
 

 

Introduction 
 
Intellectual disability (ID) is defined as limited 
mental capacity and difficulty with adaptive be-
haviors; the prevalence in the U.S. is approxi-
mately 3% [1]. ID characteristic of many neuro-
developmental disorders is caused by mistakes 
made during the formation of the brain that 
lead to malfunctions in crucial neurological 
pathways, at the molecular, cellular and connec-
tivity levels. The two most common genetic de-
velopmental disorders characterized by ID are 
Down syndrome (DS or trisomy 21) and Fragile 
X syndrome (FXS), which are caused by very 
different genetic mutations. Down syndrome is 
caused by triplication of chromosome 21 
(HSA21) while Fragile X syndrome is a single 
gene disorder.  
 
HSA21 is the smallest human chromosome 

comprised of 225 to 400 genes [2, 3]. It is not 
clear how trisomy 21 causes the mental impair-
ment associated with DS. Most lines of research 
have focused on the premise that specific 
genes located on chromosome 21 are responsi-
ble for DS symptoms and that these genes may 
exert direct effects that lead to manifestations 
of DS, or have secondary effects on other 
genes. Known HSA21 genes include those that 
encode cell adhesion molecules (e.g. NCAM2, 
DSCAM), signaling molecules/kinases (e.g. 
DYRK1a), and transcription factors (e.g. ETS2). 
Several genes on HSA21 have been implicated 
in DS and other disorders: familial Alzheimer’s 
disease (APP), familial amyotrophic lateral scle-
rosis (SOD1), and a predisposition for leukemia 
(AML1, GATA1). Based on the phenotypic vari-
ability of DS individuals, genetic, environmental, 
and stochastic influences are likely to play a 
role in DS [4-6].  
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In contrast, FXS is caused by mutational expan-
sion of a CGG repeat in a single gene, FMR1, 
which leads to hypermethylation, and transcrip-
tional silencing [7, 8]. FMR1 encodes the Frag-
ile X Mental Retardation Protein (FMRP) which 
is an mRNA binding protein involved in control 
of the timing and location of translation of spe-
cific mRNAs [9-11]. FXS-associated translational 
dysregulation causes wide-ranging neurological 
deficits including severe impairments of biologi-
cal rhythms, learning processes, and memory 
consolidation [12]. 
 
Because the bulk of brain formation in humans 
occurs prenatally, it is challenging to define the 
neurodevelopmental mistakes that occur in 
these developmental disorders. Human stem 
and progenitor cells enable the study of specific 
aspects of brain formation in developmental 
disorders caused by known mutations and have 
been reported for both FXS and DS [13-21]. 
Previous studies using human neural progenitor 
cells (hNPCs) have revealed that these cells 
have attributes that corroborate in vivo aspects 
of both of these disorders [13, 14, 19-23] Yet, it 
is still not well understood how the DS or FXS 
mutations cause neurodevelopmental defects, 
nor how defects in neural development in these 
disorders lead to ID.  
 
It is possible that common cellular and molecu-
lar pathways are affected during neural develop-
ment in both DS and FXS that lead to aspects of 
cognitive impairment. We tested this hypothesis 
by comparing gene expression in FXS and DS 
hNPCs (disorder group) to unaffected control 
hNPCs and found that genes in specific signal 
transduction cascades are misexpressed in the 
disorder group. Specifically, genes in the MAPK/
ERK and calcium signaling pathways are misex-
pressed in disorder hNPCs. Our results suggest 
that DS and FXS hNPCs do not communicate or 
respond appropriately to extracellular cues dur-
ing neural development. As both of these path-
ways are crucial in the regulation of proliferation 
and differentiation, changes in these pathways 
may alter neural progenitor cells’ ability to func-
tion properly.  
 
Materials and methods 
 
Cells 
 
Isolation and characterization of DS and FXS 
human neural progenitor cells (hNPCs) have 

been previously described [19, 14, 24]. Briefly, 
two DS hNPC lines (from 13 weeks gestation 
cerebral cortical tissue), one FXS hNPC line 
(from 14 weeks gestation cerebral cortical tis-
sue) and three gestationally age matched unaf-
fected controls were used to generate the data 
used in this study.  
 
Affymetrix GeneChip data analysis 
 
Analysis of gene expression differences in DS 
hNPC and FXS hNPC compared separately to 
unaffected control hNPCs has been previously 
reported [19, 14]. For this study, transcriptional 
expression data from these previous studies 
were combined to form a disorder group, which 
was compared to control. Log transformed Ge-
neChip data was analyzed and statistical analy-
sis conducted using the GeneSifter software 
( h t t p : / / w w w . g e o s p i z a . c o m / P r o d u c t s /
AnalysisEdition.shtml). Student t-tests were con-
ducted for each data set with only genes with a 
p value < 0.05 being considered in the statisti-
cal analysis.  
 
Stimulation of MAPK pathway 
 
Control, FXS, and DS hNPCs were starved over-
night and then stimulated with Epidermal 
Growth Factor (EGF, 100ng/ml, Peprotech, 
Rocky Hill NJ) for 30 minutes. Quantitative re-
verse transcriptase-polymerase chain reaction 
was used to quantitate c-FOS expression after 
stimulation.  
 
Real-time quantitative reverse transcriptase-
polymerase chain reaction 
 
Real-time quantitative reverse transcriptase-
polymerase chain reaction (RT-qPCR) was per-
formed using SYBR Green for several genes that 
were found to have biological significance. In 
brief, RNA was extracted from two DS hNPC 
lines, one FXS hNPC line and three euploid con-
trol hNPC lines using RNeasy Mini Kit (Qiagen, 
Valencia, CA). Total RNA was additionally 
cleaned up and concentrated using the RNeasy 
MinElute Cleanup Kit (Qiagen, Valencia, CA). 
RNA from two DS lines was pooled prior to re-
verse transcription. RNA from three age-
matched control cell lines was pooled prior to 
reverse transcription. Equal amounts of RNA 
from each sample were pooled. Reverse tran-
scription was performed for control, FXS and DS 
samples using the Invitrogen SuperScript® III 
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First-Strand Synthesis System (Invitrogen, Carls-
bad, CA). Quantitative PCR was performed using 
SYBR® Green PCR Master Mix (Applied Biosys-
tems, Foster City, CA). Immediate detection of 
the PCR product is measured by the increase in 
fluorescence caused by the binding of SYBR® 
Green dye to the control, FXS or DS double-
stranded DNA. Beta-actin was used as internal 
control in PCR amplification, and the compara-
tive Ct method was used for relative quantifica-
tion of expression. For each gene, at least two 
qPCR runs were completed using separate 
cDNAs from separate RNA pools.  
 
Results 
 
Previous studies have shown that human neural 

progenitor cells (hNPCs) are 
a valuable tool to study the 
influence of genetic factors 
on early neural development 
in Down syndrome (DS) and 
Fragile X syndrome (FXS) [13, 
14, 19-23]. In this study, we 
compared gene expression 
changes in DS and FXS 
hNPCs (Disorder) to unaf-
fected control hNPCs. The 
results implicate aberrant 
MAPK and calcium signaling 
in both FXS and DS during 
human neural development.  
 
Gene expression profiling 
was previously performed 
using Affymetrix U133 Plus 
2.0 arrays and reported com-
paring one FXS hNPC line or 

a pool of two DS hNPC lines, respectively, to a 
pool of three control hNPC lines [19, 14]. Tran-
scriptional expression data from these previous 
studies were combined and analyzed to deter-
mine whether there are common gene expres-
sion differences in these two disorders when 
compared to controls. In order to obtain infor-
mation about the relationship of the three 
groups (FXS, DS and control), the groups were 
analyzed separately and then the FXS and DS 
data was combined to create a disorder group 
that was used for subsequent analysis. Pairwise 
comparisons of the overall gene expression lev-
els in each group were compared to each other 
(Figure 1A). This analysis yielded Pearson corre-
lation coefficients (r) close to 1 for all compari-
sons and is highest (0.99) when comparing the 

Figure 1. Pairwise comparisons 
of overall gene expression levels 
in FXS and DS hNPCs. Microarray 
expression data of the three 
groups (FXS, DS and control) 
were analyzed using Genesifter 
expression analysis software. A) 
Pairwise comparisons of the 
overall gene expression levels in 
each group were compared to 
each other and the Pearson cor-
relation coefficients (r) were 
calculated. B) Hierarchical clus-
tering shows that the control and 
FX data are more similar to each 
other than to the DS. 
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control to disorder (FXS+DS) data. These results 
indicate that the datasets are nearly identical 
and suggest that gene expression differences 
that we identify are significant and not random. 
Hierarchical clustering shows that the control 
and FX data are more similar to each other than 
to the DS group (Figure 1B), which is not unex-
pected as FXS hNPCs have fewer gene expres-
sion changes when compared to controls than 
DS hNPCs [19, 14]. 
 
Gene expression changes greater than 1.2 fold 
with a p value of ≤ 0.05 in the disorder group 
compared to controls were considered. Tran-
scriptional regulation was affected throughout 

the genome, with nearly equal transcript expres-
sion being upregulated as downregulated in the 
disorder hNPCs. Gene ontology analysis of 
genes whose expression changed in the disor-
der group revealed that many of the genes are 
involved in cell growth and proliferation and 
brain development which are expected in an ID 
model (Table 1). KEGG analysis revealed that 
particular signaling cascades showed transcrip-
tional dysregulation in the disorder group hNPCs 
including expression of genes involved in focal 
adhesion, many components of the mitogen-
activated protein kinase, extracellular signal 
regulated kinase (MAPK/ERK), and calcium sig-
naling genes (Table 2). 

Table 1. Gene ontology analysis of genes whose expression is changed in disorder hNPCs. 
Gene Identifier Number 

of genes 
  

Biological 
process 

ADRA1A, API5, ATP7A, BAG5, BCL10, BCL6, BRAF, BTG1, CARD8, CASP6, CLN8, CYCS, DLC1, 
DOCK1, EDAR, EGLN3, ELMO2, ERBB3, ERC1, EYA1, FAIM3, FGF2, GADD45A, HIP1, HIPK3, IFIH1, 
IL4, ISG20L1, KCNIP3, MAPK8IP2, MICA, MMP9, MNT, NF1, NME3, NOTCH2, NRAS, P2RX4, 
PHLDA1, PHLDA2, PIK3R2, PPP3R1, PRKAA1, PSEN1, PTGER3, RABEP1, RFFL, RUNX3, SCG2, 
SELS, SFRP1, SON, SST, TBX3, TNFAIP3, TNFRSF1B, TP63, TRIM69, TTBK2, UACA 

60 
  

Apoptosis, Cell 
death, Death, 
Programmed 
cell death 

  

ACHE, ADRA1A, APBB2, APC, ATP7A, ATP8A2, AXIN2, BCAT1, BCL10, BCL6, BLM, BMPR1B, BTG1, 
BTG3, CABLES1, CACNB2, CALM3, CAPN3, CCNB2, CCND1, CDK6, CDK9, CHRNA7, CLIP1, CLN8, 
COL4A4, CROCC, DAB2, DAZL, DIRAS3, DLC1, DOCK2, DST, EGF, EID2, EMP1, EPHB3, ERBB2, 
ERBB3, ESR2, EYA1, FES, FGF2, FGFR2, FHL1, FLT4, FNTB, FTH1, GADD45A, GAP43, GAS2L1, 
GHR, GHRHR, GJC1, GLI1, GRIN2A, GSTM3, H1FNT, H1FOO, HHEX, HOXC8, HUS1, ICOSLG, IFITM1, 
IGFBP5, IGSF11, IL4, INSR, IRS2, KANK1, KITLG, KLF4, KRT7, LEF1, LEPRE1, LGR4, LZTS1, MAP9, 
MDM2, MNT, MT3, MYCBP2, MYH11, NBN, NEDD9, NF1, NOTCH2, NRAS, NUMBL, OSGIN2, 
PARD6G, PGF, PMS1, PPARG, PPP3CA, PRKG1, PSEN1, RBL1, RIF1, ROBO1, RORB, RUNX2, RUNX3, 
SCG2, SEMA5A, SENP5, SEPT11, SERPINF1, SESN3, SLC29A2, SLIT1, SMAD1, SPAG6, SST, SYCP1, 
TBX3, TIMP2, TMOD1, TNN, TNS3, TOB1, TP63, TYR, WISP1, WNT7A, ZEB2 

126 
  

Cell cycle, 
Cell division, 
Cell growth, 
Cell prolifera-
tion 
  

ACHE, ADAM22, AFF2, AHNAK, APBA2, ARHGAP2, ATP7A, AVIL, AXIN2, BCL10, BCL6, BLM, 
BMPR1B, BTG1, CABLES1, CACNB2, CAND1, CAPN3, CCND1, CDK6, CLN8, COL4A4, DAZ2, DAZL, 
DLC1, DLX2, DOCK2, DOK5, DSCAM, EDAR, EGF, EGR1, EGR2, EID2, EPHB3, ERBB2, ERBB3, EYA1, 
FGF2, FHL1, FOS, GAL, GAP43, GGNBP2, GHRHR, GJC1, GLI1, GRIN2A, GSTM3, H1FNT, HECTD1, 
HEY2, HHEX, HOXC8, HRB, IGSF10, IL4, IRS2, KALRN, KLF4, LAMA3, LECT1, LEF1, LEP, MMP9, 
MPPED2, MT3, MYH11, NEUROD6, NF1, NLGN2, NOTCH2, NR2C2, NRAS, NUMBL, ODF3, OLFM1, 
OSGIN2, PBX1, PCDHA6, PCDHB11, PCDHB12, PCDHB13, PCDHB3, PCDHB5, PCDHB6, PGF, 
PPARG, PPP3CA, PRKG1, PSEN1, PURB, ROBO1, RORB, RUNX2, S100A13, SEMA4A, SEMA5A, 
SERPINF1, SFRP1, SLFN5, SLIT1, SMA4, SMAD1, SMAD2, SPAG6, SPATA19, SPATA5, SRY, 
ST8S1A4, TBCB, TBX3, TIMP2, TMOD1, TMOD2, TNN, TOB1, UPK1B, WNT7A, WWTR1, ZEB2 

121 
  

Brain develop-
ment, Cell 
differentiation, 
cell fate, Neu-
rogenesis, Glial 
cell differentia-
tion 
  

AFF2, CHRNA7, CLN8, GRIA1, GRIN2A, ITGA5, MAN2B1, NF1, NRAS, PSEN1, TMOD2 11 
  

Learning and 
Memory 

 

Table 2. KEGG pathway analysis of gene expression changes in disorder hNPCs. 
Gene Identifier KEGG pathway 

ADCY2, ADRA1A, CACNA1B, CACNA1G, CALM3, CHP, CHRNA7, ERBB2, ERBB3, 
GNA14, GRIN2A, GRM5, P2RX2, P2RX4, P2RX6, PDE1A, PLCB1, PLCD1, PLCG2, 
PPP3CA, PPP3R1, PRKCB1, PTGER3, SLC8A1 

Calcium Signaling Pathway 

ARHGAP5, BRAF, CCND1, COL11A1, COL4A4, DOCK1, EGF, ERBB2, IBSP, ITGA5, 
ITGA6, LAMA3, PARVA, PGF, PIK3R2, PRKCB1, PXN, RAPGEF1, SOS1, TNN, VAV3 

Focal Adhesion Pathway 

BRAF, CACNA1B, CACNA1G, CACNA2D2, CACNB2, CACNG3, CACNG8, CHP, EGF, 
GADD45A, MAP3K71P1, MAPK81P2, NRAS, PLA2G4A, PLA2G5, PPP3CA, 
PPP3R1, PRKCB1, RPS6KA5, SOS1 

MAPK Signaling Pathway 
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We focused our attention on the 
expression changes in the disor-
der group that involve genes in 
the MAPK/ERK pathway because 
this pathway is particularly crucial 
during neural development where 
it controls many signaling events. 
KEGG analysis of the microarray 
data revealed that gene expres-
sion changes in disorder hNPCs 
occur at all levels in the MAP/ERK 
pathway: ligand (EGF, FGF), recep-
tor (FGFR), cytoplasmic effector 
(SOS, Ras, NF1, RafB) and target 
gene (c-FOS) (Figure 2). To vali-
date that genes in the MAP/ERK 
pathway are misexpressed in dis-
order hNPCs, quantitative PCR 
(qPCR) of selected genes was 
carried out on DS and FXS hNPCs 
and confirmed that most of the 
MAP/ERK pathway genes are 
misexpressed in the FXS hNPCs 
and in DS hNPCs (Figure 3). The 
FXS and DS hNPCs behave differ-
ently in terms of the directionality 
(upregulated vs. downregulated) 
of gene expression changes, but 
the entire pathway is affected in 
each disorder cell type. 
 
To determine whether the gene 
expression differences observed 
in the MAP/ERK pathway result in 
cellular changes in disorder 
hNPCs, we stimulated the path-
way in cells and assayed down-

Figure 2. Gene expression changes in disorder hNPCs that are in the MAPK/ERK signal transduction pathway. Mi-
croarray expression data of disorder hNPCs was compared to control and analyzed using Genesifter expression analy-
sis software. KEGG analysis revealed that many components of the mitogen-activated protein kinase, extracellular 
signal regulated kinase (MAPK/ERK) pathway are misexpressed. Misexpressed genes are highlighted in red text. 

Figure 3. Quantitative PCR (qPCR) validation of gene expression changes 
in MAPK/ERK pathway in disorder hNPCs. qPCR of selected genes in the 
MAPK/ERK pathway was carried out on DS and FXS hNPCs. Most of the 
MAP/ERK pathway genes are misexpressed in FXS hNPCs and in DS 
hNPCs. 
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stream gene expression. Epidermal Growth Fac-
tor (EGF) stimulates the MAP/ERK pathway and 
hNPCs are responsive to EGF [25-27]. EGF 
binds epidermal growth factor receptor (EGFR) 
on the cell surface, initiating a signal transduc-
tion cascade of phosphorylation events of cyto-
plasmic proteins that ultimately results in tran-
scription of c-fos, an immediate early gene in 
the nucleus of the cell. The expression of the 
MAP/ERK pathway target gene, c-FOS, was as-
sayed. Figure 4 shows that both control and 
disorder (FXS and DS) hNPCs respond to EGF 
stimulation by expression of c-FOS. However, 
the disorder hNPCs have a slower response. 
Together with the gene expression data, these 
results indicate that disorder hNPCs respond 
aberrantly to stimulation of the MAPK/ERK 
pathway. 
 
Discussion 
 
The two most common genetic developmental 
disorders characterized by ID are DS and FXS, 
which are initiated by very different genetic mu-
tations. DS is caused by trisomy 21 while FXS is 
a single gene disorder. The many genes on 
Hsa21 are varied in their function and the bio-
logical pathways that they are involved in are 
diverse [2, 28, 29, 4]. In contrast, the single 
gene affected in FXS, FMR1, encodes for an 
RNA binding protein whose function is to regu-
late the translation of specific mRNAs through-
out development of the nervous system [9-11]. 
 
Cross-disorder comparisons that focus on mo-
lecular and cellular components of neural devel-
opment are rare in the study of ID [30, 31]. Con-
sequently, there has been little evaluation of the 

aberrant cellular and molecular events that oc-
cur early in neural development that may be 
common to both FXS and DS. We took advan-
tage of human neural progenitor cells (hNPCs) 
to study the influence of genetic factors on early 
neural development and asked whether there 
are common gene expression differences in 
these two disorders that may be indicators of 
the underlying causes of mental impairment 
and deficiencies in learning and memory. Our 
results indicate that genes in specific signal 
transduction cascades are misexpressed in the 
disorder group. Our results suggest that DS and 
FXS cells do not communicate or respond ap-
propriately to extracellular cues during neural 
development. The gene expression changes 
occur primarily in signaling pathways that are 
important for growth, proliferation, and differen-
tiation of hNPCs and may affect the function of 
these cells. Furthermore, continued misregula-
tion of these genes as the progenitor cells dif-
ferentiate and mature could have an impact on 
the formation and functioning of the brain. Mis-
communication can be particularly destructive 
in the brain where it can lead to mental impair-
ment. 
 
The MAPK/ERK pathway is a signal transduction 
pathway that couples intracellular responses to 
the binding of growth factors to cell surface re-
ceptors [32]. This pathway transduces a large 
variety of external signals, leading to a wide 
range of cellular responses, including growth, 
differentiation, inflammation and apoptosis and 
so is particularly crucial during neural develop-
ment. Disruption in MAPK/ERK signaling has 
been linked to many neurodevelopmental disor-
ders and MAPK/ERK signaling is crucial during 

Figure 4. Differential response of 
Disorder hNPCs to MAPK/ERK 
pathway stimulation. hNPCs 
were stimulated with Epidermal 
Growth Factor (EGF) and as-
sayed for downstream gene ex-
pression of c-FOS by qPCR. 
Graph shows the detection of c-
FOS (Delta Rn) at each cycle of 
PCR (Ct). All hNPCs responded to 
EGF with expression of c-FOS but 
disorder (FXS+DS) hNPCs 
showed a trend that was slower 
and with reduced expression of c
-FOS.  
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neuronal maturation and plasticity and, ulti-
mately, to learning and memory [33-36]. In DS 
in particular, the overexpression of HSA21 
genes does in fact predict perturbation of 
MAPK/ERK signaling [37, 38]. Therefore, our 
results fit well with the idea that MAPK/ERK 
signaling is crucial for neural progenitor devel-
opment and that mis-expression of genes in this 
pathway is a characteristic of neurodevelop-
mental disorders. 
 
It is critical to note that dysregulation of the 
identified signaling pathways did not emerge 
when the two disorder hNPCs were analyzed 
separately. Furthermore, the direction of expres-
sion changes in individual genes in each disor-
der was not consistent. If common pathways are 
being sought, it may be necessary to pool data 
from different disorders rather than comparing 
the data separately and to focus on pathway 
analysis rather than specific genes. For FXS and 
DS, comparisons of these two disorders has 
been carried out in terms of their behavioral 
phenotypes and it has been recently appreci-
ated that the two syndromes share common 
mechanisms of dysfunction that may be thera-
peutic targets [39-41]. Our results taken in this 
context highlight the importance of cross-
disorder comparisons to identify affected path-
ways for both basic study and for potential 
therapeutic strategies. 
 
Our results also validate the use of hNPCs to 
identify complex cell functions that go awry dur-
ing neural development. However, the advent of 
induced pluripotent stem cell (iPSC) technology 
permits the establishment of disorder-specific 
pluripotent cells that can be used to study more 
aspects of brain formation in developmental 
disorders caused by known mutations. It will be 
crucial to test whether neural progenitor cells 
differentiated from DS and FXS iPSCs have simi-
lar dysregulation in these pathways and, more 
importantly, whether other aspects of neural 
development are affected. 
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