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The aryl hydrocarbon receptor nuclear translocator (ARNT) is a transcription factor
present in immune cells as a long and short isoform, referred to as isoforms 1 and 3,
respectively. However, investigation into potential ARNT isoform–specific immune
functions is lacking despite the well-established heterodimerization requirement of
ARNT with, and for the activity of, the aryl hydrocarbon receptor (AhR), a critical
mediator of immune homeostasis. Here, using global and targeted transcriptomics anal-
yses, we show that the relative ARNT isoform 1:3 ratio in human T cell lymphoma cells
dictates the amplitude and direction of AhR target gene regulation. Specifically, shifting
the ARNT isoform 1:3 ratio lower by suppressing isoform 1 enhances, or higher by sup-
pressing isoform 3 abrogates, AhR responsiveness to ligand activation through preprog-
raming a cellular genetic background that directs explicit gene expression patterns.
Moreover, the fluctuations in gene expression patterns that accompany a decrease or
increase in the ARNT isoform 1:3 ratio are associated with inflammation or immuno-
suppression, respectively. Molecular studies identified the unique casein kinase 2 (CK2)
phosphorylation site within isoform 1 as an essential parameter to the mechanism of
ARNT isoform–specific regulation of AhR signaling. Notably, CK2-mediated phos-
phorylation of ARNT isoform 1 is dependent on ligand-induced AhR nuclear transloca-
tion and is required for optimal AhR target gene regulation. These observations reveal
ARNT as a central modulator of AhR activity predicated on the status of the ARNT
isoform ratio and suggest that ARNT-based therapies are a viable option for tuning the
immune system to target immune disorders.
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Environmental exposures, and certain lifestyle choices such as diet and cigarette smok-
ing, can skew normal cell physiology. These fluctuations in homeostasis are detected,
in part, by members of the basic-helix–loop–helix-PER/ARNT/SIM (bHLH-PAS)
superfamily of transcription factors, which activate metabolic gene programs aimed at
reestablishing cell and tissue homeostasis (1). The aryl hydrocarbon receptor nuclear
translocator (ARNT), also known as hypoxia-inducible factor (HIF)-1β, is a class II
bHLH-PAS family member that heterodimerizes with class I members such as the aryl
hydrocarbon receptor (AhR) or HIF-1/2α as a necessary step for transcriptional regula-
tion (2). Furthermore, we and others have characterized a key role for ARNT in regu-
lating the nuclear factor-kappaB inflammatory response (3–5).
Given that ARNT serves as an important link between transcription factor pathways

that are instrumental in regulating immune cell function, it is not surprising that
ARNT has been implicated in maintaining immune system homeostasis. For instance,
studies examining Arnt conditional deletion within myeloid cells revealed dysregulated
immune responses that enhanced or reduced inflammation in a tissue-specific fashion
(6–8). Additionally, ARNT is required for long-term HIF-dependent hematopoietic
stem cell homeostasis (9, 10), and mice null for Arnt in fetal liver or bone marrow
hematopoietic stem cells displayed abnormal numbers of B and T cells in the bone
marrow, spleen, and thymus (11). Moreover, the presence of altered T cell subsets in
mice with Arnt-deficient CD4+ T cells predicts a role for ARNT in T cell differentia-
tion (12).
Importantly, loss of AhR-mediated target gene regulation in Arnt-deficient CD4+ T

cells is a major factor in the resultant diminished T cell differentiation (12). The AhR
is a soluble receptor that binds a wide range of ligands, including the xenobiotic com-
pound 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and diet- or microbiota-derived
metabolites, with tryptophan catabolites being the most notable (13–15). Like ARNT,
and in addition to orchestrating xenobiotic metabolism, the AhR is critically involved
in diverse physiological processes, including development, immunity, cell cycle,
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hematopoiesis, differentiation, and polyunsaturated fatty acid
metabolism, and aberrant AhR activity is associated with
disease propagation, including autoimmunity and cancer (2,
16, 17). Restricted to the cytoplasm by chaperone proteins
(18–21), AhR is poised in a ligand-binding conformation and
upon agonist binding translocates to the nucleus, where it sheds
the chaperone proteins and dimerizes with ARNT (22). Subse-
quently, the AhR-ARNT heterodimer binds to genomic AhR-
responsive elements (AhREs) for the regulation of target gene
expression (23, 24). Notably, certain AhR ligands have been
reported to modulate T cell polarization. Specifically, TCDD
triggers immunosuppression in part by promoting increased
regulatory T cell (Treg) differentiation (25–28), whereas the
tryptophan photoproduct 6-formylindolo[3,2-b]carbazole (FICZ)
induces the differentiation of autoimmune-promoting inflamma-
tory T helper17 (TH17) cells (27, 28).
While AhR activity appears to be critical for determining T

cell fate, it is unknown whether ARNT has a role in this pro-
cess outside of serving as an obligate binding partner for AhR.
In consideration of a more complex regulatory role for ARNT
in AhR signaling, we noted that ARNT was initially identified
as a long and a short transcript (now referred to as ARNT iso-
form 1 and ARNT isoform 3, respectively), which is a conse-
quence of exon 5 alternative splicing (29). Interestingly, exon 5
within ARNT isoform 1 encodes an additional 15 amino acids
that encompass a unique casein kinase 2 (CK2) phosphoryla-
tion site, which is not present in ARNT isoform 3 (30). Nota-
bly, CK2 phosphorylation of recombinant ARNT isoform 1
was shown to control promoter affinity (30). This observation
predicts specific ARNT isoform 1 activities, which is supported
by our previous findings that high levels of isoform 1 relative to
isoform 3 (i.e., a high isoform 1:3 ratio) is necessary for propa-
gation and survival of diverse lymphoid malignancies (31).
Despite these observations, putative ARNT isoform–specific
effects on the activity of bHLH-PAS family members, like
AhR, have been largely overlooked. Thus, we hypothesized that
modulation of the ARNT isoform 1:3 ratio directs discreet
AhR target gene expression patterns.
As an initial study into the mechanisms by which the ARNT

isoforms regulate AhR activity, we suppressed individual
ARNT isoforms in human T cell lymphoma lines and treated
them with the AhR agonists TCDD or FICZ. Accordingly, we
found that a high ARNT isoform 1:3 ratio dampens, whereas a
low ARNT isoform 1:3 ratio enhances, the regulation of spe-
cific AhR target genes. Moreover, we observed that CK2-
mediated phosphorylation of ARNT isoform 1 is dependent on
AhR activation and functions as a rheostat for AhR target gene
transcription, with phosphorylation corresponding to higher
expression levels of certain target genes. Collectively, these
results increase our understanding of a complex regulatory
mechanism by which the ARNT isoforms specifically regulate
AhR signaling, further aiding in the comprehension of their
roles in immunity and supporting the potential of targeting
ARNT alternative splicing as a means of therapeutic interven-
tion in hematological diseases.

Results

ARNT Isoforms Differentially Regulate AhR Activity. To test
whether modulation of the ARNT isoform ratio distinctly
impacts global AhR target gene expression, we utilized small
interfering RNA (siRNA) to simultaneously suppress both
ARNT isoforms (siA-1/3) or to suppress each isoform individu-
ally (siA-1 or siA-3) in Karpas 299 cells, an anaplastic large cell

lymphoma cell line with Treg characteristics (32). Each ARNT
suppression condition was incubated with vehicle (dimethyl-
sulfoxide [DMSO]) as a negative control or with TCDD for 2
h to activate AhR signaling; RNA sequencing (RNA-seq) was
subsequently performed. Manipulation of the ARNT isoform
levels prior to addition of the exogenous AhR ligand leads to
thousands of significant distinct and shared differential gene
expression patterns between the ARNT siRNA conditions (Fig. 1A;
SI Appendix, Fig. S1A; and Dataset S1). Notably, TCDD exposure
promotes a modest shift in the variance of each unique genetic
background, including the scrambled siRNA control (siControl)
sample (Fig. 1A). Thus, to obtain the set of AhR-responsive
genes in Karpas 299 cells, we compared transcription profiles of
TCDD- versus DMSO-treated siControl cells. Out of the 186
significant (P < 0.05) gene expression changes that occur in the
control cells after TCDD exposure, the expression of 164 of
these genes was significantly affected by modulating the ARNT
isoform ratio (Fig. 1B). Interestingly, an unbiased gene clustering
analysis comparing gene expression changes of ±1.5-fold
between all combinations of control and ARNT siRNA samples,
untreated or treated with TCDD, suggests that ARNT regulates
AhR activity in an isoform-specific manner (SI Appendix,
Fig. S1B).

Further examination into the set of AhR target genes derived
from siControl cells shows that TCDD-induced AhR activity is
abrogated at approximately half of the identified AhR-
responsive genes after individual or combined suppression of
the ARNT isoforms (Fig. 1 C, Left). Interestingly, in the other
half of TCDD-regulated genes, AhR activity is enhanced or
stunted after manipulation of the ARNT isoform 1:3 ratio
both in DMSO control– and in TCDD-treated samples (Fig. 1
C, Right, and D; SI Appendix, Fig. S1C; and Dataset S2). Spe-
cifically, suppression of ARNT isoform 1 significantly enhances
basal and TCDD-induced expression of canonical AhR targets
like CYP1A1 and AHRR (33, 34) and of apparent AhR target
genes such as BLK, GLCCI1, TNFRSF19, TSC22D3, CARD10,
NFATC2, and ULBP3, whereas suppression of both isoforms or
suppression of isoform 3 significantly abrogates basal and TCDD-
induced expression (Fig. 1 C, Right, and D; SI Appendix, Fig.
S1C; and Dataset S2). Similarly, for genes that are repressed after
TCDD treatment of siControl Karpas 299 cells, such as CD274,
PDCD1LG2, IL1R1, GAS1, ANKRD22, SOX2, TRIB1, PCDH18,
CHST2, and CEBPB, suppression of ARNT isoform 1 further
down-regulates the expression of these same genes, but suppression
of both isoforms or suppression of isoform 3 significantly enhances
expression (Fig. 1 C, Right, and D; SI Appendix, Fig. S1C; and
Dataset S2). In fact, the genes that are differentially expressed upon
suppression of both or individual ARNT isoforms, prior to TCDD
exposure, include many of the same genes that are further aug-
mented or abrogated after TCDD treatment.

Conversely, a proportion of established AhR target genes,
e.g., IL22, IL10, SOCS2, STAT3, SERPINE1, IKZF3, TGFB1,
SPP1, and GZMB (27, 35–41), are significantly differentially
expressed, often exhibiting the opposite expression pattern to
that of CYP1A1, in response to modulation of the ARNT iso-
form ratio but do not change expression to a significant degree
in siControl Karpas 299 cells after TCDD exposure, according
to the RNA-seq dataset (Fig. 1C and SI Appendix, Fig. S1C).
Remarkably, suppression of ARNT isoform 1 correlates with
increased expression of inflammatory and cytotoxic lymphoid
cell markers such as IL17C, IL17D, CD93, BAMBI, CXCL10,
GZMA, CCR1, and CCR5 (42, 43), whereas suppression of
ARNT isoform 3 correlates with decreased expression of
some of these same genes (SI Appendix, Fig. S1C). Yet, the
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opposite is observed for expression of Treg and other immune
suppressive markers like TNFRSF9, IL1R2, HAVCR2, CD274,
PDCD1LG2, SOCS2, STC1, SPP1, MTMR7, ARID5B,
EPAS1, and BATF (44–49), which exhibit repressed expression
after ARNT isoform 1 suppression but enhanced expression
after suppression of ARNT isoform 3 (SI Appendix, Fig. S1C).

While many of these genes were not observed in the RNA-seq
dataset as significantly induced by TCDD in siControl cells,
they are modestly affected by TCDD treatment after modula-
tion of the ARNT isoform ratio. Specifically, the enhanced
expression of IL17C, IL17D, CXCL10, TPH1, SOCS1, and
CASP4, among others, observed after suppression of ARNT
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Fig. 1. ARNT isoform–specific regulation of AhR target gene expression. (A) Principal component analysis of differential gene expression between the indi-
cated siRNA-treated Karpas 299 cells exposed to DMSO or TCDD (10 nM) for 2 h. (B) Venn diagram showing the relationship of only the significant (P < 0.05)
TCDD-induced, differentially expressed genes between each ARNT siRNA dataset, as determined by the set of differentially expressed genes in the TCDD
versus DMSO siControl samples. (C) Heatmaps representing the ±log2 fold change (P < 0.05) in expression between the ARNT siRNA + TCDD samples and
the siControl + TCDD sample (using the gene set described in B). (D) Volcano plots of select genes from C showing the change in significance, and relation-
ship in expression, of siControl (Top Left), siA-1 (Top Right), siA-1/3 (Bottom Left), and siA-3 (Bottom Right). The horizontal dashed gray line signifies P = 0.05,
and the vertical dashed gray lines mark ±1 log2 change on the x axis. (E) Heatmaps representing the ±log2 fold change in gene expression profiles of repre-
sentative genes with inverse expression patterns between the siA-1 and siA-3 ± TCDD samples as compared to the corresponding siControl ± TCDD sam-
ples. (F) IPA of the differentially expressed genes in siA-1–treated (striped bars) versus siA-3–treated (checkered bars) Karpas 299 cells exposed to either
DMSO or TCDD (10 nM) for 2 h. The vertical red line (i.e., threshold) denotes P = 0.05. Pathways with positive z-scores are shown in orange, pathways with
negative z-scores are shown in blue, pathways that have a zero z-score are shown in white, and pathways with an undetermined z-score are shown in gray.
The relative strength of the z-score is depicted by the intensity of the color.
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isoform 1 is reduced after TCDD treatment, but their repressed
expression as observed upon suppression of ARNT isoform 3 is
enhanced after TCDD exposure, as compared to their respec-
tive DMSO controls (Fig. 1E). Together, these observations
suggest that suppression of individual ARNT isoforms sets up
distinct gene expression patterns that correlate with the func-
tional status of AhR.
Ingenuity Pathway Analysis (IPA) of all significant differentially

expressed genes after targeted suppression of ARNT isoform 1 or
isoform 3 revealed 18 common transcriptional modules that were
significantly affected, the majority of which exhibited an inverse
activity pattern between siA-1 and siA-3 conditions (Fig. 1F and
Dataset S3). Exposure to TCDD changed the relative strength of
the activity pattern, in addition to the overall significance, of the
same transcriptional modules (Fig. 1F and Dataset S4). Similarly,
inverse activation patterns in certain pathways that are unique to
each specific ARNT isoform background were also observed
between DMSO- and TCDD-treated cells (SI Appendix, Fig.
S1D and Datasets S3 and S4). Moreover, the inverse activity pat-
tern between siA-1 and siA-3 conditions is further exemplified in
the common upstream regulators, with TCDD exposure enhanc-
ing the activation differences (SI Appendix, Fig. S1E). Notably,
the AhR pathway was not shared between siA-1 and siA-3 condi-
tions but was only identified by IPA after suppression of ARNT
isoform 1, both in the DMSO control– and in the TCDD-
treated samples (SI Appendix, Fig. S1D). Together, these analyses
of global differential gene expression suggest that ARNT isoform
1 acts to limit AhR activity both before and after TCDD expo-
sure, while ARNT isoform 3 augments AhR signaling.
Consistent with the findings of the transcriptomics analyses,

and with the requirement of ARNT for AhR activity, siA-1/3
treatment decreases basal AhR activity and prevents TCDD-
and FICZ-induced AhR signaling in Karpas 299 cells as mea-
sured by expression of the AhR target genes CYP1A1 and
AHRR (Fig. 2 A and C). Moreover, siA-1 treatment augments,
while siA-3 treatment abrogates, basal and ligand-induced AhR
activity (Fig. 2 A and C), suggesting that isoform-specific influ-
ences on AhR activity are ligand independent. Fractionation
experiments further revealed differences in nuclear retention of
ligand-induced AhR, suggesting that the ARNT isoforms possi-
bly affect subcellular localization of AhR, thereby affecting
transcriptional activity (Fig. 2 B and D). To further test this
possibility, we utilized chromatin immunoprecipitation (ChIP)
to examine the binding of AhR and ARNT to the CYP1A1
promoter after manipulation of the ARNT isoform ratio.
Introduction of siA-1/3 results in ablation of AhR DNA
binding, as expected (Fig. 2E). Conversely, siA-1 enhances AhR
and ARNT DNA binding, whereas siA-3 treatment shows AhR
and ARNT DNA binding equivalent to that of siControl
(Fig. 2E), suggesting a mechanism of ARNT isoform–specific
AhR regulation that is more complex than retaining AhR in the
nucleus.
Intriguingly, after siA-1 treatment, RT-qPCR analysis revealed

significant augmentation of basal and TCDD-induced gene
expression in the inflammatory lymphoid cell markers IL17C,
CD93, BAMBI, CXCL10, and CCR5, whereas suppression of
ARNT isoform 3 generally abrogated expression (SI Appendix,
Fig. S2A). Conversely, the immune suppressive markers TNFRSF9,
IL1R2, CD274, SOCS2, STC1, and EPAS1 exhibit repressed
expression after ARNT isoform 1 suppression but enhanced expres-
sion after suppression of ARNT isoform 3 (SI Appendix, Fig. S2B).
These observations suggest that the ARNT isoforms significantly
influence the expression of classical and immune-related AhR target
genes in a similar fashion.

Next, we employed Peer cells, human leukemic T cells that pos-
sess effector-like properties (50), to test ARNT isoform–specific
regulation of AhR signaling in an alternative T cell line. Interest-
ingly, we found that ARNT isoforms 1 and 3 control AhR activ-
ity similarly in Peer cells as we observed for Karpas 299 cells, as
monitored by CYP1A1 expression levels (Fig. 2F), and analysis
of AhR localization (Fig. 2G). Given that Peer and Karpas 299
cells are disparate T cell lines, these observations indicate that
the ARNT isoforms might engage a general mechanism to regu-
late AhR signaling in lymphoid T cells.

ARNT Isoform 1 Is Phosphorylated during AhR Activation. To
further explore the mechanism of ARNT isoform–specific regu-
lation of AhR, we interrogated their amino acid sequence dif-
ferences. The only divergence between ARNT isoforms 1 and 3
lies within the extra 15 amino acids encoded by alternative
exon 5 that is included in isoform 1, which encompasses a
canonical CK2 phosphorylation site at serine 77 (S77) (30).
We surmised that CK2-mediated phosphorylation of S77 in
ARNT isoform 1 is an important regulatory component of AhR
signaling and set out to assess whether AhR activation has any
bearing on S77 phosphorylation in both Karpas 299 and Peer cells.
Immunoblot analysis reveals a dramatic increase in ARNT isoform
1 phosphorylation 30 min after TCDD or FICZ exposure (Fig. 3
A and B), suggesting that AhR activation is necessary for ARNT
isoform 1 S77 phosphorylation. Importantly, mutational analysis
of ARNT isoform 1 shows that immunoblot detection of ARNT
isoform 1 phosphorylation is specific for posttranslational modifica-
tion at S77 (SI Appendix, Fig. S3A). Moreover, in response to
TCDD-induced AhR activation, phosphorylation increases from a
basal state of 0.9:1 phosphorylated-to-unmodified ARNT isoform
1 to greater than a 10:1 phosphorylated-to-unmodified ARNT iso-
form 1 at 30 min post-TCDD exposure (SI Appendix, Fig. S3B
and Dataset S5), as quantitated by liquid chromatography with
tandem mass spectrometry.

Next, we sought to determine whether other AhR ligands
elicit S77 phosphorylation. Markedly, AhR activation by each
tested ligand promoted the phosphorylation of ARNT isoform 1
to varying degrees, which correlated with expression of CYP1A1
and AHRR (Fig. 3C). These data demonstrate that S77 of
ARNT isoform 1 is specifically and rapidly phosphorylated fol-
lowing AhR activation, obtaining a 10:1 ratio of phosphory-
lated-to-unmodified ARNT isoform 1 at 30 min post-TCDD
exposure.

Phosphorylation of ARNT Isoform 1 Is Necessary for Optimal
AhR Activity. To elucidate the role of ARNT isoform 1 phos-
phorylation in AhR signaling, we first sought to validate CK2
as the kinase responsible for ARNT isoform 1 phosphorylation
at S77 within intact cells, given that the previous study used an
in vitro CK2 kinase assay with recombinant proteins (30). To
test this, we assayed for S77 phosphorylation upon AhR activa-
tion after first inhibiting CK2. As expected, immunoblot
analysis showed that ARNT isoform 1 phosphorylation was
abolished following inhibition of CK2 with the high-affinity
CK2 inhibitor CX-4945 (51) (Fig. 4 A and B, Left). Intrigu-
ingly, RT-qPCR analysis shows that blocking TCDD- or
FICZ-induced ARNT isoform 1 phosphorylation by CK2 inhi-
bition significantly decreases expression of the AhR target genes
CYP1A1 and AHRR (Fig. 4 A and B, Right). Moreover, expres-
sion of immune-associated genes, which exhibit up-regulated
expression after ARNT isoform 1 suppression (e.g., IL17C,
CD93, CCR5, and NR3C1), is similarly significantly decreased
upon CK2 inhibition (SI Appendix, Fig. S4A). In contrast,
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immune genes whose expression is up-regulated after ARNT
isoform 3 suppression are unaffected (TNFRSF9), modestly but
significantly refractory to TCDD-mediated effects (CD274 and
EPAS1), or significantly up-regulated (IL4I1) after CK2 inhibi-
tion (SI Appendix, Fig. S4B). Importantly, AhR translocation
and interaction with the ARNT isoforms is unaffected by CK2
inhibition, revealing that the observed decrease in gene expres-
sion is not a consequence of antagonistic effects by CX-4945
on AhR activation (Fig. 4C). Furthermore, like our

observations in Karpas 299 cells, inhibition of CK2 in Peer
cells also blocks TCDD- and FICZ-induced ARNT isoform 1
phosphorylation (Fig. 4 D and E, Left) and hinders expression
of CYP1A1 (Fig. 4 D and E, Right). These observations suggest
that ARNT isoform 1 phosphorylation is a critical modification
for optimal AhR target gene regulation.

AhR Is Required for ARNT Isoform 1 Phosphorylation. To fur-
ther investigate the role of AhR in mediating ARNT isoform 1
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Fig. 2. Changes in the ARNT isoform 1:3 ratio modulate AhR activity. RNA interference was performed using siControl, siA-1/3, siA-1, or siA-3 in Karpas 299
cells for 48 h. The cells were then treated with DMSO as a vehicle control or exposed to TCDD (10 nM) or FICZ (1 nM) for 3 h. (A and C) RT-qPCR analysis of
CYP1A1 and AHRR gene expression. (B and D) Cytoplasmic and nuclear fractions were collected and analyzed by immunoblotting for ARNT, AhR, α-tubulin,
and lamin A/C. (E) ChIP was performed with Karpas 299 cells after treatment with the indicated siRNA and exposed to TCDD (10 nM) for 30 min. Lysates
were immunoprecipitated with antibodies specific to AhR and ARNT, or a negative control IgG antibody, and analysis was performed with primers specific
for the AhRE cluster on the CYP1A1 promoter. (F and G) RNAi was performed in Peer cells that were then exposed and analyzed by RT-qPCR or immunoblot-
ting as described for A–D. RT-qPCR data are means ± SEM of three independent experiments performed in triplicate. P values are derived using a two-tailed
unpaired Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Western blots and ChIP images are representative of one experiment and
were repeated at least three times.
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phosphorylation, we examined ARNT isoform 1 phosphoryla-
tion after suppression of AhR. Strikingly, cells with reduced
AhR levels are refractory to TCDD- or FICZ-induced ARNT
isoform 1 phosphorylation (Fig. 5A). To further support the
requirement of AhR for ARNT isoform 1 phosphorylation, we
utilized Jurkat T cells, which are an acute T cell leukemia cell
line devoid of AhR (52). Accordingly, Jurkat cells exposed to
TCDD do not exhibit phosphorylation of ARNT isoform 1
(Fig. 5 B, Left). A lack of AhR signaling in Jurkat cells was vali-
dated by RT-qPCR analysis (Fig. 5 B, Right).
Considering our observation that ARNT isoform 1 phos-

phorylation is prevented upon loss of AhR, we utilized the AhR
antagonist CH223191 to determine if AhR nuclear transloca-
tion is required for the phosphorylation of ARNT isoform 1.
Immunoblot analysis reveals that ARNT isoform 1 phosphory-
lation at S77 is dramatically reduced in cells with antagonized
AhR after exposure to TCDD or FICZ (Fig. 5 C and D, Left),
with validation of AhR antagonism by RT-qPCR analysis of
CYP1A1 expression (Fig. 5 C and D, Right). Together, these
results indicate that AhR ligation and nuclear translocation are
necessary for ARNT isoform 1 phosphorylation.

ARNT Isoform 1 Phosphorylation Functions as a Rheostat for
AhR Target Gene Expression. To test if ARNT isoform 1 phos-
phorylation is required for global AhR target gene regulation,
we mutated S77 to an alanine (S77A) and transduced Hepa-
BpRc1 cells, an Arnt-null cell line (53), with a lentivirus for the
stable expression of wild-type (WT) or S77A ARNT isoform 1.
Validation studies revealed that TCDD-induced phosphoryla-
tion at S77 could only occur in the WT ARNT isoform 1 cell

line (Fig. 6A). Next, RNA-seq analysis was performed on these
stable cell lines after treatment with DMSO or TCDD for 2 h.
Interestingly, the stable S77A mutant cell line exhibits signifi-
cant deficiencies in the regulation of TCDD-responsive genes,
including a number of genes associated with immune function,
and similar genes that were observed in the Karpas 299 RNA-
seq dataset, such as Socs2, Mafb, Tdo2, Alox5ap, Vegfd, Slc2a3,
Myc, Ahr, Sod2, F5, Acer2, Tnfrsf19, Atg9b, Serpine1, Bmpr2,
Nr3c1, Gdf15, Cdkn1b, Ido2, Glcci1, Aldh3a1, Tiparp,
Gadd45b, and Cyp1a1 (Fig. 6B and Dataset S6). To confirm
the transcriptomics analysis, we measured Tiparp (54) and
Cyp1a1 expression levels by RT-qPCR between the WT and
the S77A cell line and observed a significant reduction in
TCDD-induced expression in the S77A mutant cell line (Fig.
6C). Together, these data demonstrate that ligand-induced
AhR-mediated ARNT isoform 1 phosphorylation at S77 is a
necessary modification for controlled and optimal AhR target
gene transcriptional regulation.

Discussion

While AhR-ARNT heterodimers are well-established regulators
of AhRE gene transcription (55), whether the ARNT isoforms
individually control different aspects of AhR signaling was
unclear. Thus, given our previously observed differences in the
ARNT isoform 1:3 ratio between normal human T cells and
human T cell neoplasms (31), as well as the critical nature of
AhR signaling in T cell function (56), we turned our attention
to assessing whether the ARNT isoforms might distinctively
regulate AhR activity. Interestingly, three regulatory patterns
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Fig. 3. AhR activation induces ARNT isoform 1 phosphorylation. (A) Karpas 299 cells were exposed to TCDD (10 nM, Left) or FICZ (1 nM, Right) for the indi-
cated times, and then whole-cell lysates were immunoprecipitated with an ARNT-specific antibody and immunoblot analysis was performed with antibodies
specific to phosphorylated ARNT isoform 1 (ARNT-pS77), ARNT, AhR, and β-actin. (B) Peer cells analyzed as described in A. (C) Karpas 299 cells were exposed
to the AhR ligands TCDD (10 nM), cinnabarinic acid (CA, 30 μM), indolo[3,2-b]carbazole (ICZ, 20 nM), FICZ (1 nM), L-kynurenine (KYN, 50 μM), and
β-naphthoflavone (BNF, 1 μM) for 30 min. Cells were then lysed and analyzed as in A (Left) or exposed to the same ligands for 2 h and analyzed by RT-qPCR
to monitor CYP1A1 and AHRR expression (Right). RT-qPCR data are means ± SEM of three independent experiments performed in triplicate. P values are
derived using a two-tailed unpaired Student’s t test: ***P < 0.001, ****P < 0.0001. Western blot images are representative of one experiment and were
repeated at least three times.

6 of 12 https://doi.org/10.1073/pnas.2114336119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114336119/-/DCSupplemental


emerged from our transcriptional analyses in unstimulated and
TCDD-treated Karpas 299 cells. First, AhR target genes exhib-
ited abrogated or augmented regulation after siRNA-mediated
suppression of ARNT isoform 3 or isoform 1, respectively (i.e.,
a high or a low isoform 1:3 ratio), which mirrored that of
CYP1A1 and AHRR expression. These results suggest that a
high or a low ARNT isoform 1:3 ratio corresponds to stunted
or enhanced AhR activity. However, certain AhR target genes
exhibited an opposite regulatory pattern to that of CYP1A1
and AHRR after modulation of the ARNT isoform ratio, sug-
gesting that the ARNT isoforms function differently at specific

loci. This second pattern of gene regulation includes NR3C1
(encoding glucocorticoid receptor) and its target genes
TSC22D3 and GLCCI1. Interestingly, we observed that the
regulatory pattern of AHR expression is inversely proportional
to NR3C1 expression, corresponding to long-held observations
regarding the cross-regulation of these two receptors (57–60),
and implies that changes in the ARNT isoform ratio might
regulate the inverse relationship between their expression.
Moreover, the differential regulation of NR3C1 by the ARNT
isoforms is bound to have important implications in T cell
biology, given the role of glucocorticoids in shaping T cell
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Fig. 4. Phosphorylation of ARNT isoform 1 is necessary for optimal AhR activity. Karpas 299 cells were treated with DMSO or the CK2 inhibitor CX-4945
(5 μM) for 1 h. Cells were then exposed to (A) TCDD (10 nM) or (B) FICZ (1 nM) for the indicated times, and whole-cell lysates were immunoprecipitated with
anti-ARNT and analyzed via immunoblot, with antibodies directed to ARNT-pS77, ARNT, AhR, and β-actin (Left), or analyzed by RT-qPCR to monitor CYP1A1
and AHRR expression (Right). (C) Karpas 299 cells were pretreated with DMSO or CX-4945 (5 μM) for 1 h and then exposed to DMSO or TCDD (10 nM) for the
indicated times. Cytosolic and nuclear fractions were collected, and AhR was immunoprecipitated in the nuclear fraction. Protein fractions were analyzed by
immunoblot with antibodies to ARNT-pS77, ARNT, AhR, α-tubulin, and lamin A/C. (D and E) Peer cells were analyzed as described in A and B. RT-qPCR data
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responses (61). Lastly, several gene expression changes move in
the same direction between all ARNT siRNA samples, regard-
less of combined or individual ARNT isoform suppression.
This third pattern is exemplified by the expression of IL4I1,
the product of which is an enzyme that catabolizes tryptophan
into indole metabolites and kynurenic acid to serve as endoge-
nous AhR ligands (62). Given that IL4I1 is highly expressed in
hematological malignancies and promotes an AhR-dependent
immunosuppressive state for cancer immune evasion, the
up-regulation of IL4I1 after ARNT isoform suppression in Kar-
pas 299 cells is possibly a compensatory measure for the pertur-
bations in AhR signaling that accompany modulations in the
ARNT isoform ratio. Combined, these observed expression pat-
terns that emerge after manipulation of the ARNT isoform

levels, in the absence and presence of TCDD, point to a para-
digm whereby the duration and amplitude of AhR activity at
specific gene loci are ARNT isoform dependent. Additionally, in
the absence of a particular ARNT isoform, AhR might preferen-
tially dimerize with a different binding partner (e.g., KLF6 or
RelB), leading to divergent gene expression patterns (63, 64).

Confirmation of the global transcriptional analyses by tar-
geted quantitation of CYP1A1 and AHRR expression revealed
similar augmentation or abrogation in Karpas 299 and Peer T
cells after targeted depletion of isoform 1 or isoform 3, respec-
tively. Furthermore, targeted RT-qPCR analysis of genes whose
products regulate immune function also aligned with the
observed differential gene expression in our transcriptomics
datasets. Interestingly, this significant change in AhR target
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gene expression occurred in the absence and presence of
TCDD or FICZ, albeit at a reduced level without the addition
of exogenous ligand, most likely a consequence of AhR ligands
present in the cells and/or serum. As an initial step into delin-
eating the mechanism of ARNT isoform–specific regulation of
AhR signaling, we focused on the unique CK2 phosphorylation
site at S77 present only in isoform 1, as this is the most obvious
distinction that might dictate functional variances between the
ARNT isoforms with respect to modulating AhR responses.
Intriguingly, we found that exposure of cells to all AhR ligands
tested promoted rapid and dynamic phosphorylation of ARNT
isoform 1 S77 to varying degrees. Moreover, our study revealed
that phosphorylation of ARNT isoform 1 is dependent on

ligand-activated AhR and likely requires AhR nuclear transloca-
tion. We further found that inhibition of ARNT isoform 1
phosphorylation via CK2 inhibition, or mutation of S77, sig-
nificantly reduces the expression of AhR ligand-induced target
genes in diverse cell types, revealing the importance of ARNT
isoform 1 phosphorylation for driving AhR activity. Regarding
our reconstitution experiments, the results are even more strik-
ing when considering that cells reconstituted with the S77A
mutant harbor relatively higher levels of ARNT and nuclear
AhR versus cells reconstituted with WT ARNT, indicating that
relative levels of phosphorylated isoform 1 serve as a rheostat
for AhR signaling. We are currently focused on understanding
the complete molecular mechanism of how AhR directs the
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Fig. 6. ARNT isoform 1 phosphorylation functions as a rheostat for AhR target gene expression. (A) Hepa-BpRc1 cells stably expressing WT ARNT isoform 1
or ARNT isoform 1 S77A were exposed to TCDD (10 nM) for 30 min. Whole-, cytoplasmic, and nuclear cell lysates were extracted. The whole-cell lysate was
immunoprecipitated with an antibody to ARNT. The eluates and lysates were analyzed by immunoblotting for ARNT-pS77, ARNT, AhR, α-tubulin, lamin A/C,
and β-actin. (B) Heatmap of gene expression profiles (P < 0.05; ≥ ±1 log2 fold change) between Hepa-BpRc1 cells stably expressing WT ARNT 1 or ARNT 1
S77A that were exposed to TCDD (10 nM) for 2 h and subjected to RNA-seq analysis. Significant differentially expressed genes, after TCDD exposure within
the ARNT 1 or ARNT 1 S77A RNA-seq dataset, were identified by matching to RNA-seq differential gene analysis (P < 0.05) of the parental Hepa-1c1c7 cell
line (expresses endogenous functional Arnt) exposed to TCDD for 2 h. The change in log2 fold gene expression depicted in the heatmap is versus the DMSO
control–treated parental Hepa-1c1c7 cells, and genes with similar TCDD-induced expression profiles between the ARNT 1 or ARNT 1 S77A stable cells
(≤ ±0.5 log2 fold change) were removed to highlight those genes whose expression is affected by the S77A mutation. (C) Cell lines stably expressing ARNT
isoform 1 or ARNT isoform 1 S77A were exposed to TCDD (10 nM) for 2 h and then monitored for Cyp1a1 and Tiparp gene expression using RT-qPCR.
RT-qPCR data are means ± SEM of two independent experiments performed in triplicate. P values are derived using a two-tailed unpaired Student’s t test:
*P < 0.05, ****P < 0.0001. Western blot images are representative of one experiment that were performed two times. (D) A working hypothetical model for
ARNT isoform-mediated regulation of AhR signaling. Upon ligand binding, AhR translocates to the nucleus, where it sheds cochaperone proteins and binds
to ARNT. Data presented support an AhR-mediated CK2 phosphorylation of ARNT isoform 1, possibly by bringing CK2 into proximity with ARNT as a compo-
nent of the cochaperone complex, but the exact mechanism is yet to be elucidated. We further speculate that unphosphorylated ARNT isoform 1 prefers
other transcription factors and/or DNA enhancer sequences, as supported by previous reports, with an overall effect of minimal AhR activity in the presence
of a high ARNT isoform 1:3 ratio. Subsequent phosphorylation of ARNT isoform 1 precludes binding to E-box sequences and possibly other DNA recognition
sequences, without affecting AhRE binding, thereby allowing for a tunable AhR response depending on the relative pool of phosphorylated ARNT isoform 1.
Conversely, a low ARNT isoform 1:3 ratio would not be governed by this mechanism and would result in robust AhR activity. At this point, a low isoform 1:3
ratio has been achieved only by experimental means, but we predict that T cell activation/differentiation might result in alternative splicing of ARNT, produc-
ing modulations within the ARNT isoform ratio, given the variations observed between normal versus malignant human T cells (31).
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CK2-mediated phosphorylation of ARNT isoform 1 at S77.
Our working hypothesis is that heat shock protein 90
(HSP90), a cochaperone of AhR and well-defined target of
CK2 (65), recruits CK2 and brings it into proximity with
ARNT isoform 1 upon AhR-ARNT dimerization (Fig. 6D).
This proximity hypothesis is further supported by the fact that
dimerization of ARNT with AhR is necessary for HSP90 dis-
placement (22). We further speculate that the rapid and rela-
tively high CK2-mediated phosphorylation of ARNT isoform 1
(>10:1 phosphorylated to unmodified) inhibits the binding of
ARNT to other transcriptional response elements, as has been
reported for E-box sequences (30), thereby directing ARNT to
AhRE sites where S77 phosphorylation has been shown not to
impede binding (30). This hypothetical scenario, combined
with our observations reported here showing abrogated or
enhanced AhR binding to the CYP1A1 promoter that correlates
with differential expression of CYP1A1 depending on the
ARNT isoform 1:3 ratio, suggests that the ARNT isoforms
may confer different DNA binding affinities to AhR or possibly
recruit specific transcriptional coregulators, some of which
could be dependent on isoform 1 phosphorylation.
As a practical application of our hypothetical model, let us

consider the role of AhR in T cell polarity. Early studies into
AhR biology identified that TCDD triggers immunosuppres-
sion (26, 66–68), which was later partially attributed to
TCDD-induced Treg differentiation (25, 27, 38). Conversely,
FICZ promotes the differentiation of inflammatory TH17 cells
in certain contexts (28, 69). AhR ligand-dependent conforma-
tional states leading to the recruitment of specific transcrip-
tional coregulators and chromatin remodelers, or tissue-specific
expression of coregulators, have been reported as mechanisms
of AhR ligand-mediated immune cell polarization (70–75).
Additionally, the concentration of AhR ligands within the
microenvironment, and the subsequent duration of AhR activa-
tion, have been shown to elicit opposing T cell subsets (76).
Given our observations reported in this study, it is tempting to
speculate that the relative levels of the ARNT isoforms, and iso-
form 1 phosphorylation, also contribute to divergent T cell dif-
ferentiation. For instance, CK2 activity regulates the TH17/
Treg balance, and targeting CK2 activity with CX-4945 was
shown to inhibit TH17 differentiation but promote Treg gen-
eration (77). Indeed, suppression of ARNT isoform 3 in
DMSO-treated Karpas 299 cells resulted in the down-
regulation of inflammatory markers including IL17C, whereas
subsequent TCDD exposure led to derepression of the same
inflammatory markers correlating with CK2 activity in deter-
mining T cell fate. Accordingly, unphosphorylated ARNT iso-
form 1 might reprogram the AhR target gene battery or have
higher affinity toward other binding partners such as HIF-α
(Fig. 6D).
It is feasible that a high ARNT isoform 1:3 ratio, which cor-

responds to a general reduction in AhR activity, might instead
promote ARNT-HIF-α activity (78). Moreover, HIF-2α
(encoded by EPAS1) is an essential mediator of Treg suppressor
cell function, and deletion of EPAS1 in Treg cells drives
reprogramming toward interleukin-17–secreting cells (46).
Notably, Karpas 299 cells harbor modest levels of normoxic
HIF-α protein (79), and our transcriptomics dataset from
DMSO-treated cells revealed up-regulated or repressed EPAS1
expression in cells with a high or a low ARNT isoform 1:3
ratio, respectively, which corresponds to the expression pattern
of immunosuppressive versus inflammatory markers observed
between the siA-3 and siA-1 backgrounds. Specifically, the
expression of CD274 (encoding PD-L1), which is a common

target of AhR and HIF-α (80–82), was down-regulated in cells
after suppression of ARNT isoform 1 but enhanced after sup-
pression of ARNT isoform 3. These observations support the
notion that ARNT isoform ratio modulation might contribute
to variations in AhR activity through the inverse regulation of
AhR and HIF-α activity, with isoform 1 phosphorylation possi-
bly serving to switch ARNT to AhR signaling (Fig. 6D). Thus,
further investigation is needed to test whether differential
ARNT isoform utilization, possibly as a function of T cell
activation–induced alternative splicing of ARNT (31), or
ARNT isoform 1 phosphorylation, contributes to the reported
differences in AhR ligand-mediated T cell polarity. While
beyond the scope of the current study, we are intrigued with
these possibilities and more work is required for delineation of
the molecular mechanism used by the ARNT isoforms to regu-
late AhR target gene expression in normal versus neoplastic T
cells. Nevertheless, our results demonstrate that the ARNT iso-
forms have specific, and in many instances opposite, influences
on AhR activity that together ultimately shape the outcome of
AhR signaling.

In summary, our findings greatly enhance the understanding
of AhR signaling by revealing an additional layer of AhR regu-
lation by the ARNT isoforms that should be considered when
investigating AhR signaling, especially in immune cells where
ARNT isoforms 1 and 3 are robustly expressed. Unequivocally,
our data demonstrate that a high ARNT isoform 1:3 ratio
impedes low basal levels of AhR signaling until after robust
AhR activation. In turn, AhR activation promotes ARNT iso-
form 1 phosphorylation to allow for optimal AhR target gene
transcription. Conversely, a low ARNT isoform 1:3 ratio
appears to readily promote AhR activity in an augmented fash-
ion. Together, our results indicate that manipulation of the
ARNT isoform ratio, or targeting ARNT isoform 1 phosphory-
lation, offers potential therapeutic options to inhibit or enhance
AhR activity for treating hematological malignancies and other
immune disorders.

Materials and Methods

Cell Culture and Reagents. Karpas 299, Jurkat, and Peer cells were propa-
gated in Roswell Park Memorial Institute (RPMI) 1640 Medium, Hepa-1c1c7
cells were cultured in Minimum Essential Medium (MEM) Alpha, and stable
BpRc1 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) and 2
μg/mL puromycin (InvivoGen). For CK2 inhibitor experiments, cells were treated
with 5 μM CX-4945 (Selleckchem) for 1 h prior to AhR ligand exposure. AhR
antagonist experiments were conducted by pretreating cells with 10 μM
CH223191 (MilliporeSigma) for 2 h prior to AhR ligand exposure. Culture and
reagent details are described in SI Appendix.

RNA Interference. Cells were transfected with 4 μM of target siRNA duplexes
∼44 h prior to analysis. The siRNA (MilliporeSigma) target sequences are siA-1
50-UGC CAG GUC GGA UGA UGA GCA-30, siA-3 50-CGG UUU GCC AGG GAA AAU
C-30, siA-1/3 50-GAC UCG UAC UUC CCA GUU U-30, 50-CUU UGC UCC UGA GAC
UGG A-30, and AhR (MilliporeSigma, SASI_Hs01_00140202). The target
sequence for siControl is a scrambled siA-1/3 sequence (31). See SI Appendix
for details.

RNA-Seq and Transcriptomics Analysis. Total extracted RNA was subjected
to library preparation and sequencing. The sequenced reads were trimmed and
filtered based on adapter content and quality by a modified-Mott trimming algo-
rithm (CLC Genomics Workbench 21, Qiagen). Filtered sequencing reads were
locally aligned against the Homo sapiens (hg38; Fig. 1; SI Appendix, Fig. S1;
and Datasets S1–S4) or Mus musculus (GRCm38; Fig. 6 and Dataset S6) refer-
ence genomes with annotated genes and transcripts (83). The resulting gene
counts were normalized, and differential expression analysis on the complete list
of genes and transcripts was used to evaluate the level and significance of
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mRNA expression changes (84). All genes with a fold change ≥ 1.5 were
included in the pathway analysis using IPA to highlight molecular function, bio-
logical process, and cellular component.

RT-qPCR. The H. sapiens primer-probe assays (Bio-Rad) used were CYP1A1
(qHsa CEP0058439), AHRR (qHsa CEP0057513), IL1R2 (qHsa CIP0039159),
CD274 (qHsa CIP0039192), SOCS2 (qHsa CEP0024541), and GAPDH (qHsa
CEP0041396). SYBR Green assays were used for all other H. sapiens and
M. musculus sample analyses. See SI Appendix for primer sequences and details.

Antibodies, Immunoblot Analysis, Nuclear Translocation Assay, and
Coimmunoprecipitation. See SI Appendix for details.

ChIP. The ChIP experiment was performed as previously described (4) with
some minor modifications. Details and primer sequences used to amplify the
AhRE cluster in the CYP1A1 promoter can be found in SI Appendix.

Stable Cell Line Generation. Hepa-1c1c7 cells and the variant BpRc1 (Arnt-
null) cells were kindly provided by Dr. Cornelis Elferink (The University of Texas
Medical Branch, Galveston, TX), transduced with a lentivirus containing a puro-
mycin resistance marker, and engineered to express complementary DNA encod-
ing ARNT isoform 1 or an ARNT isoform 1 S77A point mutant. Stable single-cell
clones were selected by limiting dilution in the presence of 2 μg/mL puromycin.
See SI Appendix for details.

Statistical Analysis. Statistical differences between two individual groups were
assessed by performing a two-tailed unpaired Student’s t test. Graphing and
analyses of statistics were performed using Prism (GraphPad). Further details on
statistical analysis of RNA-seq and RT-qPCR data are provided in SI Appendix.

Data Availability. All study data are included in the article and/or SI
Appendix. Additionally, raw data files for the expression profiling by RNA-seq
have been deposited in Gene Expression Omnibus (accession no.
GSE184151) (85).

ACKNOWLEDGMENTS. We thank members of the Wright laboratory for critical
reading of the manuscript and the Elferink laboratory for helpful discussion. We
further appreciate the sharing of reagents by Dr. Cornelis Elferink and the critical
insight provided by Dr. Elferink and Dr. Gary Perdew. This work was supported
by Grants R01 ES025809 (to C.W.W.), T32 ES007254 (to L.A.B. and A.M.C.), and
CPRIT RP190682 (to W.K.R., in support of The University of Texas Medical Branch
Mass Spectrometry Facility).

Author affiliations: aDepartment of Pharmacology and Toxicology, The University of
Texas Medical Branch at Galveston, Galveston, TX 77555; bToxicology Training
Program, The University of Texas Medical Branch at Galveston, Galveston, TX 77555;
cSealy Center for Environmental Health, The University of Texas Medical Branch at
Galveston, Galveston, TX 77555; and dDepartment of Biochemistry and Molecular
Biology, The University of Texas Medical Branch at Galveston, Galveston, TX 77555

1. B. E. McIntosh, J. B. Hogenesch, C. A. Bradfield, Mammalian Per-Arnt-Sim proteins in
environmental adaptation. Annu. Rev. Physiol. 72, 625–645 (2010).

2. D. W. Nebert, Aryl hydrocarbon receptor (AHR): “Pioneer member” of the basic-helix/loop/helix
per-Arnt-sim (bHLH/PAS) family of “sensors” of foreign and endogenous signals. Prog. Lipid Res.
67, 38–57 (2017).

3. Y. Tian, S. Ke, M. S. Denison, A. B. Rabson, M. A. Gallo, Ah receptor and NF-kappaB interactions, a
potential mechanism for dioxin toxicity. J. Biol. Chem. 274, 510–515 (1999).

4. C. W. Wright, C. S. Duckett, The aryl hydrocarbon receptor nuclear translocator alters CD30-
mediated NF-kappaB-dependent transcription. Science 323, 251–255 (2009).

5. L. D’Ignazio, D. Shakir, M. Batie, H. A. Muller, S. Rocha, HIF-1β positively regulates NF-κB activity
via direct control of TRAF6. Int. J. Mol. Sci. 21, E3000 (2020).

6. N. Lin et al., Myeloid cell hypoxia-inducible factors promote resolution of inflammation in
experimental colitis. Front. Immunol. 9, 2565 (2018).

7. C. Scott et al., Reduction of ARNT in myeloid cells causes immune suppression and delayed wound
healing. Am. J. Physiol. Cell Physiol. 307, C349–C357 (2014).

8. C. Scott et al., Myeloid cell deletion of aryl hydrocarbon receptor nuclear translocator (ARNT)
induces non-alcoholic steatohepatitis. PLoS One 14, e0225332 (2019).

9. D. M. Adelman, E. Maltepe, M. C. Simon, Multilineage embryonic hematopoiesis requires hypoxic
ARNT activity. Genes Dev. 13, 2478–2483 (1999).

10. E. Maltepe, J. V. Schmidt, D. Baunoch, C. A. Bradfield, M. C. Simon, Abnormal angiogenesis and
responses to glucose and oxygen deprivation in mice lacking the protein ARNT. Nature 386,
403–407 (1997).

11. B. L. Krock et al., The aryl hydrocarbon receptor nuclear translocator is an essential regulator of
murine hematopoietic stem cell viability. Blood 125, 3263–3272 (2015).

12. K. Nakajima et al., The ARNT-STAT3 axis regulates the differentiation of intestinal intraepithelial
TCRαβ+CD8αα+ cells. Nat. Commun. 4, 2112 (2013).

13. M. S. Denison, S. R. Nagy, Activation of the aryl hydrocarbon receptor by structurally diverse
exogenous and endogenous chemicals. Annu. Rev. Pharmacol. Toxicol. 43, 309–334
(2003).

14. T. D. Hubbard, I. A. Murray, G. H. Perdew, Indole and tryptophan metabolism: Endogenous and
dietary routes to Ah receptor activation. Drug Metab. Dispos. 43, 1522–1535 (2015).

15. L. P. Nguyen, C. A. Bradfield, The search for endogenous activators of the aryl hydrocarbon
receptor. Chem. Res. Toxicol. 21, 102–116 (2008).

16. D. C. Bersten, A. E. Sullivan, D. J. Peet, M. L. Whitelaw, bHLH-PAS proteins in cancer. Nat. Rev.
Cancer 13, 827–841 (2013).

17. S. Huerta-Yepez et al., Aryl hydrocarbon receptor-dependent inductions of omega-3 and omega-6
polyunsaturated fatty acid metabolism act inversely on tumor progression. Sci. Rep. 10, 7843
(2020).

18. M. B. Cox, C. A. Miller III, The p23 co-chaperone facilitates dioxin receptor signaling in a yeast
model system. Toxicol. Lett. 129, 13–21 (2002).

19. B. K. Meyer, M. G. Pray-Grant, J. P. Vanden Heuvel, G. H. Perdew, Hepatitis B virus X-associated
protein 2 is a subunit of the unliganded aryl hydrocarbon receptor core complex and exhibits
transcriptional enhancer activity.Mol. Cell. Biol. 18, 978–988 (1998).

20. G. H. Perdew, Association of the Ah receptor with the 90-kDa heat shock protein. J. Biol. Chem.
263, 13802–13805 (1988).

21. J. R. Petrulis, G. H. Perdew, The role of chaperone proteins in the aryl hydrocarbon receptor core
complex. Chem. Biol. Interact. 141, 25–40 (2002).

22. J. McGuire, M. L. Whitelaw, I. Pongratz, J. A. Gustafsson, L. Poellinger, A cellular factor stimulates
ligand-dependent release of hsp90 from the basic helix-loop-helix dioxin receptor.Mol. Cell. Biol.
14, 2438–2446 (1994).

23. T. A. Gasiewicz, C. J. Elferink, E. C. Henry, Characterization of multiple forms of the Ah receptor:
Recognition of a dioxin-responsive enhancer involves heteromer formation. Biochemistry 30,
2909–2916 (1991).

24. M. Whitelaw, I. Pongratz, A. Wilhelmsson, J. A. Gustafsson, L. Poellinger, Ligand-dependent
recruitment of the Arnt coregulator determines DNA recognition by the dioxin receptor.Mol. Cell.
Biol. 13, 2504–2514 (1993).

25. C. J. Funatake, N. B. Marshall, L. B. Steppan, D. V. Mourich, N. I. Kerkvliet, Cutting edge:
Activation of the aryl hydrocarbon receptor by 2,3,7,8-tetrachlorodibenzo-p-dioxin generates a
population of CD4+ CD25+ cells with characteristics of regulatory T cells. J. Immunol. 175,
4184–4188 (2005).

26. N. I. Kerkvliet et al., Role of the Ah locus in suppression of cytotoxic T lymphocyte activity by
halogenated aromatic hydrocarbons (PCBs and TCDD): Structure-activity relationships and effects
in C57Bl/6 mice congenic at the Ah locus. Fundam. Appl. Toxicol. 14, 532–541 (1990).

27. F. J. Quintana et al., Control of T(reg) and T(H)17 cell differentiation by the aryl hydrocarbon
receptor. Nature 453, 65–71 (2008).

28. M. Veldhoen et al., The aryl hydrocarbon receptor links TH17-cell-mediated autoimmunity to
environmental toxins. Nature 453, 106–109 (2008).

29. E. C. Hoffman et al., Cloning of a factor required for activity of the Ah (dioxin) receptor. Science
252, 954–958 (1991).

30. R. J. Kewley, M. L. Whitelaw, Phosphorylation inhibits DNA-binding of alternatively spliced aryl
hydrocarbon receptor nuclear translocator. Biochem. Biophys. Res. Commun. 338, 660–667
(2005).

31. K. A. Gardella et al., Aryl hydrocarbon receptor nuclear translocator (ARNT) isoforms control
lymphoid cancer cell proliferation through differentially regulating tumor suppressor p53 activity.
Oncotarget 7, 10710–10722 (2016).

32. C. Wolke et al., Assigning the phenotype of a natural regulatory T-cell to the human T-cell line,
KARPAS-299. Int. J. Mol. Med. 17, 275–278 (2006).

33. C. J. Parli, G. J. Mannering, Induction of drug metabolism. IV. Relative abilities of polycyclic
hydrocarbons to increase levels of microsomal 3-methyl-4-methylaminoazobenzene
N-demethylase activity and cytochrome P1-450.Mol. Pharmacol. 6, 178–183 (1970).

34. T. Baba et al., Structure and expression of the Ah receptor repressor gene. J. Biol. Chem. 276,
33101–33110 (2001).

35. R. Basu et al., Th22 cells are an important source of IL-22 for host protection against
enteropathogenic bacteria. Immunity 37, 1061–1075 (2012).

36. J. A. Goettel et al., AHR activation is protective against colitis driven by T cells in humanized mice.
Cell Rep. 17, 1318–1329 (2016).

37. Y. Lee et al., Induction and molecular signature of pathogenic TH17 cells. Nat. Immunol. 13,
991–999 (2012).

38. N. B. Marshall, W. R. Vorachek, L. B. Steppan, D. V. Mourich, N. I. Kerkvliet, Functional
characterization and gene expression analysis of CD4+ CD25+ regulatory T cells generated in
mice treated with 2,3,7,8-tetrachlorodibenzo-p-dioxin. J. Immunol. 181, 2382–2391 (2008).

39. I. Y. Rojas, B. J. Moyer, C. S. Ringelberg, C. R. Tomlinson, Reversal of obesity and liver steatosis in
mice via inhibition of aryl hydrocarbon receptor and altered gene expression of CYP1B1, PPARα,
SCD1, and osteopontin. Int. J. Obes. 44, 948–963 (2020).

40. D. S. Son, K. K. Rozman, 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) induces plasminogen
activator inhibitor-1 through an aryl hydrocarbon receptor-mediated pathway in mouse hepatoma
cell lines. Arch. Toxicol. 76, 404–413 (2002).

41. Y. Zhou et al., Aryl hydrocarbon receptor (AhR) modulates cockroach allergen-induced immune
responses through active TGFβ1 release.Mediators Inflamm. 2014, 591479 (2014).

42. J. Huang et al., Interleukin-17D regulates group 3 innate lymphoid cell function through its
receptor CD93. Immunity 54, 673–686.e4 (2021).

43. J. C. Zhang et al., TGF-β/BAMBI pathway dysfunction contributes to peripheral Th17/Treg
imbalance in chronic obstructive pulmonary disease. Sci. Rep. 6, 31911 (2016).

44. L. Guo et al., Lipid phosphatases identified by screening a mouse phosphatase shRNA library
regulate T-cell differentiation and protein kinase B AKT signaling. Proc. Natl. Acad. Sci. U.S.A. 110,
E1849–E1856 (2013).

45. X. Guo et al., Global characterization of T cells in non-small-cell lung cancer by single-cell
sequencing. Nat. Med. 24, 978–985 (2018).

46. T. S. Hsu et al., HIF-2α is indispensable for regulatory T cell function. Nat. Commun. 11, 5005
(2020).

47. H. Lin et al., Stanniocalcin 1 is a phagocytosis checkpoint driving tumor immune resistance. Cancer
Cell 39, 480–493.e6 (2021).

PNAS 2022 Vol. 119 No. 12 e2114336119 https://doi.org/10.1073/pnas.2114336119 11 of 12

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114336119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114336119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114336119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114336119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114336119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114336119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2114336119/-/DCSupplemental
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184151


48. L. Shi et al., Treg cell-derived osteopontin promotes microglia-mediated white matter repair after
ischemic stroke. Immunity 54, 1527–1542.e8 (2021).

49. J. Wienke et al., Human Tregs at the materno-fetal interface show site-specific adaptation
reminiscent of tumor Tregs. JCI Insight 5, 137926 (2020).

50. Z. Ravid et al., Establishment and characterization of a new leukaemic T-cell line (Peer) with an
unusual phenotype. Int. J. Cancer 25, 705–710 (1980).

51. A. Siddiqui-Jain et al., CX-4945, an orally bioavailable selective inhibitor of protein kinase CK2,
inhibits prosurvival and angiogenic signaling and exhibits antitumor efficacy. Cancer Res. 70,
10288–10298 (2010).

52. T. Ito et al., A constitutively active arylhydrocarbon receptor induces growth inhibition of Jurkat T
cells through changes in the expression of genes related to apoptosis and cell cycle arrest. J. Biol.
Chem. 279, 25204–25210 (2004).

53. H. J. Prochaska, P. Talalay, Regulatory mechanisms of monofunctional and bifunctional
anticarcinogenic enzyme inducers in murine liver. Cancer Res. 48, 4776–4782 (1988).

54. G. Grimaldi, S. Rajendra, J. Matthews, The aryl hydrocarbon receptor regulates the expression of
TIPARP and its cis long non-coding RNA, TIPARP-AS1. Biochem. Biophys. Res. Commun. 495,
2356–2362 (2018).

55. T. V. Beischlag, J. Luis Morales, B. D. Hollingshead, G. H. Perdew, The aryl hydrocarbon receptor
complex and the control of gene expression. Crit. Rev. Eukaryot. Gene Expr. 18, 207–250 (2008).

56. V. Rothhammer, F. J. Quintana, The aryl hydrocarbon receptor: An environmental sensor
integrating immune responses in health and disease. Nat. Rev. Immunol. 19, 184–197 (2019).

57. B. D. Abbott, M. W. Harris, L. S. Birnbaum, Comparisons of the effects of TCDD and hydrocortisone
on growth factor expression provide insight into their interaction in the embryonic mouse palate.
Teratology 45, 35–53 (1992).

58. B. D. Abbott, G. H. Perdew, A. R. Buckalew, L. S. Birnbaum, Interactive regulation of Ah and
glucocorticoid receptors in the synergistic induction of cleft palate by 2,3,7,8-tetrachlorodibenzo-p-
dioxin and hydrocortisone. Toxicol. Appl. Pharmacol. 128, 138–150 (1994).

59. L. S. Birnbaum, M. W. Harris, C. P. Miller, R. M. Pratt, J. C. Lamb, Synergistic interaction of 2,3,7,8,-
tetrachlorodibenzo-p-dioxin and hydrocortisone in the induction of cleft palate in mice. Teratology
33, 29–35 (1986).

60. D. Neubert, P. Zens, A. Rothenwallner, H. J. Merker, A survey of the embryotoxic effects of TCDD in
mammalian species. Environ. Health Perspect. 5, 67–79 (1973).

61. M. D. Taves, J. D. Ashwell, Glucocorticoids in T cell development, differentiation and function. Nat.
Rev. Immunol. 21, 233–243 (2021).

62. A. Sadik et al., IL4I1 is a metabolic immune checkpoint that activates the AHR and promotes tumor
progression. Cell 182, 1252–1270.e34 (2020).

63. C. F. Vogel et al., RelB, a new partner of aryl hydrocarbon receptor-mediated transcription.Mol.
Endocrinol. 21, 2941–2955 (2007).

64. S. R. Wilson, A. D. Joshi, C. J. Elferink, The tumor suppressor Kruppel-like factor 6 is a novel aryl
hydrocarbon receptor DNA binding partner. J. Pharmacol. Exp. Ther. 345, 419–429 (2013).

65. Y. Miyata, Protein kinase CK2 in health and disease: CK2: The kinase controlling the Hsp90
chaperone machinery. Cell. Mol. Life Sci. 66, 1840–1849 (2009).

66. D. A. Clark, J. Gauldie, M. R. Szewczuk, G. Sweeney, Enhanced suppressor cell activity as a
mechanism of immunosuppression by 2,3,7,8-tetrachlorodibenzo-p-dioxin. Proc. Soc. Exp. Biol.
Med. 168, 290–299 (1981).

67. D. A. Clark et al., Cellular and genetic basis for suppression of cytotoxic T cell generation by
haloaromatic hydrocarbons. Immunopharmacology 6, 143–153 (1983).

68. P. S. Nagarkatti, G. D. Sweeney, J. Gauldie, D. A. Clark, Sensitivity to suppression of cytotoxic T cell
generation by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is dependent on the Ah genotype of the
murine host. Toxicol. Appl. Pharmacol. 72, 169–176 (1984).

69. B. Stockinger, M. Veldhoen, K. Hirota, Modulation of Th17 development and function by activation
of the aryl hydrocarbon receptor – The role of endogenous ligands. Eur. J. Immunol. 39, 652–654
(2009).

70. M. Gargaro et al., Engagement of nuclear coactivator 7 by 3-hydroxyanthranilic acid enhances
activation of aryl hydrocarbon receptor in immunoregulatory dendritic cells. Front. Immunol. 10,
1973 (2019).

71. M. Gargaro et al., The landscape of AhR regulators and coregulators to fine-tune AhR functions. Int.
J. Mol. Sci. 22, E757 (2021).

72. O. Hankinson, Role of coactivators in transcriptional activation by the aryl hydrocarbon receptor.
Arch. Biochem. Biophys. 433, 379–386 (2005).

73. G. Manni et al., Pharmacologic induction of endotoxin tolerance in dendritic cells by L-kynurenine.
Front. Immunol. 11, 292 (2020).

74. E. F. O’Donnell III, H. S. Jang, D. F. Liefwalker, N. I. Kerkvliet, S. K. Kolluri, Discovery and
mechanistic characterization of a select modulator of AhR-regulated transcription (SMAhRT) with
anti-cancer effects. Apoptosis 26, 307–322 (2021).

75. S. Safe, U. H. Jin, H. Park, R. S. Chapkin, A. Jayaraman, Aryl hydrocarbon receptor (AHR) ligands as
selective AHR modulators (SAhRMs). Int. J. Mol. Sci. 21, E6654 (2020).

76. A. K. Ehrlich, J. M. Pennington, W. H. Bisson, S. K. Kolluri, N. I. Kerkvliet, TCDD, FICZ, and other
high affinity AhR ligands dose-dependently determine the fate of CD4+ T cell differentiation.
Toxicol. Sci. 161, 310–320 (2018).

77. S. A. Gibson et al., Protein kinase CK2 controls the fate between Th17 cell and regulatory T cell
differentiation. J. Immunol. 198, 4244–4254 (2017).

78. I. D. Mascanfroni et al., Metabolic control of type 1 regulatory T cell differentiation by AHR and
HIF1-α. Nat. Med. 21, 638–646 (2015).

79. S. Antony et al., NADPH oxidase 5 (NOX5)-induced reactive oxygen signaling modulates normoxic
HIF-1α and p27Kip1 expression in malignant melanoma and other human tumors.Mol. Carcinog.
56, 2643–2662 (2017).

80. J. E. Kenison et al., The aryl hydrocarbon receptor suppresses immunity to oral squamous cell carcinoma
through immune checkpoint regulation. Proc. Natl. Acad. Sci. U.S.A. 118, e2012692118 (2021).

81. Y. Messai et al., Renal cell carcinoma programmed death-ligand 1, a new direct target of hypoxia-
inducible factor-2 alpha, is regulated by von Hippel-Lindau gene mutation status. Eur. Urol. 70,
623–632 (2016).

82. M. Z. Noman et al., PD-L1 is a novel direct target of HIF-1α, and its blockade under hypoxia
enhanced MDSC-mediated T cell activation. J. Exp. Med. 211, 781–790 (2014).

83. K. L. Howe et al., Ensembl 2021. Nucleic Acids Res. 49, D884–D891 (2021).
84. M. D. Robinson, D. J. McCarthy, G. K. Smyth, edgeR: A Bioconductor package for differential

expression analysis of digital gene expression data. Bioinformatics 26, 139–140 (2010).
85. L. A. Bourner et al., Activation of AhR promotes phosphorylation of ARNT isoform 1 as a switch for

optimal AhR activity in human T cell malignancies. Gene Expression Omnibus. http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE184151. Accessed 15 September 2021.

12 of 12 https://doi.org/10.1073/pnas.2114336119 pnas.org

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184151
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE184151

