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We have shown that substance P (SP) and its neuro-
kinin-1 receptor (NK-1R) regulate intestinal angiogen-
esis by increasing expression of protein CYRG61 (the
cysteine-rich angiogenic inducer 61, or CCN1) in co-
lonic epithelial cells. However, the mechanism in-
volved in SP-induced CCN1 expression has not been
studied, and the outcome of increased CCN1 expres-
sion in the development of colitis is not fully under-
stood. Because histone deacetylase (HDAC) modulates
transcription of several genes involved in inflamma-
tion, we investigated participation of HDAC in SP-
induced CCN1 expression in human colonic epithelial
NCM460 cells overexpressing NK-1R (NCM460-NK-1R)
and in primary colonocytes. SP increased HDAC ac-
tivity with deacetylation and dephosphorylation of
nucleosome protein histone H3 in NCM460-NK-1R
and/or primary colonocytes. Histone deacetylation
and dephosphorylation was observed in colonic mu-
cosa from irritable bowel disease patients. Similarly,
colonic mucosal tissues from mice exposed to dex-
tran sulfate sodium showed histone H3 deacetylation
and dephosphorylation and increased HDAC activity
that was reversed by the NK-1R antagonist CJ-12255.
SP-induced increased CCN1 expression in NCM460-
NK-1R cells was abolished by pharmacological HDAC
inhibition. HDAC overexpression activated basal and
SP-induced CCN1 promoter activity. Intracolonic
CCN1 overexpression significantly ameliorated dex-
tran sulfate sodium-induced colitis, with reduction

of proinflammatory cytokine expression in mice.
Thus, SP-mediated CCN1 expression in the inflamed
human and mouse colon involves increased HDAC
activity. Our results strongly suggest that increased
CCN1 expression may be involved in mucosal heal-
ing during colitis. (Am J Pathol 2011, 179:2315-2326;
DOI: 10.1016/j.ajpath.2011.07.038)

Substance P (SP), an 11-amino-acid neuropeptide mem-
ber of the tachykinin family isolated by Chang and Lee-
man," is localized in the central nervous system,? enteric
nerves,® sensory neurons,* and immune cells.® SP bind-
ing to its high-affinity neurokinin-1 receptor (NK-1R) me-
diates important intestinal functions, including mucosal
permeability,® chloride secretion,” motility,® and inflam-
mation.® Interactions of SP and NK-1R promote inflam-
mation via activation of cyclooxygenase-2 and secretion
of PGE, via JAK-STAT activation and by stimulating pro-
inflammatory genes regulated by nuclear factor kappa B
(NF-kB).7°~'2 Moreover, SP enhances mucosal healing
by stimulating colonic epithelial cell proliferation that in-
volves activation of metalloproteinases and transactiva-
tion of epithelial growth factor receptor (EGFR) and exerts
anti-apoptotic effects via Akt phosphorylation in vivo and
in vitro.'3-1°

We have previously reported that SP exerts proangio-
genic effects by stimulating expression of CCN1 (recently
redesignated as CYR61) in colonic epithelial cells.'® The
CCN family consists of 30- to 40-kDa cysteine-rich
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proteins'” that stimulate cell proliferation, adhesion,
apoptosis, extracellular matrix formation, angiogenesis,
and tumor growth.'® CCN1 plays an essential role in
vasculogenesis during embryogenesis.'®2° Up-regula-
tion of CCN1 is also evident in the colonic tissues of
ulcerative colitis (UC) patients.’® However, the mecha-
nism of CCN1 expression in colonic epithelial cells has
never been investigated, and, except for angiogenesis,
the outcome of its increased expression in the pathogen-
esis of colitis is not fully understood.

Histone deacetylases (HDACs) are a class of enzymes
that remove acetyl groups from histone proteins.®' Their
actions are opposite to those of histone acetyltrans-
ferase.?’ Histones are found in nuclei of eukaryotic cells;
they package DNA into nucleosomes and represent im-
portant components of chromatin.?? Histone H3 is a core
histone that assembles DNA into nucleosomes.?®> HDACs
can regulate gene transcription through deacetylation of
histone,?* indicating that histone H3 modifications are
related to modulation of gene expression. Of note, previ-
ous results indicate that inhibition of HDAC results in
amelioration of experimental colitis in mice,? suggesting
that HDAC may regulate expression of inflammation-re-
lated genes.

Given that SP is involved in colonic inflammation, we
hypothesized that HDAC-related pathways may play a
role in the SP-mediated colonic inflammation. Here, we
report increased HDAC activity as well as histone H3
deacetylation and dephosphorylation in SP-exposed co-
lonic epithelial cells, inflamed colon tissues of mice with
experimental colitis, and colonic mucosa of patients with
UC. HDAC activity in colonocytes is involved in SP-me-
diated CCN1 expression, and its overexpression in
mouse colon reduces tissue damage in experimental
colitis, implicating a healing role for CCN1 in the devel-
opment of colitis.

Materials and Methods

Cell Cultures

NCM460 cells overexpressing NK-1R (NCM460-NK-1R),
previously generated by us,'®'"'*5 were cultured in
M3D medium (INCELL, San Antonio, TX) containing 10%
fetal calf serum and 1% penicillin/streptomycin (both from
Invitrogen, Carlsbad, CA)."* Cells were treated with 0.1%
trifluoroacetic acid as vehicle solution, SP, or human
CCN1 protein (PeproTech, Rocky Hill, NJ) as indicated.'®
Human primary colonic epithelial cells were isolated from
colonic epithelial tissues of healthy subjects and from
involved regions of UC patients after informed consent in
accordance with procedures established by the Cedars-
Sinai Institutional Review Board (IRB 3358). Epithelial
cells were obtained as described previously.?® The top
0%/30% layer interface contained >90% pure epithelial
cells. The primary cells were cultured in Dulbecco’s mod-
ified Eagle’s medium containing 10% fetal calf serum and
1% penicillin/streptomycin  (both  from  Invitrogen).
NCM460-NK-1R cells and human primary colonic epithe-
lial cells were seeded on 24 well plates (2 x 10° cells/

plate), unless otherwise specified. Cell viability had been
checked by adherence to culture plates and exclusion of
Trypan Blue dye.

Dextran Sodium Sulfate Colitis Model

Male 8- to 10-week-old C57BL/6 mice (n = 6/group)
(Charles River Laboratories International, Wilmington,
MA) were maintained at the animal facility under standard
conditions. Animal studies were approved by the institu-
tional animal care and use committees of Beth Israel
Deaconess Medical Center and the University of Califor-
nia at Los Angeles. Mice received standard pelleted
chow and tap water ad libitum, except that the colitis
group received water containing dextran sulfate sodium
(DSS) 5% (w/v), as described previously.'®'® Groups of
mice were also injected intraperitoneally with 200 uL PBS
containing the NK-1R antagonist CJ-12255 (2.5 mg/kg/
twice per day) or with PBS. After 5 days, mice were
sacrificed by carbon dioxide euthanasia. Colon tissues
were dissected and homogenized in immunoprecipita-
tion buffer (Santa Cruz Biotechnology, Santa Cruz, CA),
and equal amounts of protein (40 wg/lane) were sub-
jected to Western blotting. Some colon tissues were also
fixed in formalin and paraffin-embedded for immunohis-
tochemistry.

Trinitrobenzene Sulfonic Acid Colitis Model

Mice were injected with either 30% ethanol in 100 uL as
vehicle solution or with 100 mg/kg trinitrobenzene sul-
fonic acid (TNBS) in 30% ethanol intracolonically. A
group of mice received sodium butyrate (0.3 mmol/kg of
body weight) intraperitoneally every day for days O, 1,
and 2. After the end of day 2, colonic tissues were ob-
tained for immunohistochemistry.

HDAC Activity Assay

HDAC activities in cell lysates or tissue homogenates in
radioimmunoprecipitation assay buffer (~50 wg/mL pro-
tein) were measured by colorimetric HDAC activity assay
(BML-AK501; Enzo Life Sciences, Plymouth Meeting, PA)
according to the manufacturer’s instructions.

Enzyme-Linked Immunosorbent Assays

Immunoassays of colonic levels of mouse tumor necrosis
factor « (TNFa) (DY410), IL-6 (DY406), and KC (redesig-
nated as CXCL1) (DY453; R&D Systems, Minneapolis,
MN) were performed according to the manufacturer’s
instructions.

Chromatin Immunoprecipitation

Serum-starved NCM460-NK-1R colonocytes were stimu-
lated by vehicle 0.1% trifluoroacetic acid or SP (1 to 100
nmol/L) for 4 to 8 hours. Chromatin immunoprecipitation
for determining the molecular association of histone H3
and CCN1 gene DNA was performed with a Pierce Aga-



rose ChIP kit (no. 26156; Thermo Fisher Scientific, Rock-
ford, IL). Cells were fixed and lysed by the reagents
provided in the kit. Histone H3-CCN1 DNA complex was
precipitated by anti-histone H3 polyclonal antibody
(Pierce PA5-16183; Thermo Fisher Scientific). The pre-
cipitated protein was digested by proteinase K and the
DNA was eluted. CCN1 DNA was detected by CCN1
primer (AJRR81V; Applied Biosystems, Foster City, CA)
via real-time PCR. The CCN1 custom PCR primer set was
automatically designed by Applied Biosystems based on
the CCN1 genome sequence from 5’-CACAATGAGCCA-
GATTGCCC-3" on chromosome 1, genome position from
86046664 to 86046803.

Intracolonic Overexpression of CCN1

CCNT1 or an enhanced green fluorescent protein (eGFP)-
overexpressing construct was transfected to colonic tis-
sues in vivo, as described previously.'® Briefly, human
CCN1 cDNA (clone TC310465; OriGene, Rockville, MD)-
overexpressing construct mixed with a polyethylenei-
mine-based transfection reagent was intracolonically in-
jected to anesthetized C57BL/6 mice. Mice were returned
to consciousness and provided with 5% DSS in their
drinking water or water alone for 5 days ad libitum. A
separate group of mice were injected with the same
amount of eGFP-expressing plasmid. The CCN1 trans-
fection procedure was repeated on day 3, to increase
transfection efficiency. Mice were monitored daily for
body weight, stool consistency, and stool blood, with
disease activity index DAl determined as described
previously.?” Histological severity of colitis was deter-
mined by two investigators (HW.K. and T.C.H.) in a
blinded manner. Histology score measures combined
parameters of crypt damage (score, 0 to 4), polymor-
phonuclear neutrophil (PMN) infiltrate (score, O to 3),
edema (score, 0 to 3), erosion or ulceration (score, 0 to
3), and epithelial regeneration (score, 0 to 3), as de-
scribed previously.?®

Quantitative Real-Time PCR Analyses

Human irritable bowel disease (IBD) cDNA plates con-
taining cDNA from 6 healthy subjects and 22 UC patients
were obtained from OriGene (CCRT501). The PCR reac-
tions were performed in an ABI Prism 7700 sequence
detection system (Applied Biosystems, Carlsbad, CA) as
described previously.'® The levels of mRNA were deter-
mined using the respective real-time primer set (HDAC1
Hs02621185_s1) obtained from Applied Biosystems ac-
cording to the manufacturer’'s instructions. Levels were
normalized to 18S mRNA using the respective primer set
(Hs99999901_s1) and results were expressed as fold
induction compared with their respective controls. All
experiments were repeated three times.

Western Blot Analyses

Cells were lysed in 1X lysis buffer (no. 7722; Cell Signal-
ing Technology, Danvers, MA). Equal amounts of cell
extracts were fractioned by 10% SDS-PAGE, and pro-
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teins were transferred onto nitrocellulose membranes
(Bio-Rad, Hercules, CA) with a 0.2 micron pore size at
400 mA for 2 hours at 4°C. Membranes were blocked in
5% nonfat milk in TBST (50 mmol/L Tris pH 7.5, 0.15 mol/L
NaCl, 0.05% Tween 20), and then were incubated with
antibodies against phospho-histone H3 Ser 10 (no. 9701;
Cell Signaling Technology), acetyl-histone H3 Lys 9 (no.
9649S; Cell Signaling Technology), histone H3 (no. 9715;
Cell Signaling Technology), CCN1 (sc-13100; Santa Cruz
Biotechnology, Santa Cruz, CA), and B-actin (sc-47778;
Santa Cruz Biotechnology). Horseradish peroxidase-la-
beled antibodies were detected by chemiluminescence
(Fisher Scientific, Pittsburgh, PA), and signals were cap-
tured using an LAS4000 luminescent image analyzer (Fu-
jifilm, Tokyo, Japan). In some experiments, Western blot
bands were quantified by densitometry using Scion Im-
age Analysis software version 1.1.

Promoter Activity of the CCN1 Gene

The DNA fragments of the CCN1 promoter (1.1 kb) up-
stream of the translational start site were cloned by PCR
from human colonocyte genomic DNA and, after confir-
mation of the sequence identity, were subcloned into a
pGL3 vector (pGL3-CCN1). NCM460-NK-1R cells were
seeded in 12-well plates (2 x 10° cells/plate) overnight
and transiently transfected with the pGL3-CCN1 con-
struct together with an internal control pRL-TK (Promega,
Madison, WI), as described previously.'® Transfected
cells were serum-starved for 24 hours and then treated
with SP for up to 24 hours. The relative promoter activity
of CCN1 in equal amounts of cell extracts was measured
using a dual luciferase reporter assay system (Promega).
Empty pCMV6B-XL5 vector, constructs overexpressing
human HDAC1 (SC117054), human HDAC3 (SC112704),
and human HDACS5 (SC124229) were purchased from
OriGene. These constructs were transiently transfected
to NCM460-NK-1R together with CCN1 promoter con-
struct and pRL-TK control construct using Lipofectamine
2000 reagent (Invitrogen).

Immunohistochemistry

Human colonic tissue frozen sections were purchased
from OriGene. Colon tissue sections were incubated with
blocking buffer, followed by incubation with a rabbit poly-
clonal anti-phospho-histone H3 (Ser 10) antibody (no.
9701; Cell Signaling Technology) or acetyl histone H3
(Lys 9) antibody (no. 9649S; Cell Signaling Technology)
overnight at 4°C. After a washing, sections were incu-
bated with donkey anti-rabbit IgG and slides were
stained with an ABC kit for color development (sc-2018;
Santa Cruz Biotechnology). Immunohistochemistry ex-
periments were performed with assistance of the Histol-
ogy Core Facility of the University of California Los An-
geles.

Measurement of Colitis Severity

The severity of DSS colitis was estimated by measuring
body weight loss, stool consistency, and presence of
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fecal blood, leading to a clinical colitis score (scale, 0
to 4), as described previously.''® The severity of
TNBS colitis was estimated by measuring macroscopic
damage score (scale, 0 to 10), as described previ-
ously."®

Statistical Analyses

Quantitative results are expressed as means = SEM (as
error bars within graphs). Results were analyzed using
Prism professional statistics software program version 4
(GraphPad, La Jolla, CA). Student’s t-tests were used
for intergroup comparisons. P values of significant dif-
ference are reported within graphs.

Results

SP Induces HDAC Activities in Human Primary
Colonic Epithelial Cells and Colonic Biopsies
from IBD Patients

HDAC has been proposed as a key factor in the media-
tion of the inflammation.2® Inhibition of HDAC activity by
pharmacological agents such as short chain fatty acid
butyrate and red grape-derived resveratrol results in re-
duced inflammatory responses.®*2" Because SP modu-
lates intestinal inflammation,® we examined whether this
neuropeptide can modulate HDAC activity in human pri-
mary colonic epithelial cells. SP (100 nmol/L) stimulated
HDAC activities only in the human primary colonic epi-
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Figure 1. SP mediates histone deacetylase (HDAC) activity in human primary colonic epithelial cells and colons of IBD patients. A: Human primary colonic
epithelial cells from normal, involved, and uninvolved regions of IBD patients were exposed to SP (100 nmol/L) for 0 to 8 hours. HDAC activities were measured.
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thelial cells from involved colonic regions, but not in cells with healthy control subjects (Figure 1B). High expres-
from normal or uninvolved regions, of UC and Crohn’s sion of NK-1R in human primary colonic epithelial cells
disease (CD) patients (Figure 1A). This trend correlates from IBD patients is consistent with our previous finding
with significantly higher expression level of SP receptor of elevated NK-1R mRNA expression in the colonic tis-
NK-1R in human primary colonic epithelial cells from in- sues of IBD patients,’®32 making these primary cells
volved colonic regions of UC and CD patients, compared suitable for studying SP-dependent pathways. The unin-
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for 5 days. A separate group of mice were injected intraperitoneally with the NK-1R antagonist CJ-12255 or with PBS. HDAC activity in homogenized colonic tissues
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volved colonic regions of UC and CD patients express
low level of NK-1R (data not shown). Consistent with
enhanced HDAC activity, we observed increased
deacetylated and dephosphorylated histone H3 at the
epithelial lining of the colonic biopsies obtained from UC
and CD patients (Figure 1C). Cells below the epithelial
lining of normal colon tissues remained acetylated and
phosphorylated, indicating lower HDAC activity (Figure
1C). Moreover, the acetylation and phosphorylation state
of cells in the lamina propria and submucosa were similar
across all groups (Figure 1C).

SP-Dependent HDAC Activity in Mouse Colonic
Mucosa with DSS-Induced Colitis

We next examined whether HDAC activity is dependent
on the SP-NK-1R pathway, using a murine model of ex-
perimental DSS-induced colonic inflammation and an
NK-1R specific antagonist (CJ-12255). As expected, DSS
administration led to increase in colitis score, which was
significantly reduced after CJ-12255 treatment (Figure

2B). Colonic levels of proinflammatory cytokines (TNFa,
IL-6, and KC) in DSS-treated mice were significantly
higher than those of water-treated mice, and they were
significantly reduced by NK-1R antagonist CJ-12255 ad-
ministration (Figure 2, D-F). Water-treated groups did not
develop colitis, so their colitis scores are zero (Figure 2B)
and the proinflammatory cytokine levels remain low (Fig-
ure 2, D-F). Similarly as in IBD patients, DSS-induced
colitis in mice led to significantly higher colonic HDAC
activity than was observed in the water-treated control
group (Figure 2A). Administration of SP receptor antag-
onist (CJ-12255) significantly reduced colonic HDAC ac-
tivity in the DSS-treated group (Figure 2A). CJ-12255 did
not affect basal colonic HDAC activity among water-
treated normal groups (Figure 2A). Deacetylation and
dephosphorylation of histone H3 was also observed in
the epithelial lining of DSS-exposed mouse colons, which
were restored to an acetylated and phosphorylated state
after CJ-12255 treatment (Figure 2C). The acetylation
and phosphorylation states of the lamina propria and
submucosal layer were similar across all groups. Colonic



mucosal histone H3 of water-treated normal mice re-
mained acetylated and phosphorylated (Figure 2C). CJ-
12255 treatment did not alter the acetylation and phos-
phorylation states of histone H3, nor cytokine levels, in all
water-treated control mice (Figure 2, C-F).

We also found histone H3 deacetylation and dephos-
phorylation at the inflamed colonic epithelial lining of
TNBS-exposed mice (see Supplemental Figure S1 at
http.//ajp.amjpathol.org). Administration of the HDAC in-
hibitor sodium butyrate partially reversed TNBS colitis
and histone H3 to acetylated and phosphorylated
states. These results are consistent with previous find-
ings®® and indicate that colonic inflammation involves
HDAC activity, which can be reduced by an HDAC
inhibitor.

SP Induces HDAC Activity in Human
Colonocytes

In addition to primary colonic epithelial cells, we also
measured HDAC activity in nontransformed human
colonocytes overexpressing NK-1R (NCM460-NK-1R).
SP (10 nmol/L) significantly increased HDAC activity of
NCM460-NK-1R cells between 4 and 8 hours; activity
then returned to basal level (Figure 3A). Also, starting
from 1 nmol/L, SP significantly induced HDAC activity in
a concentration-dependent manner (Figure 3B). SP-de-
pendent HDAC activity resulted in a concentration-de-
pendent dephosphorylation and deacetylation of histone
H3 in NCM460-NK-1R cells. At 100 nmol/L, SP almost
abolished histone H3 phosphorylation and significantly
reduced histone acetylation (Figure 3, C and D). SP-
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induced HDAC activity was blocked by both of the HDAC
inhibitors, trichostatin A and sodium butyrate, indicating
HDAC involvement in SP-mediated HDAC activity (Figure
3E). Neither HDAC inhibitor appeared to affect basal
HDAC activity (Figure 3E).

SP Induces CCN1 Expression in Human
Colonocytes via an HDAC-Dependent
Mechanism

Similar to our previous findings in NCM460-NK-1R
colonocytes,'® human primary colonic epithelial cells
from UC and CD patients expressed significantly higher
CCN1 mRNA, compared with cells from healthy subjects
(Figure 4A). Additionally, we found that primary colonic
epithelial cells from both UC and CD patients, but not
from healthy individuals, expressed CCN1 mRNA in re-
sponse to SP (Figure 4A).

We next used the HDAC inhibitor sodium butyrate fol-
lowed by SP exposure to determine whether SP-induced
CCN1 expression is mediated by HDAC. At 10 mmol/L
but not 1 mmol/L, sodium butyrate abolished SP-induced
CCN1 expression in human colonocytes (Figure 4B). An-
other HDAC inhibitor, trichostatin A (1 uwmol/L), reduced
SP-induced CCN1 expression in NCM460-NK-1R (Figure
4C). At this concentration (1 wmol/L), trichostatin A re-
versed SP-mediated dephosphorylation and significantly
phosphorylated histone H3 (Figure 4, C and D). Both
trichostatin A and sodium butyrate abolished SP-induced
CCN1 expression, but acetylated and phosphorylated
histone H3 protein, indicating that both inhibitors greatly
reduced HDAC activity in the cells (Figure 4E). Moreover,
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Figure 5. HDAC mediates CCN1 transcriptional activity in colonocytes. A: NCM460-NK-1R cells were transiently transfected with CCN1 promoter construct,
followed by pretreatment with 1 umol/L of trichostatin A, 10 mmol/L of sodium butyrate, or DMSO (vehicle) for 30 minutes and then exposure to SP (10 nmol/L)
for 8 hours. CCN1 promoter activity was measured by luciferase assays. The HDAC inhibitors inhibited SP-induced CCN1 promoter activity. B: NCM460-NK-1R
cells were transfected with empty vector or various isoforms of HDAC 1-, 3-, and 5-overexpressing constructs and CCN1 promoter construct, followed by exposure
to SP (10 nmol/L) for 8 hours. CCN1 promoter activity was determined by luciferase assays. CCN1 promoter activity is mediated by multiple HDAC isoforms. C:
HDAC 1, 3, and 5 protein expression after transient transfection of HDAC-overexpressing constructs into NCM460-NK-1R colonocytes. D and E: NCM460-NK-1R
cells were exposed to SP (0 to 100 nmol/L) for 4 and 8 hours. Histone H3-DNA complex was immunoprecipitated and CCN1 DNA after imnmunoprecipitation was
detected by real-time PCR. SP reduces association of histone H3 and CCN1 gene in colonocytes, providing access for CCN1 transcription. Results are representative

of three independent experiments.

both of these HDAC inhibitors significantly reduced SP-
induced and basal CCN1 promoter activity (Figure 5A).

We also overexpressed HDAC isoforms 1, 3, and 5 via
transient transfection of DNA constructs and examined
CCN1 promoter activity in NCM460-NK-1R colonocytes.
Overexpression of HDAC constructs significantly in-
creased basal and SP-induced CCN1 promoter activity
(Figure 5B), indicating that multiple HDAC isoforms me-
diate SP-induced CCN1 expression in colonocytes. Pro-
tein overexpression of HDAC 1, 3, and 5 isoforms was
verified by Western blot analysis (Figure 5C).

To test the hypothesis that SP increases CCN1 transcrip-
tion via increased HDAC activity and subsequent histone
H3 modification, we used chromatin immunoprecipitation to
determine the molecular association of histone H3 and the
CCN1 gene (CYR61). Exposure of NCM460-NK-1R to SP for
4 and 8 hours (Figure 5, D and E) significantly decreased the
CCN1 DNA signal, relative to input chromatin, after histone H3
immunoprecipitation in a concentration-dependent manner.
This finding suggests that the histone H3 protein disassociated
from the CCN1 gene on exposure to SP. The histone H3

disassociation from the CCN1 gene facilitates access of RNA
polymerase and other transcription factors for CCN1 gene
transcription.®3

CCNT1 Overexpression Reduces Colonic
Mucosal Damage in DSS-Exposed Mice

We have previously reported that intracolonic CCNA1
overexpression stimulates colonic angiogenesis during
colitis in vivo."® It is not known, however, whether in-
creased CCN1 expression modulates the development
of colitis. To directly examine the role of increased
CCN1 expression in the colon, we transfected CCN1 or
eGFP-overexpressing control constructs into mouse
colon in vivo and then exposed animals to 5% DSS for
5 days. In vivo overexpression of CCN1 had been ver-
ified previously.’® Intracolonic CCN1 overexpression
reduced tissue damage in DSS-exposed mice, as ev-
idenced by a significant reduction of the colitis histol-
ogy score (Figure 6, A and C) and DAI score of DSS-
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Figure 6. CCN1 reduces inflammation and mediates colonic healing in mice. Mice (C57BL/6, n = 4 per group) were transfected intracolonically with constructs
overexpressing CCN1 and eGFP and then were treated with 5% DSS in their drinking water or water alone for 5 days. A: H&E staining shows that DSS
colitis-induced tissue damage was reduced by CCN1 overexpression. Original magnification, X200. Scale bars = 100 wm. B: Disease activity index (DAI) score
and (©) histology score reflect reduction of inflammation and colonic tissue damage after CCN1 overexpression during colitis. Water-treated groups had no colitis,
so the scores are zero. D=F: Colonic levels of mouse proinflammatory cytokines TNFa (D), IL-6 (E), and KC (F). CCN1 overexpression ameliorated DSS colitis
and reduced colonic levels of proinflammatory cytokines. Results are representative of six mice.

exposed mice (Figure 6B), both reflecting reduction of
colitis severity. Moreover, CCN1 overexpression signif-
icantly reduced colonic levels of the proinflammatory
cytokines TNFa, IL-6, and KC (Figure 6, D-F). Taken
together, our data show that increased intracolonic
CCN1 reduced tissue damage and inflammation in ex-
perimental DSS-induced colitis.

Discussion

We previously reported that CCN1 expression is up-regu-
lated in both murine colitis and in the inflamed colonic mu-
cosa of IBD patients.’® This is mediated in part by its inter-

action with the SP-NK-1R signaling pathway.’® In the
present study, we examined the mechanism by which SP
stimulates CCN1 expression in human colonic epithelial
cells and studied the consequences of increased colonic
CCN1 expression in the development of experimental coli-
tis. We found that SP via NK-1R induces CCN1 expression
in colonocytes, at least in part by increasing HDAC activity.
To our knowledge, increased HDAC activity with histone H3
deacetylation/dephosphorylation by the SP-NK1R signaling
pathway has not been described previously. Moreover, our
results showing that increased intracolonic CCN1 expression
modulates experimental murine colitis indicate that CCN1 may
be a novel therapeutic target for IBD.
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Studies from our laboratory and others showed in-
creased NK-1R in IBD mucosa, including colonic tissues
from UC patients.'®32 Qur present results provide in vitro
and in vivo evidence for increased HDAC activity with
histone H3 deacetylation and dephosphorylation in re-
sponse to SP-NK-1R interactions (Figures 3 and 4). Ele-
vated HDAC activity may play a role in gut mucosal
inflammation, because we found increased histone H3
deacetylation and dephosphorylation in the inflamed mu-
cosa of UC and CD patients, as well as in experimental
DSS colitis in mice (Figure 1C and Figure 2, B and C; see
also Supplemental Figure S1 at http://ajp.amjpathol.org).
HDAC inhibitors, including sodium butyrate (a bacterial
metabolite short chain fatty acid), broccoli-derived sul-
foraphane, and red grape-derived resveratrol, may mod-
ulate inflammation and inhibit inflammation-associated
dysplasia.®*~3¢ Oral administration of two other HDAC
inhibitors, valproic acid and suberoylanilide hydroxamic
acid, results in hyperacetylation of histone H3 at the site
of colonic inflammation and amelioration of DSS-induced
and TNBS-induced colitis in mice.?®> We also show that
sodium butyrate treatment inhibited TNBS-induced colitis
in mice and partially reversed histone H3 deacetylation
and dephosphorylation at the epithelium (see Supple-
mental Figure S1 at http://ajp.amjpathol.org). Along these
lines, antagonism of NK-1R inhibited HDAC activity and
in turn reduced DSS-induced colitis (Figure 2), suggest-
ing an important novel pathway for the therapeutic appli-
cation of NK-1R antagonists in the development of colitis.

We show that HDAC isoforms 1, 3, and 5 may contrib-
ute to CCN1 expression (Figure 5). Of note, HDAC1
mRNA levels are significantly reduced in colonic cDNA
from UC patients (see Supplemental Figure S2 at http.//
ajp.amjpathol.org). Together, histone H3 deacetylation
and dephosphorylation in the inflamed colon of IBD pa-
tients may be caused by increased HDAC enzymatic
activity rather than increased gene expression. Given
that increased HDAC activity led to increased SP-in-
duced and basal CCN1 promoter activity (Figure 5), the
present study further addressed the molecular mecha-
nism of HDAC-mediated histone modification in the tran-

scription of CCN1. Our chromatin immunoprecipitation
experiments showed SP-dependent dissociation of his-
tone H3 protein from the CCN1 gene (Figure 5), suggest-
ing that an SP-HDAC mechanism facilitates chromatin
decondensation and subsequent gene transcription.

Given the mitogenic functions of HDAC activity, SP-
mediated HDAC activity may contribute to healing during
colitis. Increased HDAC activity had also been shown to
stimulate gene transcription, including cyclin D1.37 Inhi-
bition of HDAC activity suppresses gene transcription by
interfering RNA polymerase Il recruitment,®® and often
leads to cell death.®° For the same reason, HDAC activity
is necessary for gene transcription and cell survival. This
finding is consistent with previous reports of SP-mediated
protective function in colitis,”® and SP and CCN1 have
been shown to mediate cell proliferation in astrocytoma
cell.*941 With the present study, we have demonstrated
that CCN1 overexpression in vivo can significantly reduce
severity of DSS colitis and colonic tissue damage with
reduction of cytokine levels (Figure 6). SP-mediated
CCN1 expression may therefore promote wound healing
and accelerated recovery from colitis.

Our previous studies indicate that SP-NK-1R interac-
tions lead to both proinflammatory and mucosal healing
intestinal responses by stimulating both proinflammatory
(NF-kB and Stats) and cell proliferative/anti-apoptotic
pathways (EGFR, Akt). Although partial inhibition of
NK-1R by CJ-12255 effectively inhibits murine model of
colonic inflammation, complete NK-1R deficiency actu-
ally leads to severe colitis.'®*243 Moreover, administra-
tion of CJ-12255 in the healing phase of DSS-induced
colitis worsens histological and clinical signs of colitis
and enhances colonic apoptosis.’® We show here for the
first time that SP-NK-1R modulates expression of CCN1
through an HDAC-histone H3 pathway. Thus, CNNT,
along with our previously identified EGFR and Akt signal-
ing,''® may participate in the prohealing responses to
SP. The prohealing function of CCN1 is supported by our
data showing that overexpression of CCN1 lowers histol-
ogy score as well as proinflammatory cytokine levels
during experimental DSS colitis (Figure 6).

l Colonic epithelial cells
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Figure 7. Schematic of SP-mediated HDAC path-
way. SP activates HDAC activity, which in turn
deacetylates and possibly dephosphorylates his-
tone H3 in colonic epithelial cells. Under normal
conditions, histone H3 is associated with chroma-
tin and blocks CCN1 transcription. On exposure
to SP, histone H3 dissociates from chromatin and
opens up to access of transcriptional factors and

Histone H3 dissociates
from CCN1 DNA
sequence

DNA condensed,
CCN1 transcription blocked
transcription

CCN1
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RNA polymerase mediates CCN1
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RNA polymerases. This facilitates CCN1 transcrip-
tion. CCN1 mediates wound healing and angio-
genesis.
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In conclusion, SP mediates HDAC activity with histone
H3 deacetylation and dephosphorylation in colonic epi-
thelial cells colonocytes. This epigenetic modulation of
transcriptional activity mediates proangiogenic and
colonocyte growth factor CCN1 expression and in turn
stimulates colonic angiogenesis'® and colonic healing. A
schematic summary of the SP-CCN1 expression path-
way is given in Figure 7.
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