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The heterodimeric cytokine interleukin-23 (IL-23 or IL23A/
IL12B) is produced by dendritic cells and macrophages and pro-
motes the proinflammatory and regenerative activities of T
helper 17 (Th17) and innate lymphoid cells. A recent study has
reported that IL-23 is also secreted by lung adenoma cells and
generates an inflammatory and immune-suppressed stroma.
Here, we observed that proinflammatory tumor necrosis factor
(TNF)/NF-�B and mitogen-activated protein kinase (MAPK)
signaling strongly induce IL23A expression in intestinal epithe-
lial cells. Moreover, we identified a strong crosstalk between the
NF-�B and MAPK/ERK kinase (MEK) pathways, involving the
formation of a transcriptional enhancer complex consisting of
proto-oncogene c-Jun (c-Jun), RELA proto-oncogene NF-�B
subunit (RelA), RUNX family transcription factor 1 (RUNX1),
and RUNX3. Collectively, these proteins induced IL23A secre-
tion, confirmed by immunoprecipitation of endogenous IL23A
from activated human colorectal cancer (CRC) cell culture
supernatants. Interestingly, IL23A was likely secreted in a non-
canonical form, as it was not detected by an ELISA specific for
heterodimeric IL-23 likely because IL12B expression is absent in
CRC cells. Given recent evidence that IL23A promotes tumor
formation, we evaluated the efficacy of MAPK/NF-�B inhibitors
in attenuating IL23A expression and found that the MEK inhib-
itor trametinib and BAY 11–7082 (an IKK�/I�B inhibitor)
effectively inhibited IL23A in a subset of human CRC lines with

mutant KRAS or BRAFV600E mutations. Together, these
results indicate that proinflammatory and mitogenic signals
dynamically regulate IL23A in epithelial cells. They further
reveal its secretion in a noncanonical form independent of
IL12B and that small-molecule inhibitors can attenuate IL23A
secretion.

In the intestinal epithelium, the maintenance of homeostatic
balance between pathogens’ surveillance and commensal toler-
ance is reliant on an intricate network of cytokines. Of these,
dendritic cell- and macrophage-derived IL-23 provides a cru-
cial microenvironmental cue for the effector functions of inter-
leukin-17 secreting helper T cells (Th17)4 and innate lymphoid
cells that coordinate immune response and tissue repair (1, 2).

IL-23 is a heterodimeric cytokine consisting of IL12B and
IL23A (3). It is a member of the IL-12 family of cytokines that
also includes IL-12 (IL12A/IL12B), IL-35 (IL12A/EBI3), IL-27
(EBI3/IL27A), and the recently reported member IL-39
(IL23A/EBI3) (4). IL-23 is a primary driver of Th17-mediated
immune response during infection and inflammation (5). In
humans, IL-23 is critical for Th17 differentiation and activities
(6, 7), and a polymorphism in its receptor, IL23R, protects
against a range of autoimmune and autoinflammatory condi-
tions (8 –11). Importantly, overproduction of IL-23 during
chronic inflammation is a potent promoter of cancer incidence
and growth (12, 13). However, it is unclear what the cellular
sources of IL-23 are, especially in light of recent reports (14 –
16). Although significant evidence has been presented in the
past that dendritic cell- and macrophage-derived IL-23 is indis-
pensable for disease progression and carcinogenesis in mouse
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models (12, 13, 17), other sources of IL23A/IL-23 have been
identified. In particular, IL23A expression has been reported in
a number of nonhematopoietic sources, including keratino-
cytes (18, 19) and gastric (14, 20), intestinal (15), lung (16), and
ovarian epithelial cells (12). Indeed, lung adenoma– derived
IL-23 was found responsible for the rapid remodeling of the
tumor niche into a proinflammatory and immune suppressive
microenvironment (16). Similarly, epithelial-derived IL-23 has
been attributed to mediating regeneration in DSS-damaged
intestinal epithelium (15). In contrast, IL23A is strongly
induced in gastric epithelial cells by TNF� and Helicobacter
pylori in the absence of IL12B (14).

The potent activities of IL-23 in normal biology and disease
have attracted interests in its regulation, especially that of the
IL23R-interacting IL23A subunit. Upstream signals directing
IL23A expression have been investigated in vitro by several
groups. These efforts revealed a central role for NF-�B in the
regulation of IL23A initially in leukocytes (21–23), but also in
keratinocytes (24) and epithelial cells (14, 15). This is supported
by other transcription factors in a context-specific manner (14, 23,
25). Of note, strong synergy was observed between the canonical
TNF�/NF-�B pathway and the tumor suppressor RUNX3 in gas-
tric epithelial cells, in concert with the activation of SHP2 by
H. pylori (14). In contrast, the transient induction of IL23A in
intestinal epithelial cells that is necessary for intestinal regenera-
tion is supported by the noncanonical LT�R/NF-�B pathway (15).
These observations highlight the complex role played by NF-�B,
in partnership with specific stimuli, in regulating IL23A under dif-
ferent physiological conditions and cell types.

Although the link between IL-23 and carcinogenesis is well-
established, its tumorigenic activity is generally considered an
adverse consequence of its perpetuation of chronic inflamma-
tion (12, 13). Furthermore, these studies have shown that this is
sourced from bone marrow– derived dendritic cells and macro-
phages (12, 13). However, a recent study reports that epithelial-
derived IL-23 during Kras/c-Myc– driven lung carcinogenesis
potently fashioned an immune-suppressed and proinflamma-
tory niche (16). In addition to describing a new source of IL-23,
an important question that arises from that study is how cell-
intrinsic driver mutations like KRASG12V may impact tumor
immunity through the direct regulation of IL23A. As driver
mutations were inherited by each tumor cell, their impact on
IL23A expression would increase during tumor progression
to alter the immune microenvironment. Therefore, there is a
need to identify cell-intrinsic mitogenic signals that regulate
IL23A expression in partnership with extracellular cues, as it
could uncover novel application for existing therapeutics to
interrupt a proinflammatory and immunosuppressive tumor
microenvironment.

In the current study, we investigate the upstream signaling
that regulates IL23A expression in colorectal carcinoma cells
with respect to driver mutations. We observed that the MAPK
and the canonical NF-�B pathways, prominent in intestinal
homeostasis and carcinogenesis, play key roles in driving IL23A
expression in this cell type. This involves a strong crosstalk
between these two pathways acting on a proximal promoter
enhancer complex consisting of NF-�B, c-Jun, and RUNX1/3.
Surprisingly, the expression and secretion of IL23A in this cell

type is independent of the IL12B partner subunit. These obser-
vations indicate that intestinal epithelial cells secrete IL23A
under mitogenic and inflammatory conditions, but not as a het-
erodimer with IL12B. Lastly, we showed that the secretion of
IL23A could be intervened by inhibitors against the MAPK and
NF-�B pathways in MAPK mutant colorectal carcinoma cells,
which could be of therapeutic potential.

Results

IL23A is widely expressed in human colorectal carcinoma lines

It was previously reported that IL23A is transiently induced
in mouse intestinal epithelial cells following dextran sulfate
sodium (DSS)–induced injury through the LT�R–NF-�B path-
way (15). To investigate if IL23A is expressed in human intes-
tinal epithelial cells, we measured the basal expression of IL23A
mRNA in 21 human colorectal carcinoma (CRC) lines. This
revealed that IL23A is widely expressed in intestinal epithelial
cells of diverse mutation profiles (Fig. 1A). The expression of
IL23A is further confirmed in four separate human patient–
derived colorectal cancer organoids (Fig. 1B).

It has been reported that IL23A is under the regulation of
canonical NF-�B pathway in gastric epithelial cells (14). To test
if this pathway promotes IL23A expression in intestinal epithe-
lial cells, four CRC lines, SW620, SW480, COLO 205, and HCT
116, were treated with TNF� for 24 h. This resulted in the
significant induction of IL23A in all four lines (Fig. 1C), con-
firming that the canonical NF-�B pathway regulates IL23A in
this cell type, in addition to the noncanonical LT�R–NF-�B
pathway previously reported (15).

The mitogenic KRAS-BRAF-MAPK pathway is often aber-
rantly activated by somatic mutations during intestinal carci-
nogenesis (26, 27). To determine whether this central onco-
genic pathway regulates IL23A, CRC cells were treated with
phorbol 12-myristate 13-acetate (PMA), a pharmacological
activator of protein kinase C (PKC) and the MAPK pathway
(28). Treatment with PMA strongly induced IL23A expression
in the tested CRC lines to levels much higher than those follow-
ing TNF� treatment (Fig. 1D). Concordant with this, IL23A
expression level is positively correlated to the activation of
MAPK in the TCGA COADREAD gene expression dataset (Fig.
1E) and a published panel of CRC cell lines (Fig. 1F) (29).

To investigate the molecular mechanisms underlying the
inducible expression of IL23A, we generated a firefly reporter gene
construct containing the �1200 to �105 region of the IL23A pro-
moter and transfected it into CRC lines. In SW620 and other
CRC lines, this reporter construct effectively recapitulated the
induction of IL23A promoter (Fig. 1G and Fig. S1). Sequential
deletion of four upstream promoter regions did not affect PMA
and TNF� responsiveness of this reporter construct, indicating
that the necessary cis-acting elements reside within the proximal
promoter (nucleotides �100 to �105) (Fig. 1G).

AP-1, NF-�B, and RUNX3 contribute to basal and induced
IL23A transcription

Detailed examination of the minimal IL23A promoter region
(30 –32) identified a putative AP-1 (FOS/JUN)-binding site
(Fig. S2), a known effector of the MAPK pathway (33). To study
its functional contribution, a series of mutant reporter con-
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structs was generated (Fig. 2A), in which the AP-1 site was
mutated in combination with previously validated NF-�B site
and RUNX sites (14). In SW620 cells, the mutation of the con-
sensus AP-1 site alone did not significantly affect the PMA-
responsiveness of the minimal IL23A promoter (Fig. 2A). How-
ever, the simultaneous disruption of the NF-�B (mKA)
synergistically attenuated PMA induction (Fig. 2A). In addition,
the AP-1 site cooperated strongly with the RUNX sites to main-
tain basal IL23A promoter activity (Fig. 2B). These results indi-
cate that the AP-1 and RUNX sites contribute to the strong
baseline IL23A expression in SW620 cells (Fig. 1A). Concur-
rently, the AP-1 site primes the promoter for cooperative
induction by PMA through the NF-�B site.

As RUNX3 is a crucial regulator of IL23A expression in gas-
tric epithelial cells during inflammation and H. pylori infection
(14, 34), a RUNX3 expression construct was co-transfected
with the reporter constructs in SW620, HCT 116, and SW480
cells. This significantly increased basal IL23A promoter activi-
ties (Fig. 2C), which was abolished when three previously vali-
dated RUNX-binding sites (14) were mutated (Fig. 2C). More-
over, the presence of ectopic RUNX3 augmented the induction
of IL23A promoter by TNF� and PMA (Fig. 2C). However, this
modest effect is unlike the strong cooperativity previously
observed between RUNX3 and TNF�/NF-�B in gastric epithe-
lial cells, indicating tissue-specific differences (14).

To determine the overall contribution of RUNX3 to IL23A
expression, CRC lines were transduced with RUNX3-encoding
lentiviruses and treated with TNF� and PMA. In SW620 cells
that express high levels of endogenous RUNX3 (34), ectopic
expression of RUNX3 had little impact on basal or PMA/
TNF�-induced IL23A protein expression (Fig. 2D). In contrast,
in HCT 116 where RUNX3 expression is low, exogenous
RUNX3 enhanced basal and PMA/TNF�-induced IL23A pro-
tein expression (Fig. 2E). Moreover, a strong increase in intra-
cellular IL23A protein was observed following the blockade of
protein export by brefeldin A, indicating that IL23A is actively
secreted (Fig. 2, D and E).

To gain a clearer picture of the context specificity of
RUNX3’s involvement in epithelial IL23A expression cells, we
correlated the basal expression levels of RUNX3 and IL23A in
45 human CRC cell lines characterized by the Cancer Cell Line
Encyclopedia (CCLE) (35). This revealed that RUNX3 expres-
sion is more closely correlated to IL23A expression in CRC lines
with WT BRAF or non-BRAFV600E mutations (n � 24) and

therefore low intrinsic MAPK activities, whereas overall corre-
lation is not statistically significant (Fig. 2F). In contrast,
RUNX1 expression is significantly correlated to IL23A levels
overall but surprisingly not in CRC lines with low MAPK activ-
ities. These data implicate RUNX3 to be engaged for the main-
tenance of basal IL23A transcription when intrinsic MAPK
activity is low, whereas RUNX1 is utilized when background
MAPK activity is high (Fig. 2F). To demonstrate an involve-
ment of RUNX1, we compared the effects of exogenous
RUNX1 and RUNX3 in inducing IL23A in HCT 116 line. This
showed that RUNX1 is functionally comparable with RUNX3
in mediating PMA/TNF� induction of IL23A protein (Fig. 2G).
Moreover, although the difference is subtle, RUNX1 appears to
increase basal IL23A more than RUNX3 (Fig. S3). Similarly, the
overexpression of RUNX1 had a stronger effect than RUNX3 in
SW480 and SW620 cells (Fig. S4)

Lastly, to confirm the involvement of endogenous RUNX1
and RUNX3 in IL23A regulation, we conducted RNAi knock-
down experiments in SW620 and HCT 116 cells. These show
that the knockdown of RUNX1/3 in both cell lines significantly
attenuated the induction of IL23A by PMA while not having
clear effects on basal or TNF�-induced IL23A expression (Fig.
2, H and I).

NF-�B and MAPK pathways cooperate to transcriptionally
regulate IL23A

The mutation of the NF-�B site appeared to reduce the PMA
responsiveness of the IL23A promoter in Fig. 2A. This was con-
firmed in SW620 and HCT 116 cells, where the mutation of
NF-�B site attenuated PMA and TNF� responsiveness (Fig.
3A). Crosstalk between the MAPK and NF-�B pathways is
known to occur downstream of protein kinase C (36, 37). To
assess their functional interplay in the regulation of IL23A in
CRC cells, we employed inhibitors against MEK1/2 (tra-
metinib) and IKK�/I�B (BAY 11-7082) at doses that displayed
little cytotoxicity (Fig. S5). Notably, trametinib and BAY
11-7082 were equally effective in blocking PMA induction of
IL23A mRNA in SW620 cells (Fig. 3B). Moreover, combined
treatment of both inhibitors resulted in no further blockade,
indicating strong cooperativity between the two pathways (Fig.
3B). A similar pattern was observed in COLO 205 cells, indicat-
ing that the cooperation between these two pathways is a recur-
rent mechanism in the regulation of IL23A in intestinal epithe-
lial cells (Fig. 3C).

Figure 1. Basal and inducible expression of IL23A expression in CRC lines. A and B, IL23A is widely expressed in diverse human colorectal carcinoma lines
and organoids. A, IL23A mRNA levels in 21 CRC cell lines were evaluated by qRT-PCR using an IL23A-specific Taqman probe. IL23A expression is normalized with
that of GAPDH and compared against that of AGS human gastric epithelial cells and THP-1 human monocytes, known producers of IL23A (14). The correspond-
ing Ct values of each sample (with a cut-off limit of 35 cycles) are presented in gray bars. Normalised IL23A mRNA levels are expressed relative to that of THP-1.
Data are presented as mean � SEM of four replicates. B, the expression levels of four human CRC-derived organoids relative to that of SW480. Normalised IL23A
mRNA levels are expressed relative to that of SW480. Data are presented as mean � SEM of four replicates. C, TNF�-induced IL23A expression in colorectal
cancer cell lines. SW620, SW480, COLO 205, and HCT 116 cells were treated with TNF� (50 ng/ml) for 10 h and harvested for qRT-PCR measurement of IL23A
mRNA levels. Normalized IL23A mRNA levels are expressed relative to that of untreated controls. Data are presented as mean � S.E. of four replicates. D, PMA
strongly induced IL23A expression. Four CRC cell lines were treated with PMA (1 �M) for 10 h and harvested for qRT-PCR measurement of IL23A mRNA.
Normalized IL23A mRNA levels are expressed relative to those of DMSO-treated control samples (n � 4; mean � S.E.). E and F, correlation plot of Gene Ontology
(GO) MAPK pathway enrichment score (y axis) and IL23A Log2 gene expression value (x axis) in TCGA COADREAD cohort (E) and CRC cell lines (F). Correlation
Rho and p value are computed using Spearman’s correlation coefficient rank test. G, activating effects of TNF� and PMA are mediated via the proximal
promoter. A firefly luciferase reporter construct containing the �1200 to �105 region of the IL23A promoter and its deletion variants were transiently
transfected into SW620 cells, which were treated with TNF� (50 ng/ml) or PMA (1 �M) for 8 h and harvested for luciferase assay. Normalized luciferase activities
are expressed relative to the values of samples transfected with an empty control vector. Data presented are as mean � S.E. from four replicates. The p values
are indicated as follows: *, p � 0.05; **, p � 0.01; ***, p � 0.001; n.s., not significant.
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To confirm the involvement of MEK1/2 and the IKK com-
plex, RNAi knockdown experiments were performed in SW620
cells. The knockdown of MEK2 and IKK2, but not MEK1, sig-
nificantly reduced IL23A mRNA expression in resting cells (Fig.
3D). In comparison, the knockdown of the three kinases indi-
vidually or in combination effectively reduced PMA respon-
siveness of the IL23A promoter in reporter assays (Fig. 3E). To
clarify the involvement of MEK1, we treated SW620 cells with
two additional MEK1/2 inhibitors, PD98059 and PD0325901.
Our data show that both inhibitors were efficacious, attenuat-
ing PMA induction to a similar degree to trametinib (Fig. S6).
Of note, PD98059 has a greater specificity against MEK1 (IC50 4
�M) than MEK2 (IC50 50 �M). We observed that PD98059 effec-
tively blocked PMA at 10 �M, providing additional evidence for
MEK1 involvement (Fig. S6). Overall, our data indicate that
both MEK1 and MEK2 are utilized downstream of PMA to
transactivate the IL23A promoter.

The effects of intrinsic mutations that activate MAPK path-
way on basal IL23A transcription were investigated next. For
this, resting CRC cells were treated with inhibitors. In COLO
201 cells, which carry the BRAFV600E mutation, trametinib and
BAY 11-7082 strongly suppressed basal IL23A mRNA and pro-
tein expression (Fig. 3F), mimicking their effects in blocking
PMA induction (Fig. 3, B and C). Collectively, these data clearly
show that MAPK/MEK and IKK/NF-�B cooperate to maintain
basal and induced IL23A expression.

PMA induces a transcription enhancer complex for the
recruitment of NF-�B

To understand the molecular mechanism underlying the
MAPK–NF-�B cooperation, we conducted affinity pulldown
assays with a 164-bp biotinylated IL23A promoter fragment
that spans the RUNX, NF-�B, and AP-1 sites (Fig. 3G). By con-
jugation with paramagnetic beads, this promoter fragment
readily enriched RelA/p65 (NF-�B), phosphorylated c-Jun (p-c-
Jun; AP-1), RUNX3, and RUNX1 from SW620 nuclear extracts
(Fig. 3H). Treatment with PMA markedly increased the binding
of RelA/p65, p-c-Jun, RUNX3, and RUNX1 to the promoter
fragment (Fig. 3H). Interestingly, increased RelA/p65 binding
occurred without a significant change in nuclear RelA/p65
level. In contrast, PMA strongly induced nuclear p-c-Jun,
RUNX3, and, to a lesser extent, RUNX1, which explains their

increased binding. These data suggest that PMA increases
nuclear p-c-Jun, RUNX3, and RUNX1, and their binding to the
promoter fragment in turn recruits the relatively abundant
RelA/p65 (Fig. 3H).

Concordant with the literature, treatment with trametinib
attenuated the induction of p-c-Jun by PMA (38 –40). Likewise,
BAY 11-7082 reduced both the nuclear accumulation and the
binding of NF-�B, in line with its known activity. In addition,
both trametinib and BAY 11-7082, significantly blocked PMA
induction of RUNX3 and RUNX1, resulting reduced promoter
binding. These observations suggest that BAY 11-7082 inhibits
PMA-induced IL23A transcription by acting on multiple tran-
scription factors.

Collectively, these observations support a molecular mecha-
nism whereby PMA induces p-c-Jun, RUNX3, and RUNX1 to
form a transcription enhancer complex at the proximal IL23A
promoter that efficiently recruits NF-�B, hence providing a
molecular basis for the cooperativity between the MAPK and
NF-�B pathways. Moreover, components of this enhancer
complex were effectively targeted by trametinib and BAY
11-7082, which provides an important link between the effica-
cies of these inhibitors in blocking PMA induction of IL23A
(Fig. 3B) and the functional contributions of the proximal tran-
scription factor binding sites (Figs. 2A and 3A and Fig. S7).

IL23A is secreted by intestinal epithelial cells independent of
IL12B

Having observed strong accumulation of intracellular IL23A
protein in induced SW620 and HCT 116 cells, we sought to
clarify the nature of the secreted IL23A. Canonically, IL23A is
secreted as a heterodimer with IL12B by macrophages and den-
dritic cells. However, IL23A expression is also widely observed
in epithelial cells of different tissues profiled by the CCLE,
including intestinal epithelial cells (Fig. 4A). Of note, the rela-
tive expression levels of IL23A in epithelial cell lines are com-
parable with those of hematopoietic lines (Fig. 4A). In stark
contrast, the expression of IL12B and EBI3, another potential
binding partner, is far more restricted (Fig. 4A and Fig. S8).
Similarly, the expression of IL23A is substantially higher than
that of IL12B in mixed tissue samples from the TCGA database
or in a published panel of CRC cell lines (Fig. 4B). To provide a
more definite assessment of IL12B expression levels, we con-

Figure 2. cis- and trans-elements required for the basal and induced IL23A expression. A, SW620 cells were transiently transfected with a series of reporter
constructs containing the WT minimal IL23A promoter (�300 to �105) or mutant variants, in which AP-1 (mA), NF-�B (mK) and three functional RUNX sites (mR)
are mutated in combinations as indicated. Transfected cells were rested for 18 h post transfection and treated with DMSO (Control) or PMA (50 ng/ml). After 8 h
of treatments, the cells were harvested for luciferase assays. Normalized luciferase values are expressed relative to DMSO-treated values for each reporter
construct and presented as mean � S.E. (n � 4). B, the effect of AP-1 and RUNX site mutations on basal promoter activity in the same experiment as (A). C,
ectopic RUNX3 increased the basal activity of the WT �300 (WT) reporter construct and augmented its TNF� and PMA responsiveness in SW620, HCT 116, and
SW480 cells. Transfected cells were rested for 24 h and treated with TNF� (50 ng/ml, with DMSO) or PMA (1 �M) or DMSO (Mock). After 8 h of treatment, they
were harvested for luciferase reporter assay. Firefly (SW620) or normalized (HCT 116 and SW480) luciferase activities are expressed relative to basal �300 (WT)
reporter values and charted as mean � S.E.; n � 4. D and E, ectopic RUNX3 has differential effects on IL23A protein expression. SW620 cells (D) and HCT 116 cells
(E) were transduced with the indicated lentiviruses for 48 h and treated with TNF� (5 ng/ml) or PMA (20 ng/ml) for another 24 h. Cell lysates were subjected to
Western blotting for the detection of IL23A, RUNX3, and �-actin (loading control). F, correlation between the expression levels of IL23A and RUNX3 (top) and
RUNX1 (bottom) in all CRC lines profiled by the CCLE (left) and those with WT or non-BRAFV600E mutant (i.e. MAPKlow). Spearman’s correlation coefficient test was
used to assess correlation of gene expressions. G, RUNX1 synergizes with PMA/TNF� to induce IL23A. HCT 116 cells were transduced with Control, RUNX1, or
RUNX3 lentiviruses for 48 h and treated with TNF� (5 ng/ml) or PMA (20 ng/ml) for another 24 h. Cell lysates were subjected to Western blotting for the
detection of IL23A, RUNX3, RUNX1, and �-actin (loading control). The p values are indicated as follows: *, p � 0.05; **, p � 0.01; ***, p � 0.001; n.s., not significant.
H and I, effects of RNAi of RUNX1/3 on basal, TNF�-, or PMA-induced IL23A expression. SW620 (H) and HCT 116 (I) cells were transfected with either a
nontargeting Control or RUNX1 and RUNX3 siRNAs. Cells were rested for 48 h and treated with PMA for 24 h. Cells were treated with brefeldin A for 18 h prior
before they harvested for Western blot analyses for the detection of IL23A, RUNX3, RUNX1, and GAPDH (loading control). The two panels in (H) represent two
exposures of a single membrane to account for the strong induction of IL23A by PMA in SW620 cells.
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ducted quantitative RT-PCR assays with IL12B-specific Taq-
man hydrolysis probe in the same CRC lines used in Fig. 1A.
This confirms that the IL12B transcript is either completely
absent in intestinal cells or detectable at far lower levels than in
THP-1 monocytes (Fig. 4C). Similarly, EBI3 expression was
very low or undetectable by Taqman qRT-PCR in resting or
PMA-induced CRC cells (Fig. S9 and Fig. S10). These observa-
tions suggest that IL23A is secreted independent of IL12B and
EBI3. To check this, we performed immunoprecipitation of
endogenous IL23A from the supernatant of uninduced or
PMA-induced SW620, COLO 201, and HCT 116 cells. Using a
human IL23A-specific antibody, endogenous IL23A was read-
ily precipitated from supernatants of PMA-induced SW620
cells, but not in COLO 201 and HCT 116 cells, likely because of
the high concentration necessary for effective immunoprecipi-
tation. As a positive control, we prepared supernatant from
transfected HEK293T cells expressing exogenous IL23A and
IL12B (Fig. 4D). Consistent with the lack of IL12B mRNA
expression in the CRC lines, IL12B was not co-immunoprecipi-
tated with IL23A (Fig. 4D). To further demonstrate that IL23A
is secreted independent of IL12B, these supernatants were ana-
lyzed by “sandwich” ELISA specific for IL23A/IL12B, which
readily detected the secretion of exogenous and endogenous
IL-23 (Fig. 4E and Fig. S11). Strikingly, canonical IL23A/IL12B
was completely absent in the supernatants of activated SW620,
COLO 201, or HCT 116 cells. Collectively, these data provide
evidence that intestinal epithelial cells secrete a novel form of
IL23A that is activated by mitogenic and inflammatory signals,
independent of IL12B and in the absence of EBI3.

Discussion

Immunity in the periphery is reliant on a finely tuned net-
work of cytokines and chemokines contributed by cells of dif-
ferent lineages. Recent advances in cancer genome sequencing
and gene expression profiling has deepened our appreciation of
tumor heterogeneity in terms of the multi-clonality within a
tumor and its complex cellular composition. Nevertheless, the
contribution of epithelial cell– derived cytokines to inflamma-
tion, infection, and tumor immunity remains underappreci-
ated. Recent studies have pointed to the expression and secre-
tion of IL23A by the epithelial cells of several tissues, including
gastric (14, 20), intestine (15, 41), and lung epithelial cells (16).

In the intestine, a previous study reported that epithelial
expression of IL23A was triggered by DSS-induced damage in a
manner dependent on lymphotoxin � receptor (LT�R) and the
noncanonical NF-�B pathway. This in turn instructs the secre-
tion of IL-22 by type 3 innate lymphoid cells, as part of a tissue
regeneration program (15). Hence, IL23A serves a protective
function against intestinal injury. However, this beneficial role
of IL-23 in intestinal repair was recently reported to have potent
tumor-promoting activities during Kras/c-Myc–mediated lung
carcinogenesis (16). Epithelial-derived IL-23 was identified as
an effector that enables lung adenoma cells to fashion a tumor
stroma that greatly suppressed tumor immunity (16). Given
these contrasting activities, it is important to understand how
IL23A is regulated by inflammatory and mitogenic signals in
epithelial cells.

In the current study, we identified the canonical NF-�B and
MAPK pathways as two important drivers of IL23A expression
in intestinal epithelial cells. The TNF�/NF-�B pathway is a
central mediator of intestinal inflammation and its direct
involvement further implicates IL23A to be part of an epithelial
response toward intestinal inflammation and infection. On the
other hand, the activation of MAPK is a key event downstream
of growth factor signaling and hence its involvement couples
the expression IL23A with tissue growth and regeneration.
Importantly, the KRAS-MAPK pathway is frequently targeted
by activating mutations during intestinal carcinogenesis (26,
27). Therefore, it is possible that epithelial cell–intrinsic driver
mutations may lead to aberrant production of IL23A during
intestinal carcinogenesis.

We further observed a significant crosstalk between the
MAPK and the NF-�B pathways. There have been numerous
reports of crosstalk between PKC-MAPK and the NF-�B path-
ways, involving interplay between several MAPK signaling axes,
including PKC� (42–44) and JNK (45), as reviewed elsewhere
(46, 47). Here, we observed that the activation of IL23A pro-
moter by PMA is dependent in part on an intact NF-�B site in
the proximal region of the IL23A promoter. Furthermore, PMA
induction of IL23A mRNA is strongly attenuated by the IKK�/
I�B inhibitor BAY 11-7082 in some CRC lines. Confirming the
involvement of MEK1/2, PMA induction was similarly blocked
by several MEK1/2 inhibitors, including trametinib. Tellingly,

Figure 3. Strong cooperation between the MAPK/MEK and NF-�B pathways in the transcriptional regulation of IL23A in intestinal epithelial cells. A,
SW620 and HCT 116 cells were transiently transfected with WT reporter construct or variants with mutated RUNX and NF-�B sites (as indicated) and rested for
24 h. Subsequently, cells were treated with TNF� (50 ng/ml) or PMA (1 �M) for 8 h and harvested for luciferase assays. Normalized luciferase activities are
expressed relative to those of untreated control samples (mean � S.E.; n � 4). B and C, SW620 (B) and COLO 205 (C) were pretreated with either DMSO (Mock),
trametinib (10 nM), BAY 11-7082 (10 �M), or in combination for 2 h before treatment with PMA (1 �M) or DMSO (Mock) for 24 h. Changes in IL23A mRNA levels
were measured by qRT-PCR, normalized against corresponding GAPDH values, and presented relative to those of untreated controls (mean � S.E.; n � 4). D and
E, effects of RNAi of MEK1/MEK2 and the IKK�/� complex. D, SW620 cells were transfected with the indicated siRNAs. Cells were rested 36 h post transfection
for effective RNAi knockdown and then treated with PMA for 10 h and harvested for qRT-PCR analyses. IL23A mRNA levels were normalized against 18S rRNA
and expressed relative to the DMSO-treated control (siCTR) (mean � S.E.; n � 3). E, WT �300 (WT) reporter construct was co-transfected with the indicated
siRNAs into SW620 cells. Cells were rested 36 h post transfection for effective RNAi knockdown and then treated with PMA for 12 h and harvested for luciferase
assay. The data presented are -fold increases in relative promoter activity following PMA treatment, relative to the DMSO-treated samples (mean � S.E.; n � 3).
F, COLO 201 were treated with DMSO (mock), trametinib (10 nM), BAY 11-7082 (10 �M), or in combination for 24 h and harvested for qRT-PCR measurements and
Western blotting. Expression of IL23A mRNA was normalized against GAPDH values and charted relative to mock values (mean � S.E.; n � 4). The p values are
indicated as follows: *, p � 0.05; **, p � 0.01; ***, p � 0.001; n.s., not significant. G and H, promoter pulldown assay reveals a PMA-inducible transcription
enhancer complex at the proximal IL23A promoter. G, schematics illustrating the coupling of a 5� biotinylated amplicon spanning the �201 to �38 region of
the IL23A proximal promoter to paramagnetic beads and used to enrich RelA/p65, p-c-Jun, RUNX3, and RUNX1 from nuclear extracts prepared from SW620
cells treated as indicated. H, PMA-induced nuclear p-c-Jun, RUNX3, and RUNX1 and their binding to the IL23A promoter fragment strongly enhanced RelA/p65
recruitment. Co-treatment with trametinib and BAY 11-7082 attenuated to varying degrees the induction of these transcription factors, thereby disrupting the
formation of the transcription enhancer complex.
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Figure 4. CRC cells secrete IL23A in the absence of IL12B. A, relative expression levels of IL23A and IL12B in selected cancer cell lines. Normalized RNA-Seq
data derived from cancer cell lines of hematopoietic, gastric, and colorectal (large intestine) lineages were extracted from the CCLE database (35) and charted
against copy number. B, dot plot of IL23A and IL12B gene expression levels (y axis; mean � S.E.) in TCGA COADREAD cohort (left panel; n � 382) and CRC cell
line (right panel; n � 13). C, IL12B mRNA levels were evaluated by qRT-PCR using a specific Taqman hydrolysis probe. IL12B expression is normalized against that
of GAPDH and compared with that of AGS human gastric epithelial cells and THP-1 human monocytes, the latter is known for producing IL23A/IL12B. The
corresponding Ct values of every sample (with a cut-off limit of 35 cycles) are presented in gray bars. D, immunoprecipitation of endogenous IL23A from the
culture supernatants of activated SW620, COLO 201, and HCT 116 cells. CRC cells were treated with DMSO (mock) or PMA (100 ng/ml) for 36 h before collection
for immunoprecipitation (IP) by a monoclonal IL23A-specific antibody. The immunoprecipitation of IL23A and co-immunoprecipitation of IL12B were mea-
sured by reducing (IL23A) and nonreducing (IL12B) Western blotting. Culture supernatant of HEK293T cells expressing exogenous IL23A and IL12B was used
as a positive control for canonical IL-23. E, the same supernatants used in immunoprecipitation experiment (C) were analyzed by ELISA for the presence of IL-23
(IL23A/IL12B).
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the combined treatment of trametinib and BAY 11-7082
achieved little or no additional blockade, indicating a common
mechanism downstream of MEK1/2 and IKK. Our investiga-
tion into the underlying molecular mechanism reveals func-
tional partnership between closely situated AP-1, NF-�B, and
RUNX binding sites on the IL23A promoter. Promoter pull-
down analyses further revealed that PMA induces p-c-Jun,
RUNX3, and RUNX1 to facilitate the formation of a proximal
transcription enhancer complex that strongly recruits NF-�B.
These observations provide a molecular basis to the observed
responsiveness of IL23A to mitogenic and inflammatory signals
and the inhibitory effects of trametinib and BAY 11-7082. In
addition, we observed that PMA induced nuclear RUNX3 and
RUNX1. Although ERK phosphorylation of RUNX1 has been
reported in the past (48 –50), our data suggest that it could
promote RUNX nuclear localization, as total cellular RUNX3
levels have remained largely unchanged over a 12-h treatment
(Fig. S12).

Trametinib and BAY 11-7082 were also effective in attenu-
ating basal IL23A expression in certain CRC lines with activat-
ing MAPK mutation, such as COLO 201 (BRAFV600E). This
indicates that heightened MAPK signaling in these cells main-
tains the constitutive expression of IL23A. It is possible that
cell-intrinsic mutations within intestinal carcinoma cells could
fuel aberrant IL23A secretion into the tumor microenviron-
ment and alter tumor immunity. As such, these inhibitors have
the potential to intervene excessive epithelial IL23A produc-
tion to restore tumor immunity or augment immune check-
point therapy, in addition to their demonstrated effects on T
cells (51). Of note, trametinib is in Phase III clinical trials with
BRAF inhibitors (e.g. dabrafenib) to treat colorectal cancer
patients with activating BRAFV600E mutation (52, 53). Although
it remains unclear if epithelial-derived IL23A suppresses tumor
immunity as observed in mouse models of lung cancer (16), the
effectiveness of trametinib and BAY 11-7082 in blocking IL23A
production offers a timely example on how classical small
chemical inhibitors could be deployed in combination with
immune checkpoint therapeutics.

There remains ambiguity in the nature of the IL23A secreted
by epithelial cells. Recent studies in the intestine and lung
report that epithelial cells secrete the canonical IL23A/IL12B
heterodimer. However, only the expression of IL23A was
clearly demonstrated in the epithelial cells (15, 16). In both
studies, the interpretation of the data is complicated by the
presence of other sources of IL23A/IL12B within the tissue
microenvironment, such as macrophages. The IL-23 measured
in whole tissue homogenates by ELISA or immunoblotting can-
not be conclusively attributed to epithelial origins because they
contained leukocytes. Moreover, as these assays are designed
specifically for the IL23A/IL12B heterodimer, they cannot
detect IL23A secreted in any other form. Most importantly, the
production of IL23A/IL12B would be inconsistent with the
absence of IL12B mRNA expression in human intestinal epithe-
lial cells. In this study, we observed a striking difference
between the expression pattern of IL23A and those of IL12B
and EBI3. Whereas IL23A expression was widely expressed in
CRC cell lines, at levels comparable with human monocytes,
IL12B, in particular, was conspicuously absent. This was fur-

ther supported by our analysis of CCLE and TCGA expression
datasets.

To provide direct evidence of IL23A secretion, we success-
fully immunoprecipitated endogenous IL23A from culture
supernatants of activated CRC cells. Consistent with the
absence of IL12B expression, IL12B was not co-immunopre-
cipitated with IL23A. Moreover, despite being present at high
levels, the secreted IL23A could not be detected by IL-23–
specific ELISA. Contrary to the saturating values from exoge-
nous IL23A/IL12B produced by transfected HEK293T cells and
the clear detection of endogenous IL23A/IL12B from THP-1
monocytes, the values from CRC supernatants are indistin-
guishable from background noise. Collectively, these observa-
tions suggest that the intestinal epithelial cells secrete a form of
IL23A that is independent of IL12B. Although yet to be fully
validated in vivo, such a notion would make sense as the tissue
microenvironment already has prolific producers of canonical
IL-23, as highlighted above. Therefore, the production of a dis-
tinct form of IL-23, under the regulation of common inflamma-
tory and mitogenic cues, would ensure timely feedback from
epithelial cells in the maintenance of homeostatic balance dur-
ing inflammation and repair. Such a possibility should be taken
into account when we contemplate the enigmatic association of
epithelial-derived IL23A with tissue regeneration and cancer.

Experimental procedures

Cell culture and treatment

The human CRC cell lines SW620, SW480, COLO 201,
COLO 205, and HCT 116 were acquired from the ATCC
(Manassas, VA) maintained in RPMI 1640 medium (Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum
(Invitrogen), 1% penicillin-streptomycin, and 2 mM L-gluta-
mine under standard cell culture conditions. During induction
studies, these lines were treated with either TNF� (50 ng/ml)
(PeproTech, Rocky Hill, NJ) or PMA (at indicated concentra-
tions) (Tocris Bioscience, Bristol, UK) for 10 h prior to qRT-
PCR analysis. For reporter gene assays, transiently transfected
cells were treated at 24 h post transfection with either TNF� or
PMA for 8 –12 h and harvested for firefly and Renilla luciferase
assays. For inhibitor experiment, cells were pretreated for 2 h
with trametinib (10 nM) (Selleck Chemicals, Houston, TX) or
BAY 11-7082 (10 �M) (Tocris), PD98059 (10 �M) (Tocris),
PD0325901 (1 �M) (Sigma-Aldrich) or in combination. Subse-
quently, cells were treated with either TNF� or PMA for 12 or
24 h and harvested for qRT-PCR or Western blotting analyses,
respectively. The pBOBI-RUNX3 and pBOBI-RUNX1 lentivi-
ral transfer vectors encoding the p44 isoform of RUNX3 and
isoform 1B of RUNX1 were generated as described in the sup-
porting information. Lentiviruses were generated in HEK293T
cells by co-transfecting pBOBI-RUNX3, pBOBI-RUNX1, or
nonencoding pBOBI-control transfer vectors with ViraPower
Lentiviral Packaging Mix (Thermo Fisher Scientific), following
a protocol described previously (54).

Human colorectal tumor organoids

Human CRC organoids were cultured in conditions detailed
in Ref. 55. Briefly, mechanically disrupted organoids were
embedded in 30 �l of Matrigel (Corning, New York) and seeded

Intestinal epithelial cells secrete IL23A

6396 J. Biol. Chem. (2020) 295(19) 6387–6400

https://www.jbc.org/cgi/content/full/RA120.012943/DC1
https://www.jbc.org/cgi/content/full/RA120.012943/DC1
https://www.jbc.org/cgi/content/full/RA120.012943/DC1


in 48-well plates. Following polymerization, the mixture was
overlaid with 300 �l of Advanced DMEM/F-12 medium
(Thermo Fisher Scientific) supplemented with 1% penicillin-
streptomycin, GlutaMAX (Thermo Fisher Scientific), B27 sup-
plement (Thermo Fisher Scientific), 10 mmol/liter HEPES (Sig-
ma-Aldrich), 10 nmol/liter gastrin (Sigma-Aldrich), 1 mmol/
liter N-acetylcysteine (Sigma-Aldrich), 50 ng/ml mouse EGF
(Thermo Fisher Scientific), 100 ng/ml murine Noggin (Pepro-
Tech), 500 nmol/liter A83– 01 (Sigma-Aldrich), 10 �mol/liter
SB202190 (Sigma-Aldrich), and 1:1 conditioned medium pre-
pared from L-fibroblasts stably expressing R-spondin1/Wnt3a/
noggin (CRL-3276, ATCC; a kind gift from Dr. Kazuhiro
Murakami). Human CRC tissues were obtained from the
Ishikawa Prefecture Hospital where informed and written con-
sents were obtained prior to specimen collection. The protocol
used in this study was approved by the ethics committees at
Ishikawa Prefecture Hospital (Approval Number: 1166) and
Kanazawa University (Approval Number: 2016-086(433)). This
study abides by the Declaration of Helsinki principles.

Promoter pulldown assay

Promoter pulldown assay is performed using a protocol
described in Ref. 56 and adapted for the use of a longer pro-
moter fragment, as described in Ref. 37. A 164-nucleotide 5�
biotinylated PCR amplicon containing the nucleotide �201 to
�38 region of the proximal IL23A promoter was generated
using oligonucleotide primers (Table S1) and the �300 (WT) or
�300 (mRKA) minimal reporter constructs as template DNA.
The purified amplicons were coupled to streptavidin-coated
paramagnetic beads (Dynabeads M-280, Thermo Fisher Scien-
tific) as per the accompanying instructions. Nuclear extracts
were prepared from SW620 cells treated with DMSO or PMA
(50 ng/ml), together with trametinib (10 nM) or BAY 11-7082
(10 �M) for 5 h, using the method described by Li et al. (57).
Nuclear extracts (30 �g) were pre-incubated for 10 min with 0.2
�g/ml of poly(dI-dC) (Santa Cruz Biotechnology) and 0.8
�g/ml of sonicated salmon sperm DNA (Thermo Fisher Scien-
tific) in binding buffer (20 mM Hepes, pH 7.9, 2 mM MgCl2, 50
mM NaCl, 1 mM DTT, 20% glycerol). DNA-bound paramag-
netic beads were added and incubated with the binding reaction
for 30 min. The beads were then washed three times in binding
buffer with 0.05% Tween 20 (Sigma-Aldrich) and analyzed by
Western blotting.

Reporter gene assay

The firefly luciferase reporter vectors (pGL3-Basic, Promega,
Madison, WI) containing the long and short IL23A promoters,
and their deletion or mutation variants were generated as
described in the supporting information. These reporter con-
structs were transfected into SW620, SW480, COLO 201,
COLO 205, and HCT 116 cells together with a modified Renilla
luciferase encoding vector (phRL-SV40, Promega), and control
or RUNX3 expression constructs using FuGENE HD (Pro-
mega) or Lipofectamine 2000 (Thermo Fisher Scientific) for
24 h. Firefly luciferase activities were determined using the
Dual Luciferase Reporter Assay system (Promega), following
the accompanying instructions. Firefly luciferase data were
normalized against the corresponding Renilla luciferase values

and presented as graphs. In RNAi experiments, cells were co-
transfected with 40 – 60 nmol/ml siRNA against MEK1
(MAP2K1, SI00300699; Qiagen, Hilden, Germany), MEK2
(MAP2K2, SI02225090; Qiagen), IKK2 (IKBKB, 280309; Dhar-
macon, Lafayette, CO) and a nontargeting control siRNA
(SIC001, Sigma-Aldrich). Cells were rested for 36 h and treated
with PMA or DMSO for a further 24 h.

Quantitative RT-PCR

Total RNAs were isolated using the RNeasy Mini Kit (Qia-
gen) or ISOGEN (Nippon Gene; Toyama, Japan). Complemen-
tary DNA was synthesized with the iScript Reverse Transcrip-
tion Supermix for qRT-PCR (Bio-Rad Laboratories; Hercules,
CA). Quantitative PCR was conducted with the Precision Fast
2� qPCR MasterMix or SYBR Green MasterMix (Primerde-
sign; Southhampton, UK) using gene-specific Taqman hydro-
lysis probes (Thermo Fisher Scientific) or oligonucleotide
primers, respectively (Table S1). All procedures were per-
formed in accordance with standard manufacturer’s instruc-
tions. Samples were analyzed on an ABI QuantStudio 3 Real
Time PCR machine (Thermo Fisher Scientific) or AriaMx Real-
Time PCR System (Agilent Technologies; Santa Clara, CA).
The expression levels of specific mRNA are normalized against
those of GAPDH and presented as graphs.

Western blotting and immunoprecipitation

Whole-cell lysates were resolved in SDS-polyacrylamide gel
and immunoblotted with the following antibodies at their
respective dilutions: anti-RUNX3 (1:2500; R3–5G4, MBL;
Nagoya, Japan), anti-IL23A (1:2000; eBio 473P19, Thermo
Fisher Scientific), anti-IL23A (1:500; clone C-3, Santa Cruz Bio-
technology; Dallas, TX), anti-IL12B (1:1000; clone C8.6,
Thermo Fisher Scientific), anti-�-actin (1:10,000; clone AC-74,
Sigma-Aldrich), anti-phospho-c-Jun (1:1000; 3270, Cell Signal-
ing Technology, Danvers, MA); anti–NF-�B p65 (8242, Cell
Signaling Technology); anti-RUNX1 (clone 1H9); anti-mouse
IgG-HRP (1:5000; GE Healthcare Life Sciences), and anti-rabbit
IgG-HRP (1:20,000; GE Healthcare Life Sciences). Cells were
transduced with lentiviruses encoding RUNX3 or RUNX1 for
48 h prior to treatment with TNF� or PMA for 24 h. To inhibit
protein secretion, cells were treated with brefeldin A (Thermo
Fisher Scientific) 12–18 h prior to harvesting. Immunoprecipi-
tation of IL23A from CRC culture supernatants was performed
using anti-IL23A antibodies coupled with Dynabeads Protein G
(Invitrogen), according to the manufacturer’s protocol. Super-
natant was prepared from CRC cells induced with PMA (100
ng/ml) for 36 h prior to harvesting.

ELISA of IL-23

To measure IL-23 in the supernatants harvested from cul-
tured cells, ELISA was performed using the Human IL-23
Uncoated ELISA Kit (Invitrogen) following the manufacturer’s
instructions. Supernatant was prepared from CRC cells stimu-
lated with PMA (100 ng/ml) for 36 h prior to harvesting.

Gene expression and pathway analyses

The IL23A and IL12B gene expression data were extracted
from TCGA COADREAD (Broad GDAC version 2016_01_28)
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(58) and those published by Mouradov et al. (29). Gene expres-
sions were compared and analyzed in terms of FPKM and
RPKM. Prior to pathway analysis, low expressed genes were
removed (mean expression �1). We applied R version 3.3.1,
GSVA version 1.20, and Msigdb v6.1 C5 geneset to estimate the
pathway enrichment for each sample in the TCGA and Moura-
dov et al. cohorts. Pre-processed microarray gene expression
(data version 2010 – 09-29) and hybrid capture mutation data
(data version 2012– 02-20) of the Cancer Cell Line Encyclope-
dia (CCLE) were downloaded from CCLE portal (RRID:
SCR_01383635). mRNA expression levels and mutation status
of selected genes were extracted. Spearman’s correlation coef-
ficient test was used to assess correlation of gene expressions.

Statistical analysis

All charted data are presented as mean � S.D. or S.E. Com-
parative analyses of two datasets were conducted either by the
Student’s t test (for parametric data sets) or Mann-Whitney U
test (for nonparametric data sets). The p values were indicated
on the figures as follows: *, p � 0.05; **, p � 0.01; ***, p � 0.001;
n.s., not significant.

Data availability

The gene expression data of colorectal cancer samples from
TCGA COADREAD cohort are publicly available in Broad
Institute GDAC (58). The gene expression data of colorectal
cell lines are publicly available (29). The mutation data of colo-
rectal cell lines from CCLE are publicly available in CCLE portal
(35). All experimental data generated in this manuscript are
contained within the manuscript.
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