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Abstract 

Carbohydrate response element-binding protein (ChREBP) is a transcription factor activated by glucose 
metabolites that orchestrates the expression of genes involved in glycolysis, de novo lipogenesis, and 
ATP homeostasis. Inadequate ChREBP activity impairs the cellular adaptations to glucose exposure 
and in humans associates with dyslipidemia, fatty liver disease, and type 2 diabetes. ChREBP activity 
is regulated by cytosolic-nuclear translocation involving its low-glucose inhibitory domain (LID). Whether 
this domain is targeted by post-translational lysine acetylation is unknown. Here we report a novel LID 
acetylation site that controls activity and protein interactions of ChREBP. Mutation of this residue 
increased glucose-induced activity and target gene expression of ChREBP. Mechanistically, mutant 
ChREBP protein showed more nuclear localization and enhanced genomic binding to a target promoter. 
Interactions with proteins that exhibit differential binding upon glucose exposure were attenuated by the 
mutation, demonstrating the importance of the LID in the formation of the protein interactome. Particularly 
interactions with 14-3-3 proteins, factors that regulate cytosolic/nuclear trafficking of ChREBP, were 
reduced, whereas interactions with proteins of the nucleosome remodeling deacetylase complex (NuRD) 
were increased. These molecular insights may shape new therapeutic strategies to target ChREBP activ-
ity and counteract metabolic diseases. 
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Introduction 

Carbohydrates represent one of the three major 
classes of macronutrients in our diet. Since a 
significant amount of carbohydrates is either 
ingested directly as simple sugars or absorbed as 
such, evolution has evolved mechanisms to 
appropriately sense and process glucose 
metabolites at the cellular level. One of these 
sensors is carbohydrate response element-binding 
protein (Mlxipl, MondoB, or Wbscr14, here referred 
to as ChREBP), a transcription factor activated by 
glucose metabolites that belongs to the Mondo 
family of basic helix-loop-helix transcription factors 
[1–3]. ChREBP is robustly expressed in liver, white 
and brown adipose tissue, muscle, kidney, pan-
creas, and the small intestine [4]. 
Activation of ChREBP adjusts glucose metabolite 

utilization to its availability by transcriptional 
regulation of genes involved in glycolysis and de 
novo lipogenesis [5] via binding to E-boxes in pro-
moter and enhancer regions of these genes [6–8]. 
Moreover, ChREBP prevents toxicity of high glu-
cose exposure by controlling genes that regulate 
cellular ATP homeostasis [9]. ChREBP deletion in 
mice leads to impaired glucose tolerance, insulin 
resistance, and an intolerance towards simple car-
bohydrates, resulting in hypothermia and death 
when fed on high-sucrose or fructose diets [4]. 
Insights from human studies that investigated 
expression, single nucleotide polymorphisms, or 
common variants of ChREBP support its pivotal role 
in glucose and fatty acid metabolism and related 
human pathologies [10–16]. Moreover, rare human 
missense variants of ChREBP were linked to higher 
incidences of type 2 diabetes [17]. 
The regulation of cellular ChREBP activity is via 

complex and yet incompletely understood 
interactions between binding proteins (e.g. 14-3-3 
proteins, exportins, and importins), post-
translational modifications (PTMs) (e.g. 
phosphorylation, O-GlcNAcylation, acetylation, 
and proline-hydroxylation) and metabolite 
exposure (e.g. glucose metabolites, ketone 
bodies, and AMP) which, in part interdependently, 
control cytosolic/nuclear translocation of ChREBP 
[18–23]. Moreover, additional mechanisms for its 
activation besides cytosolic to nuclear translocation 
are likely to exist since mutant forms of ChREBP 
with exclusive nuclear localization can retain 
glucose-responsiveness, and because forced 
nuclear accumulation not necessarily increases 
activity [24–26]. Future studies to characterize 
potential glucose-6 phosphate binding to ChREBP, 
which has been postulated to act as allosteric mod-
ulator [27], may help elucidating a more complete 
understanding of ChREBP activation. 
Post-translational acetylation of ChREBP protein 

with functional relevance occurs on K672 in a 
p300 cofactor-dependent manner [28]. This acetyl-
transferase was shown earlier to physically interact 
2

with ChREBP [29]. Acetylation of K672, which is 
localized within its C-terminal DNA binding domain, 
was required for maximal DNA binding and activa-
tion of a luciferase reporter and ChREBP target 
gene expression in hepatocytes upon exposure to 
high glucose concentrations [28]. Increased K672 
acetylation, at least in part, also mediates the acti-
vation of ChREBP by ethanol [30]. 
Whether acetylation targets lysine residues 

outside of the DNA binding domain of ChREBP is 
unknown. Interestingly, mutation of K672 to 
arginine reduced total ChREBP acetylation only 
partially [28], implying the presence of additional 
acetylation sites. 
Here, we report two novel acetylation sites in the 

low-glucose inhibitory domain (LID) of ChREBP. 
This domain, together with the glucose-response 
activation conserved element (GRACE), is part of 
a conserved N-terminal glucose-sensing module 
(GSM) of Mondo proteins that confers glucose 
responsiveness via intra-and intermolecular 
interactions [24,26]. Mutation of one of these sites, 
K171, was functionally relevant and increased 
nuclear localization and genomic binding and, in 
turn, ChREBP reporter activity and target genes 
expression. In regard to the entire ChREBP protein 
interactome, which we show to consist of several 
hundred proteins in our experimental setup, the 
mutation reduced the number of interacting proteins 
with differential binding upon glucose exposure. 
Moreover, mutation of K171 decreased interactions 
with 14-3-3 proteins which regulate cytosolic/nu-
clear translocation and increased previously 
unknown interactions with components of the NuRD 
complex. Thus, our findings demonstrate the impor-
tance of K171 for ChREBP activity and the forma-
tion of the protein interactome. This may allow for 
identifying new strategies to target dysregulated 
ChREBP activity in metabolic diseases. 

Materials and Methods 

Materials 

Chemicals, if not described otherwise, were 
purchased from Sigma-Aldrich/Merck. Cell culture 
reagents like antibiotics, trypsin, and fetal bovine 
serum (FBS) were purchased from Thermo Fisher 
Scientific. siRNA oligonucleotides were acquired 
from Eurogentec (Liège, Belgium), HEK293 cells 
(RRID: CVCL_0063) and AML12 hepatocytes 
(RRID:CVCL_0140) from ATCC (USA). 

Cell culture and transient transfections 

HEK293 cells and AML12 hepatocytes were 
cultured according to the manufacturer’s 
instructions. Glucose concentrations in cell culture 
media for glucose sensing experiments were as 
indicated. AML12 cells lacking endogenous 
ChREBP were generated as detailed previously 
[25]. For Co-immunoprecipitation, subcellular frac-
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tionation, and chromatin immunoprecipitation cells 
were transfected by Ca3(PO4)2 precipitation. Per 
each transfection 6 mg plasmid, 450 ml CaCl 
240 mM and 450 ml 2xBBS buffer (50mM N,N-Bis( 
2–hydroxyethyl)-2-aminoethanesulfonic acid, 
280 mM NaCl, 1.5 mM Na2HPO4) were mixed thor-
oughly by vortexing and incubated at room temper-
ature for 15 min. The transfection mixture was then 
added dropwise on cells cultured in 10 cm dishes. 
Determination of protein and mRNA expression as 
well as luciferase assay were performed on 
AML12 hepatocytes and HEK293 cells that were 
cultured in 24-well dishes and transiently trans-
fected using Lipofectamine 2000 (Thermo Fisher 
Scientific) according to the manufacturer’s 
instructions. 

Site-directed mutagenesis of ChREBP 

Expression plasmids for murine ChREBPa lysine 
mutants were generated by using the QuikChange 
II XL site-directed mutagenesis kit (Agilent) with 
the pCMV4-mChREBPa-FLAG vector and specific 
primers for amplification. Mutations were validated 
by Sanger sequencing. Primer sequences are 
listed in Suppl. Table S5. 

Immunoblotting and densitometry 

Whole cell proteins were isolated and 
homogenized in RIPA buffer by standard 
methods, sonicated, and separated by SDS 
PAGE before blotting to PVDF membranes by 
overnight tank blots. Protein concentrations were 
determined by the BCA assay (Thermo Fisher 
Scientific). After incubation with antibodies for 
ChREBP (#NB400-135, lot S2, Novus 
Biologicals), ACTB (#sc-47778, Santa Cruz), 
histone 3 (H3) (#06-755, Merck Millipore), pan-14-
3-3 (#sc-1657 (H8), Santa Cruz), or GAPDH 
(#2118, Cell Signaling), a secondary horseradish 
peroxidase-conjugated antibody was added 
(Pierce) and a chemiluminescent substrate assay 
(Thermo Fisher Scientific) used for visualization. 
ImageJ was used for densitometry [31]. 

RNA isolation, cDNA synthesis and qPCR 

RNA was purified by spin column kits (Macherey-
Nagel, Germany). cDNA was synthesized with 
MMLV-RT (Promega). qPCRs were performed 
using SYBR Green qPCR MasterMix (Eurogentec) 
and evaluated according to the standard curve 
method for each transcript amplification. mRNA 
expression data were normalized to human HPRT 
expression and ChIP data were normalized to 
human PPIB abundance. Primer sequences are 
listed in Suppl. Table S5. 

Luciferase reporter assays 

Cells were transfected with wt or mutated 
pCMV4-mChREBPa-FLAG, pCMV4-Mlx, and a 
3

luciferase reporter that contained 2 copies of the 
Acc1 ChoRE in its promoter driving firefly 
luciferase expression (pGL3-Acc1-ChoRE-luc) 
[32] by Lipofectamine 2000 overnight in media con-
taining 25 mM of glucose. The next morning, cells 
were switched to media containing 2.5 mM glucose 
for 6 h before exposing cells to either 2.5 or 25 mM 
glucose for 24 h. Cells were harvested and lucifer-
ase activity determined. Luciferase reporter activity 
was normalized to co-expressed Renilla luciferase 
(Dual Luciferase, Promega). 

Subcellular fractionation 

Cells were washed, then scraped off in ice cold 
PBS and pelleted using centrifugation. Cell pellets 
were homogenized in hypotonic lysis buffer 
(10 mM HEPES, 0.34 M Sucrose, 10 mM KCl, 
1.5 mM MgCl2, 10% glycerol), vortexed every 
5 min during a 45 min incubation on ice, and 
centrifuged at 7,500 g for 15 min at 4 °C 
(=cytosol). The pellet was washed twice with PBS 
and resuspended in RIPA buffer (=nuclear fraction). 

FLAG-co-immunoprecipitation (IP) 

After exposing to different glucose 
concentrations, transfected HEK293 cells were 
lysed in 1 ml IP lysis buffer (50 mM Tris-HCL, pH 
7.5, 150 mM NaCl, 1 mM MgCl2, 1% IGEPAL-CA-
630, 0.5% sodium deoxycholate, 0.1% SDS and 
protease inhibitor tablet (Roche)) + 150U 
Benzonase by vortexing every 5 min during a 
30 min incubation on ice. After 15 min 
centrifugation at 13,000 rpm in a benchtop 
centrifuge at 4 °C, supernatant was collected and 
protein concentration determined. Co-IP was 
performed with 450 mg of protein in a total volume 
of 1 ml (IP lysis buffer). FLAG-IP was performed 
with a 40 ml 50% slurry of anti-FLAG M2 Affinity 
gel (Sigma-Aldrich) for 2 h at 4 °C. Beads were 
collected by centrifugation and washed five times 
with 1 ml of wash buffer (50 mM Tris–HCL, pH 
7.5, 150 mM NaCl, 1 mM MgCl2 and protease 
inhibitor tablet (Roche)). 

Chromatin immunoprecipitation (ChIP) 

ChREBP ChIP in HEK293 cells with ectopic 
expression of wt or mutated ChREBP was 
performed as described elsewhere [33], using 
2.5 mg ChREBP antibody (#NB400-135, lot S2, 
Novus Biologicals) per IP. 

Detection of post-translational modifications 
by liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) 

Proteins were IP-enriched and subjected to LC-
MS/MS analysis using an UltiMate 3000 RSLC 
nano LC system coupled on-line to an Orbitrap 
Elite mass spectrometer (Thermo Fisher 
Scientific) as previously described [25]. Mass spec-
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tra were acquired in a data-dependent mode with 
one MS survey scan with a resolution of 60,000 
(Orbitrap Elite) and MS/MS scans of the 15 most 
intense precursor ions in the linear trap quadrupole. 
Data were searched against the Uniprot mouse pro-
tein database (12/2014, 52,492 sequences; 
24,959,523 residues). The mass tolerance of pre-
cursor and sequence ions was set to 20 ppm and 
0.35 Da, respectively. 

ChREBP interactome analyses by LC-MS/MS 
and data processing 

After FLAG-IP, protein complex-containing beads 
were processed for analyses with LC-MS as 
follows: digestion buffer (6M urea/2 M thiourea in 
50 mM ammonium bicarbonate) was added to the 
beads. Dithiothreitol (10 mM final concentration) 
was added and beads were incubated at RT for 
30 min (reduction step). Chloroacetamide (55 mM 
final concentration) was added for 45 min 
(alkylation step). 500 ng endopeptidase LysC 
(Wako, Neuss) per sample was added and 
incubated for 4 h at RT. Samples were diluted 
with 50 mM ammonium bicarbonate (1:4) and 
1 lg sequence grade trypsin (Promega, 
Mannheim, GER) was added (tryptic digest of 
proteins). Samples were digested overnight at RT. 
Samples were acidified with formic acid (final 
concentration 1%) and peptides were extracted 
and desalted using the StageTips protocol (C18 
matrix). Peptides were separated by reversed 
phase chromatography on an in-house 
manufactured 20 cm fritless silica microcolumns 
with an inner diameter of 75 mm, packed with 
ReproSil-Pur C18-AQ 1.9 mm resin (Dr. Maisch 
GmbH) using a 98 min gradient with a 250 nl/min 
flow rate of increasing acetonitrile concentration 
on a High Performance Liquid Chromatography 
(HPLC) system (ThermoFischer Scientific). Eluting 
peptides were directly ionized by electrospray 
ionization and transferred into a Thermo 
QExactive Plus mass spectrometer. The 
instrument was operated in the data-dependent 
mode with performing full scans (70 K resolution; 
3 106 ion count target; maximum injection time 
50 ms), followed by top 10 MS2 scans using 
higher-energy collision dissociation (NCE of 26; 
17.5 K resolution, 5 104 ion count target; 1.6 m/ 
z isolation window; maximum injection time: 
250 ms). Only precursors with charge states 
between 2 and 7 were fragmented. Dynamic 
exclusion was set to 30 sec. 
Raw data were analyzed using the MaxQuant 

software (v1.6.3.4). The internal Andromeda search 
engine was used to search MS2 spectra against a 
human decoy UniProt database (HUMAN.2019-07) 
and FLAG-tagged murine wt and K171R ChREBP 
sequences, containing forward and reverse 
sequences. The search included variable 
modifications of oxidation (M) and N-terminal 
acetylation, deamidation (N and Q), and fixed 
4

modification of carbamidomethyl cysteine. Minimal 
peptide length was set to 7 amino acids and a 
maximum of two missed cleavages was allowed. 
The FDR was set to 1% for peptide and protein 
identifications. The integrated label-free quantification 
algorithm was activated. Unique and razor peptides 
were considered for quantification. Retention times 
were recalibrated based on the built-in nonlinear 
time-rescaling algorithm and MS/MS identifications 
were transferred between LC-MS/MS runs with the 
“Match between runs” option, in which the maximal 
retention time window was set to 0.7 min. The 
resulting text files were used for further analyses 
using the Perseus software package (v. 1.6.2.1). 
LFQ intensity values were used for quantification. 
Reverse hits, contaminants and proteins only 
identified by site were filtered out. Biological 
replicates for each condition were defined as groups 
and intensity values were filtered for “minimum value 
of 3” per group. After log2 transformation missing 
values were imputed with random noise simulating 
the detection limit of the MS. Differential protein 
abundance was calculated using two-sample 
Student’s t test (cut off for interactor definition 
(against control): FDR 5%; cut off for differential 
interactors between conditions: FDR 10%). 
Listings of physical ChREBP interactions were 

extracted from popular protein–protein interaction 
databases BioGRID [34], STRING [35]  (medium
confidence interaction score 0.400, max interactors 
in 1st shell 100), IntAct [36] and complemented with 
findings from a literature search. Databases were 
accessed September 10th, 2024. Venn diagrams 
were generated using BioVenn [37]. Following (dif-
ferential) binder definition, an orienting enrichment 
analysis was performed on proteins that interacted 
with both wt and K171R ChREBP. For this a gene 
list was uploaded into the Enrichr webtool (maayan-
lab.cloud/Enrichr/) using default settings without an 
additional background [38]. Further interactome 
data analyzes were performed in R (version 4.3.2). 
In a first step UniProt gene symbols were derived 
from UniProt gene IDs using biomaRt (Bioconductor 
package, version 2.58.2). Depicted heatmaps were 
created using pheatmap (version 1.0.12), where 
“canberra” was used to compute row distance 
before clustering and “ward.D2” as clustering 
method. GO term analyses were performed using 
gprofiler2 (version 0.2.3) as stated (user_threshold = 
0.05, correction_method = “fdr”). Next, identified 
terms were grouped by Resnik semantic similarity 
measurement using rrvgo (Bioconductor package, 
version 1.14.2) [39]. Finally, terms were sorted by 
adjusted p-value and ggplot2 library (version 3.5.0) 
was used for visualization of the results. 

Statistical analyses 

For cell culture experiments, representative 
results of at least 3 independent experiments 
performed in triplicates are shown and presented 
as mean ± sem. Significance was determined by
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ANOVA and Sidak’s correction for multiple testing 
and P < 0.05 was deemed significant (*P < 0.05). 
Graphpad Prism Version 7/8 (Dotmatics) was 
used for statistical calculations. 

Results 

Ectopically expressed ChREBPa in HEK293 
cells is acetylated at lysines 139 and 171 of the 
LID 

Murine, FLAG-tagged ChREBPa was ectopically 
expressed in HEK293 cells and enriched by FLAG-
immunoprecipitation (IP) (Figure 1A). Tryptic 
ChREBP fragments were analyzed by liquid 
chromatography-tandem mass spectrometry (LC-
MS/MS). Sequence coverage was >70% 
(Figure 1B) and observed mass shifts and 
fragmentation profiles identified K171 and K139 as 
acetylated peptides (Figure 1C–E and Suppl. 
Figure S1A, B). Earlier reported acetylation of 
K672 and of two nearby lysines [28] were not 
detected in this experimental setup. This might be 
due to differences in the analyzed cell material 
(HEK293 versus HepG2) and cell culture conditions, 
the strength of ChREBP overexpression, and co-
transfection of the acetyltransferase p300 in the ear-
lier study [28]. Both newly identified residues localize 
to the LID and specific Mondo Conserved Regions 
(MCRs) of ChREBP [24,40,41], K139 to MCR III 
and K171 to MCR IV (Figure 1F). The shorter and 
transcriptionally more active ChREBPb [42] does 
not contain either residue since this isoform is trun-
cated at the N-terminus, lacking most of the LID (Fig-
ure 1F). Both identified lysine residues are highly 
conserved in mammals and birds and K171 falls 
within a bipartite nuclear localization signal (NLS) 
of MCR IV [43]  (Figure 1G). 

Mutation of K171 enhances ChREBP activity 

Wild-type (wt) and lysine to arginine point 
mutations of ChREBP were expressed in HEK293 
cells. We chose arginine because of similar 
chemical/steric characteristics compared to lysine 
without being acetylated. With comparable mRNA 
levels (Figure 2A), protein expression of mutated 
ChREBP was similar to wt expression (Figure 2B), 
suggesting that an amino acid exchange of the 
respective lysine residues to arginine does not 
affect protein stability. A co-transfected 
carbohydrate response element (ChoRE)-driven 
luciferase reporter showed increased 
transcriptional activity of K171R ChREBP, but not 
of the K139R mutant, at both low and high 
glucose concentrations (Figure 2C). Consistently, 
glucose-inducibility of TXNIP mRNA expression, 
known to be one of the most responsive ChREBP 
target genes [25,42,44], was increased (Figure 2D). 
Glucose inducibility of another target gene, RGS16 
[42,45], was also increased, albeit to a lesser extent 
(Suppl. Figure S2). 
5

3

We next asked whether increased activity of 
ChREBP with K171R mutation could be replicated 
with an exchange of K171 to alanine. Indeed, 
ectopically expressed K171A ChREBP protein was 
readily detectable in HEK293 cells (Figure 2E) 
and, similar to K171R ChREBP, enhanced ChoRE 
reporter activity at high glucose concentrations 
(Figure 2F). This shows that the increased activity 
of mutated ChREBP is due to the loss of K171 
rather than the insertion of a different amino acid. 
Notably, the same K171A mutation did not affect 
ChREBP activity in hepatocellular carcinoma 
HepG2 cells [23], perhaps due to differences in the 
experimental setup used. 
We then tested the activity of K171R ChREBP in 

a more physiological context than HEK293 cells, 
which endogenously have no detectable ChREBP 
protein (Figure 2B). AML12 cells, a non-
transformed mouse hepatocyte cell line transgenic 
for transforming growth factor alpha [46]  and  in
which ChREBP was deleted by CRISPR/Ca s9
[25], were transfected with vectors encoding wt 
and K171R ChREBP. With either protein expressed 
(Figure 2G), K171R ChREBP led to increased activ-
ity of the co-transfected ChoRE-driven luciferase 
reporter upon exposure to low or high glucose con-
centrations (Figure 2H). Together, these findings 
show that mutation of K171 increases ChoRE-
driven luciferase reporter activity and target gene 
expression, indicating that the presence of K171 
and/or its acetylation may associate with lower 
ChREBP activity. 

Mutation of K171 increases nuclear 
localization and genomic binding of ChREBP 

ChREBP transcriptional activity requires nuclear 
translocation and binding to DNA. We therefore 
investigated if the mutation affects the subcellular 
localization of ChREBP and its binding to a target 
promoter. Wt and K171R ChREBP were 
expressed in HEK293 cells and total ChREBP 
protein levels were comparable (Figure 3A  and
the densitometric analysis in Figure 3B  of  
independent experiments). Cytosolic ChREBP 
abundance tended to be lower in cells expressing 
the K171R mutant but did not reach significance 
(Figure 3A and the densitometric analysis in 
Figure 3C, left panel of 3 independent 
experiments). In contrast, mutation of K171 
increased the abundance of ChREBP in the 
nuclear fraction at 2.5 and 25 mM of glucose 
(Figure 3A and its densitometric analysis in 
Figure 3C, left right panel). 
Next, we analyzed binding of wt and K171R 

ChREBP to a known binding site in the proximal 
promoter of the TXNIP gene [7] by chromatin 
immunoprecipitation (ChIP). As expected, we found 
that ChREBP binding was glucose-dependent and 
that the mutation of K171 led to even higher enrich-
ment of this genomic site in the ChREBP ChIP 
when cells were exposed to 25 mM of glucose (Fig-
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Figure 1. Ectopically expressed ChREBPa in HEK293 cells is acetylated at lysines 139 and 171. HEK293 
cells were transfected with a vector encoding murine ChREBPa-flag. Input and Flag-IP analyzed for ChREBP protein 
by immunoblotting. GAPDH served as loading and IP control. (B) Sequence coverage of detected ChREBP peptides. 
(C) ChREBP peptides with acetylation of lysine residues. MS spectrum (D) and MS/MS fragment ion spectrum (E) of 
the peptide 159 KPEAVILEGNYWK*R172 of acetylated ChREBP. The peak with m/z 587.6486 in the MS spectrum 
corresponds to the triple charged ion of the lysine-acetylated sequence. Fragment ions resulting from the triple-
charged precursor ion correspond to the ChREBP sequence. (F) Schematic depiction of ChREBPa and b domain 
structures with low-glucose inhibitory domain (LID), nuclear localization signal (NLS), glucose-response activation 
conserved element (GRACE) that form the glucose-sensing module (GSM), mondo-conserved regions (MCR) I-V&6, 
proline-rich region, LxxLL nuclear receptor box (NRB), basic helix-loop-helix-leucine zipper (bHLH/ZIP), and ZIP-like 
domains. (G) Conservation of acetylated lysine residues in mammals and birds.
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Figure 2. Mutation of K171 enhances ChREBP activity. (A) HEK293 cells were transfected with vectors 
encoding wt or mutated ChREBP and exposed to 2.5 mM or 25 mM of glucose for 24 h and mRNA expression 
determined by qPCR. (B) ChREBP protein expression of cells described in (A) was analyzed by immunoblottiong. 
ACTB served as loading control. (C) Cells described in (A) were cotransfected with a ChoRE-driven luciferase 
reporter and analyzed for its activity. (D) Cells described in (A) were analyzed for mRNA expression of hTXNIP by 
qPCR. (E) HEK293 cells were transfected with vectors encoding wt or mutated ChREBP and its protein expression 
analyzed by immunoblottiong. ACTB served as loading control. (F) Cells described in (E) were cotransfected with a 
carbohydrate response element (ChoRE)-driven luciferase reporter, exposed to 2.5 mM or 25 mM of glucose for 24 h, 
and luciferase activity determined. (G) AML12 hepatocytes lacking ChREBP were transfected with with vectors 
encoding wt or mutated ChREBP and its protein expression analyzed by immunoblottiong. GAPDH served as loading 
control. (H) AML12 cells were cotransfected with a ChoRE-driven luciferase reporter, exposed to 2.5 mM or 25 mM of 
glucose for 24 h, and luciferase activity determined. Data are represented as individual data points and mean ± SEM 
and *P < 0.05 vs. wt ChREBP-expressing cells by one-way ANOVA and Sidak’s correction for multiple testing. 
ure 3D). We conclude that the increased activity of 
K171R ChREBP is likely due to increased nuclear 
partitioning and genomic binding of the mutant 
protein.
7

Identifying the ChREBP protein interactome 
and its differential binding in HEK293 cells 

We then investigated whether K171R mutation 
affects the protein interactome of ChREBP in
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Figure 3. Mutation of K171 increases nuclear localization and genomic binding of ChREBP. (A) HEK293 
cells were transfected with vectors encoding wt or mutated ChREBP and exposed to 2.5 mM or 25 mM of glucose for 
24 h. Subsequently, subcellular fractions were isolated and cytosolic and nuclear proteins analyzed for ChREBP 
abundance by immunoblottinging. GAPDH and Histone H3 served as loading and fractionation controls. (B) 
Densitometric analysis of total ChREBP protein levels in cells described in (A) of 3 independent experiments. (C) 
Densitometric analysis of cytosolic and nuclear ChREBP protein abundance in cells described in (A) of 3 independent 
experiments. (D) Cells described in (A) were analyzed for ChREBP binding to a carbohydrate response element 
(ChoRE) upstream of the transcriptional start site of the hTXNIP gene by chromatin immunoprecipitation (ChIP). Data 
are represented as individual data points and mean ± SEM and *P < 0.05 vs. wt ChREBP-expressing cells by one-
way ANOVA and Sidak’s correction for multiple testing. 

 

HEK293 cells by LC-MS/MS. With an FDR of 5% 
we identified 410 proteins that interact with wt 
ChREBP and 437 proteins that interact with 
K171R ChREBP in our heterologous system, with 
an overlap of 333 proteins interacting with both 
(Figure 4A and Suppl. Table S1). Identified 
proteins include direct binders to ChREBP, such 
as 14-3-3 proteins, but likely also indirect binders 
that form bigger functional complexes without 
direct physical contact to ChREBP. 
Next, we compared these proteins to previously 

reported ChREBP interactors. Of 54 proteins that 
were shown to interact with ChREBP previously 
(see method section for identification), 13 were 
detected (FDR 5%) in our dataset and most of 
them (10 proteins) showed binding to both wt and 
K171R ChREBP (Figure 4A and Suppl. Table S2). 
Enrichment analysis of the 333 proteins that 
interact with both wt and K171R ChREBP by 
Enrichr [38] yielded cytosolic/nuclear trafficking, 
RAN cycling,  and  sumoylation as top metabolic Bio -
8

Carta pathways [47]  (Figure 4B,top panel), which 
may be interconnected [48]. This underlines the rel-
evance of interacting proteins for the control of 
ChREBP’s subcellular localization and activity. 
Regarding peptide motifs, the 14-3-3 domain was 
the most enriched InterPro sequence [49]  among
common interactors (Figure 4B, middle panel), pre-
sumably because of the detection of all seven 14-3-
3 isoforms [50] (Suppl. Table S1). Examining under-
lying transcriptional regulatory relationships, we 
found that the anabolic transcription factor MYC 
was central to the expression of these proteins (Fig-
ure 4B, TRRUST [51] enrichment in the bottom 
panel). This suggests a tight integration of ChREBP 
and MYC functions, which not only belong to the 
same superfamily of Myc/Max/Mad factors but were 
also shown to depend on each other for adequate 
cellular glucose sensing, cell growth and prolifera-
tion, and aging [52–54]. 
We then analyzed proteins that interact 

differentially with wt or K171R ChREBP at 2.5 or
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25 mM of glucose (FDR 10%). Intriguingly, heatmap 
clustering showed more pronounced glucose 
dependency of proteins interacting with wt 
ChREBP (n = 40) than those interacting with 
K171-mutated ChREBP (n =  43)  (Figure 4C  and
Suppl. Table S3). Especially at low glucose 
conditions the interactome showed major 
differences between WT and K171R ChREBP 
(Figure 4C middle panel, Suppl. Table S3). In 
contrast, interactors of K171-mutated ChREBP 
showed a more constitutive interaction, 
irrespective of glucose concentrations (Figure 4C 
top panel). We performed prioritized TOP10 gene 
ontology (GO) term analyses using the 
Bioconductor package rrvgo [39,55] for ChREBP 
wt vs. K171R differential interactors at 2.5 mM of 
glucose, due to more pronounced differences at this 
condition. Regarding cellular components (CC), 
nucleus-related terms were enriched among inter-
actors of both wt and K171R ChREBP (Figure 4D). 
In contrast, the terms cytosol, cytoplasm, and terms 
associated with cytoskeleton dependent intracellu-
lar transport were enriched only among interactors 
of wt ChREBP (Figure 4D). GO term analysis also 
revealed enrichment of the biological processes 
(BP) microtubule cytoskeleton organization and cell 
cycle for wt ChREBP and RNA-related pathways 
and gene expression for K171-mutated ChREBP 
(Suppl. Figure S3). GO terms of molecular function 
(MF) were more diverse among interactors of wt 
ChREBP and restricted to RNA binding, organic 
cyclic compound binding and nucleic acid binding 
among interactors of K171-mutated ChREBP, with 
nucleic acid binding enriched only for K171R 
ChREBP interactors (Suppl. Figure S3). 
In addition, we identified a total of 26 proteins that 

exhibit significant differential interactions between 
2.5 and 25 mM of glucose, with 17 proteins 
showing glucose-differential interactions for wt 
ChREBP and only 9 proteins for K171R ChREBP 
(FDR 10%, Suppl. Table S4). Heatmap clustering 
demonstrated that the ChREBP wt interactome 
shows a stronger response to glucose with 
differences primarily at 2.5 mM of glucose 
compared to the K171R ChREBP interactome 
(Figure 4E). Both GO:CC (Figure 4F) and BP 
terms (Suppl. Figure S4) were more diverse for 
glucose differential interactors of wt ChREBP, 
rooting partly in the larger number of wt interactors 
at this condition, and included many terms related 
to cytoskeleton, which were not enriched among 
interactors of K171R ChREBP. 
Taken together, we identified a high number of 

novel proteins that interact with ectopically 
expressed ChREBP in HEK293 cells. Mutation of 
ChREBP K171 prevents interactions with proteins 
involved in cytosolic retention at low glucose 
concentrations and, on the other hand, drives 
glucose-independent/constitutive interactions with 
proteins involved in transcriptional events. In 
conclusion, these alterations in the protein 
9

interactome are highly indicative for increased 
activity of K171-mutated ChREBP. 

Mutation of ChREBP K171 reduces physical 
interaction with 14-3-3 proteins and affects 
interaction with proteins involved in nuclear 
import and the NuRD complex 

ChREBP contains several distinct binding sites 
for 14-3-3 proteins and physical interaction 
induces cytosolic retention or nuclear export of 
ChREBP [20,56,57]. As stated, we found that all 
seven known 14-3-3 isoforms interact with wt 
and K171R ChREBP (Suppl. Table S1 and Fig-
ure 5A). Binding to wt ChREBP tended to be 
glucose-dependent and stronger at 2.5 mM of glu-
cose but did not reach statistical significance. 
However, overall binding to K171R ChREBP was 
significantly reduced for the 14-3-3 isoforms c, 
g,  and  h (YWHAG, YWHAH, and YWHAQ) when 
not differentiating between low and high glucose 
concentrations (FDR 10%, Figure 5A), implying 
that reduced binding to these 3 isoforms may 
account for increased activity of K171R-mutated 
ChREBP. Reduced binding of K171R-mutated 
ChREBP with 14-3-3 proteins were also observed 
when visualized by a pan-14-3-3 antibody that 
reacts with all isoforms (Figure 5B and its densito-
metric analysis in Figure 5C of 4 independent 
experiments). 
Besides 14-3-3 proteins, we found that several 

importins, exportins and their respective 
subunits interact with wt and/or K171R ChREBP 
(Suppl. Table S1). Many of these proteins 
cluster to GO:BP terms related to protein import 
or export from the nucleus (Figure 5D, 5E). 
Notably, these GO:BP terms also include the 
GTP-binding nuclear protein RAN, involved in 
nucleocytoplasmic transport [58],  which  we  found
to interact with both wt and K171R ChREBP (Fig-
ure 5D, 5E). While there were no significant differ-
ences of enriched interactors involved in protein 
export from nucleus (Figure 5D), GO term-based 
examination showed that interactions of FLNA, 
MAVS, and IPO5 with K171R ChREBP were 
decreased with statistical significance when not 
differentiating between low and high glucose con-
centrations (FDR 10%, Figure 5E). GO term anal-
ysis of ChREBP interactors (Suppl. Table S1) also 
yielded nucleosome remodeling and deacetylase 
(NuRD)  complex  as  enriched  term,  with  MTA2
and HDAC2 interactions significantly stronger to 
K171R than wt ChREBP when not differentiating 
between  low  and  high  glucose  concentrations
(FDR 10%, Figure 5F). To our knowledge, this is 
the first time that proteins of the NuRD complex 
are identified as ChREBP interactors. We con-
clude that mutation of ChREBP K171 induces 
quantitative differences in the interaction with pro-
teins that control its cytosolic/nuclear trafficking 
and transcriptional activity.
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Figure 5. Mutation of ChREBP K171 reduces physical interaction with 14-3-3 proteins and affects 
interaction with proteins involved in nuclear import and the NuRD complex. HEK293 cells were transfected with 
vectors encoding Flag-tagged wt or mutated ChREBP and exposed to 2.5 mM or 25 mM of glucose for 24 h. (A) Flag-
IP’ed proteins were analyzed by mass spectrometry (MassSpec) for interaction with 14-3-3 isoforms. (B) Flag-
immunoprecipiated (IP) proteins were analyzed for ChREBP and 14-3-3 protein by immunoblotting. Flag-IP protein of 
empty vector-transfected cells served as negative control. GAPDH served as loading and IP control. (C) 
Densitometric analysis of co-IP’ed 14-3-3 protein shown in (B) of 4 independent experiments. (D-F) Clustered 
heatmaps of ChREBP-interacting proteins based on GO terms that relate to nuclear translocation (D, E) and the 
NuRD complex (F). In (C), data are presented as individual data points and mean ± SEM and with *P < 0.05 vs. wt 
ChREBP-expressing cells by one-way ANOVA and Sidak’s correction for multiple testing. Differential protein 
abundance was calculated using student’s t test with a cut off for interactor definition against control of FDR 5% and of 
FDR 10% for differential interactors between wt and K171R within the GO term. 
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Discussion 

We discovered post-translational acetylation of a 
conserved lysine residue within the LID of 
3

Figure 4. Identifying the ChREBP protein interactome 
cells were transfected with vectors encoding Flag-tagged wt 
glucose for 24 h. Flag-immunoprecipitated (IP) proteins w
empty vector-transfected cells served as negative control. (
proteins (FDR 5%). (B) Analysis of the Top 5-enriched pat
regulating transcription factors (bottom panel) of n = 333 p
Clustered heatmaps of (C) n = 83 proteins that show signific
ChREBP and (E) of n = 26 proteins that show significant d
(FDR 10%) of wt (n = 17) or K171R ChREBP (n = 9). Top 10-
wt vs. K171R interactors and of (F) glucose differential intera
was calculated using student’s t test with a cut off for interac
for differential interactors between conditions. (D) and (F) d

11
ChREBP. Mutation of this K171 residue to 
arginine or alanine increased activity of a ChoRE-
driven luciferase reporter and induced expression 
of ChREBP target genes. Enhanced activity was 
and its differential binding in HEK293 cells. HEK293 
or mutated ChREBP and exposed to 2.5 mM or 25 mM of 
ere analyzed by mass spectrometry. Flag-IP protein of 
A) Venn diagram of total number of identified interacting 
hways (top panel), protein domains (middle panel), and 
roteins that interact with both wt and K171R ChREBP. 
ant differential binding (FDR 10%) between wt and K171 
ifferential binding between 2.5 mM and 25 mM glucose 
simplified GO: Cellular Component terms of (D) ChREBP 
ctors at 2.5 mM glucose. Differential protein abundance 
tor definition against control of FDR 5% and of FDR 10% 
epict FDR 5% TOP10 GO terms.
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likely a result of more nuclear localization and 
increased genomic binding. Accordingly, K171-
mutated ChREBP showed reduced interactions 
with 14-3-3 proteins that are known to confer 
cytosolic retention or nuclear export of ChREBP. 
Globally, mutation of K171 induced interactions 
with proteins related to gene expression at the 
expense of interactions with proteins involved in 
cytosolic retention at low glucose concentrations.
In sum, these data imply that the presence of 

K171 per se and/or K171 acetylation associate 
with reduced ChREBP activity, lower target gene 
expression, and increased binding to 14-3-3 
proteins that induce cytoplasmatic retention. This 
is surprising since acetylation of the other residue, 
K672, increased ChREBP activity by enhancing 
DNA binding [28]. Residue-specific enzymatic activ-
ities for the acetylation of K171 and K672 that act in 
an environment-dependent manner may reconcile 
this discrepancy. In this context, acetylation of 
K672 was increased by the histone acetyltrans-
ferase p300 [28], which localizes predominantly to 
the nucleus. Which acetyltransferase(s)/deacety 
lase(s) control K171 acetylation and whether the 
modification occurs in the cytosol or the nucleus is 
currently unknown. One could speculate that the 
identified proteins of the NuRD complex, especially 
HDAC1/2 and the scaffolding protein MTA2, may 
interact with ChREBP for regulating its acetylation 
at K171. Nevertheless, although non-histone sub-
strates for HDAC1 and HDAC2 exist [59–61], tran-
scriptional regulation occurs primarily via 
deacetylating histones H3 and H4 [62]. Interest-
ingly, K171 is part of the N-terminal LID and not 
the DNA binding domain, suggesting that lysine 
acetylation may reduce (K171) or enhance (K672) 
ChREBP activity, depending on the protein domain 
in which the modification occurs. At this point, how-
ever, it is hard to discern whether increased activity 
of K171-mutated ChREBP is due to the loss of this 
lysine residue and/or because of losing K171 acety-
lation and both scenarios appear plausible. Never-
theless, our data provides evidence for the 
physiological relevance of this residue for activity 
and protein interactions of ChREBP. 
Intriguingly, K171 localizes to the bipartite NLS of 

the MCR IV. This region binds importin a, which is 
required for entering the nucleus upon exposure 
to high glucose concentrations [43]. Moreover, also 
14-3-3 can bind to the NLS via the alpha3 helix 
(amino acids 169–190), competing with importin a 
binding and proposed to thereby regulate the sub-
cellular localization of ChREBP [23,43]. The crystal 
structure of the ChREBP NLS peptide bound to 
importin a revealed polar interactions between the 
cluster of basic residues around K171 and tandem 
armadillo (ARM) 2–5 domains of importin a [23]. 
Specifically, K171 interacted via hydrogen bonds 
with T155 of importin a [23]. Based on this, acetyla-
tion of K171 may interfere with importin a binding 
and shift competitive binding of importin a and 14-
12
3-3 towards the latter, resulting in lower ChREBP 
activity. Mutating K171 to arginine or alanine may 
induce the opposite effect. Indeed, K171-mutated 
ChREBP showed reduced interaction with some, 
but not all 14-3-3 isoforms. Moreover, interactions 
with different importin subunits were detected 
(Suppl. Table S1, KPNA2, KPNA3, KPNB1, IPO5, 
IPO7, and IPO8) but did not show a consistent pat-
tern of regulation, which could be due to method-
ological limitations or the dynamics of these 
interactions in cells. Nevertheless, acetylation of 
K171 adds another layer to the complex and yet 
incompletely understood regulation of ChREBP 
activity. 
Besides the directed analysis of 14-3-3 binding to 

ChREBP, we performed a global and unbiased 
interactome analysis and identified an 
unprecedented high number of new interacting 
proteins. Strikingly, we detected 25% (13 of 54) 
of all previously reported protein interactors of 
ChREBP, suggesting that our approach identified 
biologically relevant interactions, although with 
limitation that we will discuss in the next 
paragraph. Most interactors showed binding to 
both wt and K171-mutated ChREBP. 
Nevertheless, mutation of K171 diminished the 
binding of proteins involved in cytoplasmic 
retention at low glucose concentrations. This 
finding is consistent with more nuclear localization 
and higher activity of K171R ChREBP. It is 
tempting to speculate on cause versus 
consequence of these observations. We would 
favor a model where mutation of K171 interferes 
with 14-3-3 binding as a primary event that 
triggers more nuclear localization even at 2.5 mM 
of glucose. Consequentially, composition of the 
resulting ChREBP protein complex likely further 
adapts to its subcellular localization. Independent 
of these interactome characteristics for wt and 
K171-mutated ChREBP, this dataset provides a 
highly valuable repository of protein interactions to 
further dissect ChREBP biology. 
A limitation of our study is the heterologous 

system we used for most experiments, consisting 
of human HEK293 cells with ectopic expression of 
FLAG-tagged murine ChREBP. In terms of 
interacting proteins, this may identify proteins that 
bind ChREBP primarily because of the robust 
ectopic expression, contributing at least in part to 
the high number of novel interactors. However, 
very similar heterologous systems were used in 
the past and findings usually translate well to the 
function of endogenous ChREBP in for instance 
hepatocytes or adipocytes [18,19,63,64]. Consis-
tently, the increased activity of K171R ChREBP 
was not restricted to HEK293 cells and also detect-
able in a more physiological cellular context of 
AML12 hepatocytes. Further, heterologous sys-
tems can be controlled much more stringently, 
allowing fine-tuned expression of tagged proteins 
and tag-specific IP’s, thus avoiding poor outcomes
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due to ChREBP antibody limitations [25,63]. Also, 
the detection of lysine acetylation of ChREBP, per-
haps in contrast to other, more abundant PTMs, is 
facilitated by using this heterologous system. 
Another limitation is in regard to the dynamics of 
K171 acetylation, which we could not assess due 
to the lack of a specific antibody for acetylated 
K171 of ChREBP and poor, unreproducible results 
using a pan-acetylated-lysine antibody (Cell Signal-
ing #9681, lot. 14). Moreover, evidence for K171 
acetylation of endogenously expressed ChREBP 
is also lacking, which remains to be dissected in 
future studies. Mass spectra of IP-enriched 
ChREBP from mouse liver did not indicate lysine 
acetylation [25], perhaps due to low abundance of 
the modified residue(s), low acetyltransferase/high 
deacetylase activities of liver tissue, or other 
methodological limitations. On the other hand, 
acetylation of ChREBP K171 was detected in the 
human cancer cell line NCI-H2228 [65]  and  is
depicted at the PTM database PhosphoSitePlu s
(https://www.phosphosite.org/)  [66], suggesting 
that this modification indeed targets the endoge-
nously expressed protein. 
Taken together, we identified an acetylated lysine 

residue within the LID of ChREBP that regulates 
activity and protein interactions of this pivotal 
glucose sensor. These molecular insights may 
help to develop new therapeutic strategies to 
target dysregulated ChREBP activity and 
metabolic diseases. 
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