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Hexokinase 2 is a transcriptional target and a positive
modulator of AHR signalling

Manon Watzky', Soléne Huard', Ludmila Juricek?, Julien Dairou3®*, Caroline Chauvet?3,
Xavier Coumoul?:3, Anne Letessier!"” and Benoit Miotto '~

"Université Paris Cité, Institut Cochin, INSERM, U1016, CNRS, UMR8104, F-75014 Paris, France, 2METATOX, T3S,
Toxicologie Environnementale, Cibles thérapeutiques, Signalisation cellulaire et Biomarqueurs, INSERM
UMR-S1124, F-75006 Paris, France, 3Université Paris Cité, UFR des Sciences Fondamentales et Biomédicales,
Paris, France and “Laboratoire de Chimie et Biochimie Pharmacologiques et Toxicologiques, CNRS, UMR 8601,

Université Paris Cité, F-75006 Paris, France

Received October 05, 2021; Revised April 20, 2022; Editorial Decision April 22, 2022; Accepted May 16, 2022

ABSTRACT

The aryl hydrocarbon receptor (AHR) regulates the
expression of numerous genes in response to activa-
tion by agonists including xenobiotics. Although it is
well appreciated that environmental signals and cell
intrinsic features may modulate this transcriptional
response, how it is mechanistically achieved remains
poorly understood. We show that hexokinase 2 (HK2)
a metabolic enzyme fuelling cancer cell growth, is a
transcriptional target of AHR as well as a modulator
of its activity. Expression of HK2 is positively regu-
lated by AHR upon exposure to agonists both in hu-
man cells and in mice lung tissues. Conversely, over-
expression of HK2 regulates the abundance of many
proteins involved in the regulation of AHR signalling
and these changes are linked with altered AHR ex-
pression levels and transcriptional activity. HK2 ex-
pression also shows a negative correlation with AHR
promoter methylation in tumours, and these tumours
with high HK2 expression and low AHR methylation
are associated with a worse overall survival in pa-
tients. In sum, our study provides novel insights into
how AHR signalling is regulated which may help our
understanding of the context-specific effects of this
pathway and may have implications in cancer.

INTRODUCTION

The aryl hydrocarbon receptor (AHR) is a ligand-activated
transcription factor belonging to the basic helix-loop-
helix/Per-ARNT-SIM (bHLH-PAS) family (1,2). Accord-
ing to classical models, AHR is retained by a chaperone

complex in the cytoplasm and upon binding of its ligand,
AHR translocates to the nucleus to form a heterodimer
with its most common partner, the AHR nuclear translo-
cator (ARNT, also known as hypoxia-inducible factor 1 —
HIF1B) (1-3). This new complex then regulates the expres-
sion of different set of genes containing consensus AHR-
responsive elements in their promoter such as prototypical
target genes coding proteins of the cytochrome P-450 family
of monooxygenases (e.g. CYP1A1 and CYP1BI1) and alde-
hyde dehydrogenases (e.g. ALDH3AT1) (3-7). AHR plays a
critical function in the activation of genes involved in the
metabolism of xenobiotics and in additional processes in-
cluding cell proliferation, cell differentiation, immune re-
sponse and in cancer processes (8—10). AHR is also emerg-
ing as a promising therapeutic target in a number of human
diseases, including cancer and immune diseases (11-16). It
is thus important to better understand how AHR signalling
is regulated by environmental signals and intrinsic features
to control such diverse functions and transcriptional pro-
grams.

A first level of regulation is the activity of AHR pro-
moter itself, and hence 4 HR expression. A HR is expressed
in most tissues, although levels are quite variable across tis-
sues and cell types, with high levels in epithelia (e.g. lung,
intestine) and immune cells (17). Several studies have shown
that A HR promoter is regulated by epigenetic mechanisms
including DNA methylation and chromatin marks (18-21).
For instance, in human cells A HR promoter is susceptible
to DNA methylation and heavy DNA methylation of the
promoter is correlated with a lower expression of the gene
(19).

AHR transcriptional activity is also modulated by
a wide variety of exogenous and endogenous ligands.
This includes halogenated aromatic hydrocarbon com-
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pounds (HAHs) (e.g. 2,3,7,8-tetrachlorodibenzodioxin,
also known as TCDD or dioxin), polycyclic aromatic
hydrocarbons (PAHs) (e.g. benzo(a)pyrene (BaP) and 3-
methylcholanthrene (3-MC)), and tryptophan derivatives
(e.g. formylindolo[3,2-b]carbazole (FICZ) and kynurenic
acid) (11,12). These ligands exhibit quite different impacts
on AHR activity due to their chemical properties and vari-
able affinity for AHR (11,12). For instance, TCDD causes
long lasting effects as it persists in tissues following expo-
sure, while FICZ only transiently enhances AHR transcrip-
tional activity due to its rapid metabolism and inactivation
in cells (7,12,22).

Finally, AHR activity is regulated by numerous cofac-
tors including proteins that promote its activity such as
transcriptional coactivators (e.g. EP300, NCOA3, SRC) (1).
On the contrary AHR activity is negatively regulated by
repressors such as AHR repressor (AHRR) and TCDD-
inducible poly(ADP-ribose) polymerase (TIPARP) (1,23—
25). These latter two, in addition to repress AHR signalling,
are also induced at the transcriptional level by AHR upon
agonists exposure, establishing negative feedback loops
that attenuate transcriptional activation of AHR targets
(23-295).

AHR is thus regulated at several levels. In this prospect,
it is important to characterize additional proteins involved
in the regulation of AHR signalling to better understand
how it leads to different transcriptional outcomes and tar-
get these key regulatory links in disease. In this study, we
report a molecular link between hexokinase 2 (HK2) and
AHR signalling pathway. HK?2 is one of the five hexok-
inases encoded in the human genome which phosphory-
lates glucose to produce glucose-6-phosphate, the first rate-
limiting step of glycolysis (26). Its over-expression is ex-
tensively described to promote metabolic alterations sup-
porting tumour growth and aggressiveness, and its knock-
out markedly reduces the growth of genetically-induced tu-
mours in mouse models of lung and breast cancers (26-28).
We showed that AHR binds to HK2 gene in human cancer
cells and promotes its expression in response to exposure to
a variety of AHR agonists in different cell types. We fur-
ther demonstrated that over-expression of HK2 alters the
abundance of numerous proteins involved in the AHR net-
work, including regulatory proteins and targets of AHR,
and that HK?2 also regulates AHR gene expression. These
regulations are linked with gene-specific changes in AHR
transcriptional outcomes. Thus, HK? is a target as well as
a regulator of AHR signalling, and we showed that the ex-
pression of both genes is positively correlated in diverse tu-
mour types suggesting that this regulatory link might play
an important function in cancer.

MATERIALS AND METHODS

ChIP-sequencing analyses of AHR binding sites in human
cells

AHR ChlIP-sequencing data were retrieved from NCBI
GEO and fastq files downloaded from EMBL-EBI ENA
website (https://www.ebi.ac.uk/ena) on the Galaxy web-
interface (29). We used Bowtie2 to map sequencing reads

against human reference genome hgl9 and produce bam
files and ChIP-sequencing peaks (30).

ChIP-sequencing datasets were previously published and
prepared as follows. AHR ChIPs in MCF-7 breast cancer
cells were performed using an AHR antibody (Santa Cruz,
H-211) in triplicate, starting from MCF-7 treated with 10
nM TCDD (2,3,7,8-tetrachlorodibenzodioxin) or DMSO
(dimethylsulfoxide) for 45 min and 24 h (GSE90550) (5).
AHR ChIPs in GM 17212 EBV-immortalised lymphocytes
(GSE116638) were performed using an AHR antibody (Cell
Signaling Technology (CST); D5S6H) in duplicate, start-
ing from GM17212 cells treated with 1 pM 3-MC (3-
methylcholanthrene) or DMSO for 24 h (6). AHR ChIPs
in HepG2 hepatocarcinoma cells were produced using an
antibody directed against Flag-Tag (Sigma-Aldrich) from
cells engineered to express an AHR flag-tagged protein
(GSE127649; ENCSR412ZDC, released on 10 February
2018) (31).

Gene classification and gene-ontology (GO) enrichment
were performed using the PANTHER interface (version
16.0 released 2020-12-01) using Fisher’s exact ¢-test and
false discovery rate (32).

The UCSC Genome Browser and Integrative Genome
Viewer (IGV_2.3.92) were used to visualize the ChIP-
sequencing data as well as to prepare the different panels in
the manuscript (33). The UCSC CpG Islands, GeneHancer
and RefSeq gene tracks were used to locate promoters and
enhancers as well as genes in the human genome (refer-
ence hgl9) (33). ENCODE datasets, including transcrip-
tion factors ChIP-sequencing data and DNAsel sites, are
freely usable and were retrieved from the ENCODE down-
load portal (31). Histone ChIP-sequencing data are freely
usable and were retrieved from the ChIP-Atlas database
(https://chip-atlas.org/) (34).

A search for classical recognition motif of the
AHR/ARNT complex (5-GCGTG-3; 3'-CACGC-¥
and its longer version 5-TNGCGTG-3'; 3-CACGCNA-
5’) was performed manually on the sequence of HK2
gene (coordinates: chromosome 2:75059782-75120481 on
human reference genome hgl9).

Cell lines, culture and treatments

U20S human osteosarcoma and HCT116 human colon
cancer cells were authenticated at the start of the project
by DNA/STR profiling (Eurofins Genomics). 143B os-
teosarcoma cell line was a gift from Dr Olivia Fromigué
(INSERM UMRY8I, Institut Gustave Roussy, Villejuif,
France). All cell lines were routinely tested for mycoplasma
contamination by conventional PCR using the mycoplasma
detection kit Venor®GeM Classic (Minerva Biolabs). Au-
thentication certificates and mycoplasma-test results are
available upon request. 143B, U20S and HCT116 cell lines
encode a wild-type AHR protein (35).

U20S, 143B and HCT116 were cultured at 37°C in
a humid chamber with 5% CO,. U20S and 143B cells
were cultured in DMEM (GlutaMAX, glucose 4.5 g/l
and pyruvate) supplemented with 10% foetal bovine serum
and 1% penicillin-streptomycin. HCT116 cells were cul-
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tured in RPMI-1640 with 10% foetal bovine serum and 1%
penicillin-streptomycin. Cells were split every 2 to 3 days.

U20S-GFP, U20S-GFP-HK2, 143B-GFP and 143B-
GFP-HK2 were maintained in DMEM (GlutaMAX,
glucose 4.5 g/l and pyruvate) supplemented with 10%
foetal bovine serum, 1% penicillin-streptomycin and
experimentally-defined concentrations of neomycin/G418
(Thermo Fisher Scientific; 10131027) as a selection agent
(see section ‘Plasmids’ below).

Cells were seeded at a density of 7800 cells/cm? in six-well
plates and after cell attachment to the culture plates, AHR
agonists were added to the culture media. TCDD solution
in toluene (Supelco; 48599) was added at final concentra-
tion of 1 or 10 nM, and toluene (Sigma-Aldrich; 244511)
was used as control vehicle treatment. BaP solution (Su-
pelco; 40071) was diluted in DMSO and used at final con-
centration of 0.5-2 wM. FICZ (Sigma-Aldrich; SM11489)
was resuspended at | mM in DMSO and used at final con-
centration of 1 nM to 10 wM. CH-223191 (Sigma-Aldrich;
C8124) resuspended in DMSO was used at final concentra-
tions of 0.001-10 wM and added alone or at the same time
as TCDD or BaP for 48 h. 5-aza-2'-deoxycytidine (A3656;
Sigma-Aldrich) diluted in DMSO was used at final con-
centration of 10 wM for 48 h and cell culture media was
changed every 24 h as previously described (36). DMSO
was used as a control for FICZ, BaP, CH-223191 and 5-aza-
2'-deoxycytidine exposure experiments. 2-Deoxy-D-glucose
(Sigma-Aldrich; D6134) was resuspended in water and used
at final concentrations of 2 mM alone or in combination
with BaP for 48 h.

ChIP-qPCR analysis of AHR binding

The chromatin immunoprecipitation (ChIP) was performed
using a human AHR specific antibody (Cell Signaling
Technology; 13790) following a procedure previously de-
scribed (37). qPCR analysis was performed with the kit
LightCycler® 480 SYBR Green I Master (Roche Diagnos-
tics; 04887352001) according to manufacturer recommen-
dations on a Roche LightCycler® 480 system (software ver-
sion 1.5.1.62 SP3). ChIP and input DNAs were amplified
and data are presented as percentage of input DNA recov-
ered in each ChIPs.

qPCR primers were as follows: CYPI/AI promoter 5'-
CCT GGG ATC ACA AGG ATC AGG-3 and 5-CGT
ACA AGC CCG CCT ATA AA-3', HK2 cis-regulatory
region A 5- CCA CTA CCA GGG AAG GCT CA-¥
and 5-TCC TGC CCA GTG ACT AGA GG-3, HK?2 cis-
regulatory region B 5-CAG GGA GCT GGT CAG ATG
TG-3" and 5-AGT GAA GCG GAA TGG GTC AG-3,
HK?2 cis-regulatory region C 5-GAG GTA GTC GGC
TCT CAG GA-3 and 5'-TCC AGG TTG CTA CGA ATG
CC-3, HK2 cis-regulatory region D 5-CAT GCT GGG
GTT GGA GAA GG-3 and 5-TTG GTG CAG GCA
TAG GAG TG-3', HK2 promoter 5-CAA CAT CGT GTC
ACC CAG CT-3 and 5-GCT AAC TTC GGC CAC AGG
AT-3', region 2-kilobases upstream of HK2 promoter 5'-
CCC GGC ATC CCT TGA ATT CT-3' and 5-TCC AGG
CCT GTC TCC AAC TC-3, region 2-kilobases down-
stream of HK2 promoter 5-ATG TAG TGA TGG CGC
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GTG AA-3 and 5-CAG AGC CACATC CCA GGA ATT-
3.

RT-qPCR analysis

RNAs were isolated using the TRIzol™ reagent (Thermo
Fisher Scientific; 15596026) followed by DNAse treatment
and removal (Thermo Fisher Scientific; AM1906) accord-
ing to a standard protocol previously described (36) or the
RNeasy mini-kit according to manufacturer recommenda-
tions (QIAGEN; 74106). RNA concentration and purity
were assessed using NanoDrop™ 2000 (Thermo Fisher Sci-
entific). Reverse transcription was performed using the Su-
perscript™ II reverse transcriptase enzyme with reaction
conditions recommended by the manufacturer (Thermo
Fisher Scientific; 18064) starting with 500 ng of total RNA
preparation and using random hexamers (Thermo Fisher
Scientific; N8080127). qPCR analysis was performed using
the kit LightCycler® 480 SYBR Green I Master (Roche Di-
agnostics; 04887352001) according to manufacturer recom-
mendations on a Roche LightCycler® 480 system (software
version 1.5.1.62 SP3).

Primers used for gPCR analyses were as follows for hu-
man genes: HK2 5-GAG CCA CCA CTC ACC CTA CT-
3’ and 5-CCA GGC ATT CGG CAA TGT G-3, AHR
5-ACA TCA CCT ACG CCA GTC G-3' and 5-CGC
TTG GAA GGA TTT GAC TTG A-3' (used for Figure
2), AHR 5-GCC GGT GCA GAA AAC AGT AAA-¥
and 5-AGC CAA ACG GTC CAA CTC TG-3' (used for
Figure 4), CYP1AI 5-TCT TGA GGC CCT GAT TAC
CCA-3 and 5-TTC GGC CAC GGA GTT TCT TC-3/,
CYPIBI 5-AAC GTA CCG GCC ACT ATC AC-3 and
5-GCA CTC GAG TCT GCA CAT CA-3', ALDH3Al 5'-
TGA TCC AGG AGC AGG AGC A-3 and 5-CCT CTA
GGA CGT ACA CCA CC-3'. Gene expression values were
normalised using the DeltaCq method (2-24€9) against ref-
erence MCM3 gene expression in Figures 4A-F, 5A, B, F,
G and Supplementary Figure S5 (5'-GCT CCT CTG GAG
TGG GTC TG -3 and 5-TCC TGT TTC CTG GTC TGT
GGT-3') and in all other figures against the average value of
expression of two reference genes: B2M 5'-GGC TAT CCA
CGT ACT CCA AA-3 and 5-CGG CAG GCA TACTCA
TCT TTT T-3' and MAPKI4 5-TGC CGA AGA TGA
ACTTTG CGA-3 and 5-TCA TAG GTCAGG CTTTTC
CAC T-3'. Cq is the quantification cycle corresponding to
the Cp value on Roche LightCycler® 480 system.

For Hk2 murine transcript we used the following primers:
5-ATG ATC GCC TGC TTA TTC ACG-3" and 5'-CGC
CTA GAA ATC TCC AGA AGG G-3'. We normalised
Hk2 expression using the DeltaCq (2 22¢9) method and
the average value of expression of two reference genes: Actb
5-CAA TAG TGA TGA CCT GGC CGT-3 and 5-AGA
GGG AAA TCG TGC GTG AC-3' and Mapkli4 5-TGA
CCC TTA TGA CCA GTC CTT T-3 and 5-GTC AGG
CTCTTC CAC TCA TCT AT-3'.

Western blot analysis

Methods for protein extraction, separation and detection
were previously described (36). Proteins of interest were
revealed using the following antibodies: AHR (13790),



5548 Nucleic Acids Research, 2022, Vol. 50, No. 10

HKI1 (C35C4), HK2 (C64G5), GAPDH (D16H11) and
LDHA (C4B5) purchased from Cell Signaling Technol-
ogy, NQOI1 (A180) purchased from Novus Biologicals and
CHK2 (ab109413) and Histone H3 (ab1791) purchased
from Abcam. a-Tubulin (T6199-100UL), B-Actin (PA1-
183) and MCM2 (A300-191A) were purchased from Sigma-
Aldrich, Thermo Fisher Scientific and Bethyl Laboratories
respectively. Rabbit homemade antiserum against JUN was
a gift from Dr Frédérique Verdier (Institut Cochin, IN-
SERM U1016, Paris, France).

Exposition of mouse pups to TCDD

C57BL/6J mice were provided by the CDTA (Center for an-
imal Distribution, Typing and Archiving, CNRS, Orléans,
France). Experiments on animals were performed at the
animal facility of CDTA and subsequently at the animal
core facility of BioMed Tech facilities (Campus Saint Ger-
main des Prés, INSERM US36, CNRS UMS2009, Uni-
versité Paris Cité, Paris, France). The European Commu-
nities Council directive 2010/63/EU on the protection of
the animals were followed for the experiments using ani-
mals. Animals were treated humanely and with regard for
alleviation of suffering. All procedures were given approval
by the ethical committees for animal research of CNRS
(Orléans, France) and ‘Université Paris Cité’ (Paris, France)
(CEEA34.XC.049.12).

C57BL/6J mice were housed in a temperature-controlled
room (22 £ 1°C) with a relative humidity of 55 £ 5% and
a 12-h light/dark cycle. Water and food (Safe® D30) were
provided ad libitum. Pregnant CD57B1/6J mice were ran-
domly administered either oral doses of TCDD in vehi-
cle (1 ng TCDD/g body weight; LGC Standards) or n-
nonane/corn oil vehicle alone (1/24 v/v; Sigma-Aldrich) on
embryonic days E7.5, E14.5 and post-natal days P0.5, P7.5,
P14.5, P21 in the CDTA animal facility by using a curved
gavage probe fitted to the mouse mounted on a 1 ml syringe.
The oral route of exposure was used to mimic the major
route of exposure in humans. Each administration corre-
sponded to 1 ng/g body weight of TCDD in n-nonane (cor-
responding to 0.2 pl/g body weight) or n-nonane alone (0.2
wl/g body weight) diluted in corn o0il (10 p.1/g body weight).
Pups were weaned at 3 weeks of age and allowed to accli-
mate to the BioMed Tech animal facility from 5 to 9 weeks
of age. Five male pups from these two groups of dams were
analysed at 9 weeks of age. Their lung tissues were collected
and analysed by RT-qPCR and western blot.

The Comparative Toxicogenomics Database (CTD)

The Comparative Toxicogenomics Database (CTD) was in-
terrogated on 1 September 2021 on an updated version of
the database including 14 036 unique chemicals (38). Us-
ing the search engine ‘chemical-gene interaction’ tool, 2284
chemical interactions with AHR in human (taxon:9606)
were retrieved among which 748 interactions modulate
AHR activity (either ‘increase’, ‘decrease’ or ‘affect with de-
gree unspecified’). Using a similar approach, we identified
180 chemical interactions with HK2 and 158 chemical in-
teractions regulating HK2 expression in human. We manu-
ally curated the lists (to remove duplications) and then com-

pared them to identify the chemicals common to the regula-
tion of HK2 expression and AHR activity, and we assessed
the resulting overlap by hypergeometric test.

Electroporation of small-interfering RNAs (siRNAs)

Transfection of control and AHR siRNA duplexes was
performed with Neon Transfection System according to
the manufacturer’s instructions (Thermo Fisher Scientific).
Functional AHR duplexes were purchased from Thermo
Fisher Scientific under references: HSS100337, HSS100336
and HSS100338. Control silencing RNA was also pur-
chased from Thermo Fisher Scientific under reference:
465377. siRNA-electroporated cells were cultured in six-
well plates at 37°C under 5% CO; in a humid chamber for
24 h prior to treatment.

Plasmids

The following mammalian plasmids pCMV6-AC-GFP and
pCMV6-AC-HK2-GFP were purchased from ORIGENE
with references PS100010 and RG209482 respectively.
pCMV6-AC-HK2-GFP encodes a functional full-length
human HK?2 protein fused to TurboGFP in its C-terminus.
The plasmid backbone further encodes a G418/neomycin
selection cassette.

To establish the U20S-GFP and U20S-GFP-HK2 cell
lines, U20S cells were transfected with pCMV6-AC-GFP
and pCMV6-AC-HK2-GFP respectively, with Neon Trans-
fection System according to the manufacturer’s instructions
(Thermo Fisher Scientific). Electroporated cells were ex-
posed to a range of G418 from 0.3 to 0.6 mg/ml (Thermo
Fisher Scientific, 10131027) and the appropriate concentra-
tion empirically determined. 0.6 mg/ml was deemed appro-
priate to maintain U20S-GFP-HK2 cells, and 0.4 mg/ml
for U20S-GFP cells.

A similar approach was utilised to produce 143B os-
teosarcoma cells with stable expression of GFP and GFP-
HK2.

pH measurement

The level of media acidification reached by the U20S-GFP
and U20S-GFP-HK2 cell lines were monitored using a
FiveEasy™ pH meter (Mettler Toledo). One million cells
were seeded in regular media and allowed to attach for 6
h to the plate. Then, the cell culture media were replaced
with fresh media and the pH of the cells’ supernatant mea-
sured 4 h later (n = 6).

Cell proliferation assay

Fifty thousand cells were seeded in six-well plates. Cells
were then numbered 7 days later with a Countess™ II FL
automated cell counter (Thermo Fisher Scientific). Trypan
blue (Amresco, K940) staining was used to discriminate liv-
ing and dead cells in six independent experiments.

Proteomic analysis

Digestion

U20S-GFP-HK2 and U20S cell pellets (four samples
per group) were lysed during 5 min at 95°C in 100 mM



Tris/HCI pHS.5, 2% SDS. Protein concentration was de-
termined using SDS PAGE of an aliquot and Imagelab
software (Bio-Rad Laboratories). 50 pg of proteins from
each lysate were reduced and alkylated with 10 mM tris(2-
carboxyethyl)phosphine (TCEP) and 50 mM chloroac-
etamide for 5 min at 95°C. After cooling to room temper-
ature, extracts were diluted with 300 wl 8 M urea, 50mM
Tris/HCI pH 8.5, transferred onto 30 kDa centrifugal fil-
ters and prepared for FASP digestion as described previ-
ously (39). Proteins were digested overnight at 37°C with
Ipg trypsin (V511A; Promega).

Peptide desalting

Peptides were desalted on C18 StageTips, manufactured by
stacking six layers of C18 reverse-phase from a disk of 3M
Empore Octadecyl C18 High Performance Extraction Disk
into a 200 w1 micropipet tip.

Peptide fractionation

Peptides were then separated in five fractions using strong
cation exchange (SCX) resin (40). Briefly, peptides were
loaded into pipette-tip columns made by stacking six lay-
ers of a 3M Empore cation extraction disk into a 200 .l
micropipet tip. Column conditioning was performed us-
ing acetonitrile (ACN). We used 0.1% Trifluoroacetic acid
(TFA) for column equilibration. Samples acidified with
TFA were loaded on the column and washed with 0.1%
TFA. Peptides were finally successively eluted using 20%
ACN, 0.05% formic acid, ammonium acetate at 75, 125,
200, 300 mM. The 5th fraction was eluted in 1.4% NH4;OH,
80% ACN.

LC-MS/MS

After speed-vacuum drying, fractions were solubilized in 10
wl of 0.1% TFA, 10% ACN. Liquid chromatography and
mass spectrometry analyses were performed on an U3000
RSLC nanoflow-HPLC system coupled to a Q-Exactive Or-
bitrap mass spectrometer (both from Thermo Fisher Scien-
tific). 1 pl of each fraction were concentrated and washed on
a C18 reverse-phase precolumn (3 pm particle size, 100 A
pore size, 75 pm inner diameter, 2 cm length, Thermo Fis-
cher Scientific), then separated using a C18 reverse-phase
analytical column (2 wm particle size, 100 A pore size, 75
pm inner diameter, 25 cm length from Thermo Fischer
Scientific) with a 3 h gradient starting from 99% of sol-
vent A (0.1% formic acid) to 55% of solvent B (80% ACN
and 0.085% formic acid). The mass spectrometer acquired
data throughout the elution process and operated in a data-
dependent scheme with full MS scans acquired, followed by
up to 10 successive MS/MS HCD-fragmentations on the
most abundant ions detected. Settings for Q-Exactive were:
full MS automated gain control (AGC) target 1.106 with
60 ms maximum ion injection time (MIIT) and resolution
of 70 000. The MS scans spanned from 350 to 1500 Th. Pre-
cursor selection window was set at 2 Th. HCD normalized
collision energy (NCE) was set at 27% and MS/MS scan
resolution was set at 17 500 with AGC target 1.105 within
60ms MIIT. Dynamic exclusion time was set to 30 s and
spectra were recorded in profile mode.
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Identification and quantification

The mass spectrometry data were analyzed using Maxquant
version 1.6.2.6 (41). The database used was a concatenation
of human sequences from the Uniprot-Swissprot database
(Uniprot, release 2018-06) and an incremented list of con-
taminants. The enzyme specificity was trypsin. The pre-
cursor mass tolerance was set to 4.5 ppm and the frag-
ment mass tolerance to 20 ppm. Carbamidomethylation of
cysteins was set as constant modification and acetylation
of protein N-terminus and oxidation of methionines were
set as variable modifications. Second peptide search was
allowed and minimal length of peptides was set at seven
amino acids. False discovery rate (FDR) was kept below 1%
on both peptides and proteins. Label-free protein quantifi-
cation (LFQ) was done using both unique and razor pep-
tides. At least two ratio counts were required for LFQ. All
experiments were analyzed simultaneously with the ‘match
between runs’ option with a match time window of 0.7 min
and an alignment time window of 20 min.

Proteome data analysis

Using Perseus software (version 1.6.2.3) (42) false proteins
discovery were filtered out, to wit proteins that match
with contaminant, to the reverse database and proteins
identified only with modified peptide, leading to a matrix
of 7278 proteins. LFQ intensity data were transformed
into log, and a Student’s z-test was performed using the
Benjamini-Hochberg false discovery rate to identify the
differentially expressed proteins. Proteins present in at least
3/4 replicates only in U20S or U20S-GFP-HK2 cells were
manually given the scores: P-value = 0 and llog ratiol = 10
(i.e. logz(mean LFQ intensity in U20S) — logy(mean LFQ
intensity in U20S-GFP-HK?2)). Then Canonical Pathways
and Upstream Regulator analyses were generated through
the use of Ingenuity Pathway Analysis software IPA (QI-
AGEN, https://www.qiagenbioinformatics.com/products/
ingenuitypathway-analysis) version 65367011, considering
proteins with a cut-off P-value <0.001 and an absolute [log
ratiol > 1.

Cytoscape visualization

The list including the differentially regulated proteins be-
longing to the AHR signalling pathway, the Upstream Reg-
ulators predicted in this pathway and their target proteins
was submitted into Cytoscape software (v.3.8.2) for net-
work visualisation (43). Proteins of the ‘AHR signalling’
were manually highlighted by bold lines. Proteins were
colour coded according to their log ratio between U20S
and U20S-GFP-HK2 cells.

Tryptophan and other metabolites quantification

Metabolites from 2 millions of thawed cells were extracted
using a methanol/chloroform extraction method with mi-
nor modifications (44). Cold methanol/chloroform (2:1,
v/v; 1.5 ml) was added to cell pellets and homogenized on
ice. The sample tube was centrifuged at 15 000g for 10 min at
4°C, and the supernatant was transferred to a new sam-
ple tube through a 70-mm cell strainer. Ice-cold water (0.6
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ml) was added, and the sample tube was vortexed and cen-
trifuged (15 000g, 5 min, 4°C) to obtain phase separation.
The upper and lower phases were separately collected in
fresh sample tubes with a syringe, taking care not to disturb
the interface. The polar (upper) phase (500 ml) was evapo-
rated to dryness in a SpeedVac concentrator (Savant), and
then was reconstituted in 100 wl of methanol/water (1:1,
v/v). Extracted metabolites were stored at —-80°C until anal-
ysis. Tryptophan (TRP) and TRP metabolites were mea-
sured via HPLC using a coulometric electrode array (ESA
Coultronics, ESA Laboratories) and fluorometric detec-
tion. Separation of TRP metabolites were done by reversed-
phase liquid chromatography using a 20 mM NaH,PO,
buffer (not pH adjusted) with 5.0% acetonitrile. The mo-
bile phase was delivered by an HPLC pump (Shimadzu)
through a Supelcosil™ LC-18 column (250 mm x 4.6 mm,
5 wm, Supelco) at a rate of 1 ml/min. Quantifications were
performed by referencing calibration curves obtained with
internal standards.

Cancer Cell Line Encyclopedia (CCLE) data

RNA sequencing data were downloaded from the au-
thors” manuscript through the cBioPortal web interface
(https://www.cbioportal.org) and retrieved in reads per kilo-
base per million mapped reads (RPKM) (35,45). Illumina
450K methylation data and reduced-representation bisul-
fite sequencing (RRBS) data of the 4AHR promoter in os-
teosarcoma cell lines were retrieved using the CellMiner
Cross-Database (CDB) web interface (https://discover.nci.
nih.gov/cellminercdb/) (46). Only CpG located in the AHR
CpG islands with coverage >5 were exported for RRBS
data.

Methylated-DNA immunoprecipitation (MeDIP)

Genomic DNA were extracted and purified using a stan-
dard phenol/chloroform procedure (36). Methylated DNA
immunoprecipitation (MeDIP) was performed with the
MagMeDIP kit (Diagenode; C02010021) according to the
supplier recommendations starting from 1.2 pg of genomic
DNA sonicated to 200400 bp using a Bioruptor@®) PLUS
sonicator (Diagenode). qPCR analysis was performed using
the kit LightCycler® 480 SYBR Green I Master (Roche Di-
agnostics; 04887352001) according to manufacturer recom-
mendations on a Roche LightCycler® 480 system (software
version 1.5.1.62 SP3). Quality of the MeDIP procedure
was monitored using control primers for methylated DNA
(TSH2B gene) and for unmethylated DNA (GAPDH pro-
moter) provided by the MagMeDIP kit manufacturer (Di-
agenode). AHR promoter methylation was assessed using
the following primers: 5'-GAC CGC CAG CTC AGA ACA
G-3' and 5-CTC CCA GCT TCC GTT CGG-3' (coordi-
nates chr7:17338323-17338373 on hgl9) and data are pre-
sented as percentage of input DNA recovered after MeDIP
(i.e. DNA methylation level).

The Cancer Genome Atlas (TCGA) data

Gene expression, DNA methylation and clinical data in
33 cancer types were obtained from the TCGA and cBio-
Portal data portal (45,47,48). Correlations were evaluated

with Pearson coefficient values. High and low HK2 ex-
pression groups were defined using the median expression
value of HK2 in each TCGA cancer type. High and low
AHR expression and promoter methylation level groups
were defined using the same criteria. All data used in
this study were freely available, freely re-usable and pa-
tients’ information anonymized. Adrenocortical carcinoma
(ACC), bladder urothelial carcinoma (BLCA), breast inva-
sive carcinoma (BRCA), cervical squamous cell carcinoma
and endocervical adenocarcinoma (CESC), cholangiocar-
cinoma (CHOL), colon adenocarcinoma (COAD), lym-
phoid neoplasm diffuse large B-cell lymphoma (DLBC),
esophageal carcinoma (ESCA), glioblastoma multiforme
(GBM), head and neck squamous cell carcinoma (HNSC),
kidney chromophobe (KICH), kidney renal clear cell
carcinoma (KIRC), kidney renal papillary cell carci-
noma (KIRP), acute myeloid leukemia (LAML), brain
lower grade glioma (LGG), liver hepatocellular carcinoma
(LIHC), lung adenocarcinoma (LUAD), lung squamous
cell carcinoma (LUSC), mesothelioma (MESO), ovarian
serous cystadenocarcinoma (OV), pancreatic adenocarci-
noma (PAAD), pheochromocytoma and paraganglioma
(PCPQ), prostate adenocarcinoma (PRAD), rectum ade-
nocarcinoma (READ), sarcoma (SARC), skin cutaneous
melanoma (SKCM), stomach adenocarcinoma (STAD),
testicular germ cell tumors (TGCT), thyroid carcinoma
(THCA), thymoma (THYM), uterine corpus endometrial
carcinoma (UCEC), uterine carcinosarcoma (UCS) and
uveal melanoma (UVM).

Osteosarcoma patients’ data

Gene expression values were retrieved from the National
Cancer Institute (NCI) Therapeutically Applicable Re-
search to Generate Effective Treatments (TARGET) Os-
teosarcoma (OS) project (accession studies phs000218 and
phs000468) and from GSE21257 (49). TARGET Osteosar-
coma datasets are available without restrictions on their use
in publications since 2019.

Statistical analysis

All the data points as well as the different statistical tests
are available in Supplementary Table S5. All error bars rep-
resent standard deviation. Student’s t-tests and hypergeo-
metric tests were performed. P < 0.05 was considered sig-
nificant. *P < 0.05; P < 0.01 and *™" P < 0.001. n.s., not
significant.

RESULTS

A genomic analysis of AHR binding sites identifies Hexoki-
nase 2, HK2, as a potential transcriptional target of AHR

To identify key AHR signalling targets in human cells,
we retrieved AHR binding sites identified by chromatin
immunoprecipitation followed by deep-sequencing (ChIP-
sequencing) in three human cancer cell types. We compared
the lists of AHR targets identified from human hepatocel-
lular carcinoma cells (HepG2), from human breast cancer
cells (MCF-7) exposed to 10 nM TCDD for 45 min or 24
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Figure 1. HK? is a genomic target of AHR. (A) Venn diagram showing the intersection of AHR-bound genes between AHR ChIP-sequencing analyses in
MCF-7 breast cancer cells (vehicle and TCDD-treated for 45 min and 24 h), in GM 17212 lymphoblastoid cells exposed to vehicle and 3-MC (24 h) and in
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Biological Process database. (C-E) Snapshot of ChIP-sequencing data showing AHR binding sites at the HK2 locus (C) in MCF-7 cells treated with
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P-value as determined by paired Student’s 7-test (vehicle versus TCDD). *P < 0.05; ***P < 0.001.

h or vehicle alone, and from human EBV-immortalised lym-
phocytes (GM17212) treated with 3-methylcholanthrene (3-
MC) at 1 pM for 24 h or vehicle alone (5,6,31). As previ-
ously described and discussed by the authors, we observed
that most AHR binding sites are detectable in non-treated
conditions in these cell lines, possibly due to the chronic ac-
tivation of AHR by endogenous ligands (5,6). We identi-
fied 1314 AHR-bound genes common between the differ-
ent ChIP-sequencing datasets and experimental conditions
(Figure 1A). We performed a functional annotation of this
list of genes using the PANTHER GO-Slim Biological Pro-
cess database (32) and observed that a large proportion of
AHR target genes encode proteins involved in metabolic
pathways and processes (Figure 1B and Supplementary Ta-
ble S1).

We notably observed that HK2, a key cancer gene, is an
AHR target in all experimental conditions of the three stud-
ies which led us to further explore this AHR/HK?2 axis.
In MCF-7 cells, AHR binding is detectable in a cluster
of cis-regulatory elements in the vicinity of HK2 exon 3
(i.e. introns 2 and 3; that we called A, B, C and D cis-
regulatory elements hereafter) and the binding is enhanced
after 45 min of TCDD exposure (Figure 1C). In GM17212
and HepG2 cells, AHR ChIP-sequencing profile at the HK2
loci is different: AHR binds at the HK2 promoter and no
binding is detectable around exon 3 in all conditions (Fig-
ure 1D, E). Consistent with these ChIP-sequencing data, a
search for AHR DNA binding consensus sequences con-
firmed the presence of putative AHR-response elements in
the promoter of HK2 and in the cis-regulatory regions A
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and D near exon 3 (Supplementary Figure S1A). In addi-
tion, profiling of ChIP- and DNAsel-sequencing data in
MCF-7 indicates that cis-regulatory regions A-D are lo-
cated in an enhancer region of HK2 as illustrated by the
presence of DNAsel hyper-sensitive sites, enrichment for
enhancer-associated histone marks and binding sites for
transcription factors including FOXA1 and cMYC, which
are transcriptional co-factors of AHR (50,51) (Figure 1C
and Supplementary Figure S1B). These observations sup-
port the hypothesis that these AHR-bound genomic sites
are functional cis-regulatory elements of HK?2.

To confirm that HK2 is a bona-fide target of AHR,
we treated U20S human osteosarcoma cells with 10 nM
TCDD or vehicle for 1 h and 24 h before assessing the
binding of AHR at genomic sites nearby exon 3 (i.e. re-
gions A, B, C and D), at the HK2 promoter as well as at
negative control regions located £2 kb from the promoter.
As an additional control we also monitored AHR binding
at the CYPIAI promoter, commonly assessed as a read-
out of AHR transcriptional activity (3). Importantly, us-
ing histone marks ChIP-sequencing data produced in U20S
cells, we could confirm the location of HK2 enhancers, al-
though only AHR-binding sites A, B and C are enriched for
enhancer-associated histone marks (Supplementary Figure
S1C and D). In U20S cells treated with vehicle, we did
not observe significant AHR binding at the CYPI Al and
HK?2 promoters, nor at the other regions tested (Figure 1F).
By contrast, in TCDD-treated cells we observed a signif-
icant binding of AHR at the CYPIAI promoter 1 h and
24 h after TCDD treatment as well as a significant enrich-
ment of AHR at the HK2 promoter and nearby exon 3 in
cis-regulatory region C 1 h post TCDD-treatment, and in
regions B and C 24 h post TCDD-treatment (Figure 1F).
No AHR ChIP-gPCR enrichment is detected at negative
control sites (i.e. £2 kb from HK2 promoter) monitored in
our assays, nor at regions A and D, at either time points
(Figure 1F). These results demonstrate that in U20S cells,
AHR binds to the HK2 promoter and several cis-regulatory
elements near exon 3 in response to TCDD exposure.

Collectively, our data demonstrate that the transcription
factor AHR binds to HK2 gene in different human cell

types.

Agonists of AHR promote HK2 expression in human cells and
mice lung tissue

We next investigated whether HK2 expression was regulated
in response to AHR agonists exposure. To do so, we treated
human U2O0S cancer cells with TCDD and monitored by
RT-gPCR and western blot the expression level of HK2.
We observed that HK2 mRNA and protein levels are sig-
nificantly increased at 48-h post-treatment with 1 and 10
nM TCDD compared to control cells exposed to vehicle
alone (Figure 2A, B). In addition, we observed that HK?2 ex-
pression was up-regulated as soon as 24 h post-TCDD (10
nM) treatment (Supplementary Figure S2A). We also as-
sessed HK?2 expression level upon TCDD treatment in the
colon cancer cells HCT116 and we observed that TCDD
exposure significantly increases HK2 expression at mRNA
and protein levels (Figure 2C, D). We next assessed whether
other AHR agonists could promote HK2 expression. We
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treated U20S cells with benzo[a]pyrene (BaP) or with 6-
formylindolo[3,2-b]carbazole (FICZ) at different concen-
trations and for different durations. We observed that HK2
expression was up-regulated in a time- and concentration-
dependent manner upon BaP treatment at mRNA and pro-
tein levels (Figure 2E, F, Supplementary Figure S2B). Upon
FICZ treatment, HK2 mRNA expression was slightly up-
regulated but no difference was detectable at protein level
compared to vehicle-treated cells (Figure 2G and Supple-
mentary Figure S2C, D). Altogether, these data indicate
that different agonists of AHR induce HK2 expression in
human cells in a time- and concentration-dependent man-
ner, although the kinetic and amplitude of induction are
quite variable.

We also investigated whether HK2 expression was reg-
ulated upon TCDD exposure in vivo, in tissues expressing
high levels of AHR, such as the lung (18). To do that, we
studied Hk2 expression by RT-qPCR and western blot in
lung tissues from adult male mice exposed to TCDD in utero
and during lactation. We observed significant higher Hk2
mRNA and protein levels compared to vehicle-treated mice
tissues (Figure 2H). Hk2 is thus also regulated by TCDD
exposure in vivo.

Finally, to gain a broader insight into the association
between modulators of AHR activity and the expression
of HK2, we interrogated the Comparative Toxicogenomics
Database (CTD) (38). Among the 266 chemicals (or mix-
tures) interactions reported to modulate AHR activity in
human cells, we identified 18 compounds that also regu-
late HK2 expression (fold enrichment: 8.05; P(X = 18) =
8.06 x 107'?) (Supplementary Figure S2E and Table S2).
Among these associations, we retrieved complex chemical
mixtures such as cigarette smoke as well as several HAH
and PAH compounds. This data mining analysis further
supports that HK?2 is transcriptionally regulated by several
modulators of AHR pathway in human cells, although it
appears context (agonist- and cell type-) dependent.

AHR regulates HK2 mRNA level upon activation by TCDD

We next investigated whether AHR activity was involved in
the regulation of HK2 expression upon AHR agonists ex-
posure. We first used a competitive inhibitor of AHR called
CH-223191 (52). We tested the effect of different concen-
trations of CH-223191 in U20S cells on HK2 expression.
We did not observe any change in HK2 expression at the
mRNA and protein levels with concentrations up to 10 uM
for 48 h (Supplementary Figure S2F-G). We then treated
U208 cells with CH-223191, at the time of TCDD treat-
ment, and monitored HK2 and CYPI1 A1 expression. We ob-
served that both genes were induced by TCDD as expected,
and that co-treatment with CH-223191 abolishes their in-
duction (Figure 2I).

To strengthen these observations, we next transfected
U20S cells with AHR small interfering RNAs (siRNAs)
and 24 h later treated the cells with 10 nM TCDD for 48
h. RT-qPCR analyses indicated low levels of 4 HR expres-
sion in U20S cells and confirmed the knock-down of AHR
expression (Figure 2J). We also observed that depletion of
AHR prevents HK2 mRNA up-regulation in response to
TCDD treatment, while it has no detectable effect on HK2
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mRNA expression in control treated cells (Figure 2J). All
these results show that AHR regulates HK2 expression in
response to its activation by TCDD.

Over-expression of HK?2 promotes an imbalance in AHR sig-
nalling pathway proteins abundance

We then investigated the consequences of HK2 over-
expression in human cells by establishing U20S cells sta-
bly expressing either GFP-HK?2 (U20S-GFP-HK2 cells) or
GFP alone as control (U20S-GFP cells). By western blot,
we observed that 48 h post-transfection, GFP-HK?2 is ex-
pressed at its expected size in U20S-GFP-HK2 cells (Sup-
plementary Figure S3A). Numerous studies have previously
reported, notably in osteosarcoma cells (53,54), that the sta-
ble over-expression of HK2 increases culture media acidifi-
cation (due to increased release of lactate, an end-product of
glycolysis) and cell proliferation. We thus monitored these
two parameters. We confirmed that the pH of the culture
medium of the U20S-GFP-HK2 cells is lower than that
of U20S-GFP cells (Supplementary Figure S3B) and that
expression of GFP-HK?2 promotes cell proliferation com-
pared to GFP alone (Supplementary Figure S3C). These re-
sults validate that GFP-HK2 is a functional protein in our
experimental conditions.

We next wanted to get deeper insight into the signalling
and molecular pathways regulated by HK2 over-expression.
We used a quantitative proteomic approach to characterise
and compare the proteome of U20S and U20S-GFP-HK?2
cells (Figure 3A). We detected 7278 proteins by mass spec-
trometry and as anticipated, we observed that the amount
of HK2 is significantly higher in U20S-GFP-HK2 com-
pared to U20S cells (P < 0.001) (Supplementary Figure
S3D). We also confirmed previous reports (27) showing
that HK2 over-expression promotes an imbalance in gly-
colytic enzymes abundance with for instance lower lev-
els of HK1 (P < 0.001) and GAPDH (P < 0.001), and
heightened level of LDHA (P < 0.001) (Supplementary
Figure S3E). Following downstream statistical analyses, we
identified the differentially expressed proteins (llog ratiol
> 1 and P-value < 0.001) between the two cell lines. A
functional annotation of this list using the QIAGEN In-
genuity Pathway Analysis (IPA) software revealed several
pathways deregulated upon HK2 over-expression, among
which ‘AHR signalling’ (P = 8.32 x 10°®) with 29 associ-
ated proteins. This list includes proteins involved in phase-
I and phase-11 detoxification mechanisms (ALDHIBI,
ALDH3A1, ALDH3A2, ALDH6A1, GSTKI1, GSTM3,
GSTPI1, GSTZI1, NQOI1 and NQO2); cell cycle regulators
(CCND2, CCND3, CCNEI1, CDK4, CDK6, CDKN2A,
CHK?2 and RB); chromatin factors (EP300, JUN, NCOA3
and NFKB2) and signalling proteins (HSPB1, MAPKI,
MAPKS, RXRA, SRC, TGFB2 and TGM?2) (Figure 3B).
Of note, additional proteins of the AHR network were
detected in our proteomic analysis although not robustly
enough to be considered by IPA, including most of the
CYP enzymes and AHR itself (Supplementary Table S3).
As an orthogonal validation of the proteomic data, we per-
formed western blot analyses. We validated that HK?2 over-
expression leads to the down-regulation of HK1 and JUN
and the up-regulation of LDHA, CHK?2 and NQO1 at pro-

tein levels in U20S-GFP-HK?2 compared to U20S-GFP
cells (Figure 3C).

Our analysis, using the IPA software, also indicated that
12 of these 29 proteins are predicted as ‘upstream regula-
tors’, suggesting that they potentially regulate additional
proteins identified as mis-regulated by HK2 over-expression
(Supplementary Table S4). For instance, CDKN2A is pre-
dicted to regulate 32 proteins regulated by HK2 over-
expression in our analysis (P = 1.52 x 10°%). This comple-
mentary analysis led us to identify 166 downstream proteins
including 16 which are annotated as belonging to ‘AHR sig-
nalling’ (Figure 3D, E). We also observed that 24 of the
29 genes coding the proteins of the HK2/AHR signalling
were previously identified as AHR ChIP targets in other
cell lines such as MCF-7, HepG2 or GM 17212 cells (Fig-
ure 3F). These correlative associations suggest that HK?2
might actually regulate AHR signalling at different levels
and that several proteins of the HK2/AHR network might
cross-regulate each other functions.

Over-expression of HK2 enhances a subset of AHR transcrip-
tional target genes expression

Based on our proteomics findings, we tested whether AHR
transcriptional activity was altered in U20S-GFP-HK2
cells. To do so, we compared by RT-qPCR the expres-
sion level of prototypical AHR target genes CYPIAI,
CYPIBI and ALDH3AI between U20S-GFP and U20S-
GFP-HK2 cells. We observed higher expression levels of
CYPIBI and ALDH3AI in U20S-GFP-HK2 cells com-
pared to U20S-GFP, while the level of expression of
CYPIAI was similar between the two cell lines (Figure 4A).
We repeated such analyses in another osteosarcoma cell
line, 143B, stably expressing GFP or GFP-HK2. We could
confirm the expression of the GFP-HK?2 fusion protein in
these cells (Supplementary Figure S3F) and observed again
gene-specific effects, with increased expression of CYPIBI
in 143B-GFP-HK2 cells compared to 143B-GFP control
cells, while ALDH3 A1 expression was not detected in both
cell lines and CYP1AI expression was similar between the
two cell lines (Figure 4B). These analyses revealed that
over-expression of HK2 and subsequent perturbation of the
AHR network alters the expression levels of a subset of
AHR target genes in both cell lines.

We wondered whether these changes in gene expres-
sion could be a consequence of a change in the intracel-
lular abundance of known endogenous ligands of AHR
such as tryptophan (TRP) derivatives (11,12). We observed
no major difference in the levels of 3-OH-TRP, TRP,
kynurenic acid and 3-OH-kynurenine between U20S-GFP
and U20S-GFP-HK2 cells, arguing against such a scenario
(Supplementary Figure S4).

Over-expression of HK?2 promotes a better response to AHR
agonists in specific cell lines

We then investigated whether HK2 over-expression might
also alter the response to AHR agonists. To do so, we
treated cells over-expressing GFP and GFP-HK?2 with BaP
or FICZ and monitored by RT-qPCR the expression level
of CYPIAI, CYPIBI and ALDH3AI. We observed that
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the induction of each gene was markedly higher in U20S-
GFP-HK2 cells compared to U20S-GFP cells upon BaP
or FICZ treatment (Figure 4C and Supplementary Figure
S5A). HK?2 over-expression is thus potentiating AHR tran-
scriptional activity in U20S cells, in response to agonists.
Intriguingly, we did not observe a similar effect in the 143B
cell line. We observed that the induction of CYPI Al mRNA
expression in response to BaP and FICZ treatments is sim-
ilar in 143B-GFP and in 143B-GFP-HK2 (Figure 4D and
Supplementary Figure S5B). In the case of CYPIBI, the
gene was induced by BaP and FICZ and levels of expres-
sion were much higher in 143B-GFP-HK2 cells upon treat-
ments compared to 143B-GFP cells. Nonetheless, since the
CYPIBI gene was already expressed at higher levels in un-
treated 143B-GFP-HK2 cells, the amplitude of induction
was actually similar in the two cell lines (Figure 4D and Sup-
plementary Figure S5B).

To confirm that the up-regulation of these AHR pro-
totypical target genes is mediated by AHR, we co-treated
U20S-GFP-HK2 cells with BaP and CH-223191. We ob-
served that CH-223191 limits the induction of CYPIAI,
CYPIBI and ALDH3AI upon BaP treatment, consistent
with AHR involvement (Figure 4E). We also tested whether
inhibition of hexokinase activity would affect the expression
of these AHR targets upon BaP treatment in U20S-GFP-
HK2 cells. We co-treated these cells with BaP and with 2-
deoxy-D-glucose (2-D@G), an allosteric inhibitor of hexoki-
nase activity (55). In BaP + 2-DG co-treated cells, we did
not observe lower expression levels of CYPIAI, CYPIBI
and ALDH3AI compared to BaP treated cells (Figure 4F).
These data indicate that 2-DG treatment does not block the
induction of AHR target genes upon BaP exposure.

All these data show that over-expression of HK2 ampli-
fies the transcriptional levels of AHR target genes in re-
sponse to AHR agonists, and that this response is AHR de-
pendent and not prevented by 2-DG treatment.

Over-expression of HK2 is associated with the DNA
demethylation of A HR promoter and higher A HR expression
in U20S cells

We hypothesize that the cellular context, including 4 HR ex-
pression level, might explain the differential regulation of
AHR activity in the two osteosarcoma cell lines. We thus
monitored AHR expression by RT-qPCR in the different
U20S and 143B cell lines we established (Figure 5A, B).
We detected higher A HR mRNA levelsin U20S-GFP-HK?2
compared to respective control cells while A HR levels were
quite similar between 143B, 143B-GFP and 143B-GFP-
HK2 cells (Figure 5A, B). This observation suggests that
a dramatic change in AHR transcriptional status between
U20S/U20S-GFP and U20S-GFP-HK2 cells is linked to
the dramatic change in AHR transcriptional outcomes in
response to agonists exposure. Importantly, by western blot,
we confirmed higher levels of AHR protein in U20S-GFP-
HK2 cells compared to control cells (Figure 5C).

As AHR promoter contains CpG sequences susceptible
to DNA methylation (19), we investigated whether DNA
methylation was involved in the regulation of 4 HR expres-
sion. We first assessed the methylation status and the ex-
pression level of AHR in a panel of osteosarcoma cells us-

ing the Cancer Cell Line Encyclopedia (CCLE) datasets
(35,46). We observed that the methylation of AHR pro-
moter is negatively correlated with A HR mRNA expression
in this set of cell lines and that in U20S cells AHR pro-
moter is highly methylated and A HR mRNA expression is
low (Figure 5D) (data are not available for the 143B cell
line in this database). The methylation of AHR promoter
in U20S cells was further confirmed by interrogating sin-
gle CpG methylation analyses from the CCLE (Figure SE).
We thus treated U20S, U20S-GFP and U20S-GFP-HK?2
cells with DNA demethylating agent 5-aza-2'-deoxycytidine
for 48 h and monitored A HR expression by RT-qPCR. We
detected A HR expression in 5-aza-2'-deoxycytidine-treated
U20S and U20S-GFP cells at 48 h while it was hardly de-
tectable in vehicle-treated cells. In contrast, expression of
AHR was detectable in U20S-GFP-HK2 cells in treated
and untreated conditions, at roughly similar levels (Fig-
ure SF). These results indicate that AHR expression is
regulated by DNA methylation in U20S and U20S-GFP
cells. Consistent with this conclusion, RT-qPCR analyses
showed that in 143B, 143B-GFP and 143B-GFP-HK2 cells,
which already express A HR in untreated conditions, 5-aza-
2'-deoxycytidine treatment for 48 h moderately increases
AHR expression (Figure 5G).

To further confirm the role of DNA methylation in the
regulation of A HR expression we assessed the methylation
status of the 4 HR promoter by methylated-DNA immuno-
precipitation (MeDIP) in U20S, 143B and their derivative
cell lines (Figure SH, I). As controls, we used GAPDH pro-
moter as an unmethylated region and 7SH2 B promoter as a
heavily methylated region as indicated by the manufacturer
(Diagenode). The methylation status of control regions was
in line with what was expected (Figure SH, I). For the AHR
promoter region we observed high levels of CpG methyla-
tion in U20S and U20S-GFP cells and low methylation
levels in U20S-GFP-HK2 cells as well as in 143B, 143B-
GFP and 143B-GFP-HK2 cells (Figure 5H, I). These data
indicate that over-expression of HK?2 is associated with the
demethylation of the AHR promoter in U20S cells which
may explain the enhanced expression of 4 HR.

HK? expression negatively correlates with the methylation of
AHR promoter in several cancers

We next explored the relevance of the HK2/AHR axis in
cancer by investigating the correlation between the expres-
sion level of HK2 and the expression level of 4HR using
the data of 33 types of cancer available through The Cancer
Genome Atlas (TCGA) (47,48,56). We found that HK2 and
AHR mRNA expression levels are positively correlated in
cancer, notably in nine cancer types (Figure 6A). In addition
to TCGA datasets, we also analysed two different osteosar-
coma (OS) cohorts (NCI/TARGET/OS and GSE21257)
publicly available and commonly used by the community
(49). We found no significant correlation between 4 HR and
HK2 mRNA expression in OS tumours in the two cohorts
(Supplementary Figure S6).

Focusing on the nine cancer types exhibiting a clear cor-
relation between HK2 and 4 HR expression, we then inves-
tigated a possible correlation between HK2 expression and
the methylation of AHR promoter. We observed a signifi-
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Figure 6. Relationship between the expression of HK2 and the methylation of A HR promoter in cancer. (A) Relationship between the expression levels of
HK?2 and AHR retrieved in 33 different types of cancer from the TCGA. Significant correlation, Pearson r coefficient >0.3 or <-0.3 are indicated in colours
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cant negative correlation between HK?2 levels and A HR pro-
moter methylation in cholangio-carcinoma (CHOL), lower
grade glioma (LGG), pancreatic cancer (PAAD), stomach
cancer (STAD) and prostate cancer (PRAD) (Figure 6B).
Furthermore, we did not find such correlation between the
expression level of HK/ and the methylation of A HR, indi-
cating some level of specificity (Figure 6B). Finally, in lower
grade glioma (LGG) and pancreatic cancer (PAAD), tu-
mours exhibiting high levels of HK2 and low levels of AHR
promoter methylation are correlated with shorter overall
survival (Figure 6C).

These data indicate that HK2 expression negatively cor-
relates with the methylation of 4AHR promoter in specific
cancer types, which may have clinical implication.

DISCUSSION

It is well recognized that AHR signalling activation has
variable effects on the transcription of its targets. Nonethe-
less, the details of the proteins and pathways involved in the
regulation of AHR signalling activity are still far from com-
plete and it might depend on features proper to each cellular
context such as possible genetic mutations, exposure to ex-
ogenous cues and stage of cell differentiation (7). In here,
we provide evidences that HK?2 is a transcriptional target of
AHR, as suggested by previous large-scale gene expression
studies (22,57-59), and studies indicating that AHR might
be an important regulator of glycolytic genes expression
and glycolysis end-points (3,7,51,60-62). In MCF-7 cells,
we identified a cluster of AHR binding sites in the vicinity
of exon 3 of HK2 gene; and binding of AHR at the promoter
of HK?2 in two other cell lines GM 17212 and HepG2. Us-
ing a ChIP-qPCR analysis we demonstrated similar AHR
binding sites in U20S cells treated with TCDD including
binding sites nearby exon 3 and at the promoter of HK2.
The binding at the promoter is detected 1 h after TCDD
addition, but not at a later time point (24 h), indicating a
transient binding of AHR at HK2 promoter. In contrast,
the binding nearby exon 3, and at the CYPIAI promoter,
is observed up to 24 h and might reflect cis-regulatory ele-
ments mediating long-term and persistent effects of TCDD.
It would thus be interesting to further dissect the role of
these different cis-regulatory elements in the HK2 locus to
better define their functions in the regulation of HK2 ex-
pression upon AHR agonists exposure. We indeed showed
that in response to AHR agonists exposure, HK2 expres-
sion is enhanced, although the fold-increase is quite vari-
able depending on the duration of the exposure, the con-
centration and the nature of the ligand. All these findings
highlight that the regulation of HK2 expression by AHR is
context-specific and might rely on the binding of additional
cofactors of AHR, either at the promoter or nearby exon
3(1,50,51). Using ENCODE ChIP-sequencing datasets we
identified binding sites for cM YC and FOXO factors which
may cooperate with AHR in the regulation of HK2 ex-
pression (50,51). The context-specific regulation of HK2 by
AHR may alternatively be explained by our findings that
HK2 regulates AHR transcriptional activity and thus that
AHR or some of its targets might further modulate the ki-
netic and induction of HK2 expression upon AHR activa-
tion. For instance, transglutaminase 2 (TGM2), which is

less abundant in U20S-GFP-HK2 cells compared to con-
trols, is also a known regulator of HK2 expression (63,64).
Similarly, retinoblastoma protein 1 (RB1), also affected by
over-expression of HK2, is a known partner of AHR in the
regulation of gene expression (65). Thus, different layers of
regulation, both intrinsic to cell type (i.e. mutations) or ex-
ogenous (i.e. environmental cues) may have different out-
comes on the HK2/AHR axis and HK2 expression.

By investigating the molecular consequences of HK2
over-expression we observed that numerous proteins con-
tributing to AHR pathway activity, or regulated by this
pathway, are mis-regulated upon HK2 over-expression in-
cluding cell cycle regulators, metabolic enzymes, signalling
proteins and AHR targets. Whether additional AHR tar-
gets are also regulated by HK2 remains possible as the
proteomic approach is not exhaustive. For instance, it has
been shown that TCDD regulates expression of RANKL,
CXCR4, CXCL2, COX2 and PGE2 in osteosarcoma
MG©63 cancer cells (66). None of these proteins as well as
most of the CYP enzymes and AHR itself, were efficiently
detected, quantified and thus analysed in our study. This
is most likely due to technical limitations as peptides for
some of these proteins were actually detected in a limited
number of samples. It is thus unclear whether such classes
of AHR targets are also mis-regulated in U20S-GFP-HK?2
compared to control cells. Following up on this proteomic
data we unveiled that U20S-GFP-HK2 cells present height-
ened expression levels of AHR protein and of its target
genes, as well as enhanced response to BaP and FICZ, com-
pared to U20S-GFP control cells. Intriguingly, in 143B-
GFP-HK2 cells we also observed heightened levels of AHR
target genes expression under basal condition but did not
observe a better response to AHR agonists. There might
thus be a direct link between HK2 gene expression and
AHR transcriptional activity. In that scenario, expression
levels of HK2 might mitigate, or in contrary amplify, the
consequences of AHR agonists on cell fate. Intriguingly, it
has been shown that glucose can modulate AHR activity in
aortic endothelial cells and that pyruvate kinase muscle iso-
form M2 (PKM2) regulates AHR transcriptional activity
(67,68). 1t is thus likely that HK?2 might alter AHR activ-
ity at multiple levels, as suggested by our data, to regulate
cell biology and fate. Importantly, we observed that 2-DG
treatment, which inhibits hexokinase activity and glycolysis,
did not block the transcriptional response to AHR agonists,
suggesting that HK2 role in glycolysis may have minor ef-
fect on the regulation of AHR signalling.

In addition, we documented a function of HK2 on the
regulation of the activity of the 4 HR promoter. It has pre-
viously been shown that 4AHR promoter is regulated by
DNA methylation in specific cell types (19). We obtained
compelling evidences that over-expression of HK2 leads
to AHR promoter demethylation in U20S cells, and that
it correlates with AHR expression level. This observation
probably explains the strong response of U20S-GFP-HK?2
cells to AHR agonists tested, such as BaP and FICZ, com-
pared to control cells. While HK2 over-expression triggers
DNA demethylation, indicating a link between HK2 and
AHR expression we did not clearly pinpoint the mecha-
nism, although we can speculate based on previous stud-
ies that DNA demethylation might facilitate the binding of



specificity protein 1 (SP1) that activates 4 HR expression
(19,69). Intriguingly, numerous glycolytic enzymes can ac-
tually shuttle into the nucleus including glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), PKM2 and phospho-
glycerate kinase 1 (PGK1) and regulate nuclear processes
as diverse as gene expression, DNA replication and chro-
matin organisation (68,70-72). It is tempting to speculate
that HK2 might also shuttle into the nucleus, and as PK M2,
regulate the transcriptional activity of AHR or the activity
of its promoter. Consistent with such scenario, upon pro-
inflammatory stress and glucose deprivation, HK?2 translo-
cates in the nucleus of glioblastoma cells and regulates the
expression of xanthine oxidoreductase gene in combination
with transcription factor NRF2 (73). This remains the sole
example of a potential role of human HK2 in the nucleus,
needless to say in a quite specific context. Intriguingly, in
yeast, low glucose environment also induces the nuclear lo-
calisation of the human HK2 homolog, Hxk2, where it reg-
ulates gene expression (74). Thus, further studies will be
needed to clarify whether HK2 might regulate gene expres-
sion in high glucose environment as in our cellular models
and how it may control DNA methylation levels at the AHR
promoter.

This new axis HK2/AHR might also be important in the
context of cancer. Indeed, using TCGA datasets, in 9 of the
33 cancer types that we analysed, we found that HK2 ex-
pression shows a positive correlation with 4 HR expression
and in a subset of these 9 cancer types a negative correlation
with AHR promoter methylation levels. Furthermore, tu-
mours with high HK2 expression and low A HR methylation
exhibit a poor prognosis in lower grade glioma (LGG) and
pancreatic cancer (PAAD). Importantly, we did not see sim-
ilar correlation with HK/ which shares high degree of sim-
ilarity at the protein level and at the biochemical level with
HK2 (26). We also did not document a recurrent binding of
AHR at the promoter of HK/ indicating again a preferen-
tial relationship between HK2 and AHR. HK1 is expressed
in most tissues while HK2 expression is restricted to muscle
and adipocytes and it is over-expressed in most cancers. Ac-
cordingly, a large body of literature has demonstrated that
HK? is regulated by numerous micro-RNAs and transcrip-
tion factors including oncogenes (26). Here, we revealed and
characterized an additional regulator of HK2 expression,
AHR, which can either act as an oncogene or tumour sup-
pressor in different cancer types (13—-15). Intriguingly, in os-
teosarcoma (OS) tumours, we did not observe a correlation
between HK2 and AHR expression in two independent co-
horts of patients. A possible explanation to this observation
might be that OS tumours are quite heterogeneous at the
genomic and cellular level and that additional criteria need
to be taken into consideration to unveil a function of the
AHR/HK2 axis in these tumours.

Our study is thus adding HK2 to the list of AHR tar-
gets that also regulate its function. It is well known that
CYP enzymes are induced upon AHR agonists exposure
and that they contribute to the detoxification or activa-
tion of most of these AHR agonists, which directly regu-
lates AHR activation over time (1,10,14). Similarly, AHR
repressor (AHRR) and TCDD inducible poly(ADP-ribose)
polymerase (TTPARP) are induced by AHR upon activa-
tion and contribute to reduce AHR transcriptional activity
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by protein/protein interaction and/or protein degradation
(1,23-25). Strikingly, as opposed to these later examples,
HK?2 is a direct target of AHR that positively contributes to
AHR activity and/or expression depending on cell context
under basal condition and in response to AHR agonists.
Our study further highlights the need to identify and char-
acterize additional AHR signalling factors to fully compre-
hend the molecular basis of AHR context-dependent cellu-
lar effects.
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