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Background: Hirschsprung disease (HSCR) is the third 
most common congenital disorder of the gastrointestinal tract. 
This study aims to elucidate changes in protein expression 
between the normal and aganglionic hindgut in human HSCR.
Methods: The biopsies were obtained from the normal and 
aganglionic hindgut in human HSCR, and the comparative 
proteomics were analyzed by mass spectrometry (MS)–based 
two-dimensional gel electrophoresis (2DE).
results: A total of 932–986 protein spots were identified 
in each of the gut segments, among which 30 spots had at 
least an eightfold difference in volume (%). Of the 30 differen-
tially expressed spots, 15 proteins were identified via sequence 
analysis. Among these 15 proteins, eight were upregulated 
and seven were downregulated in the aganglionic group. 
The well-represented classes included biomarkers of enteric 
ganglions, extracellular matrix proteins, LIM domain proteins, 
serum proteins, and other pleiotropic proteins. Five proteins 
were selected and verified by western blotting and real-time 
PCR, and the results were consistent with the results of 2DE.
conclusion: MS-based 2DE can help to identify pathologi-
cal relevant proteins in HSCR; it defines an extensive protein 
catalog of the normal and aganglionic hindgut and may con-
stitute the basis to understand pathophysiological mecha-
nisms related to the HSCR.

hirschsprung disease (HSCR) is one of the most common 
congenital malformations of enteric nervous system (ENS) 

in children. It is the third most common congenital disorder of 
the gastrointestinal tract worldwide, and it occurs in 1/5,000 
live births (1–3). HSCR is characterized by the absence of gan-
glion cells in the myenteric and submucosal plexuses of the 
gastrointestinal tract, resulting in intestinal obstruction and 
constipation in neonates and children (2). It is caused by an 
anomalous ENS and is therefore considered to be a neurocris-
topathy. The ENS is formed from a multipotent progenitor cell 
population known as the enteric neural crest cells (ENCCs), 
which are derived from the neuroepithelium. ENCCs migrate 
over substantial distances to colonize the entire length of the 
gut, and during their migration, they need to survive, prolifer-
ate, and ultimately differentiate. The absence of an ENS from 

variable lengths of the colon results in HSCR or aganglionosis 
(3–5).

It is well established that HSCR is a set of complex diseases 
with extensive molecular genetics bases. HSCR is caused by 
several factors, and at least 10 different genes and 5 chromo-
somal loci contribute to its pathogenesis (4–6).Among the 
genes with the highest expression levels were GDNF, Sox10, 
GFRα1, and EDNRB. It has been indicated that mutations in 
these genes lead to long-segment HSCR and syndromic HSCR. 
Other differentially expressed genes belonging to several dif-
ferent functional categories were also identified. Among 
the well-represented classes were transcription factors (e.g., 
Hox, Sox, T-box, and Ets family transcription factors), genes 
involved in cell adhesion (e.g., cadherins, protocadherins, and 
cell adhesion molecules), and microtubule-associated proteins 
(e.g., stathmin family proteins) (7,8). Mediators of several 
well-described signaling pathways, including receptor ligands 
(e.g., fibroblast growth factors and chemokines), kinases, and 
G-protein subunits, were also identified (8). All the genes were 
expressed in the embryonic murine gut and in the regions of 
ENS formation, validating the results of the microarray analy-
ses (7,8). Hence, HSCR is considered to be a genetic hereditary 
disease in most cases.

However, mRNA levels do not always correspond to protein 
expression or activity. This is due to several posttranslational 
modifications such as ubiquitination, protease-mediated 
cleavage, glycosylation, phosphorylation, methylation, and 
acetylation (9). As a result, HSCR has been considered not 
only genetically but also clinically abnormal. Proteomic 
approaches can present advantages over genomic approaches 
because protein biomarkers are the direct functional players 
compared with transcripts (10,11). Standard proteomic tech-
niques, including two-dimensional gel electrophoresis (2DE) 
and mass spectrometry (MS), have been under development 
for the past three decades, beginning at the end of the 1990s. 
Due to the development of high-throughput platforms, pro-
teomic analyses are no longer limited to the examination of 
a few select proteins at a given time, and the simultaneous 
measurement of multiple protein products and/or protein 
modifications can now be performed (12,13). Moreover, such 
analyses allow for the comparison of protein expression in 
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different samples, facilitating the comparison of their pro-
teomic profiles to identify the differentially expressed proteins 
that are associated with multiple diseases, such as cancer and 
neurocristopathy (12–14).

In this study, MS-based 2DE was applied to study samples 
of normal and aganglionic segments from humans with HSCR 
to detect the proteins that are relevant to the development of 
this disease.

RESULTS
Protein Profiles of the Normal and Aganglionic Hindgut
The proteomic analysis of the normal colon and the gan-
glionic and aganglionic hindgut samples revealed 932–986 
detectable spots on a single modified colloidal Coomassie 
Brilliant Blue (mcCBB)-stained 2DE gel (Figure 1). More 
than 80% of the protein spots were consistent between the 
three sets of CBB-stained gels. Overall, the pattern of 2DE 
protein spots across the gels was similar for the normal, 

ganglionic, and aganglionic hindgut samples. Between the 
tissues from normal and aganglionic hindguts, at least a two-
fold difference in volume (%) was observed for 158 protein 
spots (P < 0.05), among which 30 protein spots were found 
to exhibit at least an eightfold difference in volume (%) (P < 
0.05). These 30 protein spots were dissected for further anal-
ysis, and their expression levels were the same in the normal 
and ganglionic hindguts. Of the 30 differentially expressed 
spots, 15 proteins were identified based on MS. Among these 
15 proteins, eight were upregulated and seven were down-
regulated (Table 1).

After carefully analyzing the structure and function of 
these proteins, several proteomic candidates with differ-
ent biological characteristics were identified (Table 2). We 
selected five proteins, sox10, fibrinogen (Fn), isoform 1 of 
four and a half LIM domains protein 1 (FHL1), transgelin 
(TAGLN), and anterior gradient protein 2 homolog (AGR2), 
for further confirmation.

Figure 1.  Two-dimensional gel electrophoresis (2DE) analysis of the proteomic profiles of the normal, ganglionic, and aganglionic hindgut. 
Representative Coomassie-stained 2DE gels showing the protein expression maps in the hindgut from (a) normal colon tissue from a patient with trauma 
to the colon (normal group), (b) a ganglionic segment from a Hirschsprung disease (HSCR) patient (ganglionic group), and (c) an aganglionic segment 
from a HSCR patient (aganglionic group). The numbers indicate the differently expressed protein spots that are presented in table 2. Accession numbers 
are indicated.
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table 1. Proteins that are differentially expressed between the normal and aganglionic hindgut in human Hirschsprung disease, as identified by 
MALDI-TOF mass spectrometry–based two-dimensional gel electrophoresis

Spot no. Protein name Accession no. Molecular weight (kDa)/pI Mascot score Matched peptides Cover (%) Fold change in expression

1 Sox10 IPI00010781 36/8.08 324 10 67.5 ↓60.2

2 HNRNPA2/B1 IPI00916517 43/9.02 466 12 55.4 ↑8.9

3 Fn IPI00298497 56/8.51 550 12 71.7 ↓22.4

3 Fn IPI00298497 56/8.51 242 9 56.1 ↓22.4

4 LAMA3 IPI00642639 5/9.8 72 4 17.4 ↑18.7

5 SERPINA1 IPI00869004 35/5.04 207 6 19.4 ↓10.7

5 SERPINA1 IPI00869004 35/5.04 154 4 13.4 ↓10.7

6 TES IPI00216425 47/7.82 129 6 19.2 ↑9.8

7 LASP1 IPI00883946 19/9.04 89 2 10.3 ↑11.2

8 FHL1 IPI00647207 32/8.72 477 9 37.1 ↑10.3

9 TAGLN IPI00216138 23/8.87 441 16 82.6 ↑30.1

9 TAGLN IPI00216138 23/8.87 429 16 82.6 ↑30.1

9 TAGLN IPI00216138 23/8.87 352 9 49.8 ↑30.1

9 TAGLN IPI00216138 23/8.87 301 9 45.8 ↑30.1

9 TAGLN IPI00216138 23/8.87 241 7 40.3 ↑30.1

9 TAGLN IPI00216138 23/8.87 90 4 22.4 ↑30.1

10 CLCA1 IPI00014625 100/5.91 380 13 20.5 ↑15.8

11 AGR2 IPI00893881 20/9.03 527 6 43.4 ↑18.1

12 HSPB1 IPI00025512 23/5.98 403 7 36.6 ↓8.1

13 FTL IPI00375676 21/5.7 330 5 49.1 ↓10.5

14 HBB IPI00654755 16/6.75 306 7 63.3 ↓16.7

15 IGKC IPI00909649 26/6.15 246 4 63.2 ↓12.6

AGR2, anterior gradient protein 2 homolog; FHL1, four and a half LIM domains protein 1; hnRNP, heterogeneous nuclear ribonucleoprotein; MALDI-TOF, matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry; TAGLN, transgelin.

table 2. The function of the identified proteins showing differential expression between the normal and aganglionic hindgut in human 
Hirschsprung disease

Spot 
no. Protein name Location Function

1 Sox10 Cytoplasm, nucleus Could confer cell specificity to the function of other transcription factors in the development and 
maturation of glia

2 HNRNPA2/B1 Nucleus May have a functional role in pre-mRNA splicing or hnRNP structure

3 Fn Secreted, ECM Yields monomers that polymerize into fibrin polymers and acts as a cofactor in platelet aggregation

4 LAMA3 Secreted, ECM Laminin epidermal growth factor–like domain; laminin is thought to mediate the attachment, 
migration, and organization of cells into tissues during embryonic development

5 SERPINA1 Secreted, ECM Inhibitor of serine proteases. Its primary target is elastase, and it also has a moderate affinity for 
plasmin and thrombin

6 TES Cytoplasm, cell junctions Plays a role in cell adhesion, cell spreading, and the reorganization of the actin cytoskeleton as 
well as the regulation of cell proliferation

7 LASP1 Cytoplasm, cytoskeleton Plays an important role in the regulation of dynamic actin-based cytoskeletal activities

8 FHL1 Cytoplasm May be involved in muscle development or hypertrophy

9 TAGLN Cytoplasm Involved in calcium interactions and contractile properties of the cell that may contribute to 
replicative senescence

10 CLCA1 Secreted, ECM, cell membrane May play critical roles in goblet cell metaplasia, mucus hypersecretion, cystic fibrosis, and AHR

11 AGR2 Endoplasmic reticulum Required for MUC2 posttranscriptional synthesis and secretion

12 HSPB1 Cytoplasm, nucleus Involved in stress resistance and actin organization

13 FTL Serum Stores iron in a soluble, nontoxic, readily available form. Important for iron homeostasis

14 HBB Serum Involved in oxygen transport to various peripheral tissues

15 IGKC Secreted IgC region

All the information about function is from the SWISS-PROT, NCBI database.
AGR2, anterior gradient protein 2 homolog; ECM, extracellular matrix; FHL1, four and a half LIM domains protein 1; hnRNP, heterogeneous nuclear ribonucleoprotein; TAGLN, transgelin.
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Western Blotting
The expression of the selected proteins was quantitatively 
studied by performing western blot analysis. The expression of 
FHL1, TAGLN, and AGR2 was upregulated 2.0-, 5.3-, and 4.8-
fold, respectively, in the aganglionic segment compared with 
their expression in the normal group (P < 0.05, Figure 2b,c), 
whereas Fn was downregulated by 60%, and Sox10 was not 
detected in these samples (P < 0.05, Figure 2b,c). The results 
were consistent with what was observed in the 2DE (Figure 2a 
and Table 1). Importantly, the expression of these proteins did 
not differ significantly in the samples that were obtained from 
the normal and ganglionic segments (P > 0.05).

Real-Time Quantitative PCR
The mRNA expression of the selected proteins was studied 
by real-time quantitative PCR analysis. The mRNA levels of 
FHL1, TAGLN, and AGR2 were upregulated 2.6-, 5.8-, and 
4.2-fold, respectively, in the aganglionic segment compared 
with their levels in the normal group (P < 0.05), whereas the 
mRNA levels of Fn and Sox10 were downregulated by 26 and 
10%, respectively, in these samples (P < 0.05, Figure 3). These 
results were consistent with the results of the 2DE and west-
ern blotting. The samples from the normal and ganglionic seg-
ments did not differ significantly in terms of mRNA expression 
(P > 0.05, Figure 3).

DISCUSSION
HSCR is an anomaly of ENS, which is characterized by the 
absence of myenteric and submucosal plexus in the bowel. 
Recent advances in proteomic analysis and bioinformatics have 
revolutionized our understanding of the underlying mecha-
nisms of HSCR (15–17). Using an MS-based 2DE technique, 
the Hagl and Marvin-Guy groups conducted proteomic analy-
ses of myenteric plexus in rat gut, and they identified several 
novel protein biomarkers that were associated with ENS devel-
opment (15,16). Both of these studies were conducted using 
ENCCs and could therefore only reflect the roles of ENCCs. 
But it has been known that the roles of the enteric microen-
vironment, which interacts with ENCCs, appear to be more 
critical in this condition. Taking this into consideration, Gao 
et al. (17) conducted a proteomic analysis of the colonic tissues 
from HSCR patients using the same technique. A few valuable 
protein biomarkers associated with HSCR were enriched, but 
the scope of the results was limited. Herein, we observed the 
differential protein expression in paired colonic tissues from 
HSCR patients. The obtained data suggest that the proteomic 
profiles are significantly different between the normal and 

Figure 2. Western blot analysis of selected proteins. (a) Confirmation of 
two-dimensional gel electrophoresis results by western blotting. Analysis 
of the expression of selected proteins using actin as an internal control.  
(b) Quantification of the western blot results. Four and a half LIM domains 
protein 1 (FHL1), transgelin (TAGLN), and anterior gradient protein 2 homo-
log (AGR2) were upregulated 2.0-, 5.3-, and 4.8-fold, respectively, in agan-
glionic segments, whereas Fn was downregulated 20%, and Sox10 was 
not detected in these samples. *P < 0.05. No fill = normal (n = 4), gray fill = 
ganglionic segment (n = 6), and black fill = aganglionic segment (n = 6).
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Figure 3. Real-time quantitative PCR analysis of the selected proteins.  
The mRNA levels of four and a half LIM domains protein 1 (FHL1), transgelin 
(TAGLN), and anterior gradient protein 2 homolog (AGR2) were upregu-
lated 2.6-, 5.8-, and 4.2-fold, respectively, in aganglionic segments, whereas 
the mRNA levels of Fn and Sox10 were downregulated 26 and 10%, 
respectively, in these samples. *P < 0.05. No fill = normal (n = 4), gray fill = 
ganglionic segment (n = 6), and black fill = aganglionic segment (n = 6).
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aganglionic hindgut in HSCR, and several candidate mark-
ers that are associated with different biological activities were 
identified.

Sox10 and hnRNPA2/B1
Sox10 is a member of the SRY-box-containing family of tran-
scription factors (18,19). It has been demonstrated that Sox10 
promotes the proliferation and survival of ENCCs, and it is 
critical for the maintenance of the ENS progenitor pool (19). 
Other studies have implicated that Sox10 can regulate the 
expression of c-Ret and Phox2b (20). In mice, the roles of 
Sox10 in HSCR, Waardenburg syndrome type 2 and type 4, and 
neural crest development have been extensively described. The 
present proteomic study indicated that the Sox10 protein was 
absent and that the Sox10 mRNA levels were low in the agan-
glionic hindguts from human HSCR, which is consistent with 
the results of previous studies (19,20). Heterogeneous nuclear 
ribonucleoprotein A2/B1 (hnRNP A2/B1) is a member of the 
hnRNP family of proteins. The hnRNPs are a complex group of 
RNA-binding proteins that play a key role in mRNA processing 
and telomere biogenesis (21–25). They bind to nascent RNA 
polymerase transcripts and are involved in various aspects of 
pre-mRNA processing, mRNA transport, mRNA metabolism, 
and alternative splicing (21,22). There is increasing evidence 
of a prominent role for hnRNP A2/B1 in the regulation of cell 
metabolism, migration and invasion, proliferation, and cel-
lular response to mitochondrial stress. However, there is no 
described mechanistic link for the contribution of hnRNP A2/
B1 overexpression and the fate of ENCCs; therefore, we can-
not determine their roles in ENS formation or HSCR histo-
genesis, although a significantly higher protein level of hnRNP 
A2/B1 has been detected in the present proteomic study. We 
were unable to ascertain whether these two markers are either 
the causes or the effects of neuronal absence in HSCR because 
they are both enteric neuron-related biomarkers. However, 
we have reason to believe that these markers could be used as 
valuable neuronal biomarkers for the diagnosis or differentia-
tion of HSCR.

Fn, LAMA3, and SERPINA1
Based on their structure and biological function, Fn, LAMA3, 
and SERPINA1 were all found to be extracellular matrix 
(ECM) proteins. ECM is a complex mixture of matrix mole-
cules, including the glycoproteins fibronectin, collagens, lami-
nins, proteoglycans, and nonmatrix proteins. ECM induces 
discrete cell surface structures that are tightly associated with 
the matrix that are termed cell–matrix adhesions, and it regu-
lates biological processes, such as cell survival, cell prolifera-
tion, wound healing, and tumorigenesis (26). The roles of ECM 
in ENS have been well described that abnormal ECM compo-
nents or improper extracellular signals could lead to various 
ENS diseases, such as HSCR (27). As the major components 
of ECM, Fn and LAMA3 have both been renowned for their 
confirmed functions during ENS morphogenesis (26,27). It 
has also been reported that Fn is abnormally expressed in the 
aganglionic segment of patients with HSCR, resulting in the 

faulty migration of ENCCs and in the pathogenesis of agan-
glionosis or HSCR (28). Laminin is a cross-shaped hetero-
trimeric protein composed of three chains (29). It has been 
suggested that laminin expression changes in the gut environ-
ment, which occurs normally during development and creates 
a physical obstacle to a delayed wavefront of ENCCs, as was 
reported for EDNRB mutant ENCCs by these authors (29,30). 
In the present study, both Fn and LAMA3 proteins were indi-
cated to be abnormally expressed in the aganglionic hindguts 
from human HSCR, the results were consistent with those 
of previous studies (29,30). In addition to Fn and laminin, 
another ECM protein, SERPINA1, was also detected using the 
present proteomic study. SERPINA1 is a proteoglycan that is 
synthesized by the gut. The roles of SERPINA1 in HSCR have 
not been well explored and require further study.

FHL1, LASP1, and TES
Based on their structural analysis, these three proteins are 
found to contain similar structural domains—LIM domains. 
The LIM domains contain eight conserved residues—primar-
ily cysteines and histidines—that coordinately bind to two zinc 
atoms and are named after their initial discovery in the proteins 
Lin11, Isl-1, and Mec-3. They frequently occur in multiples, as 
seen in proteins, such as TES and LMO4, and they can also 
be attached to other domains to confer a binding or targeting 
function upon them, such as LIM-kinase. With the increasing 
number and functional diversity of LIM domain proteins, they 
are further classified into many groups with diverse biologi-
cal functions based on their molecular structures (31). LIM 
domain proteins can mediate protein:protein interactions that 
are critical to cellular processes. Through the binding of their 
partners, LIM proteins play critical roles in the regulation of 
actin structure and dynamics, neuronal pathways, integrin-
dependent adhesion and signaling, cell fate determination, and 
tissue-specific gene expression (31,32). As members of differ-
ent LIM protein groups, three LIM domain proteins, FHL1, 
LASP1, and TES, were identified in this study. These proteins 
have been proven to act as linkers that connect cell-ECM 
adhesions to the actin cytoskeleton, and they participate in the 
assembly of cell-ECM attachments, cell proliferation, and cell 
migration (33–35). However, at present, there is no direct evi-
dence for the contribution of these LIM proteins in deciding 
the fate of ENCCs. Although we cannot conclude their roles 
in ENS formation or HSCR histogenesis, significantly differen-
tial expression levels have been observed in these proteins. The 
study of LIM domain-containing proteins in ENCC prolifera-
tion and migration is a promising field in HSCR histogenesis. 
These studies are being carried out in our laboratory, and they 
will be presented in the near future.

Other Pleiotropic Proteins
The remaining proteins that were identified in the present 
study include the serum proteins and other pleiotropic pro-
teins. The serum biomarkers that are associated with HSCR 
have been comprehensively studied by another group and 
are not discussed here (36). The pleiotropic proteins TAGLN, 
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CLCA1, AGR2, and HSPB1 are a group of proteins with 
diverse functions, but they could not be classified into a spe-
cial subtype. TAGLN is a member of the calponin family of 
actin-binding proteins, and it is localized to the cytoskeletal 
apparatus (37). TAGLN has been reported to be involved in 
cell migration because of its roles in the formation of actin 
filament bundles that form podosomes and in suppressing the 
expression of metallo-matrix proteinase-9 (MMP-9), which 
is involved in tissue remodeling and cell adhesions. In addi-
tion, TAGLN has been hypothesized to regulate the contrac-
tile function of smooth muscle cells (37). In the present study, 
TAGLN protein was found to be upregulated in the agangli-
onic hindgut, indicating that it plays a role in this disease. The 
role of TAGLN in HSCR has not been determined, although 
its contribution to the motility dysfunction of the aganglionic 
hindgut is tenable. AGR2 is another upregulated protein in the 
present study, and it was proven to be expressed in the surface 
epithelial and submucosal glands. Its localization allows for it 
to serve as a regulator of enteric content. AGR2 was recently 
classified as a member of the protein disulfide isomerase fam-
ily, and it was demonstrated to play a special role in the pro-
duction of mucus (38). AGR2-deficient mice cannot produce 
intestinal mucin and are highly susceptible to experimentally 
induced colitis. These effects can explain the phenomenon that 
the aganglionic segment in HSCR is more prone to result in 
enterocolitis. Based on these findings, we propose a role for 
AGR2 in HSCR-related enterocolitis, but further studies are 
required for confirmation.

Our proteomics analysis suggests a role for the perturba-
tion of the protein folding process in the aganglionic hindgut 
of HSCR. Our real-time PCR analysis revealed inconsistencies 
between the mRNA levels and protein levels of genes that are 
associated with protein folding. This result implied that the 
changes for Fn and Sox10 in the aganglionic hindgut were 
not at the mRNA level. The discovery of noncoding RNA has 
revealed that RNA is not merely an intermediary between 
DNA and protein. mRNA is not always translated into protein 
(9). The inconsistency between mRNA and protein expres-
sion for Fn and Sox10 might be caused by posttranscriptional 
regulation. Sheehy et al. (39) have shown that the neural crest-
enriched miRNA miR-452 regulates non-cell autonomous 
signaling involving Wnt5a, Shh, and Fgf8 that converge on 
Dlx2 regulation in PA1.These results suggest that posttran-
scriptional regulation by miRNAs is required for ENCC dif-
ferentiation and ENS formation. This finding could explain the 
changes in Fn and Sox10 protein expression that are correlated 

with invariant mRNA expression in the aganglionic hindgut of 
HSCR and further suggests that the regulation of Fn and Sox10 
was at the protein level.

A major shortcoming of this proteomic study is that only 
the most abundant proteins were detected, whereas the low-
abundance proteins were analyzed to a limited degree. This is 
a technical limitation that can be addressed by the verification 
of as many as protein spots as possible and by technical inno-
vation. In our future studies, we will analyze as many protein 
spots as possible to permit the identification of more func-
tional proteins that are associated with HSCR.

MS-based 2DE can help to identify pathological relevant 
proteins in HSCR; it defines an extensive protein catalog of the 
normal and aganglionic hindgut and may constitute the basis 
to understand pathophysiological mechanisms related to the 
HSCR.

METHODS
Sample Collection and Protein Preparation
This study was approved by the Ethics Committee of China Medical 
University. Written consent was obtained from the parents of the 
patients to use tissue that was removed during operations. The 
experimental groups were set as normal, ganglionic and agangli-
onic. The samples in the normal group were obtained from the 
normal colon of the patients for reasons other than HSCR (e.g., 
colonic trauma and colonic perforation) (n = 4), the age of these 
four normal controls was 11, 18, 25, and 42 mo respectively, and the 
mean age was 24 mo. The samples for the ganglionic and aganglionic 
groups were obtained from rectosigmoid HSCR patients (n = 6 for 
each group), and there were no patients with syndromes or long-
segment HSCR in this cohort. The age of these six HSCR patients 
ranged from 9 to 46 mo with a mean age of 25.2 mo. None of the 
subjects had undergone a colostomy or a total parenteral nutrition 
prior to sample collection.

The full thickness of the colonic tissue was removed, immediately 
immersed in liquid nitrogen, and stored at −80 °C prior to protein and 
immunohistochemistry analyses. The frozen tissue was homogenized 
by FastPrep (QBIOgene, Shanghai, China) centrifugation in a lysing 
matrix D tube filled with 500 ml homogenization buffer containing 
8 mol/l urea (Merck, Darmstadt, Germany), 2% 3-[(3-cholamidopro-
pyl) dimethylammonio]-1-propanesulfonate (CHAPS), one protease 
inhibitor tablet (Complete Mini; Roche, Switzerland), and dithioth-
reitol (3 mg/ml; Merck) for 2 × 20 s at force 4 and 1 × 20 s at force 6. 
The tubes were then centrifuged for 5 min at 1,000g to remove the cell 
debris. The supernatant was collected, and the protein concentration 
was determined using the protein assay kit from Bio-Rad.

2DE, Image Analysis, and Matrix-Assisted Laser Desorption/ 
Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF-MS)
All solutions and buffers were prepared following the protocols of 
Amersham Biosciences (Uppsala, Sweden), and the procedures were 
carried out as previously described (14). Briefly, 200 µg protein was 
first loaded onto an immobilized pH gradient strip (24 cm, pH 3–10, 

table 3. Primers for real-time quantitative PCR

Target Length (bp) Forward (5′-3′) Reverse (3′-5′)

Sox10 88 CACATCGACTTCGGCAACG CTACACCGACTCAACCTGGT

Fn 104 ACAACGGCATGTTCTTCA ATACCACCATCCACCACC

FHL1 139 CTGTGGAGGACCAGTATTA TAGTCGTGCCAGGATTGT

TAGLN 147 CTCGGCAGATCATCAGTTAG AGTGACAGAGCCTCAAAGC

AGR2 124 ACAAGGCAGGTGGGTGAG TTTGGCTCCAGGTTTGAC

AGR2, anterior gradient protein 2 homolog; FHL1, four and a half LIM domains protein 1; hnRNP, heterogeneous nuclear ribonucleoprotein; TAGLN, transgelin.
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GE Healthcare, Uppsala, Sweden). For first-dimension isoelectric 
focusing, the immobilized pH gradient strip was rehydrated with 450 
µl solubilized sample at 30 V for 12 h on an immobilized pH gradient-
phor unit (GE Healthcare). The immobilized pH gradient strips were 
equilibrated in 10 ml equilibration solution (6 mol/l urea, 30% glyc-
erol, 2% sodium dodecyl sulfate (SDS), 115 mmol/l Tris–HCl pH 8.8, 
20 mmol/l dithiothreitol) for 15 min and subsequently equilibrated 
in the same solution containing 100 mmol/l iodoacetamide rather 
than dithiothreitol. SDS-PAGE was performed using 12.5% poly-
acrylamide gels and the Ettan DALT Twelve system (GE Healthcare, 
Shanghai, China). Subsequently, the gels were stained with mcCBB 
G-250 and were scanned using a PowerLook 2100XL image scanner 
(Umax, Taiwan, China). Spot detection, quantification, and matching 
were performed using ImageMaster 2-D platinum 6.0 software (GE 
Healthcare) with the CBB-stained gels. The relative volume of spots 
(% volume calculated as the spot volume normalized as a percent-
age of the total volume of all the spots present in a gel) was obtained 
from three parallel experiments. The comparisons were intrapatient 
between ganglionic and aganglionic samples and were one by one 
between normal and aganglionic samples. The identical spots among 
all the HSCR samples showing at least a twofold difference were 
defined as differentially expressed proteins and were excised for fur-
ther analysis.

Spot selection was performed manually. Digested peptides were 
extracted from the gel fragments and were dissolved in a MALDI 
matrix (5 mg/ml α-cyano-4-hydroxycinnamic acid in 0.1% trifluoro-
acetic acid and 50% acetonitrile), spotted onto 192-well stainless steel 
MALDI target plates, and analyzed using an ABI 4800 Proteomics 
Analyzer MALDI-TOF/TOF mass spectrometer (Applied Biosystems, 
Foster City, CA). The MS and MS/MS spectra were searched against 
the International Protein Index (IPI) human database, version 3.18, 
using the GPS Explorer TM v3.0 and MASCOT database search algo-
rithms (version 2.0), with search criteria that included trypsin speci-
ficity, cysteine carbamidomethylation (C) and methionine oxidation 
(M) as variable modifications, one allowed trypsin missed cleavage, 
and a 0.2 Da MS tolerance and 0.3 Da MS/MS tolerance. Protein iden-
tifications were accepted at a Mowse score >58 and P < 0.05.

Western Blotting
The protein extract samples of 100 µg were separated by performing 
12.5% SDS-PAGE and subsequently transferred in Tris–HCl metha-
nol (20 mmol/l Tris, 150 mmol/l glycine, 20% methanol) onto poly-
vinylidene difluoride membranes (Millipore, Beijing, China) using 
a trans-blot electrophoresis transfer cell (Bio-Rad Laboratories, 
Richmond, CA). The blot was probed with antibodies against selected 
proteins or actin (Santa Cruz Biotechnology, Shanghai, China). 
Antigen–antibody complexes were visualized using enhanced che-
miluminescence reagents. Detected bands were quantified using the 
Gel-pro 4.0 software (Media Cybernetics, LP), and the relative density 
of each protein band was calculated by dividing the optical density 
value of each protein by that of the loading control (actin).

Real-Time Quantitative PCR
Total RNA was extracted from the frozen tissues using Trizol reagent 
(Invitrogen, Shanghai, China) according to the manufacturer’s pro-
tocol. The cDNA synthesis was performed using 3 µg RNA with the 
TaKaRa RNA PCR kit (Takara, Dalian, China). Real-time PCR ampli-
fications were performed in triplicate on a Light Cycler (Roche Applied 
Science) with the primers described in Table 3. The housekeeping gene 
β-actin (Takara DR3783) served as an endogenous control.

Statistical Analysis
The data are expressed as the means ± SD of the volume (%) of spots 
in the 2DE analysis, relative density of bands in the western blot 
analysis, and 2−ΔΔCt value of each sample obtained from real-time PCR 
(as parametric data). Statistical significance was assessed between the 
normal and aganglionic group using Student’s t-test, and values of  
P < 0.05 were considered to be statistically significant.
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