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Metabolic changes associated with tissue inflammation result in
significant extracellular acidosis (EA). Within mucosal tissues, intesti-
nal epithelial cells (IEC) have evolved adaptive strategies to cope with
EA through the up-regulation of SLC26A3 to promote pH homeosta-
sis. We hypothesized that EA significantly alters IEC gene expression
as an adaptive mechanism to counteract inflammation. Using an un-
biased RNA sequencing approach, we defined the impact of EA on
IEC gene expression to define molecular mechanisms by which IEC
respond to EA. This approach identified a unique gene signature
enriched in cyclic AMP response element-binding protein (CREB)-reg-
ulated gene targets. Utilizing loss- and gain-of-function approaches
in cultured epithelia and murine colonoids, we demonstrate that
EA elicits prominent CREB phosphorylation through cyclic AMP-
independent mechanisms that requires elements of the mitogen-
activated protein kinase signaling pathway. Further analysis revealed
that EA signals through the G protein-coupled receptor GPR31 to
promote induction of FosB, NR4A1, and DUSP1. These studies were
extended to an in vivo murine model in conjunction with coloniza-
tion of a pH reporter Escherichia coli strain that demonstrated signif-
icant mucosal acidification in the TNFΔARE model of murine ileitis.
Herein, we observed a strong correlation between the expression of
acidosis-associated genes with bacterial reporter sfGFP intensity in
the distal ileum. Finally, the expression of this unique EA-associated
gene signature was increased during active inflammation in patients
with Crohn’s disease but not in the patient control samples. These
findings establish a mechanism for EA-induced signals during
inflammation-associated acidosis in both murine and human ileitis.
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Acommon but often underappreciated aspect of tissue inflam-
mation is the acidification of the inflammatory microenvi-

ronment. While not completely understood, a primary mechanism
of tissue acidification includes increased accumulation of lactic acid
resulting from enhanced glycolysis. Physiological lactate concen-
trations are actively maintained in the range of 1.5 to 3 mM in the
blood and tissues of healthy individuals (1). During active inflam-
mation, local lactate levels can exceed 10 mM (e.g., in rheumatic
synovial fluid) and can increase to as high as 40 mM in some
cancerous tissues (1). Other studies have shown that tissue pH can
fall to as low as 3 at sites of inflammation (e.g., active inflammatory
bowel disease [IBD]) (2, 3). It was observed recently that neutro-
phils (PMN, polymorphonuclear leukocytes) stimulate the release
of lactate, up to 300 μM, from intestinal epithelial cells (IEC)
during transepithelial migration (4). With a pKa of 3.8, lactate is
present in a solution either as lactic acid at low pH or as the ion salt
lactate at higher pH. It is also notable that extracellular lactate
serves as more than a byproduct of glycolysis. Indeed, recent studies

suggest that lactate can signal to various cell types through G protein-
coupled receptors (GPCR) (e.g., GPR81, OR51E1) that transduce
signals important in sensing tissue microenvironments (1).
Acute inflammation is associated with the accumulation of

large numbers of PMN. Inefficient clearance of PMN at these sites
of inflammation can promote bystander tissue damage in diseases
such as ulcerative colitis (UC) and Crohn’s disease (CD) (5). It is
well established that PMN transepithelial migration is an ener-
getically demanding process which rapidly depletes microenviron-
mental O2 (6). This depletion of local O2 results in the liberation of
large amounts of signaling nucleotides (7), the stabilization of
hypoxia-inducible factor (HIF), and an increase in anaerobic gly-
colysis (8–10). A recent study from our laboratory demonstrated
that active PMN transepithelial migration results in the inflam-
matory acidification of the extracellular space and that adenosine,
derived from PMN-associated adenine nucleotides (11), up-
regulates the Cl−/HCO3− exchanger SLC26A3, promoting pH
homeostasis (4). Despite the significance of tissue acidosis, rela-
tively little is known about the mechanism(s) of acidosis-associated
signaling on IEC gene regulation or how the IEC sense extracel-
lular acidosis (EA).

Significance

Tissue acidification is commonly associated with active in-
flammation, including within the intestinal mucosa. It remains
unclear how such acidification impacts cellular function and
adaptation to these changes within the tissue. In the present
work, we utilized unbiased gene expression profiling to iden-
tify pathways elicited by extracellular acidification. Results
from these studies identify a prominent role for cyclic AMP
response element-binding protein signaling in the molding of
gene expression in intestinal epithelia. This acidification-
induced phenotype is translatable from in vitro cell culture
systems to in vivo murine models and through to patients with
active intestinal inflammation.
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In the current work, we define the mechanisms of signaling
and outcomes of EA-induced gene regulation in IEC as well as
murine and human tissue. Guided by global RNA sequencing
(RNA-seq) profiling to ascertain the transcriptional impact of EA
on IEC, we hypothesized that EA imprints a unique fingerprint in
IEC dominated by cyclic AMP response element-binding protein
(CREB)-associated genes. Validation studies demonstrated
acidosis-induced expression of several CREB-associated genes.
Such signaling was CREB dependent but independent of eleva-
tions in intracellular cyclic AMP (cAMP). Furthermore, GPR31
was identified as the apical surface receptor necessary for acidosis-
induced CREB phosphorylation and the expression of acidosis-
associated genes. This acidosis-associated, CREB-dependent fin-
gerprint was also observed in the inflamed ileums of TNFΔARE
mice and CD patients.

Results
Acidosis Elicits Changes in Intestinal Epithelial Gene Expression. We
have previously demonstrated that PMN transepithelial migration
results in significant EA. Adaptive pathways elicited by PMN-
derived adenosine include the rapid induction of SLC26A3 (4).
Here, we examined whether acidosis influenced IEC gene expres-
sion independent of other stimuli. To do this, we utilized RNA-seq
approaches to profile gene expression in T84 IEC exposed to pH
7.4 or 6.0 Hank’s Balanced Salt Solution with Ca2+ (HBSS+) for
periods of 3 or 6 h. As shown in Fig. 1A, principal component
analysis revealed prominent separation between treatments and
tight clustering within individual treatment groups. The top induced
and repressed genes are highlighted in the heatmap displayed in
Fig. 1B. To validate the RNA-seq, T84 IEC were independently
exposed to acidic HBSS+ (pH 6.0, 6 h), and as shown in Fig. 1C,
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Fig. 1. Cyclic AMP-independent acidosis-associated CREB phosphorylation. (A) Principal component analysis of acidosis RNA-seq. (B) Top genes induced and
repressed by 3 or 6 h exposure to pH 6.0 HBSS+ expressed as log2 fold change (n = 3). (C) Validation of induced FosB, DUSP1, and NR4A1 transcript following
exposure to pH 7.4 and 6.0 HBSS+ for 6 h (n = 3). (D) Validation of FosB and NR4A1 transcript expression in C57BL/6 murine colonoids following exposure to
pH 7.4 and 6.0 HBSS+ for 6 h (n = 4). (E) Ratio of phospho-CREB to pan-CREB following a 30 min exposure to pH 7.4, 6.5, 6.0, and 5.0 HBSS+ as determined by
ELISA (n = 3). (F) Representative Western blot of phospho-CREB and pan-CREB at pH 7.4 and 6.0. (G) Analysis of cAMP in cells exposed to pH 7.4, 6.0, 5.0 HBSS+
or 10 μm forskolin (n = 3). (H) Densitometry analysis and representative Western blot of phospho-CREB and pan-CREB following exposure to pH 7.4 (−) and 6.0
(+) HBSS+ for 30 min in T84 IEC pretreated with 10 μm MEK or 10 μm AC inhibitors (n = 4). Data from each experiment was pooled and expressed as mean ±
SEM and the P value determined by t test, *P < 0.01.
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transcript levels for FosB, DUSP1, and NR4A1 were examined by
qPCR. Analysis of the FosB, DUSP1, and NR4A1 transcript revealed
a significant increase in expression when exposed to pH 6.0 HBSS+
(20.1 ± 1.8, 11.8 ± 3.28, and 15.0 ± 1.72-fold increase compared to
pH 7.4 HBSS+, respectively, each P < 0.001). In addition to FosB,
TNF and IL-8 expression were determined after exposure to acidic
HBSS+ (pH 6.0, 6 h). As shown in SI Appendix, Fig. S1A, transcript
levels for TNF and IL-8 were examined by qPCR, and there was a
significant increase in the expression of both genes following expose
to pH 6.0 HBSS+ for 6 h (4.3 ± 0.49 and 12.6 ± 1.6-fold increase
compared to pH 7.4 HBSS+, respectively, each P < 0.001).
To determine the universality of this response and to clarify

that this response is not related to the use of a transformed IEC
cell line (T84 cells), we replicated these experiments in colonoids
derived from C57BL/6 mice. As shown in Fig. 1D and SI Ap-
pendix, Fig. S1B, qPCR revealed a significant increase in tran-
script levels of FosB, NR4A1, and KC [the murine homolog of
IL-8 (12, 13)] following exposure to acidic HBSS+ (pH 6.0, 6 h)
when compared to pH 7.4 controls (17.0 ± 5.59, 10.2 ± 2.31, and
8.8 ± 2.18-fold increase, respectively, each P < 0.01).
Finally, we examined the need for sustained EA in acidosis-

induced gene expression. T84 IEC were exposed to pH 7.4 or 6.0
HBSS+ for 30 min before the media was replaced with 7.4
HBSS+ and the cells incubated for 6 h. As shown in SI Appendix,
Fig. S1C, 30 min exposure to low pH did not induce the expression
of FosB, NR4A1, or Dusp1, indicating a sustained exposure to EA
is required for the induction of acidosis-induced genes.

EA Induces CREB Phosphorylation. We next sought to determine
potential signaling pathways within this RNA-seq data. As a
starting point, the RNA-seq data were uploaded to the inte-
grated differential expression and pathway analysis (iDEP) web-
based analysis tool (14) and analyzed using the transcriptional
regulatory element database (TRED) (15). This analysis identified
a significant enrichment of CREB target genes in the data set (P <
0.001). Consistent with this analysis, several of the top induced
genes are well-established CREB gene targets (e.g., FosB, NR4A
family, PCK1, and the dual specificity protein phosphatase [DUSP]
family) (16–18). Based on this observation, we examined CREB
phosphorylation following EA. Here, T84 IEC were exposed to
increasingly acidic HBSS+ (7.4, 6.5, 6.0, and 5.0) for 30 min and
examined for CREB phosphorylation using a phospho-CREB
enzyme-linked immunosorbent assay (ELISA). Fig. 1E demon-
strates a prominent dose-dependent increase in phospho-CREB
with acidification (1.9 ± 0.20, 2.9 ± 0.27, and 4.0 ± 0.32-fold in-
crease compared to pH 7.4 for pH 6.5, 6.0, and 5.0 HBSS+ re-
spectively, ANOVA P < 0.0001). Fig. 1F depicts a representative
Western blot, demonstrating significant increases in phospho-
CREB at a physiologically relevant pH of 6.0 (3, 19).

EA Does Not Elevate Intracellular cAMP. It is well established that a
common mechanism of CREB phosphorylation is through cAMP
signaling, involving both adenylyl cyclase and PKA (20–22). For
this reason, intracellular cAMP levels following EA were exam-
ined. Interestingly, as shown in Fig. 1G, no increase in intracellular
cAMP was evident in IEC exposed to HBSS+ as low as pH 5,
whereas positive control (forskolin, 10 μM) rapidly elevated in-
tracellular cAMP when compared to the vehicle control (2.0 ± 0.25
and 0.05 ± 0.021 nM cAMP respectively, P < 0.0001). Phospho-
CREB was also examined in T84 IEC pretreated with an adenylyl
cyclase inhibitor (2′,5′-Dideoxyadenosine, 10 μM). As shown in
Fig. 1H, there is no difference in phospho-CREB when comparing
vehicle control T84 IEC and T84 IEC treated with the adenylyl
cyclase inhibitor at pH 6.0 (3.8 ± 0.22 and 3.4 ± 0.27, respectively).

Acidosis-Induced CREB Phosphorylation Is Dependent on Mitogen-Activated
Protein Kinase Signaling. cAMP-independent phosphorylation of CREB
has been demonstrated to signal through the mitogen-activated

protein kinase (MAPK)/ERK pathway (20, 22). Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis of the RNA-seq
data revealed a prominent induction of genes associated with the
regulation of the MAPK signaling pathway (P < 0.0001). Genes
identified in this analysis included members of the DUSP sub-
family, DUSP1 and 2. Dusp1 and 2 are negative regulators of the
MAPK family, including MEK/ERK, and have been reported to
have a role in feedback inhibition of MAPK signaling (23, 24). To
examine the role of the MAPK/ERK pathway in acidosis-induced
CREB phosphorylation, T84 IEC were pretreated with a MEK1/2
inhibitor (U0126, 10 μM) for 1 h followed by exposure to pH 6.0
HBSS+ for 30 min. As shown in Fig. 1H, cells pretreated with the
MEK1/2 inhibitor showed significantly less phospho-CREB fol-
lowing exposure to acidic HBSS+ when compared to vehicle
control T84 IEC (1.8 ± 0.13 and 3.8 ± 0.22-fold increase nor-
malized to pH 7.4, respectively, P value <0.001). Observations
from the phospho-CREB ELISA were confirmed by Western
blot as shown in Fig. 1H. A time course of this response is shown
in SI Appendix, Fig. S1D and demonstrated that CREB phos-
phorylation is observed as early as 10 min following EA, peaks at
30 min, and is diminished at 60 min. The requirement for MEK
was evident throughout the time course (SI Appendix, Fig. S1C).
The involvement of the MAPK/ERK pathway in acidosis-induced
CREB phosphorylation was validated in murine colonoids and
revealed that acidosis-induced CREB phosphorylation is likewise
MEK1/2 dependent, therefore validating our observations in T84
IEC (SI Appendix, Fig. S1E). Together, these findings identify a
prominent role for cAMP-independent CREB phosphorylation
elicited by EA.

Acidosis-Induced Gene Expression Is Dependent on MAPK/ERK. Based
on our observation that MEK1/2 inhibitors attenuate CREB
phosphorylation, we next aimed to demonstrate activation of the
MAPK/ERK pathway under acidic conditions. To examine
MAPK/ERK activation, T84 IEC were exposed to pH 6.0 HBSS+
for 0, 15, 30, or 60 min before protein lysates were collected. As
shown in Fig. 2A, phospho-ERK was observed 15 min following
EA. MSK1, a protein which can be phosphorylated by ERK and
can phosphorylate CREB, becomes phosphorylated 30 min fol-
lowing EA (25). As shown in (SI Appendix, Fig. S1F), we observed
no significant CREB or ERK phosphorylation beyond 30 min
following EA. We extended these studies to determine the sig-
nificance of MSK1 in acidosis-induced CREB phosphorylation. As
shown in Fig. 2B, T84 IEC pretreated for 1 h with a MSK1 in-
hibitor (SB 747651A dihydrochloride, 1 μM) displayed no increase
in phospho-CREB following a 30 min exposure to pH 6.0 HBSS+
when compared to pH 7.4 (0.8 ± 0.30 and 0.9 ± 0.34-fold change,
normalized to vehicle control pH 7.4, respectively). We next
looked to examine the significance of CREB phosphorylation in
the expression of acidosis-associated genes. FosB expression was
examined in T84 IEC pretreated with either a MSK1 or MEK1/2
inhibitor for 1 h following exposure to pH 6.0 HBSS+ for 6 h. As
shown in Fig. 2C, treatment with either a MSK1 or MEK1/2 in-
hibitor significantly inhibited expression of FosB under acidic
conditions when compared to vehicle controls (1.9 ± 0.37, 1.9 ±
0.56, and 22.2 ± 1.33-fold change, respectively, P < 0.0001). These
observations were replicated in murine colonoids. As seen in SI
Appendix, Fig. S1G, FosB expression in murine colonoids pre-
treated with either a MSK1 or MEK1/2 inhibitor was significantly
lower than vehicle controls (2.0 ± 0.34, 2.1 ± 0.48, and 13.7 ± 1.94-
fold change, respectively, P < 0.0001).

MSK1 Is Required for Acidosis-Associated Gene Transcription. In an
effort to validate the observations made using pharmaceutical
inhibitors, we utilized short hairpin RNA (shRNA) to knockdown
MSK1 (MSK1 KD) in T84 IEC. As shown in Fig. 2D, Western
blot analysis revealed MSK1 was knocked down by 86.4 ± 3.82%
in the MSK1 KD IEC compared to vector control (shCont) IEC
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(P < 0.0001). CREB phosphorylation under acidic conditions was
analyzed in MSK1 KD IEC. As shown in Fig. 2E, acidosis-induced
CREB phosphorylation (pH 6.0) was significantly attenuated in
MSK1 KD IEC compared to shCont IEC (1.3 ± 0.19 and 3.0 ±
0.72-fold change, respectively, normalized to shCont pH 7.4,
P < 0.01).
Having validated the impact of MSK1 on CREB phosphory-

lation in a genetic knockdown model, we turned our attention to
acidosis-associated gene transcription. Several acidosis-induced
genes identified from the RNA-seq were quantified via qPCR
following exposure to pH 6.0 HBSS+ for 6 h in MSK1 KD and
shCont IEC. As shown in Fig. 2F, there was no significant in-
crease in either FosB or IL-8 in the MSK1 KD IEC exposed to
pH 6.0 HBSS+ for 6 h when compared to pH 7.4 exposed cells
(0.8 ± 0.28, 1.7 ± 0.39 and 0.8 ± 0.11, 2.5 ± 0.78-fold change for
FosB and IL-8, pH 7.4, 6.0 respectively, normalized to shCont
pH 7.4). There was a small but significant increase in TNF-α
expression in the MSK1 KD IEC when comparing pH 7.4 and 6.0
exposed cells (0.9 ± 0.09 and 2.8 ± 0.54-fold change, respectively,
normalized to shCont 7.4, P < 0.05). However, the fold change in
TNF-α was significantly lower in the MSK1 KD IEC when
compared to shCont IEC at pH 6.0 (2.8 ± 0.54 and 7.5 ± 0.85-
fold change, respectively, normalized to shCont pH 7.4, P <
0.05). The qPCR results for TNF-α and IL-8 were validated by
ELISA. shCont and MSK1 KD IEC were treated with pH 7.4 or
6.0 HBSS+ for 24 h. After 24 h, the HBSS+ was collected and
analyzed for secreted TNF-α and IL-8. As shown in Fig. 2 G and

H, under acidic conditions, MSK1 KD IEC secreted significantly
less TNF-α and IL-8 when compared to shCont IEC after 24 h.
Following 24 h exposure to acidic HBSS+, the level of secreted
TNF-α observed in shCont IEC was 64.5 ± 6.13 pg/mL; this is
significantly more than the 40.3 ± 1.83 pg/mL measured in the
MSK1 KD IEC (P < 0.01). The concentration of secreted IL-8
measured in shCont IEC under acidic conditions, 553.5 ± 53.9
pg/mL, was significantly more than the 279.3 ± 4.51 pg/mL
measured in the MSK1 KD IEC (P < 0.001).

EA Signals through Gαi Coupling. Based on the earlier observation
that acidosis-associated CREB phosphorylation was independent
of intracellular cAMP elevations and involved the MAPK path-
way, we next tested whether the Gαi subunit might transmit signals
in IEC following EA. It has been established that activation of the
Gαi subunit initiates signaling through the MAPK pathway, spe-
cifically MEK and ERK (26). Additionally, signaling through Gαi
is independent of cAMP; in fact, activation of Gαi has been shown
to inhibit increases in intracellular cAMP (27, 28). To examine the
involvement of Gαi in CREB phosphorylation under acidic con-
ditions, T84 IEC were treated with a Gαi inhibitor (pertussis toxin
[PT], 1 ng/mL) and a Gαi activator (mastoparan, 1 μM) prior to
exposure to acidic HBSS+. As shown in Fig. 3A, Gαi contributes
significantly to acidification-associated CREB phosphorylation.
T84 IEC treated with PT showed no increases in phospho-CREB
following 30 min exposure to pH 6.0 HBSS+ when compared
to pH 7.4 HBSS+ (1.0 ± 0.16 and 0.79 ± 0.21-fold change,

A B

C

E F

D

HG

Fig. 2. MAPK signaling involved in acidosis-associated
gene transcription. (A) Western blot depicting phos-
phorylation of ERK, MSK, and CREB at pH 7.4 or ex-
posed to pH 6.0 for 15, 30, and 60 min. (B) Densitometry
analysis and representative Western blot of phospho-
CREB and pan-CREB in T84 IEC pretreated with 10 μm
MSK1 inhibitor following 30 min exposure to pH 7.4
and 6.0 HBSS+ (n = 3). (C) FosB expression in T84 IEC
pretreated with 10 μm MSK or MEK inhibitors fol-
lowing 6 h exposure to pH 7.4 and 6.0 HBSS+ (n = 3).
(D) Densitometry analysis and representative Western
blot of MSK1 expression in shRNA lentiviral trans-
duced T84 IEC (n = 3). (E) Representative Western blot
and densitometry analysis of phospho-CREB and pan-
CREB in shCont and MSK1 KD IEC following 30 min
exposure to pH 7.4 and 6.0 HBSS+ (n = 3). (F) FosB, IL-8,
and TNF-α expression following 6 h exposure to pH 7.4
and 6.0 HBSS+ in shCont and MSK1 KD IEC (n = 3). (G
and H) Analysis of secreted TNF (G) and IL-8 (H) fol-
lowing 16 h exposure to pH 7.4 and 6.0 HBSS+ in
shCont and MSK1 KD IEC (n = 3). Data from each ex-
periment was pooled and expressed as mean ± SEM
and the P value determined by t test or ANOVA,
*P < 0.01.
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respectively). Activation of the Gαi subunit with mastoparan
resulted in a significant increase in phospho-CREB when com-
pared to vehicle control IEC at pH 7.5 (2.9 ± 0.38 and 1.0 ± 0.095-
fold change, respectively, normalized to vehicle control pH 7.4,
P < 0.001). There was no significant difference in phospho-CREB
when comparing mastoparan-treated IEC exposed to pH 7.4 and
6.0 HBSS+ (2.9 ± 0.38 and 3.3 ± 0.20-fold change, respectively,
normalized to vehicle control pH 7.4). A small increase in
phospho-CREB was observed when comparing mastoparan-
treated IEC and vehicle control IEC exposed to pH 6.0 HBSS+
(3.3 ± 0.20 and 2.3 ± 0.22-fold change, respectively, normalized to
vehicle control pH 7.4, P < 0.01). As validation of these results, we
examined several other established pH-sensitive surface receptors,
TRPV1, 5, and 6 (29–31). T84 cells were pretreated with inhibitors
targeting TRPV1, 5, and 6 (10 μm A 425619, 10 μm econazole,
and 100 μm 2-aminoethoxydiphenyl borate, respectively) for 1 h
before being exposed to pH 7.4 or 6.0 HBSS+ for 30 min. As
shown in SI Appendix, Fig. S2A, phospho-CREB was observed
after exposure to acidic HBSS+ for 30 min in all cells, with the
exception of T84 IEC treated with 1 μm of the MSK1 inhibitor.
Extending the Gαi studies, we examined the expression of

FosB, NR4A1, and DUSP1 under acidic conditions in T84 IEC
treated with PT. As shown in Fig. 3B, treatment with PT signifi-
cantly inhibited acidosis-associated expression of FosB, NR4A1,
and DUSP1. When comparing PT-treated cells with vehicle con-
trol at pH 6.0, PT treatment significantly inhibited expression of
FosB, NR4A1, and DUSP1 (4.3 ± 0.78 and 11.5 ± 1.49, 2.8 ± 0.33
and 14.5 ± 1.43, and 5.0 ± 0.36 and 9.1 ± 0.94-fold change re-
spectively, normalized to vehicle control pH 7.4, P < 0.05).
We also examined the expression of TNF-α and IL-8 under

acidic conditions in T84 IEC treated with PT. As shown in SI
Appendix, Fig. S2 B and C, treatment with PT significantly
inhibited acidosis-associated expression of both TNF-α and IL-8.
There was a significant increase in TNF-α in IEC treated with PT
when comparing pH 7.4 to 6.0 (1.0 ± 0.11 and 3.3 ± 0.63-fold
change, respectively, normalized to vehicle control pH 7.4, P <
0.05). However, when comparing the PT-treated cells with vehicle
controls at pH 6.0, PT treatment significantly inhibited expression
of the TNF-α transcript (3.3 ± 0.63 and 10.9 ± 1.58-fold change,
respectively, normalized to vehicle control pH 7.4, P value <
0.0001). When examining IL-8 expression following exposure to
pH 6.0 HBSS+, there was no significant increase in expression in
the PT-treated cells when comparing pH 6.0 and 7.4 (2.8 ± 0.33
and 1.2 ± 0.46-fold change, respectively, normalized to vehicle
control 7.4). Furthermore, when compared to vehicle controls
exposed to pH 6.0, IEC treated with PT expressed significantly less
IL-8 (14.5 ± 1.43 and 2.8 ± 0.33-fold change, respectively, nor-
malized to vehicle control 7.4, P < 0.0001).

Loss of MSK Inhibits CREB Phosphorylation following Gαi Activation.Based
on the observation that Gαi is involved in acidosis-associated
CREB phosphorylation and gene transcription, we next aimed
to determine whether MSK1 was involved. To examine the im-
portance of MSK1 in CREB phosphorylation following Gαi acti-
vation, we treated MSK1 KD IEC with the Gαi activator and
quantified phospho-CREB. As shown in SI Appendix, Fig. S2D,
there was a slight increase in phospho-CREB when comparing
MSK1 KD IEC treated with the Gαi activator to untreated MSK1
KD IEC at pH 7.4 (1.4 ± 0.14 and 0.55 ± 0.061, respectively,
normalized to shCont pH 7.4, P < 0.01). When comparing the
impact of Gαi activation between the MSK1 KD and shCont IEC,
we see the loss of MSK1 significantly inhibits Gαi-induced CREB
phosphorylation (3.3 ± 0.28 and 1.4 ± 0.14-fold change for shCont
and MSK1 KD treated with Gαi activator, respectively, P <
0.0001). Additionally, in the MSK1 KD IEC, pH had no impact on
CREB phosphorylation following treatment with the Gαi activator
(1.4 ± 0.14 and 1.5 ± 0.23-fold increase for pH 7.4 and 6.0, re-
spectively, normalized to shCont pH 7.4).

Loss of GPR31 Inhibits Acidosis-Associated Gene Expression. We ex-
tended these studies to identify the surface receptor associated
with the acidosis response observed in our T84 IEC. GPR31, a
Gαi-linked GPCR, activates the MEK-ERK1/2 pathway when
bound to 12-(S)-hydroxy-5,8,10,14-eicosatetraenoic acid (32).
Recently, GPR31 was shown to be activated under acidic condi-
tions in Chinese hamster ovary cells, with the highest level of ac-
tivation occurring near pH 6.0 (33). Based on these findings, we
examined GPR31 expression in T84 IEC and revealed that
GPR31 is located primarily on the apical surface of the T84 IEC
with little to no expression on the basal surface (Fig. 3C). Having
confirmed the presence of GPR31 in the T84 IEC, we transduced
the cells with a shRNA targeting GPR31 to create two GPR31 KD
lines. As shown in Fig. 3D, GPR31 was knocked down by 56.0 ±
11.38 and 64.0 ± 10.47% in GRP31 KD-1 and 2, respectively,
when compared to shCont. Using these GPR31 KD IEC, we ex-
amined the impact of GPR31 on acidosis-associated CREB
phosphorylation. We observed a significant reduction in phospho-
CREB in both KD cell lines when compared to shCont at pH 6.0
(1.4 ± 0.35, 1.6 ± 0.15, 4.5 ± 0.63-fold change, respectively, nor-
malized to shCont 7.4, P < 0.001) (Fig. 3E). Extending these
studies, we examined the impact of GPR31 on the expression of
FosB, NR4A1, and DUSP1 under acidic conditions. In both
GPR31 KD-1 and 2, there was a significant inhibition of acidosis-
induced FosB (Fig. 3F), NR4A1 (Fig. 3G), and DUSP1 (Fig. 3H).
Following exposure to pH 6.0 HBSS+ for 6 h, we observed a
12.5 ± 1.62, 11.8 ± 1.08, and 5.9 ± 1.35-fold increase in FosB,
NR4A1, and DUSP1 in shCont IEC, respectively. Expression of
these genes is significantly higher than the 4.0 ± 0.52 and 4.8 ±
1.30, 5.7 ± 0.94 and 5.3 ± 1.42, and 1.6 ± 0.19 and 2.1 ± 0.33-fold
increases observed for FosB, NR4A1, and DUSP1 in GPR31 KD-
1 and 2, respectively, when normalized to shCont exposed to pH
7.4 HBSS+ (P < 0.01).
We extended these studies and examined the impact of GPR31

on the expression of IL-8 and TNF-α under acidic conditions as
well. In both GPR31 KD-1 and 2, there was a significant inhibition
of acidosis-induced IL-8 (SI Appendix, Fig. S2E) and TNF-α (SI
Appendix, Fig. S2F) RNA expression. Indeed, following exposure
to pH 6.0 HBSS+ for 6 h, we observed a 15.4 ± 2.72-fold increase
in IL-8 expression in shCont IEC; this is significantly higher than
the 4.5 ± 1.39 and 2.9 ± 0.41-fold increase observed in
GRP31 KD-1 and KD-2 IEC, respectively, when normalized to
shCont exposed to pH 7.4 HBSS+ (P < 0.0001). There was no
significant increase in TNF-α in GPR31 KD-1 and 2 IEC when
exposed to pH 6.0 HBSS+ for 6 h when compared to pH 7.4
HBSS+ (1.9 ± 0.40 and 1.4 ± 0.36-fold change, respectively,
normalized to shCont pH 7.4). When compared to TNF-α ex-
pression in shCont IEC exposed to pH 6.0 HBSS+ (7.1 ± 0.93-
fold increase, normalized to shCont 7.4), the loss of GPR31
resulted in significantly less TNF-α transcript following a 6 h ex-
posure to pH 6.0 HBSS+ (P < 0.0001). Taken together, these
results strongly implicate GPR31 as a surface receptor that relays
EA signals to IEC.

Mucosal Acidification Is Associated with Inflammation in TNFΔARE
Ileitis. In an effort to better understand the impact of mucosal
inflammation on mucosal pH, we constructed an Escherichia coli
reporter strain based on the Shewanella oneidensis two-component
system SO_4387-SO_4388, which we recently demonstrated is ac-
tivated by acidic pH (34) (SI Appendix, Fig. S3 A and B). We uti-
lized this E. coli reporter strain to monitor mucosal acidification in
the mid- and distal ileum of TNFΔARE and wild-type (WT) mice.
In this acid-sensing strain, superfolder green fluorescent protein
(sfGFP) expression levels increase from a mean fluorescent in-
tensity (MFI) of 8.2 × 102 at a pH of 7.4 to an MFI of 3.8 × 104 at
a pH of 5 (SI Appendix, Fig. S4 A and B). As shown in Fig. 4A,
bacteria isolated from the distal ileum of TNFΔARE mice
expressed significantly more sfGFP than bacteria isolated from the
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Fig. 3. Acidosis-associated gene regulation through GαI-linked GPR31. (A) Densitometry analysis and representative Western blot of phosphor-CREB and
pan-CREB in T84 IEC treated with 1 ng/mL PT or 10 μm mastoparan following 30 min exposure to pH 7.4 and 6.0 HBSS+ (n = 4). (B) FosB, NR4A1, and DUSP1
transcript expression in T84 IEC treated with 1ng/mL PT following 6 h exposure to pH 7.4 and 6.0 HBSS+ (n = 3). (C) Immunofluorescent image of GPR31
expression in T84 IEC; red indicates GPR31 and blue indicates DAPI (100× magnification, compressed z-stack and orthogonal projection, the basal and apical
sides are label B and A, respectively). (D) Densitometry analysis and representative Western blot of GPR31 expression in shCont and GRP31 KD T84 IEC (n = 3).
(E) Densitometry analysis and representative Western blot of phospho-CREB and pan-CREB in shCont and GPR31 KD T84 IEC following 30 min exposure to pH
7.4 and 6.0 HBSS+. (F and G) FosB (F), NR4A1 (G), and DUSP1 (H) expression in shCont and GPR31 KD T84 IEC following 6 h exposure to pH 7.4 and 6.0 HBSS+
(n = 4). Data from each experiment was pooled and expressed as mean ± SEM and the P value determined by t test, *P < 0.01.
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distal ileum of WT mice, indicative of a more acidic environment
(10,183 ± 2,750 versus 6,160 ± 2,461 MFI, respectively, P < 0.01).
When comparing bacteria isolated from the distal and mid-ileum
of TNFΔARE mice, there is a significant increase in sfGFP
fluorescence intensity in the bacteria isolated from the distal ileum
(10,183 ± 2,750 and 6,447 ± 1,738 MFI, P < 0.01). There was no
significant difference in sfGFP intensity when comparing bacteria
isolated from the mid- and distal ileum of WT mice (Fig. 4A).
Each segment of ileum was scored for inflammation. As shown

in Fig. 4B, there was significantly more inflammation in the distal
ileum of the TNFΔARE mice when compared to WT mice
(20.6 ± 2.7 versus 1.3 ± 0.67, respectively, P < 0.0001). There was
some inflammation noted in the mid-ileum of the TNFΔARE
mice but far less than the distal ileum (6.7 ± 1.6 and 20.6 ± 2.7,
respectively, P < 0.0001). Fig. 4 D–G are representative histology
images from the distal and mid-ileum of WT and TNFΔARE
mice. The distal ileum showed a significant positive correlation
between histologic score and sfGFP intensity (R2 = 0.62, P < 0.01),
while the mid-ileum showed no significant correlation (Fig. 4C).

Acidosis-Associated Gene Expression Correlates with Mucosal pH.
Extending these studies, we examined the expression of acidosis-
associated genes in the mid- and distal ileums of WT and
TNFΔARE mice. As shown in Fig. 4 H–J, there is significant in-
duction of FosB (4.7 ± 1.9-fold increase), NR4A1 (3.8 ± 1.3-fold
increase), and DUSP1 (2.4 ± 1.0-fold increase) in the distal ileum
of TNFΔARE mice when compared to the distal ileum of WT
mice (P < 0.01). When comparing the expression of FosB,
NR4A1, and DUSP1 in the mid-ileum of TNFΔARE mice to WT
mice, there was no significant increase in any of the genes (1.4 ±
1.3, 1.9 ± 1.8, and 1.3 ± 1.3-fold change, respectively, normalized
to WT distal ileum). We next looked to compare gene expression
with the sfGFP intensity from the isolated bacteria. As shown in SI
Appendix, Fig. S4 A–C, we correlated the expression of FosB (SI
Appendix, Fig. S5A), NR4A1 (SI Appendix, Fig. S5B), and DUSP1
(SI Appendix, Fig. S5C) with the average sfGFP intensity of the
bacteria from both the distal and mid-ileum. There was a signifi-
cant positive correlation between the expression of FosB and
NR4A1 with the average bacterial sfGFP expression in the distal
ileum (R2 = 0.62 and 0.60, respectively, P < 0.01). There was a
positive but not significant correlation between the expression of
DUSP1 and bacterial sfGFP intensity in the ileum as well (R2 =
0.27, P = 0.08). There was no correlation between the expression
of FosB, NR4A1, and DUSP1 in the mid-ileum. These studies
were extended to include KC and TNF. KC expression was sig-
nificantly increased in the distal ileum (13.5 ± 4.8-fold change, P <
0.001) but not the mid-ileum (3.7 ± 2.1-fold change, P < 0.001) of
the TNFΔARE mice when compared to WT mice (1.1 ± 0.55 and
2.0 ± 1.6-fold change for the distal and mid-ileum, respectively)
(SI Appendix, Fig. S4D). TNF expression was increased in both the
distal and mid-ileum of the TNFΔARE; however, the expression
of TNF was significantly higher in the distal ileum (16.4 ± 7.6 and
7.2 ± 4.0-fold change, respectively, normalized to the distal and
mid-ileum of WT mice, P < 0.01) (SI Appendix, Fig. S4E). Fur-
thermore, we observed a positive correlation between KC expres-
sion and bacterial sfGFP intensity in the distal ileum (R2 = 0.55, P <
0.01) but not in the mid-ileum (SI Appendix, Fig. S4F). There was a
small but not significant correlation between TNF expression and
bacterial sfGFP intensity observed in the distal ileum (R2 = 0.27,
P = 0.08) (SI Appendix, Fig. S4G).
We extended these studies to examine the expression of these

genes in the colon of mice treated with 3% dextran sodium
sulfate (DSS), a chemical irritant which causes colitis in mice.
KC was used as a marker of inflammation in these mice, and as
shown in SI Appendix, Fig. S6A, mice treated with 3% DSS had a
significantly higher expression of KC than water-only controls
(134.5 ± 171.1 and 1.3 ± 0.8-fold change, respectively, P < 0.05).
In the colon of the DSS-treated mice, we observed significant

increases in the transcriptional expression for FosB, Dusp1, and
NR4A1 when compared to water-only controls (3.7 ± 2.4, 7.1 ±
7.4, and 15.8 ± 15.6-fold change, respectively, P < 0.05) (SI
Appendix, Fig. S6 B–D). Furthermore, when comparing the ex-
pression of these three genes to KC, we observed a significant
positive correlation between the expression of KC and each of
the genes (R2 values 0.31, 0.91, and 0.87 for FosB, Dusp1, an
NR4A1, respectively, P < 0.05) (SI Appendix, Fig. S6 E–G).

Increased Expression of Acidosis-Associated Genes in Inflamed CD
Patients. The pH of tissue in patients with IBD can fall to as
low as 3 during active inflammation (2, 3). Thus, based on the
observations made in the TNFΔARE mice, we extended our
studies to compare the expression of acidosis-associated gene
expression in tissues collected from healthy controls and active CD
patients. Inflamed tissue, as determined during endoscopy, and
uninflamed tissue from healthy patients undergoing screening
colonoscopy was collected and processed for analysis. Expression
of FosB (Fig. 4K), NR4A1 (Fig. 4L), and DUSP1 (Fig. 4M) was
determined by qPCR. Expression of all three genes was signifi-
cantly increased in the inflamed tissue when compared to the
uninflamed controls (2.5 ± 1.0, 3.8 ± 2.1, and 1.7 ± 0.64-fold
change for FosB, NR4A1, and DUSP1, respectively, normalized
to uninflamed controls, P < 0.05). Such findings confirm our
findings of acidosis-associated gene expression in cultured epi-
thelia and murine models of mucosal inflammation.

Discussion
Under physiologic conditions, tissues adapt to changes in ex-
tracellular pH. An understanding of how tissue senses and re-
sponds to inflammatory acidification is a relatively understudied
area. Specifically, very little is understood in regards to how IEC
sense and transduce acidosis-associated signals. A commonly
observed characteristic of many inflammatory sites is tissue aci-
dosis, including active IBD. It has been reported that tissue pH
in the colon of individuals with active UC can fall to as low as a
pH of 5.0, healthy individuals have colonic pH in the range of 6.8
to 7.4, and extracellular pH can have a significant impact on
infiltrating immune cells (2, 35, 36). In a recent study, we showed
that PMN transepithelial migration results in significant acidifi-
cation of the microenvironment and IEC adapt to such changes
through the up-regulation of SLC26A3 in an effort to maintain
tissue pH homeostasis (4). Here, we examined whether EA in-
dependently influenced gene expression in IEC.
Initially, we investigated the impact of extracellular pH on IEC

gene transcription. Guided by an unbiased transcriptional pro-
filing of IEC exposed to acidic media, we revealed a significant
change in gene expression solely based on lowering the extra-
cellular pH. Such findings that EA influences gene expression
are consistent with studies in other cell types (e.g., esophagus
and kidney) (37, 38). Extending this analysis, we identified
prominent induction of a number of genes that map to CREB-
dependent transcriptional regulation. The CREB pathway plays
a central role in regulating several inflammatory processes
(39–41), and consistent with this premise, we observed a signif-
icant induction of TNF-α and IL-8 (and its homolog KC ex-
pression in murine colonoids) following exposure to EA. CREB
has been shown, for example, to be the dominant transcriptional
regulator of TNF-α in IEC (39). While more complicated, CREB
has also been shown to cooperatively regulate IL-8 in IEC (42).
To gain insight into the mechanisms involved in acidosis-associated

CREB phosphorylation, we presumed a cAMP-dependent induction
of CREB. To our surprise, lowering extracellular pH did not elevate
intracellular cAMP. This observation in and of itself is quite unex-
pected given that the predominant pH signaling pathways observed
in other tissue types are cAMP dependent (30, 43–45). Based on
this observation, we pursued cAMP-independent pathways of CREB
phosphorylation. Following EA, we observed phosphorylation of
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Fig. 4. Expression of acidosis-associated genes in inflamed tissue. (A) Flow cytometry analysis of sfGFP intensity in pH reporter E. coli isolated from the mid-
and distal ileum of WT and TNFΔARE mice (n = 6 and n = 8 for WT and TNFΔARE mice, respectively). (B) Histological scoring for the mid- and distal ileum
collected fromWT and TNFΔARE mice (n = 6 and n = 8 for WT and TNFΔARE mice, respectively). (C) Correlation plot between histological score bacterial sfGFP
intensity for both the mid- and distal ileum (n = 6 and n = 8 for WT and TNFΔARE mice, respectively). (D–G) Representative histology images for the distal and
mid-ileum from WT (D and E) and TNFΔARE (F and G) mice. Black scale bar represents 50 μm. (H–J) Transcript expression of FosB (H), NR4A1 (I), and DUSP1 (J)
in the mid- and distal ileum of WT and TNFΔARE mice (n = 4 and n = 8 for WT and TNFΔARE mice, respectively). (K–M) Transcript expression of FosB (K),
NR4A1 (L), and DUSP1 (M) in tissue collected from the ileum and colon of healthy controls and CD patients (n = 12). Data from each experiment was pooled
and expressed as mean ± SD and the P value determined by t test or ANOVA, *P < 0.01.
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both ERK1/2 and MSK1, both of which are involved in cAMP-
independent CREB phosphorylation (46). This observation was
further supported with the KEGG analysis which revealed significant
up-regulation in genes associated with the MAPK pathway, specifi-
cally the DUSP family of proteins, which play a significant role in
regulating MAPK signaling (23, 24). Using both pharmacologic and
shRNA approaches, we demonstrated the importance of both
MAPK signaling and MSK1 in not only CREB phosphorylation
but also acidosis-associated gene transcription. ShRNA-mediated
knockdown of MSK1 resulted in a loss of acidosis-induced TNF-α
and IL-8 expression, implicating a MSK1-CREB axis as a primary
transcriptional relay for acidosis-associated responses in IEC.
The observation that acidosis-associated CREB phosphorylation

in T84 IEC is independent of both cAMP and calcium channels is
of particular interest given that the best characterized pH-sensitive
surface receptors operate through either cAMP or involve calcium
signaling, that is, CaM kinase and calmodulin (30, 43–45, 47). An
alternative mechanism for the activation of the MAPK pathway is
through the activation of the Gαi subunit (48, 49). Consistent with
earlier work, we observed a significant increase in phospho-CREB
after activation of Gαi through the use of mastoparan. When we
treated MSK1 KD cells with mastoparan, we observed a signifi-
cant reduction in phospho-CREB. There was still a slight increase
in phospho-CREB when comparing mastoparan-treated MSK1
KD IEC to untreated MSK1 KD IEC; however, we attribute this

to the fact that MSK1 is not completely lost in the KD cell line.
Furthermore, when Gαi was inhibited by PT, we observed a sig-
nificant reduction in both acidosis-associated phospho-CREB and
the induction of TNF-α and IL-8 under acidic conditions.
In a search for the surface sensor for low pH in IEC, we focused

on GPCRs that signal through Gαi. This search brought us to
GPR31, as it has been reported to activate under acidic environ-
ments and signals through Gαi (33). Originally identified as the
high-affinity receptor for 12(S)-HETE (50), GPR31 signaling has
been shown to promote liver damage in ischemia–reperfusion
models (32, 51), decrease macrophage efferocytosis (52), and in-
duce dendrite protrusion of CX3CR1+ mononuclear cells in re-
sponse to lactate and pyruvate in the small intestine (53). GPR31
expression on colonic epithelia has been described in human colon
biopsies and appears to be increased in colon cancer (54). Using
immunofluorescence and confocal microscopy, we confirmed that
GPR31 is expressed in T84 IEC and revealed a primarily apical
localization, which would place GPR31 in an ideal location to
“sense” luminal pH. A loss of GPR31 significantly inhibited the
phosphorylation of CREB at both a pH of 6.5 and 6.0, indicating
that GPR31 is involved in sensing a wide range of pH in T84 IEC.
As observed in PT-treated cells and the MSK1 KD cell lines, a loss
of GPR31 also significantly inhibited the acidosis-induced expres-
sion of both IL-8 and TNF-α RNA. Based on these observations,
we have put forth the model outlined in Fig. 5. As mentioned
above, while GPR31 is increased in colon cancer (54), it is not
likely that GPR31 represents a tumor-only observation, as we
demonstrated that primary murine colonoids track in parallel to
T84 cells with regard to acidosis sensing and CREB-regulated gene
expression. In addition, we do not know if 12(S)-HETE may play a
role in our model. It is possible, for example, that lowering extra-
cellular pH could activate 12-lipoxygenase to liberate extracellular
12(S)-HETE, providing an autocrine circuit to GPR31 signaling.
While no clear evidence exists for such a circuit, 12(S)-HETE is
strongly associated with inflammatory environments where acidosis
dominates (e.g., ischemia–reperfusion) (55). Based on observations
made in this study and the existing literature, we believe that the
function of GPR31 is to act as sensor in the early stages of the
inflammatory response. Under homeostatic conditions, GPR31 is
inactive; however, when the tissue becomes perturbed, GPR31 is
activated by the decrease in pH and increased lactate associated
with neutrophil transmigration or the presence of invading bac-
teria. Once activated, GPR31 initiates a signal which promotes
proinflammatory signaling by the IEC. IEC have developed a
mechanism to maintain pH homeostasis, that is, SLC26A3, during
inflammation and would prevent the sustained activation of GPR31.
However, during chronic inflammation, these compensatory
mechanisms are altered or lost, and the tissue becomes chronically
acidified. Under these circumstances, the activation of GPR31
would be sustained, resulting in the acidosis fingerprint observed
in this study. Additional work will be necessary to define these
principles.
Having established a mucosal fingerprint for acidosis-mediated

gene expression, we investigated mucosal acidification and the
expression of acidosis-associated genes in an in vivo murine model
of ileitis, the TNFΔARE mouse model (56). TNFΔARE mice
overexpress systemic TNF-α and develop debilitating arthritis and
chronic ileitis by 8 to 10 wk of age. The disease has been docu-
mented to be most severe in the distal 4 cm of the ileum. Using
histological scoring, we confirmed that the distal ileum of
TNFΔARE mice was more inflamed than a segment of ileum 6 to
12 cm from the cecum. Consistent with this observation, we showed
that transcription expression of proinflammatory cytokines, TNF
and KC, are both significantly increased in the distal ileum of the
TNFΔARE mice. We constructed an E. coli reporter strain based
on the Shewanella oneidensis two-component system SO_4387-
SO_4388, which we recently demonstrated is activated by acidic pH
(34), to monitor the relative acidity of the mid- and distal ileum.

Fig. 5. Model of acidosis sensing and signaling in IEC. A proposed mecha-
nism for acidosis sensing and signaling through GPR31 in IEC is shown. Ex-
tracellular acidification commonly associated with tissue damage and
inflammation elicits signaling in IEC that is mediated by GPR31 and relayed
through cAMP-independent CREB activation.
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This strain of E. coli reports pH as a sfGFP intensity signature,
where sfGFP increases sigmoidally as pH decreases. We previously
utilized a similar approach to sense thiosulfate levels in a DSS
model of murine intestinal inflammation (57). With this pH
reporting E. coli strain, we demonstrated that there is significant
mucosal acidification in the distal ileum, where inflammation is
highest, of the TNFΔARE mouse. Having established significant
mucosal acidification in the distal ileum, we turned our attention
to the expression of acidosis-associated genes in these tissues.
There was significant up-regulation of the CREB target genes
FosB, NR4A1, and DUSP1 in the distal ileum of the TNFΔARE
mouse but not in the mid-ileum when compared to WT controls.
Furthermore, we identified a significant positive correlation be-
tween the expression of FosB and NR4A1 and the sfGFP in-
tensity of bacteria isolated from the distal ileum. These results
were reproduced in a DSS model of murine colitis, where we
observed significant increases in the expression of FosB, NR4A1,
and DUSP1 in DSS-treated mice when compared to water-
only controls.
Having observed significant induction of acidosis-associated

genes that correlated with mucosal acidification in the TNFΔARE
mouse in conjunction with previous studies that revealed tissue
acidosis in patients with active IBD (2, 3), we extended this
analysis to tissue derived from active IBD patients. This analysis
demonstrated a prominent induction of FosB, NR4A1, and
DUSP1 with active IBD. Such a strong correlation in expression
patterns between cultured cells, murine tissue, and active IBD
lead us to conclude that our profile of acidosis target genes,
including FosB, NR4A1, and DUSP1, strongly reflect the profile
of inflammatory acidification.
Taken together, these results offer not only molecular insight

into the influence of acidosis on IEC gene regulation but also
reveal a previously undescribed CREB-dependent pathway for
sensing extracellular pH in IEC. Our results highlight an acidosis-
associated transcriptional imprinting response that could serve to
be important as both a biomarker of active inflammation as well as
a template for novel therapeutic drug development.

Materials and Methods
Cell Culture. T84 (#CCL-248; American Type Culture Collection [ATCC]) human
epithelial cell line was obtained from ATCC and was cultured in 95% air with
5% CO2 at 37 °C according to instructions provided by ATCC. Low passage
(<20) cells were cultured for 7 to 10 d to obtain confluent cell monolayers de-
termined by light microscopy. HBSS+ (Sigma-Aldrich with 10 mM Hepes (Thermo
Fisher Scientific) was adjusted to pH 7.4, 6.5, 6.0, or 5.0 using 10 N HCl. T84 cells
were treated with the compounds and concentrations listed in Table 1. Cells
were pretreated with inhibitors for 30 min before the start of experiments.

Mouse colonoids created frommouse IEC were isolated from the colons of
C57BL/6 mice as previously described (58). Briefly, colonoids were suspended
in Matrigel (Corning) and plated into 6-well plates; each well contains four
25-μL Matrigel bubble overlaid with 1 mL complete media. Complete mouse
colonoid media, containing WNT3a, EGF, Noggin, and R-Spondin (WENR),
was prepared as previously described (59, 60).

Plasmids encodingMSK1, TRCN0000001494, GPR31, TRCN0000008879, and
nontargeting shRNAwere purchased from the Functional Genomics Facility in
Denver, Colorado. To produce lentiviral vectors, lentiviral plasmids with the
target shRNA were transduced into HEK293T cells together with second-
generation packaging plasmids (psPAX2 and pMD2.G) following previously
published procedures (61). For viral infection of T84 cells, 500 μL viral su-
pernatant was combined with 500 μL cell culture media and was placed on
60 to 70% confluent T84 cells in a 60-mm dish along with 10 ug/mL poly-
brene and incubated for 24 h. After 24 h, the viral supernatant was replaced
with fresh media and incubated for another 24 h. Media containing 6 μg/mL
puromycin was added to the cells. After 7 d of selection, cells were collected
and assayed for MSK1 and GPR31 knockdown via Western blot, described
below.

To measure cAMP, an MSD Cyclic AMP Assay Kit (MESO Scale Diagnostics)
was utilized. Briefly, T84 cells grown in 6-well plates were treated with HBSS+
at pH 7.4, 6.0, or 5.0 for 30 min. T84 were washed with HBSS+, trypsonized,
and resuspended in HBSS+ at a concentration of 1.0 × 106 cells/mL. A total of
20,000 cells were lysed in the provided plates and cAMP quantified. Tech-
nical triplicates were used for each sample. IL-8 and TNF-α were measured
using a human ProInflammatory-4 II tissue culture kit following manufac-
turers protocols (MESO Scale Diagnostics). Briefly, T84 cells were cultured for
16 hr in HBSS+ at pH 7.4 and 6.0. The supernatant was collected and ana-
lyzed for IL-8 and TNF-α. Technical triplicates were used for each sample.
Each experiment was performed in a biological triplicate using different a
cell passage for each replicate.

Table 1. List of pharmacological agents

Compound Target Concentration Source

U0126 MEK1/2 10 μm Tocris
SB 747651A dihydrochloride MSK1 1 μm Tocris
2′,5′-Dideoxyadenosine Adenylyl cyclase 10 μm Sigma-Aldrich
Mastoparan GαI Activator 1 μm Tocris
Pertussis Toxin GαI Inhibitor 1 ng/mL Tocris
A 425619 TRPV1 10 μm Tocris
Econazole TRPV5 10 μm Sigma-Aldrich
2-aminoethoxydiphenyl borate TRPV6 100 μm Tocris

Table 2. List of qPCR Primers

Gene target Forward primer Reverse primer

FosB (Human) 5′-GCTGCAAGATCCCCTACGAAG-3′ 5′-ACGAAGAAGTGTACGAAGGGTT-3′
NR4A1 (Human) 5′-ATGCCCTGTATCCAAGCCC-3′ 5′-GTGTAGCCGTCCATGAAGGT-3′
DUSP1 (Human) 5′-ACCACCACCGTGTTCAACTTC-3′ 5′-TGGGAGAGGTCGTAATGGGG-3′
TNF (Human) 5′-CCTCTCTCTAATCAGCCCTCTG-3′ 5′-GAGGACCTGGGAGTAGATGAG-3′
IL8 (Human) 5′-TTTTGCCAAGGAGTGCTAAAGA-3′ 5′-AACCCTCTGCACCCAGTTTTC-3′
β-actin (Human) 5′-GCACTCTTCCAGCCTTCCTTCC-3′ 5′-CAGGTCTTTGCGGATGTCCACG-3′
FosB (Mouse) 5′-CCTCCGCCGAGTCTCAGTA-3′ 5′-CCTGGCATGTCATAAGGGTCA-3′
NR4A1 (Mouse) 5′-CTTCGGCGTCCTTCAAGTTTG-3′ 5′-GGCTGGAAGTTGGGTGTAGA-3′
DUSP1 (Mouse) 5′-GTTGTTGGATTGTCGCTCCTT-3′ 5′-TTGGGCACGATATGCTCCAG-3′
TNF (Mouse) 5′-CCCTCACACTCAGATCATCTTCT-3′ 5′-GCTACGACGTGGGCTACAG-3′
KC (Mouse) 5′-CTGGGATTCACCTCAAGAACATC-3′ 5′-CAGGGTCAAGGCAAGCCTC-3′
β-actin (Mouse) 5′-AACCCTAAGGCCAACCGTGAA-3′ 5′-TCACGCACGATTTCCCTCTCA-3′
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Construction of the pH Reporter E. coli Strain. A previously described acidic pH-
sensing E. coli strain was modified to facilitate its use in vivo (34). This strain
expresses an engineered, acidic pH-activated two-component system sensor
consisting of SO_4387 and SO_4388REC -PsdRDBD along with an sfGFP reporter
to measure sensor activation (SI Appendix, Fig. S3A). Here, SO_4387 is an acidic
pH-activated sensor kinase, and SO_4388REC-PsdRDBD is an engineered version
of the transcription-activating response regulator SO_4388 wherein the native
DNA-binding domain has been swapped for that of PsdR, enabling this two-
component system to activate a well-characterized output promoter with a
large dynamic range. In our previously published strain, the expression of
SO_4387 and SO_4388REC -PsdRDBD was controlled by small-molecule–inducible
promoters that are not suitable for in vivo work. To enable its use in mouse
studies, a constitutive sensor was constructed in which constitutive promoters
from the Anderson promoter library control SO_4387 and SO_4388REC
-PsdRDBD expression. Two rounds of optimization were performed to identify
an optimal set of constitutive promoters for SO_4387 and SO_4388REC -PsdRDBD
expression in E. coli BW28357 (62) as indicated by a high fold change in sfGFP
signal between cells cultured at pH 6 and pH 8 (SI Appendix, Fig. S3 B and C).

To measure pH response, 3 mL overnight Luria–Bertani (LB) cultures were
inoculated from glycerol stocks. Overnight cultures (10 μL) were used to
inoculate 3 mL precultures in M9 media (1× M9 salts, 2 mM MgSO4, 100 μM
CaCl2, 0.4% [vol/vol] glucose, and 0.2% [vol/vol] casamino acids). After a 2-h
incubation, precultures were diluted to OD600 = 0.0001 in 3 mL buffered M9
media (50 mM Hepes and 50 mM 2-morpholinoethanesulfonic acid hydrate)
adjusted to pH 6 or pH 8. After a 5-h incubation, cultures were placed in an ice
bath to arrest growth, and cell fluorescence was measured by flow cytometry
on a BD FACScan instrument. FlowCal software and Rainbow Calibration beads
(Spherotech, RCP-30-5A) were used to process and normalize flow cytometry
data to mean equivalents of fluorescein units (63). The fold-change response
to pH was calculated by first subtracting the mean fluorescence of an sfGFP
negative control to account for cell autofluorescence and then dividing the
mean fluorescence at pH 6 to that at pH 8 for each strain. All culturing steps
were performed at 37 °C with 250 rpm shaking. A total of 35 μg/mL chlor-
amphenicol (Alfa Aesar B20841) and 100 μg/mL spectinomycin (Gold Biotech-
nology S-140-25) were supplemented as needed for plasmid maintenance.

Animal Studies. The B6.129P-TnfΔARE (TNFΔARE) strain was previously de-
scribed (56), and WT littermates were bred in house. All animals were
handled according to protocols approved by the Institutional Animal Care
and Use Committee. TNFΔARE andWTmice that are 10 wk old were given 5 g/l
streptomycin in drinking water for 48 h. After 48 h, the mice were gavaged
with 100 μL of K-12 E. coli containing the pH reporter construct, described
above, in LB at an OD600 of ∼1. 24 h after gavage, the mice were euthanized.
Postmortem, the distal 5 cm of the ileum (distal ileum) and a segment of ileum
6 to 12 cm from the cecum (mid-ileum) were collected by blunt dissection. A
portion of the mid- and distal ileum was fixed in 10% buffered-formalin
(Sigma-Aldrich) prior to paraffin imbedding and staining for histology. A sec-
ond portion was placed in RNAlater (Sigma-Aldrich) and used for RNA isolation.
The remaining ∼4-cm segment was placed in a 15-mL conical with 5 mL ice-cold
phosphate-buffered saline (PBS) containing 5 mM ethylenediaminetetraacetic
acid and 15 mMHepes and shaken vigorously for 15 min at 4 C. The conical was
than centrifuged for 5 min at 500 × g at 4 °C. Following centrifugation, 4 mL of
the supernatant containing the bacteria was transferred to a 15-mL conical
containing 1 mL of 5% paraformaldehyde (PFA) for a final concentration of 1%
PFA. The bacteria were incubated in 1% PFA for 10 min before the conical was
centrifuged for 5 min at 5,000 × g at 4 °C. The supernatant was discarded and
the bacteria resuspended in PBS. The bacteria were washed three times before
being resuspended in 500 μL PBS and analyzed for sfGFPMFI by flow cytometry.

DSS Model of Colitis. C57BL/6 mice (The Jackson Laboratory) were bred in
house. All animals were handled according to protocols approved by the

Institutional Animal Care and Use Committee. Gender, age, and weight-
matched mice were used in DSS studies. DSS (36,000 to 50,000 molecular
weight; MP Biomedicals) was added to drinking water (3%) for 5 d before
being replaced with water. Mice were monitored daily for weight loss over 7
d. Postmortem colons were harvested by blunt dissection and the distal 2 cm
collected. The tissue was placed in TRIzol and homogenized with a tissue
grinder before being processed as described below. Four mice were used for
each experimental group, and the experiment was repeated twice.

Histological Scoring. A blinded reviewer scored sections of the mid- and distal
ileum from both WT and TNFΔARE mice as previously described (64). Briefly,
the reviewer scored the entire sections of ileum for active and chronic in-
flammation and villus architecture. Markers for active inflammation in-
cluded presence of neutrophils within the lamina propria and submucosal
space and mucosal erosion/ulceration. Markers of chronic inflammation in-
cluded increased mononuclear inflammatory cells and separation of the
crypt base from the muscularis mucosa. The three scores were combined to
give the final histological score.

RNA-seq and Analysis. T84 cells were plated on 6-well plates (Corning) and
grown to confluency. T84 cells were washed with HBSS+ before being treated
with HBSS+ at pH 7.4 or 6.0 for 3 or 6 h. The cells were collected in TRIzol
(Thermo Fisher Scientific) for RNA isolation. Messenger RNA sequencing was
done in a biological triplicate using an Illumina HiSeq 4000 platform. Ex-
pression data were normalized to fragments per kilobase of transcript per
million, and the differentially expressed genes were determined by the
DESeq2 package of R software using default values. Significantly differen-
tially expressed genes were defined by log2 fold change > 1 and adjusted P
value < 0.05. KEGG and TRED analysis utilized a false discovery rate cutoff of
0.1 and minimum a fold change of 2.

Transcriptional Analysis. TRIzol reagent (Invitrogen) was used to isolate RNA
from T84 cells, murine colonoids, and tissue samples following manufactures
instructions. Complementary DNA (cDNA) was reverse transcribed using the
iScript cDNA Synthesis Kit (Bio-Rad) using 1 μg RNA. PCR analysis was per-
formed using SYBR Green (Applied Biosystems) using the primers in Table 2.
Each experiment was performed in biological triplicate.

Protein Analysis and Immunofluorescence. Whole cell lysates were extracted
into radioimmunoprecipitation assay buffer with protease and phosphatase
inhibitors (Roche). Lysates were spun at max rpm for 45 min at 4 °C. Su-
pernatant was collected and quantified for normalization using a Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific). A 4× Laemmli sample buffer
(Bio-Rad) with 2-mercaptoethanol was added to the samples. Samples were
boiled for 5 min, and 10 μg lysate was added to 10% Mini-PROTEAN Precast
Gels (Bio-Rad). The gels were run at 120 Volts for ∼1 h using Bio-Rad Western
blot equipment. The protein was transferred to polyvinylidene difluoride us-
ing a Trans-Blot Turbo RTA Kit (Bio-Rad). Western blotting of these lysates was
performed using the antibodies in Table 3. Phospho-CREB and total CREB was
analyzed using a Human Phospho-CREB (Ser133) and total CREB ELISA kit
(RayBiotech). Each experiment was performed in biological triplicate.

To localize GPR31 expression in IEC, T84 cells were plated on small 0.33-cm2

permeable supports (0.4 μm pore, Corning) until confluent as measured by
transepithelial resistance. Inserts were washed with HBSS+ and fixed with iced
methanol for 30 min at −20 °C. After fixation, inserts were briefly washed with
PBS (Thermo Fisher Scientific). Inserts were blocked in PBS containing 10%
goat serum (Jackson ImmunoResearch) at room temperature for 1 h. Inserts
were stained with rabbit polyclonal anti-GRP31 followed by Alexa Fluor 568
secondary Ab (Invitrogen) and counter stained with ProLong Gold Antifade
with DAPI (Thermo Fisher Scientific). Inserts were imaged using an Olympus
FV1000 FCS/RICS confocal microscope equipped with 405, 488, and 543 nm
laser. Images were captured every 0.5 μm.

Patient Sample Analysis. This study was approved by the University of Colo-
rado Anschutz Medical Campus institutional review board, IRB# 14-2012.
Patient biopsy samples were collected for the biobank repository at the
University of Colorado Crohn’s and Colitis Center. Patient consent was
obtained prior to the procedure. During the consent process, patients were
informed on how the tissue would be used after collection. Endoscopic disease
status and location were noted by the physician who obtained the biopsy
samples. A total of 12 healthy controls and 12 inflamed CD samples (collected
from both the ileum and colon) were analyzed by qRT-PCR analysis.

Data Availability. RNA-seq data have been deposited in the Gene Expression
Omnibus (GSE154982) (65).

Table 3. List of antibodies

Protein target Host species Source

Phospho-CREB (Ser133) Rabbit Cell Signaling Technology
CREB (48H2) Rabbit Cell Signaling Technology
Phospho Erk1/2 (Thr202/Tyr204) Rabbit Cell Signaling Technology
ERK1/2 Rabbit Cell Signaling Technology
Phospho MSK1 (Thr581) Rabbit Cell Signaling Technology
MSK1 Rabbit Cell Signaling Technology
GPR31 (C-terminal) Rabbit Abcam
Actin Rabbit Abcam
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