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Abstract 
 
The fibroblast growth factor (FGF) signaling pathway plays a pivotal role in the 
maintenance of embryonic stem cells (ESCs) as well as their differentiation into the 
hematopoietic lineage.  We observed that supplementing human and rhesus ESCs in 
embryoid body (EB) culture with the FGF-2 ligand showed a dose-dependent stimulation 
of hematopoietic differentiation.  However, despite phylogenetic similarities, rhesus 
ESCs needed a 5-fold greater concentration of FGF-2 relative to human ESCs to achieve 
optimal hematopoiesis. To elucidate the mechanism behind this species-specific 
differential requirement for the central growth factor FGF-2, we measured and compared 
endogenous gene expression of FGF ligands and splice variant isoforms of FGF receptor 
1 (FGFR1) between human and rhesus ESC lines. The results indicate that rather than an 
inherent lack of FGF ligand production in rhesus ESCs relative to human ESCs, there are 
significant differences in their expression of FGFR1 isoforms.  Our findings suggest that 
an increasing fraction of the soluble, competitive inhibitor sFGFR1 isoform relative to 
the functional FGFR1α isoform expressed in ESC cultures correlates (r2=0.84) to a 
decrease in the degree of hematopoietic differentiation achieved by a differentiating ESC 
population. This finding not only offers an explanation for the observed differences 
between rhesus and human hematopoiesis, but also implies a mechanism by which 
developing cells can self-regulate hematopoietic induction by secretion of competitive, 
inhibitory receptor isoforms. 
 
Key words: embryonic stem cells, hematopoiesis, rhesus, FGF-2, FGFR1, splice variant 
isoforms  
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Introduction 
 
The clinical application of embryonic stem cell (ESC)-derived tissues for transplantation 
will first require rigorous evaluation in a large animal allogeneic model such as the rhesus 
macaque before its potential can be realized.1,2 With the recent release of the macaque 
genome,3 this translational model should contribute greatly to ESC-based therapies, 
however, much remains unknown about the differences in developmental processes 
between humans and rhesus monkeys.   
 
The process of blood and immune system formation, or hematopoiesis, is an example of 
these developmental differences.  In contrast to human ESCs, efforts to induce conclusive 
hematopoietic differentiation from rhesus ESCs have seen limited success, indicating that 
despite their close phylogenetic relationship, differences exist between the hematopoietic 
differentiation of rhesus and human ESCs.  We recently reported that although rhesus 
ESCs have the potential for hematopoietic differentiation, they display limited 
progression beyond the common progenitor for both the hematopoietic and endothelial 
lineages, the hemangioblast.  Differentiating rhesus ESCs exhibit an arrest at the 
hemangioblast precursor stage of hematopoietic development in culture conditions 
developed for human ESCs.4  
 
A central pathway for the maintenance and differentiation of ESCs into the hematopoietic 
lineage is the fibroblast growth factor (FGF) intracellular signaling cascade.  The FGF 
pathway plays a ubiquitous role in development and cellular function, contributing to 
mesoderm induction, growth and development of new blood vessels6, wound healing7 
and tissue development,8 as well as a pivotal role in hematopoiesis.   
 
FGF-2 is a pervasive member of the FGF ligand family found in many tissues, and 
contributes to hematopoietic development.  FGF-2 can synergize with hematopoietic 
cytokines such as stem cell factor, or antagonize the negative regulatory effects of 
transforming growth factor-β to promote self-renewal and proliferation of primitive 
hematopoietic cells, indicating its relevance in early hematopoiesis.9-11 FGF-2 also 
promotes survival and preserves hematopoietic stem cells from the bone marrow for long 
term competitive in vivo reconstitution in bone marrow transplant recipients.12,13

 
The primary step in the FGF signaling cascade is the binding of a secreted, extracellular 
FGF ligand to its appropriate receptor.  There are 23 members of the mammalian FGF 
ligand family and 4 members of the FGF receptor (FGFR) family, all of which are 
variably distributed in a temporal- and tissue-specific manner.14 While some FGF ligands 
are limited to certain tissues, FGF-1 and FGF-2 serve as universal ligands found 
abundantly throughout the body14.  In the hematopoietic system, the most important 
ligand-receptor pair is that of FGF-2 and FGFR1. 
 
ESCs are known to express multiple FGFR receptors for FGF binding,15,16 but their most 
abundant and well-characterized receptor is FGFR1.  FGFR1 is the most broadly 
expressed FGFR in the body and is the primary receptor responsible for the mitogenic 
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activity of FGF-2.18 FGF-mediated signaling via FGFR1 is critical for the proliferation of 
the hemangioblast – a precursor to hematopoietic and endothelial tissues – and loss of 
FGFR-1 expression in murine EB cultures impaired hemangioblast differentiation 
resulting in an attenuation of hematopoietic development11,17.   
 
Alternative splicing of the FGFR1 transcript creates multiple distinct isoforms that have 
diverse functional properties (Reviewed in 19).  The four principal splice variant 
isoforms are the FGFR1α, FGFR1β, dominant-negative tyrosine kinase (DNTK) and 
soluble (sFGFR1) isoforms. The FGFR1α (Figure 1A) isoform is a full-length, functional 
receptor with three extracellular Ig-like loops to bind extracellular FGF ligands. FGFR1α 
is the most abundantly expressed isoform of FGFR1 and it acts to stimulate 
hematopoiesis through its downstream intracellular signaling cascade.  The FGFR1β 
isoform (Figure 1B) is a second functional receptor that serves to stimulate 
hematopoiesis.  The sole difference between FGFR1β and the FGFR1α is that the β 
isoform has only two Ig-like loops that can bind FGF ligands, and this property allows 
FGF ligand binding with 10x greater affinity than the α isoform. The DNTK isoform 
(Figure 1C) is a truncated, non-functional membrane-bound from of FGFR1 that can 
competitively bind FGF, but it lacks a tyrosine kinase domain, which prevents 
intracellular signaling during FGFR hetero-dimerization. The sFGFR1 isoform (Figure 
1D) is a non-functional, truncated version of FGFR1 that lacks a trans-membrane and 
kinase domain.  It is secreted and can bind FGF ligands with its two Ig-like loops as a 
competitive inhibitor with 10x greater affinity than the functional FGFR1α. Variability in 
signaling potential may be greatly affected by alternative spicing of the FGFR1 gene. 
Therefore, cell-specific expression patterns and expression ratios of these isoforms are 
pivotal in the individual cellular response to FGF binding. 
 

 

Figure 1: FGFR1 Splice Variant 
Isoforms. The FGFR1 transcript is subject 
to alternative splicing to generate multiple 
distinct isoforms. (A) FGFR1α is a full 
length, functional receptor with 3 Ig-like 
loops to bind FGF ligands. When activated 
by FGF binding, its tyrosine kinase domain 
initiates downstream intracellular signaling 
to stimulate hematopoiesis. (B) FGFR1β is 
another functional, hematopoiesis-
stimulating receptor identical to FGFR1α
but for its lack of one Ig-like loop, such that 
it binds FGF with 10x greater affinity. (C) 
The dominant-negative tyrosine kinase 
(DNTK) isoform lacks a kinase domain, so 
upon receptor hetero-dimerization, cannot 
initiate downstream signaling. (D) sFGFR1 
is a secreted molecule that competitively 
binds and sequesters extracellular FGF to 
inhibit intracellular signaling. 

Previous studies have examined the role of FGF receptor splice variants in many cellular 
processes.  The relative expression ratio of the two functional FGFR1 isoforms, FGFR1α 
and FGFR1β, plays a role in development and maintenance of a diverse array of cell 
types. However an imbalance in these isoforms’ expression has also been implicated in 
disease.  Investigations of the human retinal epithelium have shown that the relative ratio 
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of the FGFR1β to the FGFR1α isoform decreases as a function of cell differentiation,20 

while studies in mice show that targeted deletion of FGFR1α disrupts posterior 
mesoderm induction, leading to spina bifida and embryonic lethality.23 Further, an 
increased ratio of FGFR1β to FGFR1α gene expression has been implicated in a poor 
prognosis for breast tumors and malignancy in astrocytomas.24,25

 
The non-functional, competitive FGFR1 isoforms have also been shown to influence 
development and disease. The sFGFR1 isoform is known to contribute to mammalian 
retinal patterning,21 while the DNTK isoform of FGFR1 was shown to disrupt early 
developmental processes in the Xenopus model.26 In related studies, the expression of the 
soluble dominant negative isoform of FGFR2 can cause severe dysgenesis of a variety of 
organs and limbs including the kidney, lung, and craniofacial structures.22  Clearly, the 
alternative splicing of FGFR1 is an important event that affects many cellular processes 
and functions. 
 
The following study investigates the effect of FGF-2 supplementation on the 
hematopoietic differentiation of human and rhesus ESCs in embryoid body (EB) culture. 
This study also seeks to understand the mechanism responsible for the observed 
differences in the FGF-2-mediated effect on hematopoiesis between human and rhesus 
cells. We hypothesize that species-specific differences in FGF signaling are responsible 
for variations in hematopoietic development from ESCs. To test this, we quantified the 
gene expression of the two primary FGF ligands and four splice variant isoforms of 
FGFR1 in both differentiating and undifferentiated human and rhesus ESCs. The results 
establish that FGF-2/FGFR-1 signaling is pivotal in the induction of hematopoietic 
differentiation of ESCs and suggest a possible regulatory role for the sFGFR1 splice 
variant isoform in auto-inhibition of hematopoiesis. 
 
Results 
 
Rhesus ESCs require 5-fold more supplemental FGF-2 than human ESCs 
 
We examined the effect of FGF-2 supplementation on human (H9) and rhesus (Rh 420) 
embryonic stem cell (ESC) cultures differentiating in embryoid body (EB) culture over 
16 days.  We observed by flow cytometry that supplementation of the cytokine-rich 
media with FGF-2 resulted in a dose dependent expansion of both hematopoietic and 
endothelial precursor populations in both rhesus ESCs and human ESCs as defined by 
increase in the frequencies of CD45, CD31, and Flk-1 expression (Figure 2A, 2B). 
Parallel increases were also seen in the frequencies of double-positive CD34+CD45+ and 
CD31+CD45+ hematopoietic precursor phenotypes in both species (Figures 2C and 2D). 
Similar effects from FGF-2 supplementation were observed in two additional rhesus ESC 
lines (data not shown). These results indicate that FGF-2 induces a dose dependent 
increase in hematoendothelial precursors in both rhesus and human ESC lines, though it 
should be noted that human ESCs exhibit a much larger potential for hematoendothelial 
differentiation in EB culture when compared to rhesus cell cultures.  
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Figure 2: Concentration-dependent effect of FGF-2 supplementation on human and rhesus 
hematoendothelial differentiation. Expression of hematopoietic and endothelial lineage-specific cell 
markers was measured by flow cytometry in rhesus (A, C) and human (B, D) ESC lines after 16 days in EB 
culture supplemented with varying concentrations of FGF-2. 
 
Interestingly, we found that the optimal FGF-2 concentration for the induction of 
hematopoietic differentiation was 50 ng/ml for rhesus ESCs (Figure 3A), but only 10 
ng/ml for human ESCs (Figure 3B).   
 

 

Figure 3: Differential need 
for FGF-2. Rhesus ESCs 
(2A) achieve optimal 
hematopoietic induction as 
measured by %CD45+ 
population with 50ng/mL 
supplemented FGF-2, while 
human ESCs (2B) achieve 
maximal hematopoietic 
induction with 5-fold less, at 
10ng/mL of supplemented 
FGF-2 during 16 days in EB 
culture.  

 
Thus, despite the close phylogenetic similarities between the two species, there is a 5-fold 
difference in the optimal concentration of supplemental FGF-2 needed for hematopoietic 
induction.  This differential need for the central growth factor FGF-2 implies an 
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underlying difference in the FGF signaling pathway between human and rhesus ESC 
lines. 
 
Differences in endogenous expression of FGF ligands do not account for differential 
FGF requirement 
 
To determine if a correlative lack of endogenous FGF ligand production in rhesus cells 
was responsible for the increased need for exogenous FGF-2 support, we used 
quantitative real-time reverse transcription PCR (qRT-PCR) to assess the gene expression 
levels of the two FGF ligands important for hematopoiesis, FGF-1 and FGF-2, in human 
and rhesus cell lines. No FGF-2 supplementation was supplied to assure the measurement 
of inherent endogenous levels of FGF ligand production in the respective ESC lines.  We 
observed no consistent difference in endogenous FGF ligand expression between 
undifferentiated human and rhesus cells at EB0 that would suggest an inherent lack of 
FGF ligand production in rhesus ESC lines (Figure 4A), nor was there a consistent 
difference in the downregulation of FGF ligand gene expression between the two species 
after differentiation for 16 days in EB culture (Figure 4B).  These results indicate that 
differences in gene expression of endogenous FGF-1 or FGF-2 are not solely responsible 
for the differential need for supplemental FGF-2 between human and rhesus cell lines. 
 

 

 

A

 

Figure 4: No consistent 
differences in 
endogenous FGF ligand 
production between 
species. qRT-PCR was 
used to quantify gene 
expression of (A) 
endogenous FGF-1 and 
FGF-2 for undifferentiated 
ESCs at EB0 for human 
and rhesus cell lines. Fold 
induction is shown relative 
to gene expression levels  
B
 

in H9 EB0. (B) Fold 
reduction in gene 
expression of FGF-1 and 
FGF-2 after 16 days of 
differentiation in EB 
culture.  Expression levels 
of FGF are normalized to 
levels at EB0 within each 
cell line.  
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Expression profiles of FGFR1 splice variant isoforms 
 
With a lack of definitive evidence for endogenous FGF ligand deficiencies between 
human and rhesus ESCs, we hypothesized that FGFR1, the primary receptor for FGF-2 
and the most prevalent FGFR in ESCs, may be responsible for the observed difference in 
FGF requirement between species.  
 
FGFR1 undergoes alternative splicing to generate several FGFR1 isoforms with distinct 
functional characteristics. We designed splice variant-specific primers to quantify gene 
expression of four FGFR1 isoforms: the FGFR1α, FGFR1β, soluble FGFR1 (sFGFR1), 
and dominant negative tyrosine kinase (DNTK) FGFR1 isoforms. The FGFR1α and 
FGFR1β isoforms are both functional variants which relay intracellular signals that 
stimulate hematopoiesis, differing only in the number of extracellular Ig-like loops to 
bind FGF ligand. sFGFR1 and DNTK isoforms are non-functional splice variants that 
competitively bind FGFs to inhibit hematopoiesis.  
 
We observed that FGFR1α was the predominant isoform expressed in the human (H9) 
and all the rhesus (Rh 420, Ormes-7, Rh 366.4) ESC lines (Figure 6), and that FGFR1α is 
expressed at a relatively constant level among all the cell lines at both EB0 and EB16 
(Figure 5).   

 

Figure 5: Relatively 
uniform FGFR1α 
expression in human 
and rhesus ESC lines. 
FGFR1α was the 
predominant isoform of 
FGFR1 expressed in all 
ESC lines (see figure 6), 
exhibiting a relatively 
uniform expression in 
human and rhesus ESC 
lines at EB0 and EB16.    

 
The observation that FGFR1 was the predominant isoform which was expressed at a 
relatively uniform level in all cell lines allowed us to measure the gene expression of the 
less abundant FGFR1 isoforms as a function of their relationship to FGFR1α within each 
cell line (Figure 6).  This provided information as to which other FGFR1 splice variant 
isoforms were exerting a stimulatory or inhibitory influence on the FGF signaling 
pathway. Using gene expression ratios of FGFR1 isoforms to FGFR1α, we detected the 
trend of an increasing presence of the sFGFR1 among rhesus cell lines (Figure 6C), 
indicating it as a candidate molecule responsible for the difference in need for 
supplemental FGF-2 between species.  An increased presence of sFGFR1 could 
competitively sequester FGF-2 ligand molecules, resulting in a higher demand for 
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exogenous FGF-2 support to undergo hematopoiesis. This was of particular interest 
because the Rh 366.4 cell line had the highest expression of sFGFR1 at both EB0 and 
EB16, and it was also the least responsive to FGF-2 supplementation (data not shown). 
These results suggest that the inhibitory sFGFR1 splice isoform may play a regulatory 
role in hematopoietic differentiation from ESCs.    

 
Figure 6: Expression of FGFR1 isoforms relative to the predominant FGFR1α. Gene expression of 
FGFR1 splice variants isoforms (A) FGFR1β, (B) DNTK, and (C) sFGFR1 at EB0 and EB16 for all cell lines 
is shown as an expression ratio calculated using the ∆∆Ct method relative to the expression of the FGFR1α 
isoform for each given EB day and cell line. 
  
Increasing fraction of sFGFR1 correlates to decreased hematopoiesis  
 
We observed an increasing fraction of the inhibitory sFGFR1 splice isoform in rhesus 
cells relative to human cells.  As sFGFR1 has the capacity to bind extracellular FGF 
molecules with high affinity, we hypothesized that this FGFR1 isoform may act to 
competitively sequester FGF ligands and hinder FGFR1-initiated hematopoietic 
induction.  To test this, we sought a correlation between a given ESC line’s gene 
expression ratio of functional FGFR1α to inhibitory sFGFR1 and the amount of 
hematopoietic differentiation achieved after 16 days in EB culture.  This comparison 
(Figure 7) yielded a strong correlation (r2=0.84) between an increasing fraction of 
sFGFR1 expression and the amount of hematopoiesis that an ESC line has the ability to 
undergo.  
  

 

Figure 7: Correlation between 
sFGFR1:FGFR1α expression 
ratio and hematopoiesis. Gene 
expression of the most prevalent 
functional isoform (FGFR1α) and the 
most prevalent inhibitor isoform 
(sFGFR1) was measured at EB16 in 
human and rhesus cell lines using 
qRT-PCR. Here, the percent of the 
cell population at EB16 staining 
positive for CD45 by flow cytometry 
is plotted against gene expression 
ratios of the FGFR1α to sFGFR1 
splice variant isoform at EB16. A 
correlation (r2=0.84) was observed, 
indicating a role of inhibitory 
isoforms of FGFR1 in regulating 
hematopoiesis. 

 
This correlation suggests a role for sFGFR1 as an auto-inhibitory molecule secreted by a 
developing cell to drive its fate away from the hematopoietic lineage by preventing FGF 
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ligand binding and the subsequent hematopoiesis-inducing intracellular signaling 
cascade. 
   
Discussion 
 
In order to circumvent possible complications associated with ESC-derived transplants 
and therapies, thorough in vivo testing in a non-human primate animal model is needed to 
bridge the gap between mouse studies and potential clinical applications for human 
patients.  A failure to recognize potential complications or adverse side effects of ESC-
based therapies during animal testing would have serious consequences for the future of 
embryonic stem cell research.  
 
However, with the recent release of the rhesus macaque genome3 we now have an 
important tool in hand to improve our understanding of the rhesus translational model. 
This understanding will help us to recognize and account for important functional 
differences between human and rhesus development from ESCs.  Yet not all functional 
differences among species have their roots in explicit divergences found in the genetic 
code.  Though phylogenetically similar species may show only slight differences in a 
given gene’s structure, it is often differences in gene expression and regulation that 
underlie the major functional and phenotypic disparities between two species. 
 
In this study, we have observed this type of functional difference between the 
hematopoietic development of human and rhesus ESCs.  Rhesus ESCs require a 5-fold 
greater concentration of supplemental FGF-2 relative to human ESCs for optimal 
hematopoietic differentiation. Further, multiple rhesus ESC lines display a limited 
potential for hematopoietic induction relative to human ESCs.  To elucidate the 
mechanism underlying this difference, we have measured and compared gene expression 
of endogenous FGF ligands and splice variant isoforms of FGFR1 between human and 
rhesus ESCs.   
 
The results indicate that rather than an inherent lack of FGF ligand production in rhesus 
ESCs relative to human ESCs, there are significant differences in the expression of 
FGFR1 isoforms.  Our findings suggest that a rising fraction of the soluble, competitive 
inhibitor isoform sFGFR1 relative to the functional FGFR1α isoform expressed in ESC 
cultures correlates (r2=0.84) to a decrease in the degree of hematopoietic differentiation 
achieved by a differentiating cell population.  This finding not only offers an explanation 
for the differences observed between rhesus and human hematopoiesis, but also implies a 
mechanism by which developing cells can self-regulate their own hematopoietic 
induction. 
 
The model that we propose involves the auto-inhibition of hematopoiesis through 
expression of the soluble, inhibitory sFGFR1 isoform. sFGFR1 can competitively bind 
and sequester FGF ligands with 10x greater affinity than the functional FGFR1α which is 
bound to the cell membrane and can initiate hematopoiesis-inducing signaling cascades.  
Through this mechanism, an undifferentiated cell which is secreting fewer sFGFR1 
molecules would allow for more FGF/FGFR binding to initiate downstream 
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hematopoietic-inducing signals and likely differentiate down the hematopoietic lineage 
(Figure 8A). A developing cell highly expressing sFGFR1 (Figure 8B) would prevent the 
FGF/FGFR binding that would promote hematopoiesis, and subsequently commit to an 
alternative cell lineage.  
 Figure 8: Model for auto-

inhibition of hematopoiesis. 
(A) Developing cells which do 
not express high levels of 
sFGFR1 will have greater 
chances for FGF/FGFR 
binding and initiation of 
intracellular signaling to 
stimulate hematopoietic 
differentiation. (B) Cells 
expressing high levels of 
sFGFR1 will sequester 
extracellular FGF and inhibit 
hematopoietic induction, likely 
differentiating down an 
alternative lineage. 

 
This model explains the observed result that rhesus ESCs which are highly expressing 
sFGFR1 would need more supplemental FGF-2 to saturate the competitive inhibitor to 
hematopoiesis and allow for stimulatory FGF-2/FGFR1 binding. Further, this model 
predicts that a selective knockdown of the sFGFR1 splice isoform should lower the 
concentration of FGF-2 needed by rhesus ESCs to achieve optimal hematopoietic 
differentiation, and could also enhance the overall yield of hematopoietic cells in rhesus 
EB culture to levels similar to those derived from human ESCs.  Future experiments will 
assess these predictions and attempt to validate this model for auto-inhibition of 
hematopoiesis.  
 
Materials and Methods 
 
Maintenance of undifferentiated rhesus and human ESCs. The undifferentiated rhesus 
(Rh 420, Rh 366.4, Ormes-7) and human (H9) embryonic stem cell lines (WiCell, 
Madison, WI, USA) were maintained by co-culture with irradiated murine embryonic 
fibroblasts (MEFs) in DMEM (Invitrogen Corporation, Carlsbad, CA) supplemented with 
15% FBS (Hyclone, Logan, UT), 1 mM glutamine, 0.1 mM L-mercaptoethanol, and 1% 
NEAA (Invitrogen Corporation, Carlsbad, CA). All cell lines were adapted to feeder-free 
culture by allowing them to expand on Matrigel (BD Biosciences, MA) coated plates as 
previously described by Rajesh et al.3 Rhesus and human ESC cultures growing on 
Matrigel were maintained in MEF-conditioned media supplemented with bFGF at 4 
ng/ml (R&D systems, Minneapolis, MN).  
 
Embryoid Body (EB) Culture. Undifferentiated ESCs were harvested at confluence with 
collagenase IV. EBs were allowed to form on low attachment according to the method 
outlined by Xu et al.27 using KO-DMEM supplemented with 20%FBS (HyClone, Logan, 
UT), 1% NEAA, 1 mM L-glutamine, and 0.1 mM mercaptoethanol (all from Invitrogen, 
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Carlsbad, CA). The next day cultures were fed fresh differentiation medium alone 
(control) or were fed differentiation media supplemented with the following growth 
factors and cytokines: 150 ng/ml stem cell factor (SCF); 150 ng/ml Flt-3 ligand (Flt-3L), 
10 ng/ml interleukin-3 (IL-3), 10 ng/ml interleukin-6 (IL-6), and 50 ng/ml granulocyte 
colony-stimulating factor (G-FGF-2/FGFR-1 signaling in ESC derived hematopoiesis 
CSF); 20ng/ml bone morphogenetic factor (BMP-4) (all from R&D Systems, 
Minneapolis, MN). The media was changed every four days. FGF was added at various 
concentrations to the differentiating media on either day 0 or day 8 or EB culture. The 
FGF supplementation was done every 48hours to the cells. BIT9500 (Stem cell 
Technologies) was substituted for FBS in serum-free cultures.  
 
Flow cytometry. Cells were harvested using collagenase IV and trypsin. The cells were 
washed with media and strained through a 70-µm cell strainer. The cells were re 
suspended at approximately 2 x105 cells/ml with and stained with fluorochrome-
conjugated monoclonal antibodies: anti-human CD31 (WM-59), anti- VECadherin 
(16B1) (eBioscience, San Diego, CA); anti-human CD45 (HI30) , anti-non human 
primate CD45 (D058-1283) and anti-human CD34 (563) (BD Biosciences SanJose, CA); 
anti-human Flk-1 (89106), (from R&D Systems, Minneapolis, MN) anti-FGFR1 (QED 
Biosciences, San Diego, CA) Non-viable cells were excluded with 7-aminoactinomycin 
D (7-AAD, BD Biosciences). Live cell analysis was performed on a FACS Calibur flow 
cytometer and Cell Quest software.  
 
Quantitative real-time reverse transcription polymerase chain reaction (qRTPCR). 
Total RNA was isolated from 1.0 – 1.2 million differentiated or undifferentiated rhesus or 
human ESCs using RNAqueous -4 PCR Kit (Ambion, Austin, TX). RNA was then 
subjected to a DNase reaction to eliminate any contaminating genomic DNA using Turbo 
DNA-free DNase Kit (Ambion).  RNA was quantified by spectrometry and 0.5µg of 
RNA was used for cDNA synthesis using iScript cDNA Synthesis Kit (Bio-Rad, 
Hercules, CA). qRT-PCR was performed using the iQ SYBR-Green Supermix reagents 
according to manufacturer's protocol using 0.5 µg of cDNA per reaction on an iCycler 
thermal cycler and software (Bio-Rad). Primer information for FGF ligands and FGFR1 
splice variants is listed on Table 1.  Sequence alignment and processing for human and 
rhesus cross-reactive primers was performed using Geneious Pro (Biomatters Ltd, 
Auckland, New Zealand) and primers were designed using Primer3 (Whitehead Institute, 
Cambridge, MA) software tools.  All primers have been confirmed to cross-react with 
human and rhesus DNA and were designed across exon-exon borders to preclude the 
amplification of contaminating genomic DNA.  These results were confirmed by gel 
electrophoresis (data not shown). All PCR reactions were performed with 1 cycle at 95°C 
for 3 minutes, followed by one cycle at 95°C for 1 minute, and 1 cycle at 55°C for one 
minute. This was followed by 40 cycles of amplification with the melting temperature of 
60°C.  Comparative quantification and relative expression ratios of each target gene were 
performed based on cycle threshold normalized to GAPDH using the ∆∆CT method.28 
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Gene/Isoform GenBank Sequence 
5' 

Position   
Melting  

Temp °C 
Amplicon  

Size 
FGF1 NM_000800 For: 5'-GAGCGACCAGCACATTCAG-3' 297 60.6 111bp 
  Rev: 5'-TATAAAAGCCCGTCGGTGTC-3' 407 60.0  

FGF2 NM_002006 For: 5'-GGCTTCTAAATGTGTTACGGATG-3' 743 59.9 123bp 
  Rev: 5'-ACTGCCCAGTTCGTTTCAGT-3' 845 59.8  

FGFR1/Alpha NM_023110 For: 5'-AGACTCCGGCCTCTATGCTT-3' 1224 60.4 92bp 
  Rev: 5'-AGGAGGGGAGAGCATCTGA-3' 1315 59.9  

FGFR1/Beta NM_023105 For: 5'-GCCTGAACAAGATGCTCTCC-3' 1023 60.0 107bp 
  Rev: 5'-CTACGGGCATACGGTTTGGTT-3' 1129 59.9  

FGFR1/Soluble NM_023107 For: 5'-TACCAGCTGGATGTCGTGGA-3' 1402 62.7 225bp 
  Rev: 5'-TGGTGCCATGATTACCTTCA-3' 1626 59.9  

FGFR1/DNTK NM_023109 For: 5'-AGGCTCCCCTGGTGCATAC-3' 2594 62.4 91bp 
  Rev: 5'-CGAGGCCAAAGTCTGCTATC-3' 2684 60.0  

GAPDH NM_002046 For: 5'-AGAAGGCTGGGGCTCATTT-3' 419 61.1 91bp 
  Rev: 5'-TTCACACCCATGACGAACAT-3' 509 59.8  

Table 1: Primer Specifications. Primer information for FGF ligands and FGFR1 splice variants as well as 
the housekeeping gene GAPDH used for expression normalization.  Every primer has been designed, 
tested, and confirmed to cross-react with human and rhesus monkey samples and bridge exon-exon 
junctions to preclude any genomic DNA amplification. 
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