J Langlais, T Falcone, L Granger, P Miron
and H Guyda. (1992). Human embryos produce trans-
forming growth factors alpha activity and insulin-like
growth factors II. Fertil Steril 58:101–104.

57. Han VK, N Bassett, J Walton and JR Challis. (1996). The
expression of insulin-like growth factor (IGF) and IGF-

HUMAN EMBRYO GROWTH FACTORS AND RECEPTORS 175



binding protein (IGFBP) genes in the human placenta and
membranes: evidence for IGF-IGFBP interactions at the
feto-maternal interface. J Clin Endocrinol Metab 81:2680–
2693.

58. Koutsaki M, S Sifakis, A Zaravinos, D Koutroulakis, O
Koukoura and DA Spandidos. (2011). Decreased placental
expression of hPGH, IGF-I and IGFBP-1 in pregnancies
complicated by fetal growth restriction. Growth Horm IGF
Res 21:31–36.

59. Saso J, SK Shields, Y Zuo and C Chakraborty. (2012). Role
of Rho GTPases in human trophoblast migration induced
by IGFBP1. Biol Reprod 86:1–9.

60. Brummer T, M Larance, MT Herrera Abreu, RJ Lyons, P
Timpson, CH Emmerich, ED Fleuren, GM Lehrbach, D
Schramek, et al. (2008). Phosphorylation-dependent bind-
ing of 14-3-3 terminates signalling by the Gab2 docking
protein. EMBO J 27:2305–2316.

61. Takahashi M, F Otsuka, T Miyoshi, H Otani, J Goto, M
Yamashita, T Ogura, H Makino and H Doihara. (2008).
Bone morphogenetic protein 6 (BMP6) and BMP7 inhibit
estrogen-induced proliferation of breast cancer cells by
suppressing p38 mitogen-activated protein kinase activa-
tion. J Endocrinol 199:445–455.

62. DiLeone RJ, JA King, EE Storm, NG Copeland, NA Jen-
kins and DM Kingsley. (1997). The Bmp8 gene is ex-
pressed in developing skeletal tissue and maps near the
Achondroplasia locus on mouse chromosome 4. Genomics
40:196–198.

63. Ying Y, X Qi and GQ Zhao. (2002). Induction of primordial
germ cells from pluripotent epiblast. ScientificWorldJournal
2:801–810.

64. Solloway MJ, AT Dudley, EK Bikoff, KM Lyons, BL
Hogan and EJ Robertson. (1998). Mice lacking Bmp6
function. Dev Genet 22:321–339.

65. Tanwar PS and JR McFarlane. (2011). Dynamic expression
of bone morphogenetic protein 4 in reproductive organs of
female mice. Reproduction 142:573–579.

66. Dube JL, P Wang, J Elvin, KM Lyons, AJ Celeste and MM
Matzuk. (1998). The bone morphogenetic protein 15 gene
is X-linked and expressed in oocytes. Mol Endocrinol
12:1809–1817.

67. Zeng F and RM Schultz. (2003). Gene expression in mouse
oocytes and preimplantation embryos: use of suppression
subtractive hybridization to identify oocyte- and embryo-
specific genes. Biol Reprod 68:31–39.

68. Hamatani T, T Daikoku, H Wang, H Matsumoto, MG
Carter, MS Ko and SK Dey. (2004). Global gene expression
analysis identifies molecular pathways distinguishing
blastocyst dormancy and activation. Proc Natl Acad Sci
U S A 101:10326–10331.

69. Pennetier S, S Uzbekova, C Guyader-Joly, P Humblot, P
Mermillod and R Dalbies-Tran. (2005). Genes prefer-
entially expressed in bovine oocytes revealed by sub-
tractive and suppressive hybridization. Biol Reprod 73:
713–720.

70. Wilhelm BT, M Briau, P Austin, A Faubert, G Boucher, P
Chagnon, K Hope, S Girard, N Mayotte, et al. (2011).
RNA-seq analysis of 2 closely related leukemia clones
that differ in their self-renewal capacity. Blood 117:
e27–e38.

71. Peng J, Q Li, K Wigglesworth, A Rangarajan, C Kattamuri,
RT Peterson, JJ Eppig, TB Thompson and MM Matzuk.
(2013). Growth differentiation factor 9:bone morphoge-

netic protein 15 heterodimers are potent regulators of
ovarian functions. Proc Natl Acad Sci U S A 110:E776–
E785.

72. Peng J, Q Li, K Wigglesworth, A Rangarajan, C Kattamuri,
RT Peterson, JJ Eppig, TB Thompson and MM Matzuk.
(2013). Reply to Mottershead et al.: GDF9:BMP15 het-
erodimers are potent regulators of ovarian functions. Proc
Natl Acad Sci U S A 110:E2258.

73. Segklia A, E Seuntjens, M Elkouris, S Tsalavos, E
Stappers, TA Mitsiadis, D Huylebroeck, E Remboutsika
and D Graf. (2012). Bmp7 regulates the survival, pro-
liferation, and neurogenic properties of neural progen-
itor cells during corticogenesis in the mouse. PLoS One
7:e34088.

74. D’Andrea D, GL Liguori, JA Le Good, E Lonardo, O
Andersson, DB Constam, MG Persico and G Minchiotti.
(2008). Cripto promotes A-P axis specification indepen-
dently of its stimulatory effect on Nodal autoinduction. J
Cell Biol 180:597–605.

75. Liguori GL, AC Borges, D D’Andrea, A Liguoro, L Gon-
calves, AM Salgueiro, MG Persico and JA Belo. (2008).
Cripto-independent Nodal signaling promotes positioning
of the A-P axis in the early mouse embryo. Dev Biol 315:
280–289.

76. Gregory AL, G Xu, V Sotov and M Letarte. (2014). Re-
view: the enigmatic role of endoglin in the placenta. Pla-
centa 35 Suppl:S93–S99.

77. Borges L, M Iacovino, T Mayerhofer, N Koyano-
Nakagawa, J Baik, DJ Garry, M Kyba, M Letarte and RC
Perlingeiro. (2012). A critical role for endoglin in the
emergence of blood during embryonic development. Blood
119:5417–5428.

78. Banerjee S, SK Dhara and M Bacanamwo. (2012). En-
doglin is a novel endothelial cell specification gene. Stem
Cell Res 8:85–96.

79. ten Dijke P, MJ Goumans and E Pardali. (2008). Endoglin
in angiogenesis and vascular diseases. Angiogenesis 11:
79–89.

80. Gonzalez-Munoz E, Y Arboleda-Estudillo, HH Otu and JB
Cibelli. (2014). Cell reprogramming. Histone chaperone
ASF1A is required for maintenance of pluripotency and
cellular reprogramming. Science 345:822–825.

81. Levine AJ and AH Brivanlou. (2006). GDF3, a BMP in-
hibitor, regulates cell fate in stem cells and early embryos.
Development 133:209–216.

82. Sapoznik S, B Cohen, Y Tzuman, G Meir, S Ben-Dor, A
Harmelin and M Neeman. (2009). Gonadotropin-regulated
lymphangiogenesis in ovarian cancer is mediated by
LEDGF-induced expression of VEGF-C. Cancer Res
69:9306–9314.

83. Takacs P and S Kauma. (1996). The expression of
interleukin-1 alpha, interleukin-1 beta, and interleukin-1
receptor type I mRNA during preimplantation mouse de-
velopment. J Reprod Immunol 32:27–35.

84. Bourdiec A, E Calvo, CV Rao and A Akoum. (2013).
Transcriptome analysis reveals new insights into the mod-
ulation of endometrial stromal cell receptive phenotype by
embryo-derived signals interleukin-1 and human chorionic
gonadotropin: possible involvement in early embryo im-
plantation. PLoS One 8:e64829.

85. Robertson SA, PY Chin, JE Schjenken and JG Thompson.
(2015). Female tract cytokines and developmental program-
ming in embryos. Adv Exp Med Biol 843:173–213.

176 VLISMAS ET AL.



86. Faye MD, TE Graber, P Liu, N Thakor, SD Baird, D Durie
and M Holcik. (2013). Nucleotide composition of cellular
internal ribosome entry sites defines dependence on NF45
and predicts a posttranscriptional mitotic regulon. Mol Cell
Biol 33:307–318.

87. Sasmono RT, D Oceandy, JW Pollard, W Tong, P Pavli, BJ
Wainwright, MC Ostrowski, SR Himes and DA Hume.
(2003). A macrophage colony-stimulating factor receptor-
green fluorescent protein transgene is expressed throughout
the mononuclear phagocyte system of the mouse. Blood
101:1155–1163.

88. van Vliet SJ, S Bay, IM Vuist, H Kalay, JJ Garcia-Vallejo,
C Leclerc and Y van Kooyk. (2013). MGL signaling aug-
ments TLR2-mediated responses for enhanced IL-10 and
TNF-alpha secretion. J Leukoc Biol 94:315–323.

89. Dunglison GF, DH Barlow and IL Sargent. (1996). Leukae-
mia inhibitory factor significantly enhances the blastocyst
formation rates of human embryos cultured in serum-free
medium. Hum Reprod 11:191–196.

Address correspondence to:
Ann A. Kiessling

Bedford Research Foundation
124 South Road

Bedford, MA 01730

E-mail: kiessling@bedfordresearch.org

Received for publication September 4, 2015
Accepted after revision October 22, 2015

Prepublished on Liebert Instant Online October 22, 2015

HUMAN EMBRYO GROWTH FACTORS AND RECEPTORS 177


