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Abstract 
 

Metabolic plasticity is essential for eukaryotic organisms to adapt to environmental changes. When 

nutrients are scarce, cells react accordingly by increasing their mitochondrial respiration via the 

upregulation of mitochondrial genes. One of the transcription factors that regulates transcription of 

these mitochondrial genes is CCAAT/enhancer-binding protein alpha (C/EBPα). C/EBPα is deacetylated 

into its active form by sirtuin1 (SIRT1) when nutrients are scarce, allowing it to induce transcription of 

mitochondrial genes. In times of abundance, C/EBPα is acetylated by lysine acetyltransferase (KAT) 

p300, reducing transcription of the same mitochondrial genes. This study aimed to address whether 

the C/EBPα-acetylation status alters the binding to other proteins that may be involved in a 

transcription regulatory complex. In order to approach this question, Flp-In T-REx-293 cells were used 

to express C/EBPα in its wild-type-, hyperacetylated-, and hypoacetylated- form in order to identify 

interaction partners through co-immunoprecipitation experiments. Immunoblot analysis revealed 

C/EBPβ liver-enriched transcriptional inhibitory protein (LIP) to specifically bind to the hyperacetylated 

form of C/EBPα, possibly pointing to a role of LIP in preventing the activation of C/EBPα. This finding is 

preliminary and requires further investigation. A secondary aim was to reproduce a previous study on 

liver cells that revealed a relation between C/EBPα acetylation status and mitochondrial function. The 

goal was to determine whether the same C/EBPα mutants have a similar effect on the HEK293T cells 

as on the liver cells or if there are mechanistic differences. Oxygen consumption rate (OCR) was 

determined but the data from these experiments lack consistency and statistical strength. Overall, this 

study did not identify potential acetylation status-related interaction-partners of C/EBPα. C/EBPβ (LIP) 

was found to interact with the hyperacetylation-mimicking C/EBPα-K159Q/K298Q- (2Q) mutant, 

potentially playing a role in preventing C/EBPα from inducing transcription of mitochondrial genes. 

Future studies are needed to confirm this rationale. 
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1. Introduction 

CCAAT/enhancer binding protein α (C/EBPα) is the first discovered member of a family of six 

transcription factors. It was initially purified and identified from rat hepatocytes based on its ability to 

selectively bind to the CCAAT box of several viral regulatory elements with the consensus DNA 

sequence 5'-T[TG]NNGNAA[TG]-3' [1-3]. C/EBPα plays key regulatory roles in numerous 

developmental processes including in the development of the liver and the lung, terminal adipocyte 

differentiation, and in the orchestration of granulopoiesis [4, 5]. CEBPA is an intron-less gene encoding 

mRNA with alternative in-frame translation initiation sites resulting in three protein isoforms: the 

extended isoform (C/EBPα-extended), which plays specific roles in the nucleolus where it regulates cell 

size and ribosome biogenesis [6], the dominant full-length 42kDa transactivating-, and a 30kDa 

inhibitory isoform, (p42 and p30 respectively). All isoforms contain a C-terminal basic leucine-zipper 

(bZIP) and a DNA-binding domain (DBD) that mediates homo- and hetero-dimerization with other 

C/EBP family members as well as with other transcription factors and allows for site-specific DNA 

binding. P42 contains three N-terminal transactivation domains (TAD1-TAD3) whereas p30 only 

contains TAD3 (figure 1) [7, 8]. The p30-isoform is translated when the upstream open reading frame 

(uORF) is translated, followed by re-scanning of the ribosomes and re-initiation at the p30 initiation-

codon (figure 1) [9].          

 By forming heterodimers with p42, but also as a homodimer, p30 impairs DNA binding and 

transactivation ability of p42 and thereby acts as a competitive inhibitor of its full-length isoform. The 

ratio between both protein isoforms influences cell fate: whereas p42 inhibits cell proliferation and 

stimulates differentiation, an increase in p30 levels have been associated with retaining cells in their 

immature state and inhibiting terminal differentiation into adipocytes and neutrophilic granulocytes 

[8, 10, 11]. C/EBPα (from here on referring to the p42 isoform) inhibits proliferation and induces 

differentiation in several tissues and therefore exerts tumour suppressor-properties. It was first 

identified as an inhibitor of mitotic growth in fibroblasts [12] followed by a wide range of different cell 

types. It has been shown to directly interact with p21 to inhibit cyclin-dependent kinases, such as CDK4 

resulting in cell cycle arrest [13]. Also, direct suppression of E2F by C/EBPα results in downregulation 

of S-phase genes and activation of differentiation genes [14-17]. In addition to being a regulator of cell 

growth and -differentiation, C/EBPα is also involved in mediating metabolic plasticity of cells that adapt 

to changes in its environment. This role manifests primarily in the liver and adipose tissues as these 

are the principal sites of carbohydrate and fat metabolism. C/EBPα knockout mice die shortly post-

partum due to deregulated transcription of metabolic genes manifesting in several developmental 

defects, including underdeveloped liver and lung architecture, severe hypoglycaemia due to impaired 

expression of hepatic glycogen synthase and immature granulocytes [4, 18].   

 One of the post-translational modifications (PTMs) that C/EBPα can be subjected to is protein 

lysine (K) acetylation. Lysine residues are positively charged at physiological pH but become neutral 

upon transfer of an acetyl-group derived from acetyl coenzyme A (acetyl-CoA). The net change in 

protein charge after acetylation may affect several functions, including altered DNA binding, shift to 

different protein-protein interactions and change in protein stability. Most cellular adenosine 

triphosphate (ATP) is derived from Acetyl-CoA which itself is a product of degradation of carbon 

sources and therefore it reflects the cell’s metabolic state [19]. A study performed by Bararia et al. on 

hematopoietic cells was the first to demonstrate that acetylation of C/EBPα by a lysine acyltransferase 

(KAT) is capable of regulating C/EBPα-activity. Three lysine residues (K298, K302 and K326) were 

identified as the acetylation target sites on C/EBPα by KAT GCN5. The repression of C/EBPα activity 

was mainly attributed to the loss of DNA-binding ability upon acetylation because K298 and K302 are 

located on the basic DBD and K326 resides in the leucine zipper dimerization domain [20]. A more 

recent study by Zaini and colleagues demonstrated that acetylation plays a key role in the function of 
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C/EBPα as a transcriptional regulator of metabolic homeostasis and points to an indirect relation 

between acetylation status and energy status. Using rat hepatoma cells, they identified another KAT, 

p300, that acetylates C/EBPα under high-glucose conditions [21]. In contrast to GCN5, p300 acetylation 

does not seem to affect DNA-binding but rather increases transactivation activity, indicating that the 

downstream effect of acetylation depends on which lysine(s) is/are targeted.    

 Co-immunoprecipitation (CoIP) and immunoblotting experiments revealed that in times of 

energy demand, deacetylation of C/EBPα is mediated by nicotinamide adenine dinucleotide (NAD+)- 

dependent class III lysine deacetylase (KDAC) sirtuin1 (SIRT1) [21, 22]. This finding strengthened the 

hypothesis that C/EBPα may act as a mediator of transcription of different metabolic/mitochondrial 

genes under changed metabolic conditions as SIRT1 is a master regulator of mitochondrial biogenesis 

[23]. By generating HEK-293T cell-lines expressing wild-type (WT) C/EBPα, hyperacetylation-mimicking 

C/EBPα-K159Q/K298Q (2Q) or hypoacetylation-mimicking- C/EBPα-K159R/K298R (2R) (figure 1), Zaini 

et al. demonstrated that C/EBPα deacetylation results in increased expression of mitochondrial genes, 

higher mitochondrial mass, and mitochondrial respiration. Transcriptome analysis revealed 110 

upregulated and 122 downregulated genes in cells expressing the hypoacetylated 2R mutant, 

compared to the hyperacetylated 2Q mutant. Indeed, most of the upregulated genes are involved in 

mitochondrial function and oxidation-reduction processes. What remains to be elucidated is whether 

the acetylation status of C/EBPα alters the binding to other proteins that may be involved in a 

transcription regulatory complex. To address this question, Flp-In T-REx-293 cells expressing full-length 

C/EBPα-WT, C/EBPα-2Q, or C/EBPα-2R mutants have been used in co-immunoprecipitation 

experiments in order to identify binding partners in respect to acetylation status.  

Figure 1: Schematic representation of the C/EBPα mRNA, it protein isoforms and mutation targets           

C/EBPα-extended and p42 are translated from regular translation initiation codons. P30 is translated from a downstream 

start codon following initial transcription of the uORF and re-initiation of transcription at the p30 initiation-codon. In this 

study, three forms of p42 were used: a WT, an acetylation mimicking and an acetylation preventing form. K159 and K298 are 

substituted by glutamine (Q) to mimic hyperacetylation, or by arginine (R) to mimic the hypoacetylated positive charge of 

lysine. 
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2. Methods 

2.1 Gene amplification and isolation 

C/EBPα-WT, -2Q, and -2R mutations were made by site-directed mutagenesis and cloned into pcDNA5 

3XFLAG/FRT/TO at the Calkhoven-lab, ERIBA, the Netherlands. The genes were amplified prior to 

cloning using Pfu polymerase using a forward primer containing the attB1 site and a reverse primer 

containing the attB2 site table S2. For the PCR program, refer to Table S3. The amplicons were loaded 

on a 1% agarose gel and ran for 1hr at 120 volts. Bands were excised at +/- 1132bp’s and the PCR 

products were extracted from the gel fragments by use of a QIAEXII gel extraction kit (cat. no. 20051, 

Qiagen) according to the manufacturer's instructions. DNA fragments were eluted in MilliQ and stored 

at -20°C until further use. 

2.2 Transformation and plasmid purification 

The following vectors were transformed and amplified in competent DH5α E.coli cells: pDONR™-221, 

pcDNA5 3X FLAG, and pOG44. Colonies were grown ON in LB-medium containing 100µg/ml ampicillin 

(pcDNA5 3X FLAG and pOG44), or 10µg/ml kanamycin (pDONR™-221). Purification of vectors was done 

using a PureYield™ Plasmid Midiprep protocol (Promega). Purified vectors were eluted in MilliQ and 

stored at -20°C until further use. 

2.3 Gateway Cloning 

A donor vector was generated by recombination between the attB-sites on the PCR products and the 

attP-sites on the pDONR™-221-vector. 100ng PCR product was added together with 1µl pDONR™-221, 

4µl BP-clonase and 12µl TE-buffer and incubated ON at 25°C. The reaction was stopped by adding 2µl 

proteinase K and incubating for 1hr at 37°C. Next, the vectors were transformed into DH5α competent 

cells by adding 50µl cell suspension to the vectors. Subsequently, the cells were subjected to a 42°C 

heat-shock and grown 1hr at 37°C in antibiotic-free LB-medium, under 200 rpm horizontal rocking. The 

medium was spun down at 2000 xg for three minutes and the pellet was resuspended in supernatant 

residue after decanting. The bacteria were grown ON on LB-plates, containing 10µg/ml kanamycin. 

Before the LR-reaction could take place between pDONR™-221 and pcDNA5 3X FLAG, the pDONR™-

221 was purified from the DH5α competent cells using a PureYield™ Plasmid Miniprep protocol 

(Promega). The presence of PCR- insert in the donor vector was confirmed after digestion with HpaI 

and AatII and detection of bands at the expected size. Next, the following components were mixed for 

the LR-reaction: 100ng pDONR™-221, 150ng pcDNA5 3X FLAG, 2µl LR-clonase, 8µl TE-buffer. The 

positive control consisted of 2µl pENTR instead of pDONR™-221 and the negative control only 

consisted of pcDNA5 3X FLAG. The mixtures were incubated ON at 25°C after which the reaction was 

stopped by adding 2µl proteinase K and incubating for 10 min at 37°C. Again, the vectors were 

transformed into the DH5α competent cells by heat-shock, and the cells were plated after growing 1h 

in liquid LB, on ampicillin (100µg/ml)- containing LB plates. The expression clones were again purified 

using the PureYield™ Plasmid Miniprep protocol. Inserted sequences were confirmed after digestion 

with FseI + BsaI (figure 2C) and subsequent Sanger sequencing (Eurofins Genomics).  
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2.4 Cell line generation & induction 

Flp-In T-REx-293 cells were kindly provided by Prof. Dr. LaCava, ERIBA, Groningen, Netherlands. The 

cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) + GlutaMAX™ (Gibco) 

supplemented with 10% TET approved fetal calf serum (FCS) (Invitrogen) and 1% HEPES (15630080; 

Gibco™), without antibiotics and maintained in an incubator at 5% CO2 and 37°C. Cells were routinely 

checked for mycoplasma contamination (supplementary table S1, S2). Cells were transfected using the 

calcium phosphate precipitation method. On day 1, Flp-In T-REx-293 cells were seeded to reach ±80% 

confluency on the next day. The next day, DNA samples were added to polystyrene tubes at a 9:1 ratio 

of pOG44: pcDNA5 FRT/TO(-EV, -WT, -2Q or -2R) with a total DNA-quantity of 10µg. As a transfection 

control, pcDNA3-GFP was also included. 10mM Tris pH 7.5 was added to a total of 500µl and the 

solution was mixed. Next, 50µl 2,5M CaCl2 was added and mixed. Finally, 500µl 2X HeBS buffer was 

added drop-wise to the mixture whilst blowing air bubbles with a pipette. The solution was added 

drop-wise to the culture plates. Cells incubated overnight at 37°C and the next day, the medium was 

replaced with fresh DMEM + GlutaMAX™ + 10% Tet system-approved FBS, containing 100µg/mL 

Hygromycin B (H3274, Sigma), 10µg/mL Blasticidine S (A11139-03; Gibco™), 1% HEPES (15630080; 

Gibco™), 1% penicillin and 1% streptomycin (15140163; Gibco™). The medium was replaced every 4-5 

days. When foci started to appear after ± ten days, the cells were transferred to culture dishes and 

cultured without the selection antibiotics. 

2.5 Immunoblotting 

Flp-In T-REx-293 cells were harvested in ice-cold 1XPBS. After centrifugation for 30 seconds at 20817xg. 

The supernatant was removed and the cell pellets were snap-frozen in liquid nitrogen. Cells were then 

lysed in RIPA buffer (table S5). Next, cells were ruptured by sonification. Using a Bradford assay, protein 

content was determined in order to calculate the volume needed for a 50µg protein loading sample. 

Protein fractions were separated via polyacrylamide gel electrophoresis on 4–20% Protean Mini TGX 

gels (Biorad), or self-made gel (table S4). Protein was then transferred to a methanol activated PVDF 

membrane (Trans-Blot Turbo Transfer System, Biorad). The following primary antibodies were used 

for detection: monoclonal rabbit anti-C/EBPα D56F10 from Cell Signaling (1:1000 in TBST + 5% BSA); 

anti-FLAG F3165 from Sigma (1:1000 in TBST + 5% low-fat milk); monoclonal rabbit anti C/EBPβ 

ab32358 from Abcam (1:1000 in TBST + 5% low-fat milk); polyclonal rabbit anti SIRT1 (Sir2) Cat#07-131 

from Sigma (1:1000 in TBST + 5% low-fat milk), and anti β-actin clone C4 #691001 from MP biomedicals 

(1:5000 in TBST + 5% low-fat milk). Horseradish peroxidase (HRP)-conjugated secondary antibodies 

against rabbit (NA934, ECL, Amersham Life Technologies) and mouse (NA931, ECL, Amersham Life 

Technologies) were used to detect bands by chemiluminescence (1:5000 in TBST + 5% low-fat milk). A 

murine liver lysate (MLL) from young female mice was included as a positive control for endogenous 

C/EBPα-expression (figure 3). An ImageQuant LAS-4000 system (GE Healthcare, Chicago, USA) was 

used for blot imaging. 

2.6 Co-immunoprecipitation 

Flp-In T-REx-293 cells were lysed in 500µl ice-cold lysis buffer (table S6) for 30 minutes. Lysates were 

centrifuged at full speed for 15 min. at 4°C. Supernatant was transferred to new tubes and a small 

fraction was separated to serve as input control. Anti-FLAG® M2 magnetic Beads (M8823, Sigma) were 

washed 2X with 10 packed cell volumes lysis buffer. Next, the beads were resuspended in lysis buffer 

((number of samples X 1.5) X 100µl)). The tubes were then placed in a separator and the supernatant 

was removed. 10µl 10% BSA in lysis buffer was added, followed by the cell lysates (approx. 500µl). Lysis 

buffer was added to a final volume of 1ml and the samples incubated at 4°C with rotation for 4hrs. A 

negative control with only lysis buffer and magnetic beads was also included. Next, the supernatant 
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was removed after the tubes were placed in the separator. The beads were washed 5X in 1ml ice-cold 

wash buffer (table S7). The beads were then subjected to a final wash in 1ml ice-cold 1X PBS. The tubes 

were then placed in the separator where after the supernatant was completely removed. The beads 

were resuspended in 30µl 2X SDS loading buffer with low β-mercaptoethanol (table S8) followed by 

heating for 3 min at 95°C. The tubes were placed back on the separator and the supernatant was 

loaded onto a 10% polyacrylamide gel.  

2.7 Coomassie staining 

Gels were washed 3X 5 minutes in MilliQ. Then, the gels were prefixed in fixing solution (50% MeOH, 

10% acetic acid, 40% H2O) for 30 minutes under medium rocking. Next, the gels were stained in the 

above solution with 0,25% Coomassie Blue R-250 until the gel was no longer visible in the dye solution 

(±2 hours). The gels were then destained ON in 5% MeOH, 7,5% acetic acid, and 87,5% H2O. 

2.8 Ponceau S staining 

In order to predetermine the presence of complex-proteins, the PVDF membrane was subjected to a 

Ponceau S staining. First, the PVDF membrane was washed in 1X TBST. Next, the membrane was 

submerged in Ponceau S staining solution (0.1 % (w/v) in 5% acetic acid) and kept at room temperature 

for ten minutes under mild rocking. The staining solution was removed and the blot was rinsed with 

distilled water to remove background.  

2.9 Measurement of OCR 

Oxygen consumption rate (OCR), an indicator of mitochondrial respiration, and extracellular 

acidification rate (ECAR), an indicator of glycolysis, were measured using the Seahorse Extracellular 

Flux (XF) 96 Analyzer (Seahorse Bioscience, Inc, North Billerica, MA, USA). The wells were pre-coated 

with poly-lysine to ensure proper attachment of the cells. 24h prior to the assay, 1*10^5 Flp-In T-REx-

293-cells were seeded in each well in a Seahorse XF96 Cell Culture Microplate (8 wells per condition) 

and cultured in normal growth medium under the presence of doxycycline (1ng/ml) or without 

doxycycline. The plate was incubated overnight at 37°C in order to allow the cells to adhere. The next 

day, the cells were washed twice with pre-heated Seahorse essay medium, supplemented with glucose 

to a concentration of 25mM. Several features of mitochondrial respiration, including basal respiration, 

ATP-linked respiration, proton leak respiration and reserve capacity were obtained measured or 

derived from the measurements. First, baseline OCR was measured from which basal respiration can 

be derived by subtracting non-mitochondrial respiration. Then, ATPase (complex V) inhibitor 

oligomycin A was added by injection at a final concentration of 2,5µM. The OCR after injection of the 

drug is used to derive ATP-linked respiration by subtracting the resulting OCR from the baseline OCR. 

Maximal respiratory capacity is determined upon injection of 2,4-dinitrophenol (DNP) at a final 

concentration of 40µM. DNP acts as a protonophore, allowing protons to leak across the inner 

mitochondrial membrane and thereby bypass ATP synthase and driving the electron transport chain 

to function to its maximal rate. The maximal respiratory capacity is derived by subtracting non-

mitochondrial respiration from the DNP-OCR. Non-mitochondrial respiration is determined after 

shutting down the electron transport chain. This is achieved by adding 4µM antimycin A, a complex III 

inhibitor, and 2µM rotenone, a complex I inhibitor. OCRs were determined using a Seahorse XF96 

Extracellular Flux analyzer (Seahorse Bioscience). 
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2.10 Image Acquisition  

GFP images were acquired with a fluorescence microscope (Leica DM IL LED) equipped with a camera 

(Leica DMC2900). Image processing was done with LAS V4.5-software.  

2.11 Statistical analysis 

Significance was determined using two-tailed independent-samples Student’s t tests for comparisons 

between the different C/EBPα-mutant OCR measurements. All data is expressed as mean ± SD. Outliers 

were identified with the Grubbs-test. Differences were considered to be significant when p < 0.05. 

Data was analysed using GraphPad Prism 6.01 (GraphPad Software, Inc., La Jolla, CA). 
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3. Results 

3.1 Generation of a C/EBPα-expression system              

In order to generate Flp-in TRex HEK expression C/EBPa WT,K159Q/K298Q or K159R/K298R, pCDNA5 

FRT/TO destination vectors were cloned using Gateway cloning (Figure 2A). C/EBPα-WT, -2Q, and -2R 

genes were amplified prior to cloning using Pfu polymerase. Following PCR, the amplicons were 

subjected to electrophoresis and the bands were cut observed and cut out at the expected size of 

1132bp’s (figure 2B). After extraction from the gel, the donor vectors were generated by 

recombination between the attB-sites on the PCR-products and the attP-sites on the pDONR™-221-

vector which results in an entry clone containing the gene of interest flanked by attL sites. As a 

consequence of this recombination, the ccdB gene is excised from the donor vector as a by-product. 

After enrichment in DH5α E.coli-cells under selection of kanamycin and subsequent purification, the 

LR-reaction between entry vector pDONR™-221 and the destination vector pcDNA5™FRT⁄TO was 

performed with the genetic inserts now present in pcDNA5™FRT⁄TO. Cells were now selected for 

ampicillin-resistance. DH5α E.coli-cells are sensitive to the gyrase poison CcdB [24] which is present in 

the donor vectors and the destination vectors prior to recombination, and it is exchanged with the 

gene of interest during the BP or LR reactions. Therefore, theoretically only the cells that contain the 

desired, recombined construct survived the culturing. After culturing and purification, inserted 

sequences were confirmed by digestion with FseI + BsaI (figure 2C) and subsequent Sanger sequencing. 

Figure 2: Generation of expression clones. (A.) The Gateway system schematically illustrated. The BP-reaction between the 

AttB-flanked PCR-product and the AttP-flanked entry clone creates an AttL-flanked entry clone. The LR-reaction creates the 

expression clone, ready for transfection. Illustration was modified from Soranio, plasmids 101: Gateway cloning, 2017 (B.) 

Following PCR, the amplicon was separated on a 1% agarose gel and the AttB-flanked C/EBPα-products were excised at ±1132 

bp’s. (C.) Presence of GOI in pcDNA5™FRT⁄TO was confirmed by digestion with with FSEI + BSAI. After confirmation, samples 

were sent for Sanger sequencing. 
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The pcDNA5™FRT⁄TO-expression vector allows for controlling the expression of the gene of interest 

under the control of the strong human cytomegalovirus immediate-early (CMV) promoter and two 

tetracycline operator 2 (TetO2) sites (figure 3) [25]. This vector also contains a Flp Recombination 

Target (FRT) site which is linked to the hygromycin resistance gene. Upon co-transfection of 

pcDNA5™FRT⁄TO and Flp recombinase which is expressed from pOG44, homologous recombination 

between the FRT sites takes place so that the pcDNA5/FRT/TO construct is inserted into the genome 

at the integrated FRT site. Insertion of pcDNA5/FRT into the genome at the FRT site brings the SV40 

promoter and the ATG initiation codon into proximity and in frame with the hygromycin resistance 

gene. This cell line also includes a regulatory plasmid, pcDNA6/TR™, encoding the Tet repressor (TetR) 

under control of the human CMV promotor [26, 27]. This vector also contains blasticidin S resistance 

genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: The inducible pcDNA5™FRT⁄TO-expression vector. This vector contains the FLAG-tagged gene of interest (GOI) 

under the control of the strong human cytomegalovirus immediate-early (CMV) promoter and two tetracycline operator 2 

(TetO2) sites. Recombination occurs between the FRT-sites on the plasmid and the host cell line and is mediated by flippase 

(flp) expressed from pOG44. This recombination-event also brings the hygromycin resistance-gene into proximity with the 

SV40 promoter and the ATG initiation codon which allows for selection with hygromycin. Vector created using Benchling.  
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Therefore, only Flp-In T-REx-293-cells that were successfully transfected with pcDNA5™FRT⁄TO-

C/EBPα-mutants were hygromycin B and blasticidin S-resistant. In order to confirm successful 

transfection, Flp-In T-REx-293-cells were transfected in parallel with pcDNA3-GFP. 24hrs later, GFP 

expression in successfully transfected cells was visualized using fluorescence microscopy (figure 4A). 

Cells were maintained under continuous selection of blasticidin S (10µg/mL) and hygromycin B 

(100µg/mL) and after ± ten days, resistant colonies began to appear (figure 4B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Transfection of Flp-In T-REx-293 cells with pcDNA5-C/EBPα yields blasticidin S and hygromycin B-resistant  

colonies. (A) Flp-In T-Rex-293 cells were transfected with pcDNA3-GFP using the calcium phosphate precipitation-method in 

order to verify transfection efficiency within 24h. (B) After 10 days of selection with blasticidin S and hygromycin B, small 

colonies appeared of cells that incorporated the pcDNA5-vector and therefore exhibited resistance to these antibiotics. Cells 

that did not receive the vector, did not survive the selection period. Images were acquired with a fluorescence microscope 

(Leica DM IL LED) equipped with a camera (Leica DMC2900). Image processing was done with LAS V4.5-software. Scale bars 

(A): 100µm, (B): 500µm. 

 

 

 

 

 



10 
 

3.2 Doxycycline titration 

After selection with blasticidin S and hygromycin B, Flp-In T-REx-293-cells were subjected to a 

doxycycline titration experiment to determine the minimal concentration needed for maximal 

expression of the C/EBPα-mutants. The rationale behind this was to ensure that all potential 

interaction partners would be able to form complexes with C/EBPα whilst avoiding potential adverse 

side effects of the antibiotic on the cells. First, cells were subjected to doxycycline concentrations 

ranging 1-100 ng/ml, as this is most commonly used for inducible expression. After three days of 

inducing, cells were lysed and subjected to western-blot analysis (figure 5). Next to normal exposure, 

the blot was over-exposed in order to detect endogenous C/EBPα expression. Basal leakiness of the 

inducible expression system can be observed in the uninduced samples of C/EBPα-mutants. It 

appeared that even the lowest concentration of doxycycline resulted in near maximal expression of 

C/EBPα.  

 

 

 

 

 

 

 

 

 

Figure 5: Western-Blot analysis of FLAG and C/EBPα. Cells were treated with doxycycline (1-100 ng/ml) for 72hrs and lysed 

for Western-Blot analysis. Low exposure: 180 seconds. High exposure: 960 seconds. 

A subsequent titration experiment with doxycycline concentrations ranging 0.01-1 ng/ml was 

performed to determine if maximal expression could be achieved with a doxycycline concentration in 

this range. A murine liver lysate was included as a reference of endogenous C/EBPα expression (figure 

6). After 16 minutes of exposure, C/EBPα remained undetectable in the murine liver lysate and in the 

lowest doxycycline concentration (0.01 ng/ml). A doxycycline concentration of 0.5 ng/ml shows a 

noticeable decrease in C/EBPα expression. With such low concentrations it is uncertain if the 

promoters of all cells are induced or only a sub-set. Therefore, a doxycycline concentration of 1 ng/ml 

was selected for subsequent experiments. 

 

Figure 6: Western-Blot analysis of FLAG and C/EBPα. Cells were treated with doxycycline (0.01-1 ng/ml) for 72hrs and lysed 

for Western-Blot analysis. Exposure time: 960 seconds. MLL: Mouse Liver Lysate.  
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3.3 Total protein detection reveals C/EBPα-2Q specific interaction-partner 

In order to determine the presence of acetylation status-related interaction-partners, cells were 

subjected to Co-Ip using anti FLAG antibodies. Following SDS-PAGE, the gel was either Coomassie-

stained (figure 6A), or transferred to a PVDF membrane, followed by a Ponceau S-staining (figure 6B) 

and subsequent immunoblot-analysis (figure 7). The bands that can be observed in all lanes of ±55kDa 

and ±25kDa are the heavy and light chains of the anti-FLAG antibody, respectively. This is also detected 

in the FLAG-stained immunoblot of figure 5. Little to no specific bands are observed. The arrows point 

at a band in the induced C/EBPα-2Q-lane which most likely is C/EBPα, because as can be seen in figure 

5, C/EBPα is more highly expressed in this mutant than in the other two.  

 

Figure 7: Coomassie (A) and Ponceau S (B) staining of total lysate (input) and subsequent purification (Co-IP). Left: total 

lysates. Right: (co) immunoprecipitated proteins with anti-FLAG antibody. Cells were either induced with 1ng/ml Dox (+) or 

not induced (-). The Ponceau S-staining includes only induced cells. Neg.: only lysis buffer with FLAG-coated magnetic beads. 

Flp-In-T-Rex-293: untransfected host cells. Arrow points at suspected C/EBPα.  
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Immunoblot-analysis was performed to determine if the co-immunoprecipitation yielded (co) 

isolated proteins (figure 8). SIRT1 was detectable only in the input and did not seem to interact 

with C/EBPα. C/EBPα is detectable in both the input and Co-IP which confirms successful isolation 

and enrichment of the FLAG-tagged C/EBPα-mutants. Furthermore, staining for C/EBPβ revealed 

the presence of C/EBPβ (liver-enriched transcriptional inhibitory protein) specific in the C/EBPα-

2Q lane.  

 

Figure 8: Immunoblot analysis of total lysates (Input) and immunoprecipitated C/EBPα. Antibody staining as indicated. IgG-

control (-): only lysis buffer with FLAG-coated magnetic beads. Flp-In-T-Rex-293: untransfected host cells. The Anti-FLAG® M2 

antibody that was used for isolation of FLAG-tagged C/EBPα is from murine origin and the heavy chain was detected by the 

anti-mouse secondary antibody in the FLAG-blot.  
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3.4 C/EBPα-acetylation-dependent mitochondrial function remains to be 

determined in HEK cells 

Next to showing that mitochondrial genes were or were not transcribed depending on C/EBPα status, 

Zaini et al., also confirmed this functionally by showing that mitochondrial function can be controlled 

indirectly by glucose availability through C/EBPα. Under high-glucose conditions (25 mM), C/EBPα-WT, 

which still has the acetylatable lysines, has a OCR as the hypoacetylated-mimicking C/EBPα-2R mutant. 

Under low-glucose conditions (2,5 mM), SIRT1 deacetylates C/EBPα-WT, resulting in increased OCR, 

coming in proximity with the C/EBPα-2R-OCR, while the hyperacetylated mimicking mutant C/EBPα-

2Q has a significantly lower OCR. These findings were reported in Hepa1-6 cells. By repeating this 

experiment in Flp-In T-REx-293-cells, the goal was to determine if the mechanism of C/EBPα acetylation 

is similar between both cell types or if mechanistic differences yield different outcomes. C/EBPα-

mutant expressing Flp-In T-REx-293-cells were induced with 1ng/ml doxycycline three days prior to the 

experiment and were seeded into a 96-well XF cell culture microplate 24 hr prior to the assay (cells 

were seeded at 1*10^4 cells per well (figure 9A), or 0,8*10^4 cells per well (figure 9B). In contrast to 

what was found in the Hepa1-6 cells, the 2R-mutant showed a decreased OCR under high-glucose 

conditions, compared to the other mutant and wildtype. Nevertheless, the measured OCRs differ 

between the experiments, especially in run B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Mitochondrial function-analysis is inconsistent between repeats and with previous reports. A. Flp-In T-REx-293-

cells expressing C/EBPα-WT, -2Q, or -2R under doxycycline induction (1ng/ml) were cultured in high-glucose medium (25mM). 

1*10^4 cells were seeded per well and OCR was analysed. B. Similar procedure with 0,8*10^4 cells. Bars represent mean + 

SD. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001, ***** P<0.00001. 



14 
 

4. Discussion 

This study aimed to identify potential acetylation status-related interaction partners of C/EBPα. Lysines 

K159 and K298 were found to undergo deacetylation by SIRT1 in times of energy demand, allowing for 

activation of transcription of mitochondrial genes. When nutrients are abundant these lysines are 

deacetylated by KAT p300, preventing C/EBPα from inducing transcription of mitochondrial genes [21]. 

Whether this phenomenon is caused by (an)other protein(s) was addressed in this study. Inducible 

expression systems of WT and mutant C/EBPα were created: C/EBPα-K159Q/K298Q (2Q) which mimics 

hyperacetylation, and C/EBPα- K159R/K298R (2R) which mimics hypoacetylation.  

 Co-Ip analysis has revealed a specific interaction between C/EBPα-2Q and C/EBPβ (LIP) (Figure 

5). Like p30, the short isoform LIP (liver-enriched transcriptional inhibitory protein), lacks 

transactivation domains, and in heterodimerized form with other C/EBP members, it inhibits the 

transcriptional activity of its binding partner [27, 28]. C/EBPα-2Q mimics the hyperacetylated state of 

C/EBPα. Whether this local substitution by a different amino acid strengthens the LIP binding affinity, 

reflects the acetylation status-related change in binding partners or if this observation reflects an 

unrelated mechanism, cannot be answered as of present. Because this observation results from a 

single immunoblot, no decisive conclusions can be drawn as of yet but the fact that an inhibitor of 

C/EBPα-activity is found in the mutant that prevents transcription of mitochondrial genes, makes LIP 

an interesting candidate for further investigation. Immunoblot-analysis on SIRT1 showed it to be 

present only in the input and not to be co-immunoprecipitated with C/EBPα. The cells were grown 

under high-glucose conditions (25mM). In these conditions, the hyperacetylated state of C/EBPα is 

favoured [21]. Therefore, it is in line with the expectations that no interaction between C/EBPα and 

SIRT1 is found under these conditions.        

 Co-Ip followed by immunoblot analysis is an accessible, low-cost method to detect suspected 

interaction partners. When investigating the overall interactome, mass spectrometry (MS) has been 

recognized as a ‘gold standard’ tool for the identification of proteins. Proteins are first cleaved into 

smaller peptides whose masses are measured by a mass spectrometer. The outcomes serve as input 

for a search in a database where it is compared to a list of masses of known proteins. This technique 

is very robust but it does require a relatively pure input as contaminants can interfere with the 

measurements. Furthermore, an optimized Co-immunoprecipitation-protocol is crucial for all protein 

complexes to be isolated. This would be the logical next step for studying C/EBPα interaction partners 

in relation to acetylation status.        

 There are several potential interaction partners of C/EBPα that are either known to interact in 

a different context or that are known to target similar genes upon activation of partial similar upstream 

regulators. One of these candidates that is worth investigating is PPARγ coactivator 1α (PGC1α). It is 

known as a master regulator of mitochondrial biogenesis and, like C/EBPα, it is activated upon 

deacetylation by SIRT1 [19-21]. PGC1α is acetylated by histone acetyltransferase GCN5 [22] , and its 

expression can be induced by C/EBPβ [23]. Both the regulatory mechanisms and the downstream 

targets of C/EBPα and PGC1α overlap to a great extent. What yet has to be determined is whether the 

two proteins work side by side or in a cooperative manner. Another potential interactor with C/EBPα 

in relation to the activation of expression of mitochondrial genes is the transcription factor early gene 

2 factor 1 (E2F1). These two transcription factors have long been known to interact in adipogenesis 

and granulopoiesis [28, 29]. C/EBPα represses E2F1 transcriptional activation through interaction with 

transactivation domain 1 (TAD1) and with residues residing in the non-DNA binding face of the basic 

region [28]. More recent reports have indicated that E2F1 suppresses oxidative metabolism in the 

pancreas, adipose tissues, muscle and liver [30, 31]. Furthermore, SIRT1 is known to inhibit the 

transactivation activity of E2F1 [9].        

  



15 
 

This study made use of a doxycycline regulated promotor system to reversibly induce C/EBPα gene 

expression. Despite its convenience in allowing for controlled transcription with fewer side effects, 

such as delayed growth and cell death compared to constitutive expression, the use of doxycycline 

might lead to unwanted alterations in cellular metabolism. Even at low concentrations, tetracyclines 

induce mitochondrial proteotoxic stress which may reflect the evolutionary relationship between 

mitochondria and proteobacteria [32, 33]. This effect can be observed regardless of the cell type [34]. 

Although this study used doxycycline concentrations at the lower end of the spectrum (1ng/ml), 

interference with C/EBPα-associated mitochondrial gene regulation cannot be ruled out. Future 

studies, therefore, might consider the implementation of one or more alternative gene inducible 

system(s) for comparative analysis.        

 Oxygen consumption rate (OCR) is an important parameter of mitochondrial function. Zaini 

and colleagues showed by using Hepa 1-6 cells expressing C/EBPα-mutants, that under high-glucose-

conditions (25 mM) the hypoacetylated 2R-mutant had a significantly higher basal- and maximal OCR 

compared to C/EBPα-WT and -2Q. Under low-glucose conditions (2,5 mM), C/EBPα-WT cells had a 

basal and maximal OCR approaching C/EBPα-2R whilst C/EBPα-2Q remained significantly lower. This 

finding strengthened the idea that C/EBPα acetylation status directs transcription of genes involved in 

mitochondrial biogenesis. Hepa1-6 cells are murine hepatoma cells that are widely used for liver tissue 

function research. The liver is the metabolic hub of the body. It removes two thirds of the glucose from 

the body and converts it to glucose 6-phosphate with the help of the enzymes hexokinase and 

glucokinase. Excess glucose 6-phosphate is metabolized to acetyl CoA, which is the acetyl source for 

C/EBPα acetylation. The liver is also the organ where gluconeogenesis primarily takes place when there 

is a demand for glucose. The HEK cells used in this study are derived from human kidney cells. Although 

gluconeogenesis can also take place in the kidney, especially when the body is in a fasted state, it is 

clear that the kidney’s main function is the excretion of metabolic waste products and maintaining the 

osmolarity of body fluids. For this reason, it may very well be that the C/EBPα-mutants and C/EBPα-

WT that are expressed in Flp-In T-REx-293 cells cannot form the same complexes as they would do in 

liver cells. By repeating the study performed by Zaini with the C/EBPα-mutant and -WT-expressing Flp-

In T-REx-293-cells, a comparison between outcomes would have provided insight in whether or not 

the mechanisms of action of C/EBPα acetylation status overlap. A distinct outcome may result in a re-

evaluation of the suitability of the present cell line in assessing C/EBPα-acetylation status in relation to 

identifying potential binding partners. The Seahorse XFe96 training manual recommends that the 

optimum signal range for basal OCR should be between 20–160 pmol/min. In this study, the basal OCRs 

were at the lower end of the spectrum. This was especially the case in the second experiment. This is 

most certainly caused by the poor adherence of the cells to the plate. Despite upmost care, upon 

washing, cells detached and were sucked up. This resulted in an overall decrease in OCR per well as 

well as in inconsistency between the measurements of each condition. In order to improve adherence, 

next to coating with poly-L-lysine, several additional measures can be taken e.g. spinning down the 

plate after seeding the cells, and incubating the cells for 48 hours instead of 24. As of present, the 

question of whether HEK cells show a similar effect regarding changes in OCR based on C/EBPα 

acetylation status as Hepa1-6-cells still stands. Optimization and technical reconsiderations may 

provide outcome in future studies.         

 In conclusion, this study did not identify potential acetylation status-related interaction-

partners of C/EBPα. C/EBPβ (LIP) was found to interact with the acetylation-mimicking 2Q-mutant, 

potentially playing a role in preventing C/EBPα from binding to its target promotors. Future studies are 

needed to confirm this rationale.  
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6. Supplementary data 

 

6.1 Mycoplasma screening  

In order to ensure the absence of mycoplasma contamination, media from the cell cultures was 

regularly subjected to a PCR-screening for this pathogen. See table S1 and S2 for the PCR-programme 

and the primers that have been used to screen for M. fermentans, A. laidlawii, M. orale, M. arginini, 

M. hyorhinis and M. homonisis, respectively. 

Table S1: PCR program mycoplasma screening 

Step Temperature (°C) Time Cycles 

1 94 5 min 1X 

2 94 30 sec  
39X 3 56 30 sec 

4 72 1 min 

5 72 5 min 1X 

6 20 ∞ 1X 

 

Table S2: Overview of used primers with their corresponding sequences  

Gene/Organism  Forward 5’ to 3’ Reverse 3’ to 5’ 

BGH_RV  TAGAAGGCACAGTCGAGG 

CEBPA_pDONR221 GGGGACAAGTTTGTACAAAAA
AGCAGGCTCCgccatggagtcggcc
gacttc* 

GGGGACCACTTTGTACAAGAAAG
CTGGGTCcgcgcagttgcccatggcct* 

CMV_FW CGCAAATGGGCGGTAGGCGTG  

Myco1 CGCCTGAGTAGTACGTTCGC  

Myco2 CGCCTGAGTAGTACGTACGC  

Myco3 TGCCTGAGTAGTACATTCGC  

Myco4 TGCCTGGGTAGTACATTCGC  

Myco5 CGCCTGGGTAGTACATTCGC  

Myco6 CGCCTGAGTAGTATGCTCGC  

Myco7  GCGGTGTGTACAAGACCCGA 

Myco8  GCGGTGTGTACAAAACCCGA 

Myco9  GCGGTGTGTACAAACCCCGA 

*AttB1/2 sequences are in capitals 

 

Table S3: Pfu PCR program C/EBPa-WT, -2Q, and -2R 

Step Temperature (°C) Time Cycles 

1 95 30 sec  
30X 2 65 30 sec 

3 72 2 min 

4 72 5 min 1X 

5 4 ∞ 1X 
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One-dimensional SDS gel preparation 

Self-made gels were prepared for WB’s that were performed for optimization purposes. The following 

recipe contains the volumes needed for one gel.  

Table S4: Gel preparation of Western-Blot  

 Stacking gel 
(3,9% acrylamide) 

Separating gel 
(10% acrylamide) 

Separating gel 
(12% acrylamide) 

30% acrylamide/0,8% bis-
acrylamide 

196µl 1,66 ml 2 ml 

4X Tris-HCL/SDS pH 6,8 380µl - - 

4X Tris-HCL/SDS pH 8,8 - 1,25 ml 1,25 ml 

MilliQ 920µl 2,09 ml 1,75 ml 

10% (w/v) ammonium 
persulfate 

7,5µl 16,8µl 16,8µl 

TEMED 1,5µl 3,4µl 3,4µl 

 

Buffer preparations 

Table S5: RIPA buffer ingredients 

Component Concentration 

NaCl 150 mM 

Triton X-100 1% 

Sodium-deoxycholate 0.5% 

sodium dodecyl sulphate (SDS) 0.1% 

Tris base, pH 8.0 5 mM 

cOmplete™, EDTA-free Protease Inhibitor 
Cocktail 

One tablet per 50 ml 

PhosSTOP™ One tablet per 50 ml 

MilliQ To desired volume 

 

Table S6: Lysis buffer ingredients (Co-IP) 

Component Concentration 

NaCl 300 mM 

Triton X-100 1% 

Tris/HCl, pH 7.4 50 mM 

EDTA 1 mM 

Phenylmethylsulfonyl fluoride (PMSF) 1 mM 

cOmplete™, EDTA-free Protease Inhibitor 
Cocktail 

One tablet per 50 ml 

trichostatin A (TSA) 1µM 

Nicotinamide (NAM) 5mM 

MilliQ To desired volume 
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Table S7: Washing buffer ingredients (Co-IP) 

Component Concentration 

NaCl 300 mM 

Triton X-100 0.1% 

Tris/HCl, pH 7.4 50 mM 

EDTA 1 mM 

Phenylmethylsulfonyl fluoride (PMSF) 1 mM 

cOmplete™, EDTA-free Protease Inhibitor 
Cocktail 

One tablet per 50 ml 

MiliQ To desired volume 
 

Table S8: 2xSDS Loading Buffer (low β-mercaptoethanol) ingredients 

Component Concentration 

Tris/HCl, pH 6.8 125mM 

β-mercaptoethanol 10% 

SDS 4% 

Glycerol 20% (v/v) 

Bromphenol blue 0.004% 
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Figure S2: Translation of sanger sequencing output. Chromatogram data from Eurofins Genomics were translated to amino-

acid sequences to validate the C/EBPα-constructs. On position 159 (477 nucleotides from the ATG-start codon) C/EBPα-WT 

contains a lysine (K), which is substituted by glutamine (Q) in the C/EBPα-2Q mutant and by an arginine (R) in the C/EBPα-2R 

mutant. On position 298 (180 nucleotides from the TAA-stop codon) the second desired point-mutations were confirmed. 

Both observations confirm the presence of C/EBPα-WT,- K159Q/K298Q (2Q) , and K159R/K298R (2R).  Data was processed 

using Benchling (San Francisco, USA). 
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Figure S3: Oxygen consumption rate (OCR) of C/EBPα-mutant expressing Flp-In T-REx-293 cells cultured in medium 

containing 25mM glucose. Top graph corresponds to figure 6A, bottom graph corresponds to figure 6B. Values are means ± 

SE (n = 8). 
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Figure S4: Immunoblots of corresponding Seahorse-analysis. Top blot corresponds to figure 6A, bottom blot corresponds to 

figure 6B.  


