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Spatial expression patterns of homeobox (HOX) genes delineate positional identity of primary fibroblasts from different topo-
graphic sites. The molecular mechanism underlying the establishing or maintaining of HOX gene expression pattern remains an 
attractive developmental issue to be addressed. Our previous work suggested a critical role of CTCF/cohesin-mediated high-
er-order chromatin structure in RA-induced HOXA activation in human teratocarcinoma NT2/D1 cells. This study investigated 
the recruitment of CTCF and cohesin, and the higher-order chromatin structure of the HOXA locus in fetal lung and adult 
foreskin fibroblasts, which display complementary HOXA gene expression patterns. Chromatin contacts between the 
CTCF-binding sites were observed with lower frequency in human foreskin fibroblasts. This observation is consistent with the 
lower level of cohesin recruitment and 5′ HOXA gene expression in the same cells. We also showed that CTCF-binding site 
A56 (CBSA56) related chromatin structures exhibit the most notable changes in between the two types of cell, and hence may 
stand for one of the key CTCF-binding sites for cell-type specific chromatin structure organization. Together, these results im-
ply that CTCF/cohesin coordinates HOXA cluster higher-order chromatin structure and expression during development, and 
provide insight into the relationship between cell-type specific chromatin organization and the spatial collinearity. 
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Cell-specific gene expression profiles are related to their 
relative anatomic positions (anterior-posterior, proxi-
mal-distal, and ventral-dorsal) [1,2]. Fidelity of HOX ex-
pression pattern specifies the proper positional identity in 
cells and the normal homeostasis of tissues and organs [3]. 
In each topographic site, the unique “HOX code” leads to 
site-specific cellular differentiation and tissue morphogene-
sis [2]. The HOX genes are usually organized into clusters 
on vertebrate chromosome [4]. Clustering is thought to 
bring about long-range or local regulatory elements to allow 
HOX gene expression in a more coordinated way [5,6]. 

Specifically, HOX clusters show a particular spatially and 
temporally collinear expression pattern during development, 
wherein the domains and sequence of HOX gene activation 
follow their gene order along the chromosome [7]. Activa-
tion of the cluster during development has been interpreted 
as a multistep process, involving the progressive release of 
the coding units from heterochromatic silencing [8,9]. HOX 
loci also undergo complex changes in chromatin structures 
and long-range chromatin interactions during cellular dif-
ferentiation [10–12] and embryonic development [13,14]. In 
the process of colinear activation, HOX clusters switch from 
a single repressive domain to a bimodal 3D structure, in 
which transcriptionally active compartment formed by 
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clustering of newly activated genes [13]. 
CCCTC-binding factor (CTCF) is a highly conserved 

zinc finger protein implicated in diverse regulatory events. 
Previous studies suggest that CTCF predominantly func-
tions in mediating inter- and intra-chromosomal loops for 
chromatin domain segregation or long-range gene regula-
tion [15]. CTCF usually works together with cohesin to fa-
cilitate long range interactions in the genome, and CTCF is 
necessary for recruiting of cohesin to their shared binding 
sites [16,17]. Multiple CTCF binding sites (CBSs) were 
identified in human HOX clusters, most of which belong to 
the highly conserved noncoding elements. Our previous 
work revealed that CTCF functions as a controller of HOXA 
cluster silencing and mediates polycomb repressive com-
plex 2 (PRC2)-repressive higher-order chromatin structure 
in NTERA-2 cl.D1 human teratocarcinoma (NT2/D1)  
cells [18]. Fibroblasts are principal component of human 
body and have been considered to be very important in 
wound healing [19] and reprogramming [20]. Differential 
expression of HOX genes in adult fibroblasts faithfully re-
flects their position along the anatomic axes of the develop-
ing body, and therefore provides a native and convenient 
model for examining HOX gene regulation. To elucidate 
whether the CTCF/cohesin-mediated chromatin architecture 
represents a general role in the regulation of HOXA genes, 
we investigated CTCF and cohesin recruitment, and higher 
order structure of this locus in the primary fetal lung and 
foreskin fibroblasts that exhibiting complementary patterns 
of HOXA gene expression [21].  

We showed in this study that CTCF/cohesin bound to the 
CBSs in HOXA locus in both human primary lung and 
foreskin fibroblasts, and that the CBSs are spatially related 
as have been indicated in the NT2/D1 cells. The 
cell-type-specific enrichment of cohesin coincides with 
gene expression pattern and 3D organization of HOXA 
cluster in these cells, implying that CTCF/cohesin also par-
ticipates in regulating HOXA locus expression and spatial 
structure in primary human cells. Moreover, we found that 
CTCF-binding site A56 (CBSA56) likely plays a central 
role in the spatial organization of HOXA locus, as it gives 
out the highest and most frequent interactions with other 
elements in the locus in the 3C assay. 

1  Materials and methods 

1.1  Cell culture  

Primary human foreskin fibroblast (FsF) was derived from 
adult human foreskins (kindly provided by Skin Laboratory 
of Peking Union Medical College Hospital). FsF and 293T 
cells were cultured in dulbecco’s modified eagle medium 
(DMEM; Cat. No. 11960, Gibco, USA) supplemented with 
3.75 g L1 sodium pyruvate, 10% fetal bovine serum, 100 U 
mL1 penicillin, 100 μg mL1 streptomycin, and 2 mmol L1 

L-glutamine. Primary human fetal lung fibroblasts (HLF) 
were obtained from Cell Applications (Cat. No. 506-05f, 
USA), and maintained with HLF growth medium and HLF 
growth supplement (Cell Applications) according to manu-
facturer’s instructions. 

1.2  Quantitative RT-PCR and real-time PCR 

Quantitative RT-PCR assays were performed in three inde-
pendent cell cultures. Trizol reagent (Invitrogen, USA) was 
used to extract total RNA from the cells as described by the 
manufacturer. Two micrograms of total RNA was treated 
with DNase I and then was used in each reverse transcrip-
tion reaction with M-MuLV Reverse Transcriptase (NEB, 
USA) according to the manufacturer’s instructions. After 
reverse transcription, the 20 μL sample volumes were di-
luted 10 times with TE buffer, and 3 μL of diluted cDNA 
was used for each quantitative PCR reaction. Real-time 
PCR was performed with the Perfect Real Time Kit 
(TaKaRa, Dalian) using an thermal cycler (iCycler, 
Bio-Rad, USA) and iQ5 real-time PCR detection system. 
Two-step PCR was conducted for 40 cycles, with denatura-
tion at 95°C for 5 s and annealing/extension at 60°C for 30 s. 
The HOXA gene expression was analyzed with the iQ5 
software, and normalized to the expression of 
house-keeping gene glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). Primer sets used in RT-PCR, chromo-
some conformation capture (3C) and chromatin immuno-
precipitation (ChIP) assays were described previously [18]. 

1.3  Chromosome conformation capture (3C) 

The 3C assay was performed as previously described [18]. 
Briefly, restricted enzyme BglII (NEB, R0144M) was used 
to digest the 1.7% formaldehyde-cross-linked nuclei from 
FsF or HLF cells. The efficiency of BglII digestion was 
assessed by real-time PCR amplification of digested and 
undigested DNA fragments that spanned the BglII site, to 
ensure that more than 80% of each individual restriction site 
was digested. The subsequent ligation was performed at 
DNA concentrations of less than 2.5 ng μL1 with 2 cohe-
sive end units μL1 of T4 DNA ligase (NEB, M0202M) at 
16°C for 4 h. After reversing the cross-links, the genomic 
DNA was purified by phenol extraction and ethanol precip-
itation, and 50–200 ng of the precipitated DNA was ana-
lysed by real-time PCR. The DNA of human HOXA bacte-
rial artificial chromosomes (BAC) clone (CH17-233M10) 
was digested and ligated, to construct a control library. The 
cross-linking frequencies between the leader fragments and 
the rest of the HOXA locus were normalized to the frequen-
cies between the same fragments in control library and 
those between two BglII fragments in the human ERCC3 
locus. Owing to the relatively frequent but nonfunctional 
interactions between neighboring restriction fragments, the 
signals between several leader fragments and their neigh-
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boring fragments were not detected. All PCR was repeated 
three times, and all assays were performed in at least three 
independent cultures.  

1.4  Chromatin immunoprecipitation (ChIP)  

ChIP analysis was carried out in FsF and HLF cells. In 
brief, isolated, 1% formaldehyde-cross-linked cells were 
lysed in lysis buffer (1% sodium dodecyl sulfate (SDS), 10 
mmol L1 ethylene diamine tetraacetic acid (EDTA), 50 
mmol L1 Tris, pH 8.1) containing protease inhibitors and 
sonicated on ice until cross-linked chromatin DNA was 
sheared to a range of 200–1,000 bp. The sonicated cell su-
pernatant was diluted 10-fold in ChIP dilution buffer (1.2 
mmol L1 EDTA, 16.7 mmol L1 Tris-HCl, pH 8.1, 0.01% 
sodium dodecyl sulfate (SDS), 1.1% Triton X-100, 167 
mmol L1 NaCl). The precleared chromatin using protein 
G-agarose (Upstate) was incubated with anti-CTCF anti-
body (Millipore, 07-729, Germany) or anti-RAD21 anti-
body (Abcam, ab992, UK) at 4°C overnight, and a mock 
immunoprecipitation with rabbit IgG was carried out in par-
allel. Immunoprecipitates were recovered by incubation 
with protein G-agarose (Upstate) at 4°C for 2 h, followed by 
low-speed centrifugation. The washed pellets were reverse 
cross-linked. The DNA was extracted with phenol-   
chloroform-isoamyl alcohol (25:24:1 [vol/vol/vol]), pre-
cipitated with ethanol, and used for real-time PCR analysis. 
Quantitation of PCR products was normalized by compari-
son to a 1:25 diluted input DNA. All ChIP experiments 
were performed at least three times with independent cell 
cultures. 

2  Results  

2.1  Fetal lung and adult foreskin fibroblasts display 
complementary HOXA gene expression patterns 

To highlight different HOX expression patterns that distin-
guish fibroblast types, we used fetal lung fibroblasts and 
adult foreskin fibroblasts to represent two distinct positional 
identities: anterior and visceral vs. posterior and dermal 
sites. We examined the HOXA cluster gene expression 
therein by quantitative RT-PCR, and found that human fetal 
lung and foreskin fibroblasts displayed complementary ex-
pression patterns, 3′ HOXA genes (HOXA1–HOXA7) were 
mainly expressed in the fetal lung fibroblasts, while 5′ 
HOXA genes (HOXA9–HOXA13) were mainly expressed in 
foreskin fibroblasts (Figure 1). These results consistent with 
previous observations [21], and suggest that spatial-specific 
expression pattern of HOXA cluster genes may underlie the 
detailed positional memory in fibroblast. Besides their known 
differences in chromatin modifications at the cluster [21], the 
higher-order chromatin structure of HOXA cluster in fetal 
lung fibroblasts and adult foreskin fibroblasts, particularly, 
the CTCF-related higher-order chromatin structure, may 
also contribute to the differential transcriptional control of 
HOXA genes in the two cell types. 

2.2  CTCF binding site CBSA56 contributes to cell-type 
specific chromatin organization of the HOXA cluster in 
primary human fibroblasts 

We then explored the spatial organization of HOXA cluster 
in the two primary fibroblasts by 3C assay. The ligation  

 

 

Figure 1  Complementary expression patterns of HOXA genes in human fetal lung fibroblasts (HLF) and foreskin fibroblasts (FsF). HOXA1–HOXA7 were 
mainly expressed in the fetal lung fibroblasts, while HOXA9–HOXA13 were mainly expressed in foreskin fibroblasts. The HOXA gene expression was de-
termined by quantitative RT-PCR and normalized to GAPDH. Error bars represent standard errors of the means (SEM) of three independent cell cultures. **, 
P<0.01; *, P<0.05 (student’s t-test). 
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frequency of a total of 18 BglII fragments containing the 
nine predicted CTCF-binding sites (CBSs), HOXA gene 
promoters or retinoic acid response elements (RAREs) were  
measured. Five leader fragments were chosen to explore the 
chromatin interactions between the leader fragments and 
others, these include three CBSs-containing fragments 
(CBSA56/A5P F8; CBSA79/A7P F11; CBSA10b/A10bP 
F14) which exhibited strong interactions with other frag-
ments in our previous work [18], and the two border frag-
ments (RARE1 F1 and CBSA13E2/E3 F18). For the first 
time, we observed strong interactions between fragments 
containing CBSs in primary human fibroblasts (Figure 2), 
suggesting that CTCF and its binding sites may also play a 
critical structural role in the HOXA cluster organization in 
primary human fibroblasts. Moreover, significant decreases 
in the relative cross-linking frequencies of three leader 
fragment (F8, F11 or F14) to the rest of the cluster were 
detected in foreskin fibroblasts, compared with the corre-

sponding signals in the fetal lung fibroblasts. The CBS- 
centered higher-order chromatin conformation of the HOXA 
cluster display a more “closed” chromatin conformation in 
fetal lung fibroblasts than that in foreskin fibroblasts, con-
sistent to the repression of HOXA9–HOXA13 genes in fetal 
lung fibroblasts. Specifically, in both types of cells, the 
leader fragment CBSA56/A5P (F8) interacts extensively to 
the examined DNA fragments throughout the HOXA cluster, 
including the most CBSs in the cluster and the HOXA1– 
HOXA4 gene promoter elements, suggesting that this region 
might be located at the center of higher-order chromatin 
structure of the HOXA cluster in primary cells. This obser-
vation is consistent with our previous results in NT2/D1 
cells [18], and suggesting that CBSA56 may be one of the 
key CBSs for chromatin structure organization of the HOXA 
cluster. The interactions between CBSA56/A5 promoter and 
other fragments were also significantly decreased in fore-
skin than that in fetal lung fibroblasts.

 

 

Figure 2  CTCF contributes to higher-order chromatin structure of HOXA locus in human fetal lung fibroblasts (HLF) and foreskin fibroblasts (FsF). Black 
vertical lines indicate BglII sites, and cyan vertical bars indicate predicted CTCF-binding sites (CBSs). The CBSs were named after the nearby HOXA genes, 
e.g., CBSA45 represents the CBS site between HOXA4 and HOXA5. A total of eighteen BglII fragments (purple horizontal bars) containing the CBSs, HOXA 
gene promoters or retinoic acid response elements (RAREs) were analyzed by 3C assay. Three CBSs-containing fragments (CBSA56/A5P F8; CBSA79/A7P 
F11; CBSA10b/A10bP F14) which exhibited strong interactions with other fragments in our previous work [18], and the two border fragments (RARE1 F1 
and CBSA13E2/E3 F18) were chosen as leader fragments (pink vertical bars). CBSA56-related chromatin structures exhibited the most notable changes in 
between the two types of cell. The SEM of the triplicate experiments is indicated. *, P<0.05 (student’s t-test for the population mean of the 3C signals of 
each leader fragment in the two cell types). 
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To determine whether the CBS-relevant higher-order 
chromatin conformation is generally applied to the HOXA 
locus, we explored the spatial organization of the locus in 

293T cells (Figure 3A), and observed a chromatin confor-
mation similar to that in fetal lung fibroblasts. The fragment 
CBSA56/A5P (F8) again showed extensive interactions to 

 

 

Figure 3  Higher-order chromatin structure of HOXA locus and expression of the HOXA genes in 293T cells. A, The fragment containing CBSA56 showed 
extensive interactions to other parts of the HOXA locus in 293T cells. The crosslinking patterns of five leader fragments are shown. All symbols are the same 
as in Figure 2. The SEM of the triplicate experiments is indicated. B, Most of HOXA genes were actively transcribed in 293T cells. The HOXA gene expres-
sion was determined by quantitative RT-PCR and normalized to GAPDH. Error bars represent standard errors of the means (SEM) of three independent cell 
cultures. 
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the other parts of the HOXA locus. However, the interac-
tions between the leader fragment CBSA56/A5P (F8) and 5′ 
part of this locus were relatively reduced, which is con-
sistent to the activation of 5′ HOXA genes in 293T cells 
(Figure 3B). These data suggest that the architectural role of 
CTCF may be a general event in the regulation of HOXA 
genes. 

2.3  Cohesin is the dynamic regulator of HOXA cluster 
higher-order chromatin structure in primary fibroblasts 

Strong CTCF binding were detected at most predicted 
CTCF binding sites of the HOXA gene cluster, including the 
CBSA79, CBSA1113 and CBSA13E3. However, CTCF 
enrichment at all detected CBSs was found comparable in 
the two types of cells (Figure 4A), or even slightly en-
hanced at several CBSs in foreskin fibroblasts that display 
relatively “open” chromatin conformation at the locus. 
CTCF provides docking sites for co-factors represented by 
the cohesin complex [22,23]. We found that the enrichment 
of cohesin co-localizes with that of CTCF at most of CBSs, 
especially at 5′ region of HOXA locus (Figure 4B). Signifi-
cant lower cohesin enrichment in human foreskin fibro-
blasts than that in lung fibroblasts was detected at CBSA5, 
CBSA79, CBSA1113 and CBSA13E3. The decreased co-
hesin recruitment is principally consistent with the lower 
chromatin interactions of the HOXA locus in foreskin fibro-
blasts, suggesting that cohesin, rather than CTCF, is more 
likely responsible for the cell-type specific chromatin or-
ganization in this gene cluster. Combined with the fact that 
5′ HOXA genes (HOXA9–HOXA13) were expressed in 
foreskin fibroblasts other than in lung fibroblasts, cohesin 
and the CBS-centered higher-order chromatin structure may 
preferentially play a repressive role in the regulation of 5′ 
HOXA genes.  

3  Discussion 

In the present study, we provided the first evidence of the 
correlation between the CBS-centered chromatin organiza-
tion and the transcriptional control of HOXA genes from 
primary human fibroblasts. Our results imply that CTCF 
and cohesin are involved in chromatin architecture organi-
zation and transcriptional control of HOXA cluster in pri-
mary fibroblasts, and are potentially important for the for-
mation of spatial collinearity. Our study also suggests that 
the fetal lung fibroblasts and foreskin fibroblasts of com-
plementary HOXA expression pattern provide ideal models 
for studying the spatial collinearity of this gene cluster. 

Increasing evidences emphasis that CTCF primarily acts 
to mediate loop formation by its ability to bind DNA and 
self-associate or associate with subnuclear sites [24,25]. 
Whether CTCF exerts repressive or active influence on 
transcription is dependent on the genomic context of the 
endogenous locus. Cohesin complexes are frequently found 
to be associated with CTCF in genome organization and are 
usually responsible for the formation of cell-type specific 
association between the CBSs [26]. In the two types of hu-
man primary fibroblasts, we observed differential enrich-
ment of the cohesin protein RAD21 at the CBSs within 
HOXA locus, instead of significant changes in CTCF bind-
ing signals between the two cell types. The more intensive 
cohesin recruitment corresponds with the more “close” 
chromatin conformation in the fetal lung fibroblasts, com-
pared with that in the foreskin fibroblasts. 

While the CBSA79 that resides in between HOXA7 and 
HOXA9 genes shows the highest signal of CTCF/cohesin 
binding in the HOXA locus (Figure 4), 3C assay showed 
that the CBSA56 of weak CTCF/cohesin binding exhibits 
the most remarkable interactions with both 3′ and 5′ parts of 
the HOXA locus in both types of fibroblasts. The relatively  

 

 

Figure 4  CTCF enrichment over HOXA locus was comparable in human fetal lung fibroblasts (HLF) and foreskin fibroblasts (FsF), while cohesin showed 
lower enrichment in foreskin fibroblasts. ChIP assays were performed using whole-cell extracts from human lung and foreskin fibroblasts with antibodies 
against CTCF (A) or cohesin protein RAD21 (B). The enrichment is shown as a percentage of the input. The level of IgG-enriched DNA was negligible and 
is not shown. The error bars represent SEM. The experiments were performed in triplicate. **, P<0.01; *, P<0.05 (student’s t-test). 
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weak CTCF/cohesin recruitment at CBSA56 therefore im-
plies the involvement of other co-factors or architectural 
proteins in mediating the frequent chromatin contacts be-
tween CBSA56 and other sites on the gene cluster.  

Our data support a role of CTCF/cohesin in chromatin 
architectural and transcriptional control of HOXA cluster in 
human primary fibroblasts. Further single cell analysis and 
targeted genome editing strategy will be required to reveal 
in great detail the dynamic chromatin interactions and the 
causal relationship between cell-type specific chromatin 
organization, epigenomics and transcriptional regulation of 
the locus in the primary cells. Fine mapping of HOXA clus-
ter chromatin interactions in additional cell systems will 
help identify more cis-elements and regulatory proteins that 
mediate either the conserved or the cell type-specific con-
tacts in the gene locus. 
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