
 

 

 University of Groningen

Post-transcriptional control of C/EBPα and C/EBPβ proteins
Zaini, Mohamad Amr

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Zaini, M. A. (2017). Post-transcriptional control of C/EBPα and C/EBPβ proteins: Insights into their role in
energy homeostasis and diseases. [Thesis fully internal (DIV), University of Groningen]. University of
Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/6799f826-64a6-4fb3-a4b3-e10e77dda309


 
 
 
 

Post-transcriptional Control of 
C/EBPα and C/EBPβ Proteins 

 
Insights into their role in energy homeostasis and diseases 

 
 
 
 
 

PhD thesis  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

by  
 
 
 
 

Mohamad Amr Zaini  

 

 
  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Post-transcriptional Control of C/EBPα and C/EBPβ Proteins. Insights into their role in energy homeostasis and 
diseases 

M.A. Zaini 

 

The research described in this thesis was mostly conducted at the European Research Institute for the Biology of 
Ageing, University Medical Center Groningen, University of Groningen, The Netherlands. And also at Leibniz 
Institute for Age Research - Fritz Lipmann Institute (FLI), Jena, Germany. 

The printing of this thesis was financially supported by the University of Groningen and the Graduate School for 
Drug Exploration (GUIDE). 

Cover design and layout: Mohamad Amr Zaini 

Printing: 

 ISBN (print): 978-94-034-0282-6 

 ISBN (electronic): 978-94-034-0281-9 

Copyright © 2017 by Mohamad Amr Zaini. All rights reserved. No part of this thesis may be reproduced, stored 
in a retrieval system, or transmitted in any form or by any means without permission of the author. 

 

  



 

 

 
 
 
 

Post-transcriptional Control of 
C/EBPα and C/EBPβ Proteins 

 
Insights into their role in energy homeostasis and diseases 

 
 
 
 

PhD thesis  
 
 
 

to obtain the degree of PhD at the 
University of Groningen 
on the authority of the 

Rector Magnificus Prof. E. Sterken 
and in accordance with 

the decision by the College of Deans. 
 

This thesis will be defended in public on  
 

Monday 11 December 2017 at 12:45 hours
 
 
 
 

by  
 
 
 
 

Mohamad Amr Zaini  
born on 20 June 1986 

in Homs, Syria 
 



 
 

Supervisor 
Prof. C.F. Calkhoven  
 
 
Co-supervisor 
Dr. C. Müller 
 
 
Assessment Committee 
Prof. G. de Haan 
Prof. T. Heinzel 
Prof. J.P. Tuckermann 
  



 

Paranymphs: 
Tobias Ackermann 
Gertrud Kortman 
  



 
 

  



 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 

اآليةة طه ﴾١١٤﴿سورة  

 
“My LORD increase me in knowledge.’’ 

The Holy Quran (20:114) 
 
 
 
 
 
 
 
 
 

Dedication: 
 

This work is dedicated to the souls of all the Syrian martyrs 
in the last seven years.



 
 

  



 

 
 
 

 

Chapter I  Aim and outlines of the thesis    11 

 

Chapter II  C/EBPα and C/EBPβ transcription factors: Their post- 17 

transcriptional control and roles in various tissues 

 

Chapter III  A p300 and SIRT1 regulated acetylation switch of C/EBPα 47 

controls mitochondrial function 

 

Chapter IV  A screening strategy for the discovery of drugs that reduce 97 

C/EBPβ-LIP translation with potential calorie restriction 

mimetic properties 

 

Chapter V  Shwachman–Bodian–Diamond syndrome (SBDS) protein 127 

deficiency impairs translation re-initiation from C/EBPα  

and C/EBPβ mRNAs  

 

Chapter VI  Discussion and Perspectives     159 
 

Appendices Nederlands Samenvatting     181 

Acknowledgments      187 

Curriculum Vitae      197 

    

 





 Aim and outlines of the thesis 

 11 

 
 

Aim and outlines of the thesis 
 

 

Aim 
C/EBPα and C/EBPβ proteins are transcription factors playing important roles in the 

control of cellular proliferation, differentiation and metabolism of different tissues. 

Their functions are strictly regulated at the translational and post-translational levels. 

One objective of this thesis is to investigate whether C/EBPα is acetylated, which 

lysine acetyl-transferases and de-acetylases are involved in this process and how 

acetylation can regulate C/EBPα function in cell metabolism and energy homeostasis. 

A second objective is to convert the upstream open reading frame (uORF)-dependent 

translation control mechanism of C/EBPβ into a high-throughput screening system to 

look for compounds that decrease C/EBPβ-LIP levels and by that act as calorie 

restriction mimetics based on the calorie restriction like phenoty pe found in 

C/EBPβ u ORF mice. As a third objective, we aimed to investigate whether C/EBPα and 

C/EBPβ translation is regulated by the SBDS ribosomal maturation protein and 

whether their translational deregulation is involved in the Shwachman Diamond 

Syndrome (SDS) which is caused by mutations in SBDS. 
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Outlines of the thesis 

 

Chapter II I start this thesis with a general introduction about C/EBPα and C/EBPβ 

transcription factors highlighting their expression, structure, dimerization and DNA 

binding ability. I explain how three protein isoforms are translated from their mRNA 

by a uORF dependent translation initiation/re-initiation mechanism and how this 

translation is regulated. I describe how the truncated isoforms (C/EBPα-p30 and 

C/EBPβ-LIP) negatively regulate the function of the full-length isoforms (C/EBPα-

p42 and C/EBPβ-LAP) pointing to the importance of the isoform ratio in determining 

their biological functions. Then, I discuss how the function of C/EBPα and C/EBPβ is 

regulated by different post-translational modifications including methylation, 

phosphorylation, acetylation and sumoylation. Finally, I demonstrate how C/EBPα 

and C/EBPβ regulate the differentiation in adipocytes and hematopoietic cells and 

how their function and expression are modulated during cellular proliferation and in 

different types of cancers. 

 

Chapter III We investigate if C/EBPα is acetylated and whether the acetylation of 

C/EBPα regulates its function in cell metabolism and energy homeostasis. We found 

that C/EBPα is acetylated at several lysine residues by the p300 lysine acetyl-

transferase and deacetylated by the SIRT1 lysine deacetylase. We observed that 

acetylation has no effect on C/EBPα subcellular localization or DNA binding ability 

but modulates its transcriptional activity in a cell reporter assay. Transcriptome 

analysis performed with the Hepa1-6 mouse hepatoma cell line expressing C/EBPα 

mutants mimicking acetylation or deacetylation showed that 43% of the differentially 

expressed genes are genes involved in metabolic processes. Further analysis showed 

that Hepa1-6 cells expressing a C/EBPα deacetylation mimicking mutant have a 

higher mitochondrial mass and an increased oxygen consumption rate comparing to 

cells expressing the wt and acetylation mutant C/EBPα. This finding is in agreement 

with the results of the transcriptome analysis revealing mitochondrial genes to be 

significantly upregulated in cells expressing the mutant that mimics deacetylated 

C/EBPα. In this study, we show the importance of C/EBPα acetylation in the 

regulation of cell metabolism and uncover SIRT1 as critical modulator of the 

transcriptional function of C/EBPα. 
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Chapter IV We develop a reporter system that is applicable for a screening to find 

new compounds that downregulate the C/EBPβ-LIP isoform and thereby might 

function as anti-cancer and calorie restriction mimetic drugs. This project was based 

on the phenotype observed in the C/EBPβ u ORF knockin mice that have constitutively 

low C/EBPβ-LIP levels due to a mutation in a cis-regulatory upstream open reading 

frame and show increased health- and lifespans combined with reduced tumor 

incidence upon aging. For this goal we converted the uORF dependent translation 

control mechanism of C/EBPβ into a dual luciferase-based reporter system to screen 

for compounds that translationally decrease the C/EBPβ-LIP/LAP ratio. The reporter 

system was validated following genetic and pharmacological approaches and then 

used to screen an FDA approved drugs library following a high throughput screening 

strategy. Drugs that decrease the translation reinitiation index as readout of the 

reporter were identified and selected ones were further validated in cell culture 

experiments for the effect on the C/EBPβ-LIP/LAP isoform ratio and downstream 

effects on cellular metabolism. In this study we produced a tool to screen for 

compounds that specifically affect the uORF dependent translation process and might 

have calorie restriction and anticancer effects. 

 

Chapter V We investigate whether deregulated C/EBPα and C/EBPβ isoform 

expression might play a role in the Shwachman–Diamond syndrome (SDS) which is a 

disorder caused by mutations in the SBDS gene and which is characterized by bone 

marrow failure with neutropenia, exocrine pancreatic insufficiency and skeletal 

abnormalities. We ask the question if the failure of the ribosomal maturation protein 

SBDS is affecting the translation of C/EBPα and C/EBPβ mRNAs and to which extent 

this impaired translation is contributing to SDS phenotypes. We found that the SBDS 

protein plays an important role specifically in translation re-initiation and its loss of 

function by mutations or knockdown resulted in downregulation of the truncated 

isoforms, C/EBPα-p30 and C/EBPβ-LIP, while the translation of the full length 

isoforms, C/EBPα-p42 and C/EBPβ-LAP, was not affected. Furthermore, we found 

that deregulation of C/EBPα and C/EBPβ translation upon SBDS malfunction 

resulted in lower levels of MYC expression leading to decreased proliferation of 

progenitor cells which potentially contributes to the hematological phenotype of SDS. 
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Our results provide the first evidence that the phenoty pes of SDS can be caused by 

deregulation of specific mRNA translation due to SBDS failure. 

 

Chapter VI I discuss the work done in this thesis and critically analyze how 

successful I was in achieving the primary goals and how valuably I could contribute to 

scientific progress with this thesis. Furthermore, I discuss future plans and the follow 

up research that should be initiated or continued based on our results and also 

address many questions that are still open and need to be solved. 
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Abstract 
The CCAAT/enhancer binding proteins (C/EBP) α and β are members of a family of 

transcription factors consisting of six proteins, C/EBPα to C/EBPζ. They play decisive 

roles in many biological processes including cellular proliferation and differentiation, 

immune response, inflammatory processes, energy metabolism, hematopoiesis and 

adipogenesis. C/EBP proteins contain activation domains at the N-terminus and a 

basic leucine zipper (bZIP) domain at the C-terminus that consists of a DNA-

contacting basic part followed by a leucine rich dimerization motif. All C/EBPs show 

structural homology and high conservation in their bZIP domains. They share 90% of 

the amino acid sequence homology in this domain1 , which enables them to form 

homo- or heterodimers and to interact with the same cognate DNA recognition site. 

On the other hand, C/EBPs are less conserved in their activation domains, and 

consequently they vary in their trans-activation potential and function. Within the 

family of C/EBPs, C/EBPα and C/EBPβ share unique biological and regulatory 

features that will be the topic of this review.  
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C/EBPα and C/EBPβ expression 

The expression of both C/EBPα and C/EBPβ is highly regulated throughout 

differentiation stages as well as in response to physiological and pathological changes. 

In general, C/EBP transcription factors are expressed in a large variety of tissues. 

C/EBPα is expressed at high levels in the differentiated liver and adipose tissues but 

at lower levels in hematopoietic cells, lung, intestine, adrenal gland, placenta, and 

skin2 ,3 . C/EBPβ is detected in almost every tissue with high expression in liver, 

adipose tissue, lung, spleen, intestine, kidney, pancreas, monocytes and 

granulocytes1 ,4 . 

 

Structures, DNA binding and dimerization 
C/EBPα is the founding member of the C/EBP family. It was purified in 1986 from rat 

liver as a CCAAT box DNA motif binding protein. The cloning of its cDNA also led to 

the identification of C/EBPβ and other C/EBPs4 -9 . Currently, CEBPA and CEBPB 

genes from many different vertebrate species have been cloned and characterized1 . 

C/EBPα and C/EBPβ proteins bind to the DNA as dimers. The dimerization 

domains consist of α-helices with leucine repeats that form a coiled coil by 

hydrophobic and electrostatic interactions with the repeats of the dimer partner. The 

leucine zipper region is conserved between all C/EBPs allowing for homo- and 

hetero-dimerization. The leucine zipper positions the C-terminal DNA-contacting 

basic α-helices in such a way that they can bind to the palindromic recognition 

sequence in the DNA major groove1 0 (Fig. 1). The optimal recognition sequence for 

C/EBPs is the palindromic sequence A/GTTGCGC/TAAC/T with possible variation in 

three bp in one of the half sites1 0-1 4 . In addition, C/EBPα and C/EBPβ proteins can 

form heterodimers with other transcription factors. Several reports have shown an 

interaction between C/EBPβ and the activating transcription factor 4 (ATF-4), which 

belongs to the CREB/ATF family of transcription factors. The C/EBPβ-ATF4 

heterodimer does not bind to the normal C/EBP binding site but it does bind to a 

subclass of asymmetric cAMP response elements exemplified by those in the 

phosphoenolpyruvate carboxykinase (PEPCK) and proenkephalin genes that are not 

recognized by C/EBPβ homodimer1 5 . Cohen et al showed that the C/EBPβ/ATF4 

heterodimer has a unique DNA binding specificity, which regulates ex pression of set 
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of genes that may prime human mesenchymal stem cells (hMSCs) into a preadipocyte 

state1 6 . Furthermore, it has been shown that this heterodimer is important for the 

stimulation of osteoblast differentiation by enhancing Runx2 activity 1 7 . ATF4 also 

dimerizes with C/EBPα and inhibits C/EBPα-mediated transcriptional activation of 

myeloid-specific genes1 8. C/EBPβ dimerizes with the p50 subunit of NFκB and 

activates transcription of inflammatory cytokines1 9 ,2 0. In vitro C/EBPβ bZIP 

dimerization with Fos and Jun from the AP-1 family of transcription factors decreases 

its transcriptional activity and DNA binding ability 2 1 . 
 

 

 
 

Figure 1. Structure of the C/EBP basic region domain bound to DNA. 
Two identical chains of C/EBP proteins are represented. Only the 
leucine-zipper domains and the DNA-binding regions are shown 
here. Two α-helixes dimerize through the leucine zipper domains. 
Each monomer binds to one-half of a palindromic recognition 
sequence. The structure was modified from reference11. 
 

 

 

 

 

Translation control 
A unique feature of C/EBPα and C/EBPβ biology is that three protein isoforms 

(extended, full length and truncated isoforms) are translated from a single mRNA by 

using three successive translation initiation sites. The protein isoforms for C/EBPβ 

are called, C/EBPβ-LAP* (also called LAP1), C/EBP-LAP (also called LAP2) (Liver 

Activator Protein) and C/EBPβ-LIP (Liver Inhibitory Protein), and for C/EBPα they 

are called Extended-C/EBPα, C/EBPα-p42 and C/EBPα-p30. Both extended and full-

length isoforms are translated from a proximal start codon, while the N-terminally 

truncated isoform is translated form a distal AUG codon2 2 -2 4  (Fig. 2). The extended 

C/EBPα is produced from a non-canonical start codon (GUG in human and CUG in 

rodents), and the C/EBPβ-LAP*-AUG start codon lacks the consensus Kozak 

sequence, which results in both cases in a less efficient translation initiation and thus 

in low expression of these two isoforms2 5 . The translation of the full-length isoforms 
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is the result of leaky scanning over the first and weak initiation site for the extended 

isoform and normal translation initiation at the initiation codon. The translation of 

different C/EBP isoforms is a result of the non-optimal strength of the Kozak 

sequence of the proximal translation initiation sites in combination with a cis-

regulatory upstream open reading frame (uORF) in the 5’ untranslated regions (5’ 

UTRs) of the C/EBPα and C/EBPβ mRNAs. This uORF is evolutionarily conserved 

between species in both C/EBPα and C/EBPβ (Fig. 3). The translation of the 

truncated isoform requires the primary translation of the uORF. After termination of 

uORF translation and because of its small size, the small subunit of the ribosome 

remains attached to the mRNA and is able to resume scanning. Thus, translation re-

initiation at the distal AUG codon can occur2 3 ,2 5 ,2 6 . 
 

 
 

Figure 2. Two isoforms are translated from one mRNA by using different translation initiation sites. 
The full length isoforms are translated by normal translation initiation at AUG1. Translation into the 
truncated isoforms is initiated at AUG2 through a re-initiation event that requires the prior translation of 
the uORF cis-regulatory element. For the clarity of the translation mechanism, the extended isoforms 
were not mentioned in this figure. TADs: Transactivation domains, DBD: DNA binding domain, LZIP: 
Leucine zipper domain. 
 

This coupling between the translation of the truncated isoforms and the uORF 

was demonstrated by mutation of the uORF translation initiation site into either a 

stronger or weaker Kosak sequence, which resulted in a shift in the isoform ratio 

toward increased or decreased truncated isoforms expression respectively 2 3 . The 

removal of the uORF stop codon completely abolished C/EBP-LIP or C/EBPα-p30 

expression which means that the translation of the truncated isoforms requires 

translation termination at the uORF stop codon to produce post-termination 

ribosomes that are able to resume scanning and re-initiate translation.  

mRNAuORF

Full Length Isoform
C/EBPα-p42 & C/EBPβ-LAP

Truncated Isoform
C/EBPα-p30 & C/EBPβ-LIP

uORF-AUG AUG1 AUG2

DBD

DBD
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The truncated C/EBPα-p30 and C/EBPβ-LIP isoforms share the same 

sequence and structure with their respective full-length C/EBPα-p42 and C/EBPβ-

LAP but they lack the N-terminal transactivation domains (Fig. 2). Since the 

truncated isoforms contain the DNA binding domain, they act as inhibitors of the 

extended and full-length isoforms by competitive binding to the same recognition 

sequences2 7 . Therefore, the ratio between the truncated and full-length isoforms is of 

great importance for the biological functions of C/EBPα and C/EBPβ proteins. 
 

 

 

Figure 3. Representation 
of C/EBPα and C/EBPβ 
uORF sequences 
showing that the uORF 
ends few nucleotides 
upstream of the full 
length isoform translation 
start site. This distance is 
conserved between 
different species. 
 

 

 

 

The translation of C/EBP truncated isoforms is regulated via the mTORC1 -

4EBP1/2-eIF4E signalling pathway in a uORF dependent manner (Fig. 4). 

Pharmacological inhibition of mTORC1 by rapamycin resulted in a shift in the C/EBP 

isoform ratio toward less truncated isoforms while over-expression of eIF4E shifted 

the isoform ratio toward more truncated isoforms2 6 ,2 8 ,2 9 . The exact molecular 

mechanism by which mTORC1-4E-BP1/2-eIF4E signalling regulates LIP expression 

is not known so far. 

Other translation initiation factors besides eIF4E also play a role in the 

regulation of the C/EBP isoform ratio especially in the translation re-initiation event 

of the truncated isoforms. Eukaryotic initiation factor 2 (eIF2) is an important factor 

regulating the re-initiation potential of the post-termination small ribosomal subunits 

that have finished translating the uORF. eIF2 reloads the ribosomal complex with the 

initiator tRNA (Met-tRNAiMet) in a GTP-loaded ternary complex which is a pre-

requisite for translation re-initiation at the truncated isoform start codon. The post-

ATGCCGGGAGAACTCTAACTCCCCCATG
ATGCCGGGAGAACTCTAGCTCCCCCATG
ATGCCGGGAGAACTCTAACTCCCCCATG
ATGCCGGGAGAACTCTAACTCCCCCATG

ATGTCTCCCCCTGCCGCCGCCGCCGCCTGCCTTTAAATCCATG
ATGTCTCCCCCTGCCGCCGCCGCCTGCCTTTAAATCCATG

ATGCCTCCCGCCGCCGCCCGCCGCCTTTAGACCCATG
ATGCCTCCCGCCGCCGCCCGCCGCCTTTAGACCCATG

Human
Monkey
Mouse
Rat

Human
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Mouse
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uORF stop codon
Full length isoform start codon

C
/E

B
Pα

C
/E

B
Pβ

Bovine ATGCCGGGAGGACTTTAGCTCCCCCATG
Chicken ATGCCCGGCAGGCTGTAGGTGCTTCATG
Xenopus ATGCTTGGTTGGCTA TAGGAGCTCCATG

Bovine AGTATGTCTCCCCCTGCCGCCGCCGCCGCCCGCCTTTAAATCCATG
Chicken ATGCCTCCCCATTCAGCCGCCCGCCTTTAAATCCATG
Xenopus ATGTCTCCCACCTCCGCCCGGCGTTAGATCCATG
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termination small ribosomal subunit loaded with Met-tRNAiMet continues scanning 

the mRNA until reaching the C/EBP truncated isoform AUG-codon. Then, the large 

ribosomal subunit joins and GTP is hydrolysed to release the eIF2-GDP complex and 

to re-initiate translation. The activity of eIF2 is restored by the guanine-nucleotide 

exchange factor eIF-2B, a process that is inhibited by eIF2α-kinases that 

phosphorylate the eIF2α-subunit of eIF2-GDP and thereby limit C/EBPα-p30 and 

C/EBPβ-LIP translation re-initiation. Inhibition of the eIF2α kinase PKR or over-

expression of its dominant negative mutant (PKR 6) or of a non-phosphorylatable 

mutant of eIF2α resulted in higher efficiency in Met-tRNAiMet loading and as a 

consequence in a shift in the C/EBP isoform ratio toward higher truncated isoform 

expression2 3  (Fig. 4). 

 
 

 
 

Figure 4. Regulation of translation re-initiation at the C/EBPα or C/EBPβ mRNA. For proceeding of 
scanning along the mRNA after uORF translation termination, the translation machinery requires two 
important factors. (1) mTORC1 activity to maintain the phosphorylation of protein factors that make up 
the initiation complex. (2) Initiator tRNA reloading by the ternary complex. PKR (eIF2-kinase) inhibit 
this reloading and inhibiting this kinase results in increased tRNA loading. Thus, mTORC1 activity and 
proper tRNA reloading support translation re-initiation of C/EBPα and C/EBPβ mRNAs. 
 
 
 

Post-translational modifications 
Post-translational modifications (PTMs) including methylation, phosphorylation, 

acetylation, O-GlcNAcylation, ubiquitination and sumoylation play an important role 

in regulating the function of C/EBPα and C/EBPβ. 
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Phosphorylation 

C/EBPα is found to be phosphorylated at multiple sites, which regulates its function 

in different tissues. C/EBPα phosphorylation at S21 is mediated by extracellular 

signal–regulated kinases (ERK1/2) and prevents C/EBPα from inducing granulocyte 

differentiation3 0,31. On the other hand, it has been found that phosphorylated C/EBPα  

at S248 has higher binding affinity to the promoter of the granulocyte-colony 

stimulating factor receptor (G-CSFR), which results in improved granulopoiesis3 2 . In 

hepatocytes, the phosphorylation at S193 stimulates the binding of C/EBPα to the 

cyclin dependent kinase-2 (cdk-2) and to the ATPase subunit of the SWI/SNF 

chromatin remodeling complex which inhibits hepatocyte proliferation3 3 ,3 4 . In 

addition, the phosphorylation of C/EBPα at S193 by cyclin dependent kinase-4 (cdk-

4) stimulates the C/EBPα/p300 complex formation3 5 ,3 6  and increases steatosis in 

mice3 7 ,3 8. It was also observed that phosphorylation of C/EBPα by insulin regulated 

glycogen synthase kinase 3 (GSK3) at T222, T226 and S230 stimulates 

adipogenesis3 9 ,4 0. Similar to C/EBPα, the function of C/EBPβ is regulated by 

phosphorylation at multiple sites. It has been shown that in the early stage of 3T3-L1 

adipocyte differentiation C/EBPβ is phosphorylated sequentially, first by MAPK on 

Thr188. This phosphorylation is important but not sufficient for C/EBPβ to acquire 

DNA binding activity. Later when the cells enter the S-phase, the activity of MAPK 

declines but the C/EBPβ phosphorylation on Thr188 is maintained by the high 

activity of CDK2/Cyclin A and C/EBPβ is further phosphorylated at Ser184 and 

Thr179 by GSK3 which is localized in the nucleus at this stage. It has been suggested 

that phosphorylation of Thr188 functions as a priming step for the secondary 

phosphorylation on Ser184 and Thr179 and this dual phosphorylation is important 

for C/EBPβ dimerization through its C-terminal bZIP domain, its DNA binding and 

transcriptional regulatory activity4 1 -4 3 . Further studies showed that phosphorylation 

of C/EBPβ on Thr188 by MAPK or CDK2/Cyclin A improves its stability by 

preventing its calpain-dependent degradation4 4  (Fig. 5). 

 

Acetylation 

Many transcription factors are subjected to lysine acetylation that may affect their 

DNA binding ability, stability, cellular localization or protein interaction4 5 . Recently 

Bararia et al showed that C/EBPα is acetylated by GCN5 acetyl transferase at multiple 
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residues including K298 and K302, which impairs its DNA binding ability and 

thereby inhibits its transcriptional activity. Acetylated C/EBPα is found at higher 

levels in human myeloid leukemia cell lines and acute amyloid leukemia (AML) 

samples and at lower levels in differentiated granulocytes. C/EBPα lost its 

granulopoietic function when acetylated and mutations mimicking C/EBPα 

acetylation failed to induce granulocytic differentiation in cell lines and primary 

hematopoietic cells4 6 . Similar to C/EBPα, the function of C/EBPβ is modulated by 

acetylation. Cesena et al showed that C/EBPβ is acetylated by the p300 

acetyltransferase at multiple lysines. The main acetylation site is K39. It is located in 

the transactivation domain and regulates the transcriptional activity of C/EBPβ4 7 . 

K39-C/EBPβ is deacetylated by the HDAC1 histone deacetylase and a K39R C/EBPβ 

deacetylation mimicking mutant failed to activate key adipocyte target genes4 8. 

Furthermore, C/EBPβ was found to be acetylated at K98, K101 and K102 by GCN5 

and p300/CBP associated factor (PCAF) in differentiating preadipocytes in response 

to glucocorticoid treatment. This acetylation represses C/EBPβ interaction with 

HDAC1 resulting in induced C/EBPβ transactivation efficiency and higher 

transcription of its target genes like C/EBPα and PPARγ4 9 . However it was shown 

that C/EBPβ and HDAC1 interaction does not always have a repressive effect on 

C/EBPβ. Xu et al showed that the deacetylation of K215/K216 C/EBPβ by HDAC1 

enhanced its activity toward the Id1 (inhibitor of DNA binding protein) promoter5 0. 

Thus, it is clear that depending on the promoter context and/or the lysine residue, 

acetylation can either stimulate or inhibit the transcriptional activity of C/EBPβ (Fig. 

5). 

Sumoylation and Ubiquitination 

Sumoylation of transcription factors is an important mechanism of regulating many 

cellular processes. Addition of the Small Ubiquitin-like Modifier protein (SUMO) may 

compete with other  post translational modifications like acetylation or ubiquitination 

for specific lysine residues in the target protein and it acts as a space regulator that 

affects protein-protein interactions. Both C/EBPα and C/EBPβ are found to be 

sumoylated at a conserved motif that consists of five amino acids (I/V/L)KXEP 

termed inhibitory domain motif5 1 . Sumoylation of C/EBPα prevents its interaction 

with BRG1 (a core subunit of the SWI/SNF chromatin remodeling complex) and by 
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that the induction of proliferation arrest and the transactivation of the liv er specific 

albumin gene5 2 .  Accordingly, the level of (K159) sumoylated C/EBPα decreases 

during hepatocyte differentiation5 2 ,5 3 . C/EBPβ is sumoylated at K173 resulting in 

inhibition of its transcriptional activity on the cyclin D1 promoter5 4  and the release of 

its inhibitory effect on c-Myc transcription in murine T cells5 5 . In addition it has been 

suggested that sumoylation regulates C/EBPβ function by affecting its cellular 

localization5 5 . PIAS1 (a SUMO E3 ligase) was reported to interact and sumoylate 

C/EBPβ at K133 leading to increased ubiquitination and degradation5 6 . In addition to 

sumoylation, C/EBPα and C/EBPβ are regulated by ubiquitination. C/EBPα was 

found to be targeted for ubiquitin-mediated proteasome degradation by the E3 

ubiquitin ligase E6AP which negatively regulates C/EBPα function in granulopoiesis 

and adipogenesis5 7 ,5 8 . In AML, the Tribl1-COP1 mediated ubiquitination and 

subsequent degradation of C/EBPα accelerates the development of AML5 9 . Trivedi et 

al showed that active JNK increases C/EBPα protein stability by inhibiting its 

ubiquitination, which has a major impact on C/EBPα transcriptional activity and 

DNA binding ability in both acute promyelocytic NB4 cells and acute myelomonocytic 

HL60 cells6 0. The degradation of C/EBPα by the ubiquitin proteasome machinery 

supports the development of liver cancer in older mice. Mechanistically, the gankyrin 

protein, whose expression is elevated during tumor formation, associates with S193 

phosphorylated C/EBPα and targets it for ubiquitin proteasome system (UPS) 

degradation3 5 . Furthermore, it has been shown that the E3 ubiquitin ligase Nrdp1 

(Neuregulin Receptor Degradation Protein 1) interacts and ubiquitinates C/EBPβ via 

Lys-63-linked ubiquitination. C/EBPβ transcriptional activation of the Arg1 reporter 

gene was enhanced by this ubiquitination in the presence of IL-4 stimulation 

indicating that ubiquitination of C/EBPβ may contribute to a nonproteolytic pathway 

that up-regulates Arg1 expression and promotes M2 macrophage polarization6 1  (Fig. 

5). 

 

Methylation and GlcNAcylation 

In addition to DNA and histones, transcription factors can be methylated on the side 

chain nitrogen of arginine (R) and lysine (K) residues. Both C/EBPα and C/EBPβ are 

found to be extensively K and R methylated in their N-termini6 2 . C/EBPβ is 

methylated at K39 by the G9a histone methyltransferase and this modification 
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abrogated the transactivation potential of C/EBPβ. Mutated C/EBPβ with K39 

exchanged to alanine (A) was resistant to G9a methylation induced inhibitory effect63. 

Kowenz-Leutz et al found that C/EBPβ is methylated at a highly conserved arginine 

residue in position 3 (R3) located in the N-terminal transactivation domain by the 

protein arginine methyltransferase 4 (PRMT4/CARM1). This methylation event 

inhibits the interaction of C/EBPβ with the SWI/SNF chromatin remodeling complex 

and the mediator complex and was abrogated through phosphorylation of C/EBPβ by 

the Ras/MAPK signaling pathway6 4 . In addition to methylation, C/EBPβ is modified 

by O-GlcNAcylation on Ser180/181. Interestingly this modification impairs the 

phosphorylation of the neighboring sites Thr179, Ser184 and Thr188 and results in 

delayed 3T3L1 adipocyte differentiation6 5 . Thus, C/EBPβ is an example of 

transcription factor whose interaction with the epigenetic gene regulatory protein 

complexes is regulated by a crosstalk between different post-translational 

modifications. 

 

 

 
 
Figure 5. Map of the structural features and post-translational modifications of both C/EBPα and 
C/EBPβ proteins. The transactivation domains (TAD), DNA binding domain (DBD) and leucine zipper 
domain (LZIP) are shown. Phosphorylation, acetylation and sumoylation si tes are indicated by red P, 
green A and yellow S respectively.  
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C/EBPα and C/EBPβ functions 

 

Adipocytes  

Adipose tissue is an important site for lipid storage, energy homeostasis, and whole-

body insulin sensitivity. The majority of cells present in the adipose tissue are 

adipocytes but it also contains other cell types like preadipocytes, endothelial cells, 

macrophages and other immune cells6 6 . C/EBPs and PPARγ are the key 

transcriptional regulators in stimulating the transcriptional events leading to 

adipocytes differentiation and also controlling the fully differentiated adipocytes6 7 . 

C/EBPα and C/EBPβ seem to have different roles in the differentiation of adipocytes. 

The role of the adipocytes differentiation factors are investigated mainly by studies on 

the 3T3-L1 preadipocyte cell line. These cells differentiate upon treatment with a 

cocktail of hormonal factors including a cAMP elevator, a glucocorticoid and insulin. 

By this treatment the expression of C/EBPβ and C/EBPδ is transiently increased and 

the growth arrested pre-adipocytes enter a proliferation phase called mitotic clonal 

expansion phase6 8.  In the next phase, C/EBPβ and C/EBPδ directly induce the 

expression of PPARγ and C/EBPα which in their turn drive the preadipoctes to exit 

the cell cycle and induce the transcription of the adipose genes that characterize the 

terminally differentiated adipocytes6 9 -7 1 .  

Ectopic expression of C/EBPα and C/EBPβ induced differentiation in 3T3-L1 

without the treatment with the adipogenic hormones7 2 . The deletion of both C/EBPβ 

and C/EBPδ blocks adipogenesis and mouse embryonic fibroblast lacking these two 

proteins failed to express any adipocyte markers including C/EBPα or PPARγ after 

the hormonal stimulation7 2 . Stimulating the differentiation process in 3T3-L1 cells by 

hormonal treatment failed when C/EBPα antisense-RNA was expressed7 3. To support 

and retain a differentiated adipocyte phenotype C/EBPα and PPARγ stimulate each 

other’s expression in a positive feedback loop7 4 ,7 5 . 

 

Myeloid cells 

Myeloid cell differentiation (myelopoiesis) is the process in which the myeloid cell 

progenitors differentiate into myeloid cells such as granulocytes (eosinophilic, 

basophilic and neutrophilic) and monocytes (Fig. 6). In the hematopoietic system, 

C/EBPα is most prominently expressed in myeloid progenitor cells and its expression 
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is subsequently downregulated as the cells differentiate7 6. C/EBPα plays an important 

role in directing myelopoiesis after its initiation by PU1  and RUNX1 in cooperation 

with other myeloid transcription factors and by upregulating granulocyte colony 

stimulating factor (G-CSF) and interlukin-6 (IL-6)7 7 -7 9 . The deletion of the CEBPA 

gene resulted in a selective block at the common myeloid progenitor (CMP) to 

granulocyte-macrophage progenitor (GMP) transition. It subsequently reduced the 

formation of granulocytes and monocytes8 0 correlating with the absence of G-CSF 

and IL-6 whose expression in C/EBPα deficient progenitors rescues 

granulopoiesis7 8 ,7 9 . C/EBPα is not required after the GMP stage for granulocyte 

differentiation as normal granulopoieses was obtained in vitro upon C/EBPα 

conditional deletion in GMPs8 0. While C/EBPα functions as a master transcriptional 

regulator of the steady-state granulopoiesis, C/EBPβ functions as a master regulator 

of the emergency granulopoiesis which is a haematopoietic response program 

characterized by a strikingly increased de novo production of neutrophils from 

myeloid progenitors in the bone marrow to counteract neutrophil depletion upon 

uncontrolled microbial infection. During emergency granulopoiesis, C/EBPβ 

expression is stimulated by phosphorylated STAT3 (pSTAT3) which gets translocated 

to the nucleus via G-CSFR-JAK signaling. High C/EBPβ levels stimulate the 

transcription of Myc and also inhibits the transcriptional repression of C/EBPα on 

Myc expression by replacing C/EBPα on the Myc promoter through competition for 

binding. By that, the proliferative effect of C/EBPβ overrules the anti-proliferative 

effect of C/EBPα resulting in increased myeloid progenitor cell proliferation and 

neutrophil generation8 1 . C/EBPβ is highly expressed in myelomonocytic cells and 

macrophages and it is involved in the regulation of several monocytic differentiation 

genes which are important for the morphology, proliferation and antimicrobial 

capacity of macrophages8 2 .  C/EBPβ deficient mice were able to generate 

macrophages-like cells but these cells have reduced functional potential and they 

failed to be activated in response to the active stimuli like LPS or bacteria. C/EBPβ 

deficient mice were more prone to infections due to the defect in the macrophages 

activity and the resulting escape of the phagocytosed bacteria from the phagosome to 

the cytoplasm8 3 -8 5 . 
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Figure 6. The hematopoietic pyramid showing the expression of C/EBPα. LT-HSC and ST-HSC: Long 
and Short Term Hematopoietic Stem Cell. MPP: Multipotential Progenitor. LMPP: Late Multipotential  
Progenitors. CMP: Common Myeloid Progenitor. CLP: Common Lymphoid Progenitor. MEP: 
Megakaryocyte Erythroid Progenitor. GMP: Granulocyte Macrophage Progenitor. Pre-DC: Pre-
Dendritic cell. The Figure is modified from reference76. 
 

Metabolism 

C/EBPα is involved in the expression of many genes that regulate different metabolic 

processes in liver and adipose tissue. Therefore, McKnight et al have described 

C/EBPα as the central regulator of energy metabolism8 6 . This turned to be right not 

only for C/EBPα but also for C/EBPβ. C/EBPα deficient mice were phenotypically 

normal at birth with normal body weight and no obvious abnormalities. However, 

these mice died soon few hours after birth due to hypoglycemia resulting from 

insufficient levels of glycogen in the liver as a result of impaired expression of 

glycogen synthase. In addition, C/EBPα knock-out mice had reduced expression of 

gluconeogenic enzymes like phosphoenolpyruvate carboxykinase (PEPCK), tyrosine 

aminotransferase and glucose-6-phosphatase8 7 . C/EBPα deficient mice also had high 
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levels of ammonia in their blood comparing to control mice due to the failure in 

expressing ornithine-cycle enzymes8 7 . Conditional knockout of the CEBPA gene 

specifically in the liver resulted in severe liver derangements associated with 

insufficient expression levels of PEPCK, glycogen synthase and many other liver 

specific genes involved particularly in gluconeogenesis, glycogen synthesis and 

bilirubin clearance8 8. This indicates that C/EBPα is essential for the initial expression 

of PEPCK and glycogen synthase at birth and also for the maintenance of their 

expression in adult liver. C/EBPβ deficient mice have two different phenotypes8 9 -9 1 . 

Half of the mice homozygous for CEBPB deletion survived to adulthood (phenotype 

A), and the other half died at birth (phenotype B). Similarly to C/EBPα knockout 

phenotype, the C/EBPβ deficient mice with phenotype B had malfunctioning glucose 

homeostasis leading to death two hours after birth because of hypoglycemia9 0,9 1 . 

These mice were unable to perform gluconeogenesis, which was confirmed by 

undetectable levels of PEPCK. But unlike the C/EBPα knockout, C/EBPβ deficient 

mice with this phenotype synthesize and store glycogen but are unable to effectively 

mobilize it8 9 ,9 1 . However, C/EBPβ knockout mice with phenotype A survived to 

adulthood displaying several altered metabolic features8 9 ,9 0. The liver of these mice 

had insufficient levels of cAMP and upon 18 hours fasting they suffered from 

hypoglycemia due to hepatic glycogenolysis failure. They also had lower levels of 

plasma lipids due to defects in adipose tissue lipolysis and a decreased number of 

adipocytes resulting in significant lower white adipose tissue mass8 9 ,9 0. In addition, 

deletion of the CEBPB gene protected mice from high fat diet-induced obesity and 

fatty liver. C/EBPβ deficient mice fed with high fat diet for 12 weeks had lower levels 

of blood triglycerides, free fatty acids and cholesterol and reduced body fat comparing 

to WT mice. They also had less hepatic triglyceride accumulation and decreased 

expression of lipogenic and fatty acid synthesis genes in the liver. Furthermore, 

C/EBPβ deficient mice fed with high fat diet had higher CO2  production and 

increased levels of β-oxidation genes in their brown adipose tissue and increased 

levels of the uncoupling proteins 1 and 3 (UCP1 and 3) in their muscles suggesting 

increased energy expenditure9 2 . Since the ratio between C/EBPβ-LAP and C/EBPβ-

LIP is important for regulating C/EBPβ transcription factor function2 6 , Zidek et al 

studied the effect of C/EBPβ-LIP depletion in knock-in mice that carry a mutation in 

the uORF on systemic metabolism2 6 . The uORF mice showed no overt 
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developmental defects or premature death9 3 . These mice display metabolic 

improvements that resemble those found upon calorie restriction (CR), including 

improved glucose tolerance and insulin sensitivity, decreased total fat mass and 

increased energy expenditure and physical activity. Furthermore, uORF mice 

showed higher expression levels of β-oxidation genes in the liver and also increased 

expression levels of genes involved in lipogeneses, lipolysis in the white adipose tissue 

(WAT).  Since C/EBPβ-LIP expression is regulated by mTORC1 signaling2 6  and since 

inhibition of mTORC1 is seen as a major downstream effect of caloric restriction the 

CR-like phenotype of the C/EBPβ u ORF animal model indicates that the healthy 

metabolic profile obtained by CR could be partly caused by the reduction of mTORC1 -

mediated C/EBP-LIP expression (Fig. 7). 
 

 
 

 
Figure 7. Diagram showing that mTORC1 regulates 
C/EBPβ-LIP expression via the 4E-BPs/eIF4E axis. 
Deleting the uORF (required for mTORC1-stimulated 
C/EBPβ-LIP translation) in the C/EBPβ-mRNA in mice 
resulted in an improved metabolic phenotype with 
features also found under calorie restriction. 
 
 
 

 

Inflammation  

C/EBPβ was originally identified by its ability to regulate genes in response to IL-1 

and IL-68 ,9 4  and since then many studies proved the role of C/EBP proteins in the 

inflammatory response8 3 . C/EBPα and C/EBPβ are differentially modulated during 

inflammation. The C/EBPβ mRNA is upregulated by inflammatory stimuli like 

turpentine oil, bacterial lipopolysaccharide (LPS) and recombinant cytokines such as 

IL-1, IL-6 and TNFα, while C/EBPα is downregulated by the same conditions9 5 ,9 6 . 

CEBP binding sites were detected in the regulatory regions of many genes involved in 

the inflammatory response including several cytokines, cytokine receptors and liver 

acute phase genes1 ,8 3 . C/EBPα is known to be downregulated by inflammatory 

cytokines and its function in the inflammatory response is not well investigated. In 

contrast it has been shown that C/EBPβ regulates many targets during the 
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inflammatory response8 3 . However, not all of these genes were affected in C/EBPβ 

deficient mice pointing toward a functional crosstalk between C/EBPβ and other 

C/EBPs that have normal expression in these mice8 3 . This idea was supported by the 

finding of Yan et al who showed that C/EBPβ and C/EBP-δ heterodimers have higher 

inflammatory activation potential in macrophages than homodimers9 7 . Furthermore, 

it was observed that the expression of the C/EBPβ-LIP isoform is specifically 

upregulated in mice treated with LPS while C/EBP-LAP expression was not affected 

suggesting a specific role of C/EBPβ-LIP in the inflammatory response9 8. This role 

was further investigated by Wethmar et al using the C/EBPβ u ORF mice that unlike the 

control mice failed to express high level of C/EBPβ-LIP after LPS administration or 

after partial hepatoctomy (PH). The uORF mice had higher IL-6 serum levels and 

increased expression of acute-phase response genes after PH compared with control 

animals suggesting that C/EBPβ-LIP serves to restrict the trans-activation of early 

acute-phase response genes9 3 . C/EBPβ was also found to be upregulated and to 

control the induction of many pro-inflammatory genes in response to palmitate and 

high fat diet. C/EBPβ deletion completely diminished the high fat diet-induced 

development of inflammation. C/EBPβ knockout macrophages have increased levels 

of the anti-inflammatory cytokine IL-10 and decreased levels of the NLRP3 gene, 

which is necessary for the activation of the inflammasome9 9 . The NFκB signaling 

pathway is the main player in regulating the inflammation in macrophages and 

adipose tissues. C/EBPβ knockdown in macrophages and differentiated adipocyte cell 

lines suppressed the binding activity of NFκB upon palmitate treatment while the 

over expression of C/EBPβ in these cells results in higher NFκB binding activity and 

pro-inflammatory cytokines gene expression suggesting a role of C/EBPβ in 

increasing the transactivation potential of NFκB in response to fatty acid exposure9 9 . 

Since the induction of C/EBPs occurs after few hours of the inflammatory stimulus, it 

is believed that C/EBPβ and C/EBP-δ function mainly in the maintenance of the 

activated state of the inflammatory genes. C/EBPs might substitute the transcription 

factors NFκB and Stat3 that are activated faster but transiently and function as the 

inflammation primers. Stat3 was observed to play a role in the upregulation of both 

C/EBPβ and C/EBP-δ by IL-6 induction1 00. The pre-existing C/EBPβ proteins which 

can be activated by phosphorylation might contribute to inflammatory initial 

induction by interacting with NFκB8 3 . 
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Cellular proliferation

C/EBPα was first identified as an inhibitor of mitotic growth in fibroblasts and later 

this function was found in a wide range of cells1 01 . C/EBPα is a strong inhibitor of cell 

proliferation and it is detected at high levels in terminally differentiated cells and at 

low levels in proliferating cells supporting its anti-proliferative function. 

Overexpression of C/EBPα in different cell lines resulted in strong inhibition of cell 

proliferation2  while hepatocytes and other cells isolated from C/EBPα deficient mice 

had increased cell proliferation1 02 . C/EBPα mediates growth arrest via different 

pathways by interacting with a number of proteins which are involved in cell cycle 

progression. Studies in developing liver and in cell culture showed that C/EBPα 

inhibits proliferation by inducing and stabilizing the Cyclin Dependent Kinase 2 

(CDK2) inhibitor p21 and C/EBPα deficient mice had reduced level of p21 1 03 . In 

addition, C/EBPα forms a complex with E2F family members and inhibits their 

transcriptional activity104.  E2F transcription factors are important for the G1 -S phase 

progression in the cell cycle1 05 ,1 06  and C/EBPα-E2F complex formation leads to the 

downregulation of S phase specific genes resulting in cell cycle arrest at the G1 

phase1 04 . Furthermore, C/EBPα was found to bind to CDK2 and CDK4 which are 

important kinases in cell cycle progression that induce E2F transcription factor. It 

was proposed that a centrally located 15 amino acid proline histidine rich (PHR) 

region in C/EBPα is responsible for the growth-inhibitory function of the protein in 

fetal liver through its ability to interact with CDK2 and CDK4, thereby inhibiting their 

activities1 07 . C/EBPα-S193 resides within the PHR region and it has been shown that 

in liver tumor cells the activation of PI3K/AKT pathway blocks C/EBPα growth 

inhibitory activity via PP2A-mediated dephosphorylation of Ser 193 resulting in 

C/EBPα interaction failure with Cdks and E2F3 4 . 

However, Porse et al showed that C/EBPα-PHR deficient mice were 

phenotypically similar to their control littermates and no cell cycle or developmental 

differences were detected1 08 which questions the in vivo role of this domain for the 

anti-proliferative function of C/EBPα. In Acute Myeloid Leukemia (AML), mutations 

in C/EBPA gene were detected in almost 9% of the AML patients indicating an 

important role of C/EBPα in tumor suppression1 09 . The most common CEBPA 

mutations result in C/EBPα-p42 ablation while the expression of C/EBPα-p30 stays 

preserved1 1 0. C/EBPα-p30 fails to interact with E2F which is sufficient for inducing 
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granulocyte lineage transformation1 1 1 . Furthermore, Kirstetter et al produced a 

knockin mouse in which the locus of C/EBPα was modified to produce only C/EBPα-

p30. These mice were still able to form GMPs but the resulting myeloid progenitors 

had massive self-renewal capacity and the mice developed AML and died due to 

combined liver and bone marrow failure. This suggests that C/EBPα-p30 is sufficient 

for commitment of CMPs to a myeloid fate, whereas p42 is very crucial for the 

proliferation control in myeloid progenitors1 1 2 . In frame insertion mutations in the c-

terminus of C/EBPα which preserve the leucine zipper domain and cause a loss of 

DNA binding are also a common C/EBPα mutations. The interaction of these 

mutated C/EBPα proteins with E2F is still to be investigated but they might have a 

dominant-negative effect by dimerizing with C/EBPβ and C/EBPε, which are 

expressed during normal granulopoiesis, and disrupting their DNA-binding function 

and by that blocking C/EBPβ and C/EBPε mediated pathway of E2F repression1 1 0. 

The role of C/EBPβ in cell proliferation is even more complicated. In some 

cases C/EBPβ play an anti-proliferative role similarly to C/EBPα. The best example of 

that is the mouse model in which C/EBPβ was expressed from the locus of C/EBPα 

which resulted in a rescue of many of C/EBPα knockout phenotypes1 1 3 ,1 1 4 . In 

monocytic cells, C/EBPβ-LAP but not LIP reduced their cellular proliferation by 

affecting the retinoblastoma/E2F/Cyclin E pathway 1 1 5 . In T lymphocytes C/EBPβ-

LAP represses c-Myc expression and, therefore, arrests T cells in the G1 phase of the 

cell cycle5 5 . Furthermore, over expression of C/EBPβ-LAP in Mouse Embryonic 

Fibroblasts (MEFs) inhibited their proliferation by cooperating with RB:E2F and 

downregulating the E2F target genes1 1 6 .  

On the other hand, C/EBPβ expression was detected at higher levels in many 

tumors in which it appears to play a crucial role in promoting cell proliferation1 1 7 -1 1 9 . 

C/EBPβ is important for the proliferation of hepatocytes and these cells had 

abnormal regenerative response when isolated from C/EBPβ deficient mice after 

partial hepatoctomy associated with dysregulation of cell proliferation genes1 1 7 . The 

transcriptional activity of C/EBPβ is stimulated by Ras signaling1 1 8  and it has been 

shown that C/EBPβ is required for Ras-mediated tumorigenesis in the skin1 2 0,1 2 1 . 

Furthermore, C/EBPβ was found to activate the cyclin D1 promoter in epithelial 

cancer1 2 2 . It regulates epithelial cell proliferation and differentiation in the mammary 

gland and C/EBPβ deficient mice had impaired differentiation and reduced 
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proliferation in mammary gland1 2 3 -1 2 5 . There are several reports suggesting that the 

C/EBPβ isoform LIP stimulates proliferation and that the ratio between C/EBPβ-LIP 

and LAP isoforms is decisive for proliferation control. C/EBPβ-LIP was found to be 

upregulated in the liver after partial hepatectomy (PH). C/EBPβ u ORF mice that have 

strongly reduced LIP isoform levels and were unable to elevate C/EBPβ-LIP after PH 

which was associated with a delayed and less frequent cell cycle entry in the 

regenerating hepatocytes as compared to C/EBPβ-WT mice. Mouse Embryonic 

Fibroblasts (MEFs) isolated from C/EBPβ u ORF mice similarly showed reduced 

expansion in an in vitro proliferation assay 9 3 . Enhanced C/EBPβ-LIP expression may 

predispose to tumourigenesis in general and knockin mice that express only C/EBPβ-

LIP display enhanced tumourigenesis1 2 6 . Furthermore, high levels of C/EBPβ-LIP 

were detected in Hodgkin lymphoma (HL) and anaplastic large cell lymphoma 

(ALCL) cells2 9 , in squamous cell carcinomas (SCC)1 2 7  and also in primary rodent 

mammary tumors1 2 8. In addition, high levels of C/EBPβ-LIP is implicated in breast 

cancer progression in mice1 29 and humans1 28,130,131 and it was linked to a loss of TGFβ-

dependent cytostatic responses in metastatic cells from breast cancer patients1 3 2 . 
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Abstract 
Cellular metabolism is a tightly controlled process in which the cell adapts fluxes 

through metabolic pathways in response to changes in nutrient supply. Among the 

transcription factors that regulate gene expression and thereby cause changes in 

cellular metabolism is the basic leucine-zipper (bZIP) transcription factor 

CCAAT/enhancer-binding protein alpha (C/EBPα). Protein lysine acetylation is a key 

post-translational modification (PTM) that integrates cellular metabolic cues with 

other physiological processes. Here we show that C/EBPα is acetylated by the lysine 

acetyl transferase (KAT) p300 and deacetylated by the lysine deacetylase (KDAC) 

Sirtuin1 (SIRT1). SIRT1 is activated in times of energy demand by high levels of 

nicotinamide adenine dinucleotide (NAD+) and controls mitochondrial biogenesis 

and function. A non-acetylated mutant of C/EBPα induces the transcription of 

mitochondrial genes and results in increased mitochondrial respiration. Our study 

identifies C/EBPα as a key mediator of SIRT1-controlled adaption of energy 

homeostasis to changes in nutrient supply. 
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Introduction 
Studies in cell culture and with mouse models have demonstrated a key role for 

C/EBPα in regulating the transcription of metabolic genes. C/EBPα deficiency in 

mice results in severe metabolic phenotypes, particularly affecting the liver tissue 

structure and its functions in gluconeogenesis, glycogen synthesis and bilirubin 

clearance as well as its deficiency affects fat storage in white adipose tissue (WAT) 1 -6 . 

In addition, C/EBPα together with PPARγ are key factors in the transcriptional 

network controlling adipocyte differentiation 7 -9 , and mutations of phosphorylation 

sites in regulatory domains of C/EBPα results in dysregulated transcription of genes 

involved in glucose and lipid metabolism in vivo 7 ,1 0. Hence, C/EBPα is a key factor 

for the differentiation and function of hepatocytes and adipocytes and plays an 

essential role in the regulation of energy homeostasis.  

 Protein lysine acetylation is a key post-translational modification (PTM) that 

integrates cellular metabolic cues with other physiological processes, including cell 

growth and proliferation, circadian rhythm and energy homeostasis 1 1 -1 3 . Acetylation 

may regulate various functions of the acetylated proteins including changes in DNA 

binding, protein stability, enzymatic activity, protein-protein interactions and 

subcellular localization. Protein acetylation is a reversible process in which an acetyl 

group is transferred from an acetyl coenzyme A (acetyl-CoA) to the target lysine 

residue by lysine acetyl transferases (KATs) and is removed by lysine deacetylases 

(KDACs). The KATs and KDACs consist of a large group of enzymes originally 

identified to acetylate histones as part of epigenetic mechanisms. Later also non-

histone proteins were identified as KAT targets 1 1 . Sirtuins (class III KDACs) are 

lysine deacetylases that require nicotinamide adenine dinucleotide (NAD+) as co-

factor for their enzymatic activity and therefore are activated in times of energy 

demand when NAD+ levels are high (high NAD+/NADH ratio)1 4 .   

Involvement of KATs in C/EBPα mediated transcription has been reported in 

the past 1 5 -1 8, however, the role C/EBPα protein lysine acetylation in the 

transcriptional regulation of metabolic genes has not been addressed. Since C/EBPα 

is a key regulator of metabolism we hypothesized that reversible acetylation of 

C/EBPα is decisively involved in regulating metabolic homeostasis. Here we show 

that C/EBPα is acetylated on lysines K159 and K298 by the KAT p300, which 

modulates the transcriptional activity of C/EBPα. We show that acetylation of 
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C/EBPα is dependent on glucose availability and we identify SIRT1 as the sole sirtuin 

that mediates NAD+-dependent deacetylation of C/EBPα. A hypoacetylated mutant of 

C/EBPα induces the expression of genes involved in the function of the 

mitochondrion and oxidation-reduction processes, which is accompanied by an 

increase in mitochondrial mass and cellular oxygen consumption rates. Our study 

shows that reversible acetylation of C/EBPα in response to changed metabolic 

conditions alters its transcriptional function to adapt metabolic gene expression and 

plays an important role in SIRT1-controlled cellular metabolic homeostasis.  

 

Results 

Acetylation of C/EBPα by p300 enhances its transactivation activity 

The presence of fifteen conserved lysines in sequences of vertebrate C/EBPα 

orthologs suggests that C/EBPα is a potential target for lysine acetylation (Figure 

S1A). Glucose-rich cell culture conditions are known to increase protein-acetylation 

through increased availability of acetyl-CoA as substrate for KATs to donate an acyl 

group to the target lysine 1 9 . Acetylation of endogenous C/EBPα in lysates from the 

Fao rat hepatoma cell line was detected using an anti-acetylated lysine (anti-Ac-K) 

antibody following immunoprecipitation (IP) of C/EBPα under high glucose (25 mM) 

conditions, which was reduced under low glucose (5 mM) conditions (Figure 1A). 

Acetylation of immunoprecipitated C/EBPα was also detected in HEK293T cells 

lacking endogenous C/EBPα that were transfected with a C/EBPα expression vector 

(Figure 1B). Next we investigated whether co-expression of the four major KATs, 

p300, P/CAF, GCN5 or Tip60 alter the transcriptional activity of C/EBPα using a 

luciferase-based reporter solely containing two natural C/EBP-binding sites of the 

cMGF promoter 2 0. Co-transfection with p300 resulted in an increase in C/EBPα-

induced promoter activity in a dose dependent manner whereas co-transfection with 

the other KATs had no significant effect (Figures 1C, D and S1B). To investigate a 

direct interaction between C/EBPα and p300 as well as three additional major KATs 

we co-expressed C/EBPα with p300-HA, P/CAF-FLAG, GCN5-FLAG or Tip60 in 

HEK293T cells and performed co-immunoprecipitation experiments using anti-

C/EBPα antibodies. C/EBPα co-precipitated with p300, P/CAF, GCN5, but not with 
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Tip60 (Figure S1C), which was confirmed by reciprocal, co-immunoprecipitation of 

the C/EBPα with the same KATs (Figures 1E and S1D). To examine whether the 

intrinsic KAT function of p300 is involved in C/EBPα acetylation and transactivation 

potential, we co-expressed C/EBPα with either p300 or p300 with its KAT -domain 

deleted (p300ΔKAT-HA) and analyzed C/EBPα acetylation and p300 binding by 

C/EBPα co-immunoprecipitation. C/EBPα acetylation was abolished by expression of 

p300ΔKAT-HA (Figure 1F). In addition, the p300 dependent C/EBPα 

transactivation activity is abrogated by deletion of the p300-KAT (Figure 1D). In 

addition, p300-mediated acetylation of C/EBPα in HEK293 cells is strongly reduced 

under low glucose conditions (5 mM), confirming that protein acetylation is 

facilitated under conditions of high acetyl-CoA availability (Figure 1G). Moreover, in 

Fao cells acetylation of endogenous C/EBPα was abolished by treatment with the 

p300 inhibitor C646 (Figure 1H). Therefore, we propose that p300 catalyzes the 

acetylation of C/EBPα and thereby alters its transcriptional function.  
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Figure 1. Acetylation of C/EBPα by p300 enhances its transactivation activity.  
(A) Immunoprecipitation (IP) of endogenous C/EBPα was performed with rabbit anti-C/EBPα antibody 
or with rabbit IgG as control from total lysates of Fao cells cultured overnight in either high (25 mM) or 
low (5 mM) glucose medium. The immunoprecipitates (IP) and total lysates (Input) were analyzed by 
immunoblotting for C/EBPα, acetylated lysine or β-actin loading control as indicated.  
(B) C/EBPα (Cα) was immunoprecipitated from total lysates of HEK293T cells ectopically expressing 
C/EBPα or empty vector (E.V.) control.  The immunoprecipitates (IP) and total lysates (Input) were 
analyzed by immunoblotting for C/EBPα, acetylated lysine or β-actin loading control as indicated.  
(C) HEK293T cells were transiently transfected with C/EBP-responsive firefly-reporter vector, a renilla 
expression vector for normalization, C/EBPα and/or one of the lysines acetyl transferases (KATs) 
expressing vector as indicated.  Luciferase activity was measured 48 h later (n=4).  
(D) HEK293T cells were transiently transfected with luciferase C/EBP-responsive firefly-reporter 
vector, renilla expression vector for normalization, C/EBPα and increased amounts of either wt p300-
HA or ΔKATp300-HA (p300 with its lysine acetyl transferase domain deleted) expression vectors. 
Luciferase activity was measured 48 h later (n=4). 
(E) HEK293T cells were transiently transfected with C/EBPα and either pcDNA3 empty vector (E.V.) or 
p300-HA expression vector. Cell lysates were immunoprecipitated with either mouse anti-HA antibody 
or with mouse IgG as control followed by immunoblotting. Immunoblots of immunoprecipitates (IP) and 
total lysates (Input) were stained as indicated. 
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(F) HEK293T cells were transiently transfected with C/EBPα and either wt p300-HA or ΔKATp300-HA 
expression vectors. Cell lysates were immunoprecipitated with either rabbit anti -C/EBPα antibody or 
with rabbit IgG as control followed by immunoblotting. Immunoblots of immunoprecipitat es (IP) and 
total lysates (Input) were stained as indicated.  
(G) HEK293T cells were transiently transfected with p300-HA and either pcDNA3 empty vector (E.V.) 
or C/EBPα expression vectors and cultured overnight in either high (25 mM) or low (5 mM) glucose  
medium. Cell lysates were immunoprecipitated with either rabbit anti-C/EBPα antibody or with rabbit 
IgG as control followed by immunoblotting. Immunoblots of immunoprecipitates (IP) and total lysates 
(Input) were stained as indicated. 
(H) Immunoprecipitation (IP) of endogenous C/EBPα was performed with rabbit anti-C/EBPα antibody 
or with rabbit IgG as control from total lysates of Fao cells treated overnight with either DMSO or p300 
inhibitor (C646, 10 μM). Immunoblots of immunoprecipitates (IP) and total lysates (Input) were stained 
as indicated. 
(I) and (J) Immunoprecipitation (IP) of endogenous C/EBPα was performed with rabbit anti -C/EBPα 
antibody from total lysates of the liver tissues from mice fed either normal diet (ND), calorie restricted 
diet (CR) or high fat diet (HFD) as indicated. The immunoprecipitates (IP) and total lysates (Input) 
were analyzed by immunoblotting for C/EBPα, Acetylated K298-C/EBPα or β-actin loading control as 
indicated. For these experiments the C/EBPα-p30 isoform is shown while the IP levels of p42 isoform 
was too low (Figure S1F shows glucose dependent K298-acetylation of endogenous p42 and p30 in 
Fao cells as a control experiment). Bar chart at the right shows quantification of the relative changes in 
acetylated K298-C/EBPα/C/EBPα ratio upon different diets (n=4). Acetylated K298-C/EBPα/C/EBPα 
ratios were quantified by chemiluminescence and digital imaging. Statistical differences were analyzed 
by Student’s t-tests. Error bars represent ±SD, *P<0.05, **P<0.01, ***P<0. 001. NS: not significant. 
 

Lysine (K) 298 of C/EBPα was recently identified as an acetylation site using 

the anti-Ac-K298-C/EBPα antibody 2 1 . Using this antibody, a co-expression 

experiment with p300 in HEK293T cells showed that K298 of C/EBPα is also 

acetylated by p300 (Figure S1E). In addition, both the endogenously expressed 

C/EBPα isoforms p42 and p30 2 2  in Fao cells are acetylated at K298, which is 

dependent on high glucose conditions (Figure S1F). Changes in nutrient and calorie 

intake can influence acetylation of regulatory proteins through changes in cellular 

concentrations of Acetyl-CoA and NAD+ 1 4 ,2 3 . To examine C/EBPα acetylation under 

different metabolic conditions in vivo we analyzed livers from mice that were either 

subject of calorie restriction (CR; 4 weeks) or high fat diet (HFD; 20 weeks). By using 

anti-Ac-K298-C/EBPα we found a decrease in C/EBPα K298-acetylation in livers of 

CR mice and an increase of its acetylation in livers of HFD mice (Figure 1I and 1J; 

shown is the p30-C/EBPα). Taken together, our data show that C/EBPα acetylation 

changes with nutritional status in vivo. 

 

The immunoprecipitation experiments described above do not reveal to what 

extend or which of the lysines in C/EBPα are acetylated by p300 beyond K298. To 
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examine the distribution of lysine-acetylation, we purified acetylated C/EBPα protein 

derived from HEK293T cells co-expressing C/EBPα and p300 and examined protein 

acetylation by mass-spectrometric analysis (Figure 2). Of the fifteen lysines in 

C/EBPα, eleven were covered by the analyzed peptides of which five (K159, K250, 

K273, K275, K276) were found acetylated and six (K92, K169, K280, K304, K313, 

K352) not acetylated (Figure 2). Taken together, our analyses suggest that C/EBPα 

is subject of extensive acetylation mediated by p300 and that acetylation enhances its 

transactivation activity.

 

 
Figure 2. C/EBPα is acetylated by p300 at multiple lysines.  
Mass spectrometry analyses identify the C/EBPα acetylation sites. HEK293T cells were transfected 
with expression plasmids for C/EBPα and p300-HA. C/EBPα protein was purified by 
immunoprecipitation using rabbit anti-C/EBPα antibody, digested with trypsin and analyzed by both 
MALDI-TOF and LC-ESI MS/MS. Mascot scores (upper panel) greater than 40 were most confident for 
the true detection of acetylation. The lower graph represents the C/EBPα protein with the ace tylation 
status of its 15 lysines and locations of the transactivation domains (TAD), DNA-binding domain (DBD) 
and Leucine-zipper dimerization domain (LZIP).
 

 

C/EBPα binds to and is deacetylated by SIRT1 

Lysine acetylation is a reversible PTM, which implies that specific lysine deacetylases 

(KDACs) may be responsible for C/EBPα deacetylation. The dependence of C/EBPα 

acetylation on glucose (Figure 1A and 1G) and the fact that C/EBPα and sirtuins 

both regulate glucose and fatty acid metabolism suggested that the NAD+-dependent 

sirtuin deacetylases (SIRTs) could be involved. We examined the potential 

involvement of the four cytoplasmic and nuclear sirtuins, SIRT1, -2, -6 and -7 as well 

as SIRT3 that is mainly mitochondrial, however, may have nuclear functions in 
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addition 1 4 . The mitochondrial SIRT4 and SIRT5 that can act both in the 

mitochondria and cytosol 2 3 ,2 4  were not tested. To examine possible C/EBPα-sirtuin 

interactions C/EBPα was co-expressed together with one of the FLAG-tagged sirtuins 

in HEK293T cells. Co-immunoprecipitation using an anti-C/EBPα antibody followed 

by immunoblotting with an anti-FLAG antibody revealed that only SIRT1 interacts 

with C/EBPα (Figure 3A). The interaction between C/EBPα and SIRT1 was 

confirmed by reciprocal co-immunoprecipitation using an anti-FLAG antibody 

(Figure 3B). Next we examined the capacity of SIRT1 to deacetylate C/EBPα. 

HEK293T cells were co-transfected by C/EBPα and p300 expression plasmids to 

obtain acetylated C/EBPα in the presence of either SIRT1 or SIRT2 expression 

plasmids or empty vector control. Following C/EBPα immunoprecipitation, 

immunoblotting with an anti-HA or anti-Ac-K antibody showed binding to p300 and 

high level of C/EBPα acetylation, respectively, which are abrogated by co-expression 

of SIRT1 (Figure 3C). Co-expression of SIRT2, which does not interact with 

C/EBPα, has no effect on C/EBPα acetylation (Figure 3C). In addition, the ASEB 

computer algorithm (http://bioinfo.bjmu.edu.cn/huac/) 2 5  for prediction of SIRT1-

mediated deacetylation lists all the mass-spectrometric identified lysines and K298 as 

potential SIRT1 deacetylation sites (Table S1). Furthermore, a progressive increase 

in expression levels of SIRT1 resulted in a progressive decrease in the acetylation level 

of C/EBPα (Figure 3D), which is accompanied by a progressive decrease in p300-

dependent C/EBPα transactivation potential (Figure 3E). To examine whether 

C/EBPα-deacetylation by SIRT1 is attributed to the enzymatic activity of SIRT1 we set 

up an in vitro deacetylation assay. Purified FLAG-tagged acetylated C/EBPα was 

obtained by anti-FLAG-IP from HEK293T cells that were co-transfected with 

C/EBPα-FLAG and p300 expression plasmids. Purified FLAG-tagged SIRT1 was 

obtained separately by anti-FLAG-IP from HEK293T cells transfected with a SIRT1-

FLAG expression plasmid. The deacetylation reaction assay revealed that SIRT1 

efficiently deacetylates C/EBPα in the presence of NAD+ in vitro (Figure 3F). 

Moreover, the deacetylation of C/EBPα by SIRT1 was inhibited in the presence of the 

sirtuin inhibitor nicotinamide (NAM). Taken together, our data show that lysine 

residues in C/EBPα can be deacetylated by SIRT1. 

 

 



Chapter III  

 56 

 

 
Figure 3. C/EBPα binds to and is deacetylated by SIRT1 
(A) HEK293T cells were transfected with C/EBPα and one of the FLAG-tagged sirtuins expression 
vectors. Cell lysates were immunoprecipitated with rabbit anti-C/EBPα antibody or with rabbit IgG as 
control followed by immunoblotting. Immunoblots of immunoprecipitates (IP) and total lysates (Input) 
were stained as indicated.  
(B) HEK293T cells were transfected with C/EBPα and either pcDNA3 empty vector (E.V.) or SIRT1-
FLAG expression vectors. Cell lysates were immunoprecipitated with mouse anti -FLAG antibody or 
with mouse IgG as control followed by immunoblotting. Immunoblots of immunoprecipitates (IP) and 
total lysates (Input) were stained as indicated.  
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(C) HEK293T cells were transfected with C/EBPα, p300-HA, SIRT1-FLAG or SIRT2-FLAG expression 
vectors as indicated. Cell lysates were immunoprecipitated with rabbit anti-C/EBPα antibody or with 
rabbit IgG as control followed by immunoblotting. Immunoblots of immunoprecipitates (IP) and total 
lysates (Input) were stained as indicated.  
(D) HEK293T cells were transfected with C/EBPα, p300-HA and increased amounts of SIRT1-FLAG 
expression vectors. Cell lysates were immunoprecipitated with rabbit anti -C/EBPα antibody or with 
rabbit IgG as control followed by immunoblotting. Immunoblots of immunoprecipitates (IP) and tot al 
lysates (Input) were stained as indicated. 
(E) HEK293T cells were transiently transfected with luciferase C/EBPα responsive promoter vector, 
renilla expression vector for normalization, C/EBPα, p300-HA and increased amounts of SIRT1 
expression vectors as indicated. Luciferase activity was measured 48 h later (n=3). Statistical 
differences were analyzed by Student’s t-tests. Error bars represent ±SD, *P<0.05, **P<0.01, ***P<0. 
001. NS: not significant. 
(F) In vitro SIRT1-deacetylation assay for C/EBPα. C/EBPα-FLAG and SIRT1-FLAG proteins were 
purified from HEK293 cells by immunoprecipitation with anti-FLAG M2 beads. The indicated proteins 
were incubated at 30 °C for 1 h with NAD+ or NAM where indicated, followed by immunoblotting with 
anti-acetylated lysine, anti-C/EBPα and anti-FLAG antibodies. 
 

Acetylation of C/EBPα does not alter its subcellular localization or DNA-

binding 

Lysine acetylation of a transcription factor may serve to alter its transcriptional 

function, its DNA-binding properties or its subcellular localization 1 2 . We first 

examined whether the presence of either p300 or SIRT1 alters the subcellular 

localization of C/EBPα. Immunofluorescent staining of C/EBPα in HEK293T cells 

showed no difference in its nuclear localization between hyperacetylated C/EBPα 

derived from cells co-expressing p300 or hypoacetylated C/EBPα derived from cells 

co-expressing SIRT1 (Figure 4A and S2A). To determine whether co-expression of 

p300 or SIRT1 alters the binding of C/EBPα to a DNA recognition sequence purified 

(IP) FLAG-tagged C/EBPα wt was incubated with DNA oligonucleotide probes of 

either a C/EBP-consensus sequence or a mutated sequence and DNA-protein 

complexes were analyzed in an electrophoretic mobility shift analyses (EMSAs). 

SYBR Green DNA and SYPRO Ruby protein staining revealed that there is no 

difference in the DNA binding of C/EBPα between cells co-expressing p300 or co-

expressing SIRT1 (Figure 4B). No DNA binding was detected with the C/EBPα-

mutated binding sites. These data show that acetylation status of C/EBPα does not 

affect DNA binding in a significant way.  
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Figure 4. Acetylation of C/EBPα does not alter its subcellular localization or DNA-binding 
(A) HEK293T cells were transiently transfected with C/EBPα alone, C/EBPα with p300-HA (acetylated) 
or C/EBPα with SIRT1-FLAG (deacetylated) expression vectors. Immunohistochemistry was 
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performed using anti-C/EBPα, anti-HA and anti-FLAG antibodies. DNA was stained with DAPI to 
visualize the nucleus. See Figure S2A for acetylation status of C/EBPα.  
(B) HEK293T cells were transiently transfected with C/EBPα -FLAG alone, C/EBPα-FLAG with p300-
HA (acetylated) or C/EBPα-FLAG with SIRT1 (non-acetylated) expression vectors. C/EBPα-FLAG 
protein was purified by immunoprecipitation with anti-FLAG M2 beads.  EMSA was performed using a 
double-stranded oligonucleotides containing either wt or mutated (mt) C/EBPα binding site.  
(C) and (D) HEK293T cells were transiently transfected with C/EBP-responsive luciferase reporter, 
renilla expression vector for normalization, wt C/EBPα or either (C) lysine to glutamine (KQ) or (D) 
lysine to arginine (KR) mutated C/EBPα expression vectors. Luciferase activity was measured 48 h 
later (n=3). Statistical differences were analyzed by Student’s t-tests. Error bars represent ±SD, 
*P<0.05, **P<0.01, ***P<0. 001. NS: not significant. 
(E) HEK293T cells were transiently transfected with wt, K159/298Q or K159/298R mutated C/EBPα -
FLAG expression vectors. Immunohistochemistry was performed using anti-FLAG antibody. DNA was 
stained with DAPI to visualize the nucleus.   
(F) HEK293T cells were transiently transfected with wt, K159/298Q or K159/298R mutated C/EBPα -
FLAG expression vectors. C/EBPα proteins were purified by immunoprecipitation with anti-FLAG M2 
beads.  EMSA was performed using a double-stranded oligonucleotides containing either wt or 
mutated (mt) C/EBPα binding site. 
(G) Fold enrichment of C/EBP binding site DNA used in the C/EBP-responsive firefly-reporter by DNA 
immunoprecipitation with wt-, K159/298Q- or K159/298R-C/EBPα-FLAG, using mouse anti-FLAG 
antibody versus non-specific mouse IgG. The experiment was performed in HEK293T cells, analyzed 
by quantitative real-time PCR. Mean ± s.d. (n=3). 
(H) Fold enrichment of DNA from endogenous C/EBPα target genes G-CSFR and PEPCK1 obtained 
by chromatin immunoprecipitation (ChIP) with wt-, K159/298Q- or K159/298R-C/EBPα-FLAG, using 
mouse anti-FLAG antibody versus non-specific mouse IgG. The experiment was performed in 
HEK293T cells, analyzed by quantitative real-time PCR. Mean ± s.d. (n=3). 
 

To examine the involvement of acetylation of individual C/EBPα lysines on the 

transactivation activity of C/EBPα we generated mutations that either mimic 

acetylation (Lysine (K) to Glutamine (Q)) or non-acetylation (Lysine (K) to Arginine 

(R)) at the acetylated lysines identified by mass spectrometry, K159, K250, K273, 

K275, K276 and the established acetylation site K298. Figure 4C shows that only the 

single K159Q or K298Q acetylation mimicking mutations in C/EBPα result in 

enhanced C/EBPα transactivation capacity compared to the wt C/EBPα, using the 

C/EBP-binding site reporter. None of the K-to-R acetylation preventing mutations 

altered the reporter activity (Figure 4D).  

Next we examine subcellular localization of the dual K159Q/K298Q acetylation 

mimicking and K159R/K298R non-acetylation mutants of C/EBPα. Neither mutation 

affected the subcellular localization (Figure 4E). In addition, the mutations do not 

affect DNA binding in an EMSA (Figure 4F). Furthermore binding to the C/EBP-

binding site in the reporter was not altered by the lysine mutations as was measured 

by C/EBPα-immunoprecipitation and qRT-PCR quantification of bound DNA 
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(Figure 4G and S2B). Finally, chromatin-immunoprecipitation (ChIP) experiments 

showed that there is no difference in binding between wt C/EBPα, the K159Q/K298Q 

C/EBPα mutant or K159R/K298R C/EBPα mutant to natural C/EBP binding sites in 

promoters of the endogenous genes G-CSFR and PEPCK1 (Figures 4H and Figure 

S2B). Therefore we conclude that acetylation of the lysines K159/K298 enhanced 

C/EBPα transactivation without affecting subcellular localization or DNA-binding. 

 

Acetylation of Lysine 298 of C/EBPα stimulates acetylation of subsequent 

lysines  

Next we asked whether prevention of acetylation of either K159, K298 or of all six 

lysines by K-to-R mutations affects p300-binding and acetylation or the 

transactivation potential of C/EBPα. K-to-R mutated C/EBPα mutants were co-

expressed with p300 in HEK293T cells and p300-binding and C/EBPα-acetylation 

was analyzed after C/EBPα immunoprecipitation. Notably, the mutation K298R 

strongly reduced binding to p300 associated with a strong reduction in C/EBPα 

acetylation (Figure 5A). The K159R single mutation had no effect on p300-binding 

and C/EBPα-acetylation, although in the double mutant K159/298R the level of 

C/EBPα-acetylation is further decreased (Figure 5A). As expected, mutation of all 

six lysines (K159/250/273/275/276/298) in the K6R mutant reduces C/EBPα 

acetylation by p300 to very low levels. In accordance, the transactivation of the 

C/EBP-reporter is similar for co-expression of wt- or K159R-C/EBPα, decreased for 

K298R-C/EBPα and further decreased for K159/298R- and K6R-C/EBPα (Figure 

5B). Complementary results were obtained with the opposite lysine-acetylation 

mimicking K-to-Q mutations. The K159Q mutant did not significantly improve 

binding of C/EBPα to p300 or C/EBPα-acetylation while with the K298Q mutant 

p300-binding and C/EBPα-acetylation is strongly increased, and there is a further 

increase for the double mutant K159/298Q (Figure 5C). The K6Q mutation also 

results in enhanced binding of p300 and a stronger acetylation signal although the 

anti-L-Ac antibody does not recognize the KQ mutations. This suggests that in the 

K6Q mutant, acetylation of other lysines increases that normally are not efficiently 

acetylated. Co-expression of the K-to-Q C/EBPα mutants, p300 and the luciferase 

C/EBP-reporter resulted in a gradual increase in reporter activity from K159Q- to 

K298Q- to K159/298Q- and K6Q- C/EBPα (Figure 5D). Finally, increasing amounts 
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of SIRT1 co-expression does not reduce the transactivation potential through 

deacetylation of either K159/298Q- or K6Q-C/EBPα (Figure S3). Together, these 

results suggest that K298-acetylation is a priming acetylation event stimulating the 

recruitment of p300, acetylation of K159 and further acetylation of C/EBPα.   

 

 

 
 
Figure 5. Acetylation of Lysine 298 of C/EBPα stimulates acetylation of subsequent lysines 
(A) HEK293T cells were transiently transfected with p300-HA and either wt or one of the KR-C/EBPα 
mutant expression vectors. Cell lysates were immunoprecipitated with rabbit anti -C/EBPα antibody or 
with rabbit IgG as control followed by immunoblotting. Immunoblots of immunoprecipitates (IP) and 
total lysates (Input) were stained as indicated.  
(B) HEK293T cells were transiently transfected with luciferase C/EBP-responsive firefly reporter, 
renilla expression vector for normalization, p300-HA and either wt or one of the KR-C/EBPα mutant 
expression vectors. Luciferase activity was measured 48 h later (n=3).  
(C) HEK293T cells were transiently transfected with p300-HA and either wt or one of the KQ-C/EBPα 
mutant expression vectors. Cell lysates were immunoprecipitated with rabbit anti -C/EBPα antibody or 
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with rabbit IgG as control followed by immunoblotting. Immunoblots of immunoprecipitates (IP) and 
total lysates (Input) were stained as indicated.  
(D) HEK293T cells were transiently transfected with luciferase C/EBP-responsive firefly reporter, 
renilla expression vector for normalization, p300-HA and either wt or one of the KR-C/EBPα mutant 
expression vectors. Luciferase activity was measured after 48 h (n=3).  
Statistical differences were analyzed by Student’s t -tests. Error bars represent ±SD, *P<0.05, 
**P<0.01, ***P<0. 001. NS: not significant. K6: K159/250/273/275/276/298.
 

C/EBPα acetylation status determines the C/EBPα-regulated 

transcriptome 

To investigate the consequences of C/EBPα-acetylation on global C/EBPα-controlled 

gene transcription we generated Hepa1-6 mouse hepatoma cell lines with cumate-

inducible expression of wt-, K159Q/K298Q- or K159R/K298R-C/EBPα-FLAG 

proteins (Figure 6A). Comparative transcriptome analysis identified 110 

upregulated transcripts and 122 downregulated transcripts in the hypoacetylation 

K159R/K298R-C/EBPα mutant versus hyperacetylation K159Q/K298Q-C/EBPα 

mutant expressing cells (Figure 6B). We only considered genes to be differential 

regulated between the hypo- versus hyperacetylation C/EBPα mutants if their 

expression levels are intermediate in the wt C/EBPα expressing cells. 

Ten of each up- or downregulation genes were re-analyzed by qRT-PCR confirming 

their regulation shown by the transcriptome analysis (Figure 6C). Gene ontology 

(GO) analysis using the DAVID database (Huang et al., 2009) revealed that the 

upregulated transcripts in the K159R/K298R-C/EBPα mutant expressing cells are 

enriched for genes in oxidation-reduction processes and mitochondrial biology, while 

the downregulated transcripts are enriched for glycoprotein genes (Figure 6D and 

Table S2). Most of the regulated genes have C/EBPβ-associated DNA fragments in 

the ENCODE database (http://genome.ucsc.edu/ENCODE/) (Table S2). C/EBPβ is 

closely related to C/EBPα and since they bind to the same recognition sequences 

C/EBPβ may substitute for C/EBPα for which data are not available. In the metabolic 

context these results suggest that deacetylation of C/EBPα is involved in the SIRT1 

controlled increase in mitochondrial biogenesis and function under conditions of low 

glucose / low energy. 
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Figure 6. C/EBPα acetylation status determines the C/EBPα-regulated transcriptome 
(A) Western blot analysis for Hepa1-6 cells stably transfected with empty vector (E.V.), wt-, 
K159/298Q-, K159/298R-C/EBPα-FLAG cumate-inducible constructs. Total lysates from Cumate-
induced and non-induced cells were immunoblotted with anti-FLAG and anti-β-actin antibodies.  
(B) Heat map of 232 differentially expressed genes (DEGs) in cumate-induced Hepa1-6 cells 
expressing K159/298R-C/EBPα-FLAG compared to the cells expressing K159/298Q-C/EBPα-FLAG as 
measured by RNA-seq. Low expression is shown in cyan, and high expression is in yellow. (FDR 
adjusted p value < 0.01 and the medians in the wt condition are located between the medians of 
K159/298Q and K159/298R). See Supplementary Table S2 for a complete list of DEGs.  
(C) Relative mRNA expression levels (qRT-PCR) of 10 upregulated (left) and 10 downregulated (right) 
genes in cumate-induced Hepa1-6 cells expressing K159/298R-C/EBPα-FLAG compared to the cells 
expressing K159/298Q-C/EBPα-FLAG (n=3). Corresponding P-values are depicted as determined with 
Student’s t-test. Error bars represent ±SD. 
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(D) Representative functional annotation clusters of upregulated and downregulated genes in the 232 
DEGs (Davis analysis adjusted enrichment score > 1.3). See Supplementary Table S2 for the list of 
clustered genes. 
 

Hypoacetylated C/EBPα enhances mitochondrial function 

In line with a role of hypoacetylated C/EBPα in mitochondrial regulation we found 

that cumate-induction of the K159R/K298R-C/EBPα mutant in Hepa 1-6 cells that 

are cultured in acetylation-favoring high glucose medium results in increased 

accumulation of MitoTracker fluorescent dye as a measure for mitochondrial mass, 

compared to the hyperacetylation K159Q/K298Q- or wt-C/EBPα (Figures 7A and 

S4A). In addition, under low glucose deacetylation-favoring conditions (2.5 mM) wt 

reaches similar mitochondrial mass compared to hypoacetylation K159R/K298R-

C/EBPα, while the acetylation mimicking K159Q/K298Q-C/EBPα fails to increase 

mitochondrial mass (Figure 7A). The relative mitochondrial DNA (mtDNA) copy 

number did not changes upon expression of the C/EBPα variants (Figure S4B). To 

examine whether C/EBPα is required for SIRT1-dependent induction of 

mitochondrial mass we stimulated SIRT1 activity by treatment with SIRT1 activator II 

and compared mitochondrial mass of cells with sh-C/EBPα knockdown to control sh-

RNA. Treatment with SIRT1 activator II resulted in a clear increase in mitochondrial 

mass in control cells that was almost completely abrogated in C/EBPα knockdown 

cells (Figure 7B). Taken together these data show that deacetylation of C/EBPα is 

required for the SIRT1 induced increase in mitochondrial mass.

To investigate whether mitochondrial function is affected by the C/EBPα 

acetylation we measured using the Seahorse XF extracellular flux analyzer basal 

oxygen consumption rate (OCR), maximal OCR (treatment with mitochondrial 

uncoupler 2,4-dinitrophenol (DNP)) and spare respiratory capacity (SRC) as 

indicators of mitochondrial respiration. In addition, we measured extracellular 

acidification rate (ECAR) and maximal ECAR (treatment with oligomycin) as 

measurement of glycolysis. Under high glucose (25 mM) acetylation-favoring 

conditions, expression of the hypoacetylation K159/298R-C/EBPα mutant results in 

an increase in basal OCR, maximal OCR and SRC (Figure 7C and S4C). This 

indicates that the hypoacetylated C/EBPα induces mitochondrial respiration. In 

addition, the hypoacetylation K159/298R-C/EBPα mutant increases basal and 

maximal ECAR (Figure 7D and S4D). 
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Figure 7. Hypoacetylated C/EBPα enhances mitochondrial function 
(A) Cumate-induced Hepa1-6 cells expressing wt-, K159/298Q- or K159/298R-C/EBPα-FLAG were 
cultured in either high (25 mM) or low (2.5 mM) glucose medium then mitochondrial mass was 
measured with MitoTracker fluorescent dye. 
(B) Hepa1-6 cells with C/EBPα knockdown (shC/EBPα) or control cells (shCTRL) were treated 
overnight with either DMSO as solvent or SIRT1 activator II. Mitochondrial mass was measured using 
MitoTracker fluorescent dye. Immunoblots of C/EBPα and β-actin loading control are shown at the far 
right.  
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(C), (E) and (G) Basal and maximal oxygen consumption rate (OCR) and spare respiratory capacity 
(SRC) in cumate-induced Hepa1-6 cells expressing wt-, K159/298Q- or K159/298R-C/EBPα-FLAG 
proteins and cultured in medium with 25 mM glucose (C), 2.5 mM glucose (E) or 2.5 mM glucose and 
treated with the SIRT1 inhibitor Ex-527 (Selisistat) 16 hours before the measurement (G). 
(D) and (F) Basal and maximal extra cellular acidification rate (ECAR) in cumate-induced Hepa1-6 
cells expressing wt-, K159/298Q- or K159/298R-C/EBPα-FLAG proteins and cultured in medium with 
25 mM glucose (D) or 2.5 mM glucose (F). 
For all experiments (n=5). Statistical differences were analyzed by Student’s t-tests. Error bars 
represent ±SD, *P<0.05, **P<0.01, ***P<0. 001. NS: not significant.  
(H) Model for a p300 and SIRT1 regulated acetylation switch of C/EBPα controlling mitochondrial 
function. P300 uses acetyl-CoA as substrate for the acetylation of C/EBPα under high nutrient/glucose 
conditions while under nutrient/glucose deprivation the high levels of NAD+ activate SIRT1 which 
deacetylates C/EBPα resulting in increased mitochondrial mass and respiration in the cell. 
 

Under low glucose (2.5 mM) deacetylation-favoring conditions, expression of 

wt C/EBPα increased mitochondrial respiration (basal OCR, maximal OCR and SRC) 

to similar extends as the hypoacetylation K159/298R-C/EBPα mutant. Expression of 

the hyperacetylation K159/298Q-C/EBPα mutant did not result in a comparable 

increase in respiration (Figure 7E and S4E). Induction of the hypoacetylation 

K159/298R-C/EBPα did not increase ECAR compared to wt C/EBPα, while the 

K159/298Q-C/EBPα mutant mildly decreased the maximal ECAR (Figure 7F and 

S4F). These data indicate that induction of respiration by C/EBPα requires its lysine 

residues either to be available for deacetylation or being mutated to mimic 

hypoacetylation. To test whether SIRT1 activation is required for the induction of 

respiration by wt C/EBPα under low glucose conditions the cells were treated with 

the SIRT1 inhibitor Ex-527 (Selisistat), which completely inhibited the wt C/EBPα-

induced basal OCR, maximal OCR and SRC under the low (2.5 mM) glucose 

deacetylation-favoring condition (Figures 7G and S4G).  

Taken together, our data suggest that deacetylation of C/EBPα is part of the 

SIRT1-controlled increase in mitochondrial biogenesis and function (Figure 7H).  

 

Discussion 

In this study, we demonstrate that C/EBPα is acetylated by p300 and deacetylated by 

SIRT1 and that the acetylation status of C/EBPα determines its transcriptional 

functions. By using acetylation mimicking (KQ) or acetylation preventing (KR) 

mutations our data suggest that acetylation of lysine residue K298 primes for p300-
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catalyzed acetylation at various additional lysines and that the K159/298Q dual 

mutation can substitute for maximal acetylation levels. We show that the acetylation 

status of C/EBPα modified either by p300, SIRT1, K159/298Q mutations or 

K159/298R mutations does not alter its cellular localization or DNA binding. Whole 

coding transcriptome analysis revealed that the hypoacetylation K159/298R-C/EBPα 

mutant induces transcripts involved in mitochondrial function and ox idation-

reduction processes. Accordingly, expression of K159/298R-C/EBPα increases 

mitochondrial mass and respiration whereas C/EBPα knockdown abrogates the 

increase in mitochondrial mass induced by SIRT1 activation. Furthermore, inhibition 

of SIRT1 blunts wt C/EBPα-induced mitochondrial respiration under low glucose 

conditions. Our data fit into a model where C/EBPα functions downstream of SIRT1 

to transcriptionally adapt mitochondrial function in response to alterations in the 

cellular energy/nutrition state (Figure 7H). The more subtle increase in ECAR upon 

K159/298R-C/EBPα induction, suggesting an increase in glycolysis, is only observed 

under high glucose conditions. Possibly, the higher metabolic (respiration) rate of the 

K159/298R-C/EBPα expressing cells allows for more glucose uptake under high 

glucose conditions that is constrained by low glucose availability. 

The C/EBPα acetylation switch involving p300 and SIRT1 is reminiscent to the 

acetylation of C/EBPε regulated by these same factors 2 6 . C/EBPε is exclusively 

expressed in myeloid cells and acetylation of two lysines (K121 and K198) is 

indispensable for C/EBPε induced terminal neutrophil differentiation. C/EBPε-K121 

is homologues to K159 of C/EBPα and both are subject of sumoylation and C/EBPε-

K198 is homologues to K276 that we found acetylated in C/EBPα, further supporting 

the similarities in the acetylation of both proteins. In compliance with our results 

p300-mediated acetylation of C/EBPε enhances transactivation of a C/EBP-binding 

site containing M-CSFR-promoter reporter and the acetylation status does not affects 

cellular localization of C/EBPε. In contrast to our findings obtained with deacetylated 

C/EBPα, non-acetylated C/EBPε mutations are shown to reduce DNA binding, 

however, DNA-binding of wt C/EBPε upon co-transfection with p300 or SIRT1 was 

not investigated 2 6 . 

It has been shown earlier that C/EBPα expression is essential for 

mitochondrial biogenesis and proper expression of both nuclear and mitochondrial-

genome encoded genes in brown fat 2 7 . Our report is the first to show that this 
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function of C/EBPα depends on the hypoacetylated state of C/EBPα that is provided 

by the energy sensing deacetylase SIRT1, suggesting that C/EBPα mediates effects of 

SIRT1 on mitochondrial function. This is corroborated by the finding that the 

reduction of glucose concentration can induce mitochondrial respiration in wt 

C/EBPα expressing cells but not in cells expressing either the acetylation mimicking 

K159/298Q-C/EBPα mutant or the hypoacetylated K159/298R-C/EBPα mutant; 

while K159/298R mutant has already increased mitochondrial respiration at high 

glucose concentrations compared to wt C/EBPα the respiration stays at a low level in 

the K159/298Q mutant expressing cells. 

SIRT1 is known to control mitochondrial biogenesis and gene expression by 

deacetylating the transcriptional coactivator peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC1α) 1 4 ,2 8 -3 0. In addition, SIRT1 controls the 

acetylation and function of forkhead box O (FOXO) transcription factors, which are 

important regulators of lipid and glucose metabolism as well as of stress responses 
1 4,31-33 . SIRT1 regulates adiponectin gene expression through stimulation of a FOXO1 -

C/EBPα transcriptional complex 3 4 . Here, FOXO1 is thought to be the target and 

deacetylated by SIRT1, however, deacetylation of C/EBPα was not investigated in this 

study. By using a hypoacetylation (K159/298R) mutant we demonstrate that C/EBPα 

deacetylation alone is sufficient for stimulating mitochondrial function. Whether 

deacetylated C/EBPα induces PGC1α expression (eventually in collaboration with 

FOXO transcription factors), collaborates with PGC1α in the activation of 

mitochondrial genes or whether it acts independently from PCG1α has to be analyzed 

in future experiments. 

Recently, Bararia et al showed that C/EBPα is acetylated by the KAT GCN5 at 

lysines K298, K302 in the DNA binding domain and K326 in the leucine zipper 

dimerization domain by using in vitro acetylation of short C/EBPα peptides and 

confirmation by mass-spectrometry and western blotting using specific antibodies 

raised against acetylated C/EBPα 2 2. In the latter study, acetylated C/EBPα was found 

enriched in human myeloid leukemia cell lines and primary acute myeloid leukemia 

(AML) samples, and the data show that C/EBPα acetylation results in impaired DNA 

binding and thus loss of transcriptional activity resulting in inhibition of C/EBPα 

granulopoietic function. We did not observe effects on DNA binding per se between 

hypo- or hyperacetylated C/EBPα. These differences may be the result of the different 
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mutations used and the different experimental systems, hematopoietic cells in the 

Bararia et al study versus HEK293T and liver Hepa 1 -6 cells in our study. Bararia et al 

show loss of DNA-binding and transactivation activity using dual K298Q/K302Q or 

triple K298Q/K302Q/K326Q mutants that all reside in the bZIP DNA-binding 

domain 2 2 . Importantly, they report that single acetylation mimetics of one of the 

three lysines show no effect on DNA binding and transactivation. In our mass 

spectrometry analysis K298Q, K302Q and K326Q were not covered. K298 is 

predicted to be acetylated by p300 and deacetylated by SIRT1 (Table S1) and was 

identified as p300 acetylation site by using Ac-K298 specific antibodies 2 2 . We did not 

include K302 and K326 since these are not predicted as targets for p300 or SIRT1 

(Table S1). Here we examined the dual K159Q/K298Q mutation of which K159 lies 

outside the bZIP domain. Since we also do not see any effect on DNA binding with co-

transfection of p300 and rather a stimulation of reporter promoter activity, we 

believe that at least in the experimental systems we use acetylation of C/EBPα does 

not alter DNA-binding. Bararia et al 2 2  found that co-transfection of p300 and 

C/EBPα results in stimulation of a C/EBP-binding site reporter, while co-transfection 

with GCN5 represses the reporter. Similar to these results and to other studies we 

also found that co-expression of p300 and C/EBPα stimulates a C/EBP-dependent 

promoter reporter 1 6 ,2 2 , however, in our system GCN5 did not alter the reporter 

activation in a dose dependent manner (although GCN5 binds C/EBPα). Possibly, in 

different cellular systems acetylation of C/EBPα can occur at different lysine residues 

by different KATs with different outcomes on DNA binding and / or transactivation. 

Different KAT regulatory pathways, C/EBPα interacting proteins or other 

posttranslational modifications of C/EBPα might influence this process. Overall, our 

data are more in agreement with the effects of acetylation and deacetylation of 

C/EBPε by p300 and SIRT1 2 6 , as was discussed above. 

C/EBPα is subject of extensive PTMs, including phosphorylation, methylation, 

sumoylation and ubiquitination 3 5 ,3 6 . Sumoylation of C/EBPα at lysine residue K159 

reduces C/EBPα-transactivation of the albumin gene in fetal primary hepatocytes and 

abrogates the interaction with Brahma-Related Gene-1 (BRG1) resulting in reduced 

inhibitory effect on cell proliferation 3 7 ,3 8 . Acetylation and sumoylation at K159 are 

obviously mutually exclusive and prevention of sumoylation by acetylation could be 

involved in the observed higher transcriptional efficacy of the K159Q mutant 
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measured with the C/EBP-binding site reporter. However, the K159R that similarly 

prevents sumoylation at this site shows no enhanced activity, suggesting that lysine-

acetylation modulates the transcriptional activity of C/EBPα through other 

mechanisms.  

Our luciferase reporter studies using KQ mutants suggest that acetylation of 

C/EBPα increases its transcriptional functions. However, we do not know whether 

the involved KATs (p300 in case of C/EBPα) stimulate the transcriptional activity 

through acetylation of C/EBPα itself or also through acetylation of other involved 

transcriptional (co)factors. Since acetylated C/EBPα and the hyperacetylation 

K159/298Q mutant seem to have a higher binding affinity to p300 the higher 

reporter activity observed could be explained by a stronger recruitment of p300 

through acetylated C/EBPα. The hypoacetylated K159R or K298R C/EBPα mutants 

do not modulate the transcription from the C/EBP-dependent promoter reporter in 

the absence of p300 (Figure 3D), however, downregulates the reporter in the 

presence of p300, which goes along with reduced p300-C/EBPα interaction. The lack 

of transcriptional stimulation of the K159/298R-C/EBPα mutant may seem at odds 

with the observed upregulation of genes in the transcriptome analysis by this mutant. 

So far we do not know whether the observed changes in the transcriptome are a result 

of direct promoter regulation through C/EBPα or an indirect effect. Thus, the 

acetylation state of C/EBPα might discriminate between interaction partners and/or 

co-factors (e.g. p300) and thereby affect different promoters in opposite ways. Such 

sophisticated regulatory mechanisms are difficult to measure using a simple reporter 

construct containing only C/EBP binding sites. The finding of upregulated genes in 

cells expressing the hyperacetylation K159/298Q-C/EBPα mutant that fall into 

different GO-term categories compared to those induced by the hypoacetylation 

K159/298R-C/EBPα mutant speaks in favor of such a scenario.  

 Taken together our results suggest that C/EBPα acetylation depends on 

nutrient (glucose) availability and is negatively controlled by the class III lysine 

deacetylase SIRT1.  Our observations that hypoacetylation mimicking C/EBPα 

mutant expressing cells show increased expression of mitochondrial genes, higher 

mitochondrial mass and mitochondrial respiration propose C/EBPα as critical 

downstream mediator of SIRT1 mitochondrial function. 
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Materials and Methods 

DNA constructs. The pcDNA3-based rat C/EBPα and rat C/EBPα-FLAG have been 

described earlier 3 9. Mutations were introduced by either site-directed mutagenesis or 

exchange of wt sequences by mutated DNA-fragment oligonucleotides by cloning. 

Cloning details are available upon request. Cumate-inducible constructs were 

obtained by cloning rat C/EBPα sequences from pCDNA3-based K159/298Q-FLAG, 

K159/298R-FLAG and wt C/EBPα-FLAG into SparQ All-in-one Cumate Switch 

Vector (#QM812B-1, System Bioscience Inc). p300-HA, KAT-p300-HA expression 

vectors were described in 4 0, P/CAF-FLAG in 4 1 and Tip60 in 4 2. SIRT1-FLAG, SIRT2-

FLAG, SIRT3-FLAG, SIRT6-FLAG, SIRT7-FLAG, CBP-FLAG and GCN5-FLAG were 

obtained from Addgene (plasmid #13812, #13813, #13814, #13817, #13818, #32908 

and #74784 respectively). 

 

Cell culture, transfection and immunofluorescence. All cells were cultured in 

DMEM plus 10% FCS (Invitrogen) and penicillin/streptomycin at 5% CO2  and 37° C. 

HEK293T cells were seeded at 2.5 × 106  cell in 10 cm dishes and transfected the next 

day with 5 μg expression vectors using calcium phosphate. Immunofluorescence 

staining protocol was described previously 3 9 . The primary antibodies used were anti-

C/EBPα (14AA, Santa Cruz Biotechnology), anti-FLAG (M2, #F3165, Sigma) and 

anti-HA (#MMS-101R, Convace). Secondary antibodies used were Alexa Fluor 488 or 

568 conjugated (Invitrogen). p300 inhibitor C646 (CAS 328968-36-1; Sigma-Aldrich) 

was used at final concentration of 10 μM. 

Co-immunoprecipitation. Co-immunoprecipitation was performed as described 

previously by 3 9 . Anti-C/EBPα (14AA, Santacruz), anti-FLAG (M2, #F3165, Sigma), 

anti-HA (#MMS-101R, Convace) and anti-Tip60 (#NBP2-20647, Novus Biologicals) 

were used for precipitation as indicated. To detect the acetylation of C/EBPα in Fao 

cells, endogenous level, or in transiently transfected HEK293T cells, the cells were 

treated with the deacetylase inhibitors 1 μM TSA (#T8552, Sigma) and 5 mM 

nicotinamide (#47865U, Sigma) 8 h before harvesting. The IP lysis buffer and IP 

wash buffer were supplemented with these inhibitors as well. 
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Western blotting. Western blotting was performed following a general protocol. 

The following antibodies were used: anti-C/EBPα (14AA), anti-SIRT1 (H-300), anti-

α-tubulin (TU-02), anti-p300 (C-20) and anti-P/CAF (H-369) (Santa Cruz 

Biotechnology); anti-acetyl-Lys (# 05-515, clone 4G12, Millipore); anti-FLAG (M2, 

#F3165, Sigma); anti-HA (#MMS-101R, Convace); anti-β-actin (clone C4, 

#691001,MP Biomedicals). and Anti-Tip60 (#NBP2-20647, Novus Biologicals) and 

anti-Ac-K298-C/EBPα 2 2 .  HRP-conjugated secondary antibodies were purchased 

from Amersham Life Technologies. The bands were visualized by chemiluminescence 

(ECL, Amersham Life Technologies). 

 

Luciferase assay. The luciferase construct containing two consensus C/EBPα 

binding sites site (pM82; lacking the AP-1 binding site) was described earlier 2 0. For 

the Luciferase assay, 25000 HEK293T cells per well were seeded in 96-well plates. 

After 24 h, cells were cotransfected with the Luciferase reporter, Renilla expression 

vector and other expression vectors as indicated using FuGENE HD (Promega). After 

48 h, Luciferase activity was measured by Dual-Glo Luciferase Assay System (#2920, 

Promega) following the manufacturer’s protocol using a GloMax-Multi Detection 

System (Promega). 

 

In vitro de-acetylation. In vitro deacetylation assay was performed as described 

by 4 3 . Acetylated C/EBPα was obtained by co-transfecting HEK293T cells with 

C/EBPα-FLAG and p300 expression plasmids. Cells were treated with 10 μM TSA 

and 5 mM nicotinamide 8 h before harvest. Anti-FLAG M2 beads (#M8823, Sigma) 

were used for precipitation and 3X-FLAG peptide (F4799, Sigma) was used for 

elution. 

 

Lentiviral transduction and Cumate inducible system. Hepa1-6 cells were 

infected with SparQ All-in-one Cumate Switch Vector (#QM812B-1, System 

Bioscience Inc) containing either wt rC/EBPα-FLAG cDNA, K159/298Q-rC/EBPα-

FLAG cDNA, K159/298R-rC/EBPα-FLAG cDNA or empty vector and propagated 

under puromycin selection (1.5 mg/ml). Cumate-inducing solution was added to the 

cells at a dilution (1:1000) 3 days before any experiment. To obtain the C/EBPα-KD 
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Hepa1-6 cells, the cells were infected with pLKO.1 lentiviral constructs containing 

shRNAs against mouse C/EBPα: sh:5’- CCG GCA ACG CAA CGT GGA GAC GCA ACT 

CGA GTT GCG TCT CCA CGT TGC GTT GTT TTT -3’ or non-target shRNA control 

(Sigma-Aldrich) and propagated under puromycin selection (1.5 mg/ml). 

 

Electrophoretic Mobility Shift Assay (EMSA). HEK293T cells were transfected 

with expression vectors by the calcium phosphate method. Anti-FLAG M2 beads 

(#M8823, Sigma) were used for precipitating C/EBPα-FLAG and 3X-FLAG peptide 

(F4799, Sigma) was used for elution. Purified C/EBPα-FLAG was incubated with 

double strand oligodeoxynuclotides containing either C/EBP consensus binding site 

or mutated one. The sense and antisense sequences are as follows: C/EBP consensus; 

sense 5′ CTA GCA TCT GCA GAT TGC GCA ATC TGC AC 3′; antisense 5′ TCG AGT 

GCA GAT TGC GCA ATC TGC AGA TG 3′. Mutant C/EBP consensus; sense 5′ CTA 

GCA TCT GCA GAG GTA TAC CTC TGC AC 3′; antisense 5′ TCG AGT GCA GAG GTA 

TAC CTC TGC AGA TG 3′. The C/EBP consensus and mutant sequences are 

underlined. C/EBPα DNA binding affinity was analyzed using Electrophoretic 

Mobility Shift Assay (EMSA) Kit, with SYBR® Green & SYPRO® Ruby EMSA stain 

(#E33075, T hermo Fisher Scientific) following the manufacturer’s protocol. 

 

Measurement of oxygen consumption rate (OCR). Oxygen consumption rates 

(OCR) and extracellular acidification rates (ECAR) were determined using a Seahorse 

XF96 Extracellular Flux analyzer (Seahorse Bioscience). 2.5 × 104  of cumate-induced 

Hepa1–6 cells per well were seeded into a 96-well XF cell culture microplate 24 h 

prior to the assay. Sixteen hours before the assay, the culture medium was changed to 

new medium with the indicated glucose concentration supplied with cumate solution. 

One hour before the assay, the cells were washed twice and incubated with pre-

warmed Seahorse assay media supplemented with the same concentration of glucose 

that the cells were having. Maximal OCR was measured after DNP (2,4-

Dinitrophenol) injection at final concentration of 50 μM. Spare respiratory capacity 

(SRC) was calculated as the difference between basal and maximal OCR. Maximal 

ECAR was measured after oligomycin injection at final concentration of 2.5 μM. The 

SIRT1 inhibitor Ex-527 (Selisistat) (CAS 49843-98-3; Sigma-Aldrich) was used at 

final concentration of 10 μM.   
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Mass Spectrometry analysis. HEK293T cells were transiently transfected with 

C/EBPα and p300-HA expression vectors. C/EBPα was immunoprecipitated using 

rabbit anti-C/EBPα antibody followed SDS-PAGE and the proper C/EBPα protein 

band cut and used for further MS protocol. The bands were washed with water and 

destained by 3 rounds of incubation in 70 % acetonitrile (ACN) followed by 

incubation in 25 mM ammonium bicarbonate in water (AmBic). The gel pieces were 

reduced with 10 mM dithiothreitol in AmBiC for 20 min und alkylated with 50 mM 

iodoacetamide in AmBic for 20 min. After washing with 3 changes of AmBic followed 

by 70 % ACN the gels were dried. The samples were in-gel digested using one of the 

following proteases: trypsin (Serva), chymotrypsin (Roche), or Arg-C (Roche). To this 

aim the tubes containing the dried gel pieces were placed in an ice-water bath and the 

gels covered with solutions of the proteases (5 ng/μl for trypsin, 25 ng/μl for other 

proteases) in digestion buffer (8 %ACN, 25 mM ammonium bicarbonate, 1 mM 

calcium chloride in water). After 40 min incubation in the ice-water bath the 

supernatants were completely removed and the gel pieces covered with digestion 

buffer. Digestion was performed overnight at 37 °C. The supernatants were 

transferred to fresh vials and the gels extracted with 0.1 % trifluoroacetic acid, 33 % 

ACN in water for 15 min. The supernatants were combined with those from the 

digestion and a second extraction of the gel pieces was performed with 70 % ACN in 

water. The supernatants were combined with those from the former steps and the 

samples were evaporated in a SpeedVac (Christ) to dryness. For analysis by LC-

MS/MS the samples were dissolved in 25 μl HPLC buffer A (5 % ACN, 0.1 % formic 

acid in water). An aliquot of 5 μl was applied for nano LC separation by  an eksigent 

2D nanoLC system (eksigent, Dublin, USA) using a trap column (20 mm x 0.1 mm, 

nanoseparations, Netherlands) and a separation column (150 mm x 0.075 mm, 

nanoseparations, Netherlands). Elution of the bound compounds was performed at a 

flow of 300 nl/min with a linear gradient of 0 to 36 % HPLC buffer B (80 %ACN, 

0.1% formic acid) versus HPLC buffer A within 60 minutes. The eluent was directly 

sprayed into the orifice of an LTQ Orbitrap XL ETD (ThermoScientific, Dreieich, 

Germany) mass spectrometer. The data acquisition by the mass spectrometer was 

controlled by the Xcalibur software(ThermoScientific, Dreieich, Germany) and a top 

3 approach was selected. This consisted of cycles of recording a survey spectrum at 

60000 resolution and successively selecting the 3 most abundant entities with a 
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charge state equal to or higher than 2 for fragmentation by CID in the linear ion trap. 

The spectra were processed and analyzed with the software package 

ProteomeDiscoverer 1.4 (ThermoScientific, Dreieich, Germany) using Mascot 2.1 as 

the search engine and SwissProt as the protein data base. Carbamidomethylation of 

Cys was set as fixed modification and oxidation of Met and acetylation of Lys were 

allowed as variable modifications. To enhance the chance of identification of 

acetylated peptides containing internal lysine residues the number of allowed miss 

cleavages was set to 2 or 3. The coverages of C/EBPα proteins by detected peptides 

were in the range between 5 % and 40 % depending on the used IP sample and the 

protease used for digestion. The best results were obtained with trypsin digestion 

which enabled the identification of the highest number of acetylation sites with high 

Mascot scores. 

 

RNA-seq Analysis. Transcriptome analysis was done in triplicates. Hepa1 -6 cells 

treated for three days with cumate solution to express wt-, K159/298Q- and 

K159/298R- C/EBPα proteins were harvested and the total RNAs were isolated using 

RNeasy Plus mini Kit (#74136, Qiagen) according to the manufacturer’s protocol. 

Sequencing libraries were prepared using the TruSeq Sample Preparation V2 Kit 

(#RS-122-2002) according to manufacturer’s instructions. cDNA libraries were 

subjected to high-throughput single-end sequencing (65 bp) in an Illumina HiSeq 

2500 instrument. Reads were aligned and quantified using STAR 2.5.2a (Dobin et al, 

2013, PMID: 23104886), against primary assembly GRCh38 using Ensembl gene 

build 84 (http://www.ensembl.org). Genes with average expression level below 1 

fragment per million (FPM) were excluded from the analysis. A generalized linear 

model was used to identify differential gene expression using EdgeR package 4 4 ,4 5 . 

Only those genes are shown of which the medians in the wt condition are located 

between the medians of K159/298Q and K159/298R. The library normalization was 

left at the standard setting (trimmed mean of M-values, TMM). The resulting p-

values were corrected for multiple testing using the Benjamini-Hochberg procedure. 

Data visualization and statistical tests were conducted using custom R scripts 

(available upon request). Gene ontology (GO) analysis was performed using the 

DAVID database version 6.8 4 6  with default DAVID database setting with medium 

stringency and Mus musculus background. C/EBPβ-associated DNA fragments for 
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the regulated genes (Table S2) were detected using the ENCODE database 

(http://genome.ucsc.edu/ENCODE/) in sequences up to 10 Kb upstream of the 

transcription start sites. 

 

Quantitative Real-Time PCR analysis. Total RNA was isolated using the RNeasy 

Kit (QIAGEN). For cDNA synthesis 1μg RNA was reverse transcribed with the 

Transcriptor First Strand cDNA Synthesis Kit (Roche) using Oligo(d)T primers. qRT -

PCR was performed using the LightCycler® 480 SYBR Green I Master Mix (Roche). 

The following primer pairs were used for β-actin for normalization: 5′-aga ggg aaa tcg 

tgc gtg ac-3′ and 5′-caa tag tga tga cct ggc cgt-3′. The other used primer pairs are 

listed in Table S3. 

 

Chromatin and reporter C/EBP-binding site immunoprecipitation. 

HEK293T cells were transfected with wt-, K159/298Q- or K159/298R-C/EBPα 

expression vectors for the chromatin IP. HEK293T cells were cotransfected with 

C/EBP-binding site reporter construct and wt-, K159/298Q- or K159/298R-C/EBPα-

FLAG expression vectors for the C/EBP-binding site IP.  ChIP assay was performed 

with 5 × 106  cells using a Bioruptor (Diagenode, Inc.) for sonication (details on 

request). ChIP antibodies were against FLAG  (M2, #F3165, Sigma) and non specific 

mouse IgG from Santa Cruz Biotechnology. The fold enrichment was calculated 

relative to the background detected with non specific rabbit IgG. For the semi

quantitative PCR, 1/50 (1 μl) of DNA obtained from the ChIP assay was used as 

template in a PCR reaction with 28 cycles. Primer pairs were for C/EBPα reporter 

(117 bp) 5′ GTC CAA ACT CAT CAA TGT ATC 3′ and 5′ CGA TCG GGG CAT TTT ATA 

G 3′, for G-CSFR Promoter (218 bp) 5′ ATT CCC CAG CCC TTT AAG AC 3′ and 5′ 

CTG CAG TCC AGC TTC TCT CC 3′ for PEPCK1 Promoter (331 bp) 5′ GAC TGT GAC 

CTT TGA CTA TGG GGT GAC ATC 3′ and 5′ CTG GAT CAC GGC CAG GGT CAG TTA 

TGC 3′. 

 

Mitochondrial content and mtDNA copy mumber. Mitochondrial mass was 

measured using MitoTracker Red 480 kit following the manufacturer’s protocol 

(#M22425, ThermoFisher). Fluorescence was measured using a GloMax -Multi 

Detection System (Promega). SIRT1 Activator II (CAS 374922-43-7; Merck #566313) 
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was used at final concentration of 10 μM. Mitochondrial DNA was co-purified with 

genomic DNA from Hepa1-6 cells using standard protocol, Ct values determined for 

cytochrome b gene encoded by mtDNA and β-actin gene encoded by the nuclear 

DNA, and the relative mtDNA copy number calculated by normalizing to β-actin gene 

copy number. The following primer pairs were used: Cytochrome b: 5’-CAT TTA TTA 

TCG CGG CCC TA-3’ and 5’-TGT TGG GTT GTT TGA TCC TG-3’; β-actin: 5’-AGA 

GGG AAA TCG TGC GTG AC-3’ and 5’-CAA TAG TGA TGA CCT GGC CGT-3’. 

 

Mice. C57BL/6 male mice were housed individually at a standard 12-h light/dark 

cycle at 22°C in a pathogen free animal facility and were used for all experiments. 

Numbers of mice used in the separate experiments can be retrieved from the figure 

legends. Single caged mice of 3 months of age were fed ad libitum or fed calorie 

restricted (70% of normal food intake) for 4 weeks. For the other experiment mice 

were fed high fat diet or normal control diet (Research Diets Inc., product D12492: 

60% Fat, 20% Carbohydrates, 20% protein; control diet D12450B, 10% fat, 70% 

Carbohydrates, 20% Protein) for 20 weeks. Mice were sacrificed by isoflurane at the 

end of each study. All animal experiments were performed in compliance with 

protocols approved by the Institutional Animal Care and Use Committee. 
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Supplementary Figure 1. 
(A) Alignment of four different C/EBPα vertebrate orthologs with the conserved lysines numbered and 
colored in red. TAD: transactivation domain, DBD: DNA binding domain and LZIP: leucine zipper 
domain. 
(B) HEK293T cells were transiently transfected with luciferase C/EBPα responsive promoter vector, 
renilla expression vector for normalization, C/EBPα expression vector and increased amounts of either 
GCN5, P/CAF or Tip60 expression vectors. Luciferase activity was measured 48 h later (n=3). 
Statistical differences were analyzed by Student’s t-tests. Error bars represent ±SD, *P<0.05, 
**P<0.01, ***P<0. 001. NS: not significant. 
(C) HEK293T cells were cotransfected with C/EBPα and one of the lysine acetyl transferases (KATs) 
p300-HA, P/CAF-FLAG, CBP-HA, GCN5-FLAG or Tip60 expression vectors as indicated. Cell lysates 
were immunoprecipitated with rabbit anti-C/EBPα antibody or with rabbit IgG as control followed by 
immunoblotting. Immunoblots of immunoprecipitates (IP) and total lysates (Input) were stained as 
indicated.  
(D) HEK293T cells were cotransfected with C/EBPα and either pcDNA3 empty vector (E.V.), P/CAF -
FLAG, GCN5-FLAG or Tip60 expression vectors. Cell lysates were immunoprecipitated with mouse 
anti-FLAG antibody and mouse IgG as control (first two panels) or with rabbit anti-Tip60 antibody and 
rabbit IgG as control (third panel) followed by immunoblotting. Immunoblots of immunoprecipitates (IP) 
and total lysates (Input) were stained as indicated. Mouse or rabbit IgG antibodies were used as IP 
loading control. 
(E) HEK293T cells were cotransfected with C/EBPα alone or with C/EBPα and p300-HA expression 
vectors. Total cell lysates were analyzed by immunoblotting for acetylated-K298-C/EBPα, C/EBPα or 
β-actin loading control as indicated. 
(F) Immunoprecipitation (IP) of endogenous C/EBPα was performed with rabbit anti-C/EBPα antibody 
or with rabbit IgG as control from total lysates of Fao cells cultured overnight in either high (25 mM) or 
low (5 mM) glucose medium. The immunoprecipitates (IP) and total lysates (Input) were analyzed by 
immunoblotting for acetylated-K298-C/EBPα, C/EBPα or β-actin loading control as indicated. 
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Supplementary Figure 2. 
(A) HEK293T cells were cotransfected with either C/EBPα alone, C/EBPα with p300-HA or C/EBPα 
with SIRT1-FLAG expression vectors. Cell lysates were immunoprecipitated with rabbit anti -C/EBPα 
antibody followed by immunoblotting. Immunoblots of immunoprecipitates  (IP) and total lysates (Input) 
were stained as indicated. Rabbit IgG antibody was used as IP loading control.  
(B) DNA gel of semi-quantitative PCR with input and DNA immunoprecipitation or ChIP assays with 
anti-C/EBPα or IgG antibodies performed in (Figures 4G and H). 
 

 

Supplementary Figure 3. 
HEK293T cells were transiently transfected with luciferase C/EBPα responsive promoter vector, renilla  
expression vector for normalization, increased amounts of SIRT1and either K159/298Q mutated 
C/EBPα (left panel) or 6K/Q mutated C/EBPα  expression vectors. Luciferase activity was measured 
48 h later (n=3). Statistical differences were analyzed by Student ’s t-tests. Error bars represent ±SD, 
*P<0.05, **P<0.01, ***P<0. 001. NS: not significant. 
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Supplementary Figure 4. 
(A) Mitochondrial mass measured by MitoTracker fluorescent dye in untreated (- Cumate) Hepa1-6 
cells which were used in Figure 7A (n=5). 
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(B) Relative mtDNA copy number of cumate-induced Hepa1-6 cells expressing wt-, K159/298Q- or 
K159/298R-C/EBPα-FLAG and cultured in 25 mM glucose medium. mtDNA copy number was 
calculated by qRT-PCR of the mitochondrial cytochrome b gene and the nuclear β-actin gene. 
Presented is the ratio of the copy number in cells. (n=3). Statistical differences were analyzed by 
Student’s t-tests. Error bars represent ±SD, *P<0.05, **P<0.01, ***P<0. 001. NS: not significant. 
mtDNA: mitochondrial DNA. 
(C), (E) and (G) Oxygen consumption rate (OCR) traces in cumate-induced Hepa1-6 cells expressing 
wt-, K159/298Q- or K159/298R-C/EBPα-FLAG proteins and cultured in medium with 25 mM glucose 
(C), 2.5 mM glucose (E) or 2.5 mM glucose and treated with the SIRT1 inhibitor Ex -527 (Selisistat) 16 
hours before the measurement (G). Values are means ± SE,  (n = 5).  
(D) and (F) Extra-cellular acidification rate (ECAR) traces in cumate-induced Hepa1-6 cells expressing 
wt-, K159/298Q- or K159/298R-C/EBPα-FLAG proteins and cultured in medium with 25 mM glucose 
(D) or 2.5 mM glucose (F). Values are means ± SE,  (n = 5).  
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Supplementary Table 1 

Lysine 
position 

MasSpec identified 
Acetylation 

LAceP predicted 
p300 KAT 

ASEB predicted 
Sirt1 KDAC 

90 NC No     (0.108) No     (p=0.4795) 
92 No No     (0.275) No     (p=0.1318) 
159 Yes No     (0.156) Yes   (p=0.0167) 
169 No No     (0.014) No     (p=0.9382) 
250 Yes Yes   (0.539) Yes   (p=0.0258) 
273 Yes Yes   (0.992) Yes   (p=0.0003) 
275 Yes Yes   (0.672) Yes   (p=0.0210) 
276 Yes Yes   (0.640) Yes   (p=0.0009) 
280 No Yes   (0.955) Yes   (p=0.0361) 
298 NC Yes   (0.723) Yes   (p=0.0052) 
302 NC No     (0.173) No     (p=0.5452) 
304 No No     (0.138) No     (p=0.0889) 
313 No No     (0.158) No     (p=0.4970) 
326 NC No     (0.027) No     (p=0.1942)
352 No No     (0.016) No     (p=0.9647) 

NC is not covered 

ASAB: A lower P-value indicates a higher probability of acetylation by the selected KAT family. The 
background P-values were calculated from all lysine sites on human proteins and then ranked from 
lowest to highest. Lysine sites with P-values lower than the top 10% are in red. 
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Supplementary Table 2 

Upregulated genes (Oxidation reduction process)  
P-v alue=0.0006 

     

DAVID List 
ID 

Gene Name Cluster 
Score 
(out of 
1000) 

Layered 
H3K27AC 

Rel. to 
start 

site/locus

C/EBPβ 
site 

position 

Cell line 

11532 alcohol dehy drogenase 5 (class III), chi 
poly peptide(Adh5) 

940 Yes +587 chr4:1000
09264-

10000958
7 

Af 49 
HeLa-S3 
HepG2 
IMR90 
K562 

11668 aldehy de dehy drogenase f amily  1, subf amily 
A1(Aldh1a1) 

507 
 
 
 

518 

Yes 
 
 
 

Yes 

-1794 
 
 
 

-1312 

chr9:7557
0027-

75570282 
 

chr9:7556
9545-

75569800 

A549 
 
 
 

A549 

13076 cy tochrome P450, f amily  1, subf amily a, 
poly peptide 1(Cy p1a1) 

246 
 

 
 

324 
 
 

 
135 

No 
 
 
 

No 
 
 
 

No 

-10439
 
 

 
-8842 

 
 

 
-7831 

chr15:750
27665-

75027888 
 

chr15:750
24280-

75024543 
 

chr15:750
23269-

75023492 

HepG2 
 
 
 

HeLa-S3 
 
 
 

HepG2 

13086 cy tochrome P450, f amily  2, subf amily a, 
poly peptide 4(Cy p2a4) 

No site     

13113 cy tochrome P450, f amily  3, subf amily a, 
poly peptide 13(Cy p3a13) 

     

15926 isocitrate dehy drogenase 1 (NADP+), 
soluble(Idh1) 

1000 
 
 
 
 
 

195 
 
 
 

1000 
 
 
 
 
 
 
 

181 

Yes 
 
 
 
 
 

Yes 
 
 
 

Yes 
 
 
 
 
 
 
 

Yes 

+2123 
 
 
 
 
 

+1667 
 
 
 

+977
 
 
 
 
 
 
 

-133 

chr2:2091
17683-

20911793
8 
 

chr2:2091
18139-

20911840
2 
 

chr2:2091
18829-

20911909
8 
 
 
 
 

chr2:2091
19939-

20912020
2 

HeLa-S3 
HepG2 
IMR90 
K562 

 
 

HeLa-S3 
HepG2 

 
 

A549 
H1-hESC 
HeLa-S3 
HepG2 
IMR90 
K562 

 
 

HeLa-S3 
 

18484 peptidy lgly cine alpha-amidating 
monooxy genase(Pam) 

201 
 

206 
 
 

516 

No 
 

Yes 
 
 

Yes 

-6661 
 

-436 
 
 

+73 

chr5:1021
94611-

10219486
6 

chr5:1022
00836-

10220109
1 
 

chr5:1022
01319-

10220160
0 

IMR90 
 
 

IMR90 
 
 
 

HeLa-S3 
IMR90 

11757 peroxiredoxin 3(Prdx3) 201 
 
 
 
 
 
 

202 

Yes 
 
 
 
 
 
 

No 

-25 
 
 
 
 
 
 

-4846 

chr10:120
938320-

12093858
3 
 

chr10:120
943209-

12094346
4 

HeLa-S3 
 
 
 
 
 
 

HepG2 
IMR90 

69051 py rroline-5-carboxy late reductase f amily , 
member 2(Py cr2) 

392 
 
 

Yes 
 
 

-4445 
 
 

chr1:2261
16162-

22611648

K562 
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1000 

 
 

Yes 

 
 

+212

5 
 

chr1:2261
11828-
22611209
1 

 
 

A549 
H1-hESC 
HeLa-S3 
HepG2 
IMR90 
K562 

98711 retinol dehy drogenase 10 (all-trans) (Rdh10) 202 Yes -769 chr8:7420
5553-

74206068 

GM12878 

59010 sulf ide quinone reductase-like (y east) (Sqrdl) 1000 Yes 
 

+100 chr15:459
26781-

45927038 

A549 
HeLa-S3 
HepG2 

 

Up regulated genes (Mitochonderion) 
P-Value=0.0008 

     

DAVID List 
ID 

Gene Name Cluster 
Score 
(out of 
1000) 

Layered 
H3K27AC 

Rel. to 
start 

site/locus 

C/EBPβ 
site 

position 

Cell line 

11950 ATP sy nthase, H+ transporting, mitochondrial 
F0 complex, subunit B1(Atp5f 1) 

251 
 
 
 
 
 

251 

No 
 
 
 
 
 

Yes 

-9414 
 
 
 
 
 

+302 

chr1:111
991774-
1119920

45 
 

chr1:111
982329-
1119826

04 

K562 
 
 
 
 
 

HeLa-S3 
IMR90 

 
14373 G0/G1 switch gene 2(G0s2) 192 

 
 
 
 
 

1000 
 
 
 
 
 

1000 
 
 
 

 
 
 

267 

No 
 
 
 
 
 

Yes 
 
 
 
 
 

Yes 
 
 
 
 

 
 

Yes 

-7886 
 
 
 
 
 

-4342 
 
 
 
 
 

-117 
 
 
 
 
 

 
-1694 

 

chr1:209
840461-
2098407

84 
 

chr1:209
844143-
2098443
28 

 
chr1:209
847285-
2098475

53 
 
 
 
 
 

chr1:209
846713-
2098469
76 

K562 
 
 
 
 

HeLa-S3 
 
 
 
 

A549, 
H1-

hESC, 
HeLa-S3 
HepG2 
IMR90 
K562 

 
 

HeLa-S3 
 

65102 Ngg1 interacting f actor 3-like 1 (S. pombe) 
(Nif 3l1) 

384 
 

 
 
 

371 

Yes 
 

 
 
 

Yes 

+2574
 

 
 
 

+1849
 

chr2:201
753830-
2017540

93 
 

chr2:201
754098-
2017548

18 

HeLa-S3 
 

 
 
 

K562 
GM1287

8 
74205 acy l-CoA sy nthetase long-chain f amily  

member 3(Acsl3) 
818 

 
 
 

 
 

430 
 

No 
 
 
 

 
 

Yes 

-8435 
 
 
 

 
 

-836 
 

chr2:223
716974-
2237172

97 
 
 
chr2:223
724633-
2237248

96 

H1-hESC 
HeLa-S3 
HepG2 
IMR90 
K562 

 
HeLa-S3 
HepG2 

 

11532 alcohol dehy drogenase 5 (class III), chi 
poly peptide(Adh5) 

940 Yes +587 chr4:100
009264-
1000095

87 

Af 49 
HeLa-S3 
HepG2 
IMR90 
K562 

13076 cy tochrome P450, f amily  1, subf amily a, 
poly peptide 1(Cy p1a1) 

246 
 
 

No 
 
 

-10439 
 
 

chr15:75
027665-
7502788

HepG2 
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324 
 
 

 
 

135 

 
 
 

No 
 
 
 

 
No 

 
 
 

-8842 
 
 

 
 

-7831 

8 
 
 

chr15:75
024280-
7502454

3 
 

chr15:75
023269-
7502349

2 

 
 
 

HeLa-S3 
 
 
 
 

HepG2 

15528 heat shock protein 1 (chaperonin 10) (Hspe1) 218 
 

 
 
 

624 
 

Yes 
 
 
 

 
Yes 

 

+126 
 
 
 

 
-1408 

chr2:198
364581-
1983648

47 
 

chr2:198
363058-
1983633

13 

HepG2 
 
 
 
 

HeLa-S3 
IMR90 

 

15926 isocitrate dehy drogenase 1 (NADP+), 
soluble(Idh1) 

1000 
 

 
 
 

195 
 
 

 
 

1000 
 
 

 
 

 
 

181 

Yes 
 

 
 
 

Yes 
 
 

 
 

Yes 
 
 

 
 

 
 

Yes 

+2123
 

 
 
 

+1667
 
 
 

 
+977 

 
 

 
 
 
 

-133 

chr2:209
117683-
2091179

38 
 
 

chr2:209
118139-
2091184

02 
 

chr2:209
118829-
2091190

98 
 
 
 

chr2:209
119939-
2091202
02 

HeLa-S3 
HepG2 
IMR90
K562 

 
 

HeLa-S3 
HepG2 

 
 
 

A549 
H1-hESC 
HeLa-S3 
HepG2 
IMR90 
K562 

 
HeLa-S3 

 

27395 mitochondrial ribosomal protein L15(Mrpl15) 962 Yes -196 chr8:550
47260-

5504758
5 

HeLa-S3 
HepG2 
IMR90 
K562 

107734 mitochondrial ribosomal protein L30(Mrpl30) 371 
 
 
 
 
 
 

353 
 

Yes 
 
 
 
 
 
 

No 
 

+513 
 
 
 
 
 
 

-3323 
 

chr2:997
97369-

9979805
5 
 
 
 

chr2:997
93940-

9979421
9 

GM1287
8 

HeLa-S3 
HepG2 
IMR90 
K562 

 
 

A549 
HepG2 
IMR90 

78523 mitochondrial ribosomal protein L9(Mrpl9) 216 Yes -10217 
 

chr1:151
746257-
1517465

20 

HeLa-S3 
 

11757 peroxiredoxin 3(Prdx3) 202 
 
 
 
 
 

201 

No 
 
 
 
 
 

Yes 

-4869 
 
 
 
 
 

-25 
 

chr10:12
0943209-
1209434

64 
 

chr10:12
0938320-
1209385

83 

HepG2 
IMR90 

 
 
 
 

HeLa-S3 
 

74776 py rophosphatase (inorganic) 2(Ppa2) No site     
69051 py rroline-5-carboxy late reductase f amily , 

member 2(Py cr2) 
392 

 
 
 
 
 

1000 

Yes 
 
 
 
 
 

Yes 

-4445 
 
 
 
 
 

+212 

chr1:226
116162-
2261164

85 
 

chr1:226
111828-
2261120
91 

K562 
 
 
 
 
 

A549 
H1-hESC 
HeLa-S3 
HepG2 
IMR90 
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K562 
67223 ribosomal RNA processing 15 homolog (S. 

cerev isiae)(Rrp15) 
254 Yes +240 chr1:218

458354-
2184588

69 

GM1287
8 

20044 ribosomal protein S14(Rps14) No site     
109552 sorcin(Sri) 205 

 
 
 
 

189 
 
 
 
 
 

243 
 
 
 
 

1000 
 

 

Yes 
 
 
 
 

No 
 
 
 
 
 

No 
 
 
 
 

No 
 

 

-109 
 
 
 
 

-4513 
 
 
 
 
 

-6178 
 
 
 
 

-6826 
 

chr7:878
49589-

8785010
4 
 

chr7:878
53912-

8785417
5 
 
 

chr7:878
55577-

8785584
0 
 

chr7:878
56225-

8785651
9 

GM1287
8 
 
 
 

HeLa-S3 
 
 
 
 
 

HeLa-S3 
 
 
 
 

A549 
HeLa-S3 
HepG2
IMR90 

68002 succinate dehy drogenase complex assembly  
f actor 4(Sdhaf 4) 

     

59010 sulf ide quinone reductase-like (y east)(Sqrdl) 1000 Yes 
 

+100 chr15:45
926781-
4592703

8 

A549 
HeLa-S3 
HepG2 

 
21854 translocase of  inner mitochondrial membrane 

17a(Timm17a) 
257 

 
 

 
 

751 
 

 
 
 

215 

Yes 
 

 
 
 

No 
 
 

 
 

No 

-216 
 
 

 
 

-7667 
 
 
 

 
-2217 

chr1:201
924403-
2019246

66 
 

chr1:201
916594-
2019167

21 
 

chr1:201
922402-
2019226

77 

HeLa-S3 
 
 
 
 

IMR90 
 
 
 
 

K562 

Up regulated genes (Ribosome) 
P-Value=0.009 

     

DAVID List 
ID 

Gene Name Cluster 
Score 
(out of 
1000) 

Layered 
H3K27AC 

Rel. to 
start 

site/locus 

C/EBPβ 
site 

position 

Cell line 

27395 mitochondrial ribosomal protein L15(Mrpl15) 962 Yes -196 chr8:550
47260-

5504758
5 

HeLa-S3 
HepG2 
IMR90 
K562 

107734 mitochondrial ribosomal protein L30(Mrpl30) 371 
 
 

 
 

353 
 

Yes 
 
 

 
 

No 
 

+513 
 
 

 
 

-3323 

chr2:997
97369-

9979805
5

 
 

chr2:997
93940-

9979421
9 

GM1287
8 

HeLa-S3 
HepG2
IMR90 
K562 

 
A549 

HepG2 
IMR90 

 
78523 mitochondrial ribosomal protein L9(Mrpl9) 216 Yes -10217 

 
chr1:151
746257-
1517465

20 

HeLa-S3 
 

114641 ribosomal protein L31(Rpl31) 1000 
 

Yes 
 

+129 chr2:101
618497-
1016188

20 

A549 
H1-hESC 
HeLa-S3 
HepG2 
IMR90 
K562 

20044 ribosomal protein S14(Rps14) No site     
Downregulated genes (glycoprotein) 

P-Value=0.0004 
     

DAVID List 
ID 

Gene Name Cluster 
Score 

Layered 
H3K27AC 

Rel. to 
start 

C/EBPβ 
site 

Cell line 
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(out of 
1000) 

site/locus position 

67729 MANSC domain containing 1(Mansc1) 746 
 
 
 
 
 
 

568 

Yes 
 
 
 
 
 
 

Yes 

-7021 
 
 
 
 
 
 

-1226 

chr12:125
09867-
12510190 
 
 
 
 
chr12:125
04036-
12504395 

A549 
H1-hESC 
HeLa-S3 
IMR90 
HepG2 
K562 

 
HepG2 

 

100043899 R3H domain containing-like(R3hdml) 186 
 
 
 

195 

No 
 
 
 

No 

+98 
 
 
 

-899 

chr20:429
65641-
42965896 
 
chr20:429
64673-
42964899 

A549 
HepG2 

 
 
 

HepG2 
 

21356 TAP binding protein(Tapbp) 249 
 
 
 

1000 

Yes 
 
 
 

Yes 

-202 
 
 
 

-5947 

chr6:3328
2366-
33282641 
 
chr6:3328
8111-
33288434 

K562 
 
 
 

HeLa-S3 
IMR90
K562 

 
11803 amy loid beta (A4) precursor-like protein 

1(Aplp1) 

No site     

382014 anoctamin 8(Ano8) 1000 
 
 
 

235 

No 
 
 
 

Yes 

-6059 
 
 
 

+95 
 

chr19:174
51697-
17451964 
 
chr19:174
45543-
17445848 

H1-hESC 
HeLa-S3 
HepG2 

 
HeLa-S3 

K562 
 

100503659 calcium channel, v oltage-dependent, beta 
subunit associated regulatory  protein(Cbarp) 

1000 
 
 
 
 
 

258 
 
 
 

268 
 
 
 

200 
 

Yes 
 
 
 
 
 

Yes 
 
 
 

Yes 
 
 
 

Yes 

-6457 
 
 
 
 
 

-6944 
 
 
 

-2964 
 
 
 

-3570 

chr19:124
4447-
1244777 
 
 
 
chr19:124
4934-
1245183 
 
chr19:124
0954-
1241229 
 
chr19:124
1560-
1241823 

A549 
HeLa-S3 
HepG2 
IMR90 
K562 

 
HepG2 

 
 
 

HepG2 
IMR90 
K562 

 
HeLa-S3 

 
 

227231 carbamoy l-phosphate sy nthetase 1(Cps1) 1000 
 
 
 
 

426 

 
 
 

1000 

No 
 
 
 
 

No 

 
 
 

No 

0 
 
 
 
 

-9827 

 
 
 

-7267 

chr2:2114
21117-
21142132
3 
 
chr2:2114
11228-
21141149
6 
 
chr2:2114
13721-
21141405
6 

HeLa-S3 
 
 
 
 

H1-hESC 
HeLa-S3
HepG2 

 
 

A549 
HeLa-S3 
HepG2 

70574 carboxy peptidase M(Cpm) 175 
 
 
 

100 
 
 
 

715 
 
 
 

No 
 
 
 

No 
 
 
 

No 
 
 
 

-4020 
 
 
 

-6345 
 
 
 

+548 

chr12:693
30999-
69331262 
 
chr12:693
33324-
69333587 
 
chr12:693
26431-
69326563 

HeLa-S3 
 
 
 

A549 
HeLa-S3 
HepG2 

 
HepG2 

13039 cathepsin L(Ctsl)      
11443 cholinergic receptor, nicotinic, beta 

poly peptide 1 (muscle)(Chrnb1) 

319 
 
 

Yes 
 
 

+424 
 
 

chr17:734
8580-
7348830 

HepG2 
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248 

 
 
 

349 

 
Yes 

 
 
 

No 

 
-7786 

 
 
 

-9894 

 
chr17:734
0357-
7340620 
 
chr17:733
8137-
7338512 

 
HeLa-S3 

 
 
 

A549 
HeLa-S3 
HepG2 
IMR90 
K562 

67896 coiled-coil domain containing 80(Ccdc80) 985 
 
 
 
 

1000 
 
 
 
 

Yes 
 
 
 
 

Yes 
 
 
 
 

+911 
 
 
 
 

-5992 

chr3:1123
59066-
11235932
9 
 
chr3:1123
65969-
11236624
0 

A549 
HeLa-S3 
IMR90 

 
 

A549 
H1-hESC 
HeLa-S3 
HepG2 
IMR90 

12833 collagen, ty pe VI, alpha 1(Col6a1) No site     
12815 collagen, ty pe XI, alpha 2(Col11a2) No site     
12931 cy tokine receptor-like f actor 1(Crlf 1) No site     
12305 discoidin domain receptor f amily , member 

1(Ddr1) 

170 Yes -1302 chr6:3085
4888-
30855163 

K562

71522 gamma-glutamy ltransf erase 6(Ggt6) No site     
14561 growth dif f erentiation f actor 11(Gdf 11) 196 

 
 
 

187 

Yes 
 
 
 

No 

+435 
 
 
 

-9086 

chr12:561
37236-
56137499 
 
chr12:561
27703-
56127978 

HeLa-S3 
 
 
 

K562 

23886 growth dif f erentiation f actor 15(Gdf 15) 313 
 
 
 

160 
 
 
 

295 

Yes 
 
 
 

No 
 
 
 

Yes 

-5786 
 
 
 

-2657 
 
 
 

+308 
 

chr19:184
90919-
18491182 
 
chr19:184
94088-
18494311 
 
chr19:184
96905-
18497276 

HeLa-S3 
HepG2 

 
 

HepG2 
 
 
 

HeLa-S3 
HepG2 
K562 

192897 integrin beta 4(Itgb4) 300 No -8546 chr17:737
08676-
73708970 

A549 
IMR90 

16180 interleukin 1 receptor accessory  
protein(Il1rap) 

312 
 
 
 
 

1000 

No 
 
 
 
 

Yes 

-4071 
 
 
 
 

-276 

chr3:1902
27511-
19022776
9 
 
chr3:1902
31267-
19023156
4 
 
 

A549 
IMR90 
HepG2 

 
 

A549 
H1-hESC 
HeLa-S3 
HepG2 
IMR90 

53978 ly sophosphatidic acid receptor 2(Lpar2) 1000 Yes -711 chr19:197
39750-
19740006 

HeLa-S3 
IMR90

103534 mannoside acety lglucosaminy ltransferase 4, 
isoenzy me B(Mgat4b) 

381 
 

No 
 

-1378 chr5:1792
35330-
17923563
2 

A549 
HeLa-S3 

 

216856 neuroligin 2(Nlgn2) 203 Yes -3715 chr17:730
7414-
7307787 

A549 
HeLa-S3 

 
18073 nidogen 1(Nid1) 211 

 
 
 
 

171 
 
 
 
 

568 
 

Yes 
 
 
 
 

No 
 
 
 
 

No 
 
 

-2718 
 
 
 
 

-9124 
 
 
 
 

-9604 

chr1:2362
31199-
23623145
4 
 
chr1:2362
37605-
23623782
8 
 
chr1:2362
38085-
23623834

IMR90 
 
 
 
 

HepG2 
 
 
 
 

HeLa-S3 
HepG2 
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8  
18591 platelet deriv ed growth f actor, B 

poly peptide(Pdgf b) 

413 Yes 
 

-8540 chr22:396
49497-
39649760 

HeLa-S3 
 

18846 plexin A3(Plxna3) No site     
235611 plexin B1(Plxnb1) 1000 

 
 
 
 
 
 

279 
 

 
 

208 

Yes 
 
 
 
 
 
 

Yes 
 

 
 

Yes 

-593 
 
 
 
 
 
 

-2804 
 
 

 
-6320 

chr3:4847
1465-
48471720 
 
 
 
 
chr3:4847
3676-
48473906 
 
chr3:4847
7192-
48477467 

A549 
H1-hESC 
HeLa-S3 
HepG2 
IMR90 
K562 

 
HepG2 

 
 

 
K562 

 

19216 prostaglandin E receptor 1 (subty pe EP1) 
(Ptger1) 

1000 
 
 
 
 
 
 

839 

Yes 
 
 
 
 
 
 

No 

-4211 
 
 
 
 
 
 

-9733 

chr19:145
87489-
14587812 
 
 
 
 
chr19:145
93011-
14593334 

A549 
H1-hESC 
HeLa-S3 
HepG2 
IMR90 
K562 

 
HeLa-S3 
HepG2 
IMR90 
K562 

 
70835 protease, serine 22(Prss22) 275 Yes -327 chr16:290

8498-
2908761 

HeLa-S3 
 

56554 retinoic acid early  transcript delta(Raet1d)      
20361 sema domain, immunoglobulin domain (Ig), 

and GPI membrane anchor, (semaphorin) 
7A(Sema7a) 

274 
 
 
 
 

177 
 
 
 
 

222 

No 
 
 
 
 

No 
 
 
 
 

No 

-9638 
 
 
 
 

-7681 
 
 
 
 

-4811 

chr15:747
35937-
74736194 
 
chr15:747
33980-
74734203 
 
chr15:747
31110-
74731373 

HepG2 
 
 
 
 

HepG2 
 
 
 
 

HeLa-S3 
 

83704 solute carrier f amily  12 (potassium/chloride 
transporters), member 9(Slc12a9) 

No site     

69354 solute carrier f amily  38, member 4 (Slc38a4) No site     
232086 transmembrane protein 150A(Tmem150a) 260 

 
 
 
 

412 
 
 
 

227 

Yes 
 
 
 
 

Yes 
 
 
 

Yes 

-3198 
 
 
 
 

-2662 
 
 
 

-28 

chr2:8583
3020-
85833275 
 
chr2:8583
2209-
85832484 
 
chr2:8582
9850-
85830095 

IMR90 
 
 
 
 

HepG2 
IMR90 
K562 

 

HepG2 
 

72309 transmembrane protein 158(Tmem158) 310 No -1672 chr3:4526
9486-
45269780 

H1-hESC 
K562 

 
94185 tumor necrosis f actor receptor superf amily , 

member 21(Tnf rsf 21) 

501 
 
 
 

Yes 
 
 
 

-72 chr6:4727
7608-
47277871 

HepG2 
HeLa-S3 

78339 tweety  f amily  member 3(Tty h3) 253 
 
 
 

224 
 
 
 

395 
 

No 
 
 
 

Yes 
 
 
 

Yes 
 

-8416 
 
 
 

-6600 
 
 
 

-100 

chr7:2662
964-
2663187 
 
chr7:2664
748-
2665003 
 
chr7:2671
180-
2671503 

HepG2 
 
 
 

IMR90 
 
 
 

A549 
HeLa-S3 
HepG2 
IMR90 
K562 
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Supplementary Table 3 

Gene Forward 5’ to 3’ Reverse 5’ to 3’ 

Aldh1a1 GGCACAATTCAGTGAGCGGC ATGGTGCGCCATGGAGAGC 

Cyp3a13 CCAACCTTCACCAGTGGGAGG GATCACATCCATGCTGTAGGCCC 

Pam CTGTCAACACTGTTATACCCCCAGG TCCAATCAGCGTCCACTGTCCG 

Prdx3 GCTCTGGTCCTCGGTTGCTCG GGGTGACAGCAGGGGTGTGG 

Pycr2 ATGCTGCTGGACTCAGAGGACC TTCTTGGTCAGCCATGGACTGC 

Rdh10 CCATGATGGTCAACTGCCACGC GCTCATGGCTCAGAGACTCGTGA 

Atp5f1 TGGTATTACAGGCAACAAGGGCC TCCAGTTCCAAGCACATAAGGTCC 

Hspe1 AAGGAAAGAGTGGAGAGATTGAGCC GAATGGCAGCTTCACGTGACACC 

Sdhaf4 GCCCTTAAGAAGTCAAAGCTGCC CTTCCGTTCCCAGTCTCCATATCG 

Timm17a GCGAATTGTAGATGACTGTGGCGG GTCAAACTTCCTCGGAGTCTGTGG 

Mansc1 CTCAGGAAGACTGTATCGGTGCC TGTAGGTCACAAGGCCCTTGGC 

R3hdml CGGGACATGAGCGCTTTACTGG CCACGTACTTCATCAGCTGTGAGG 

Ano8 GGCATGGATGAAGACAGTGCCC CAAAGAAGGCATAGGCACGCG 

Cps1 GGGTCAATGGCTGCAGGAGG CCACAAAATCCACAGACTGGCC 

Cpm CCTGTGGGTTCTCGTTGTGGG ATGCGTGATTTCCGGGTCTTTCC 

Ccdc80 GTCAGTGGCCGACCTGTTGG CCACAGAGATCCTCCTGGTGGC 

Crlf1 GGCTCCTGCCTCTATGTTGGC ATGTGTTATCCTGACCGTACCACC 

Gdf15 CCTGAGTCCCAACTCAACGCC CGTGGGACCCCAATCTCACC 

Tnfrsf21 CACCGACGCAATGATGTTGTGG TCACGTTAGGACTGGGCATGG 

Plxnb1 TGGGCTGTCTTCGAGTGGTGG CCAGAACTGGTCAGTAGAGCAGG 
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Abstract 
An important part of the beneficial effects of calorie restriction (CR) on healthspan 

and lifespan is mediated through regulation of protein synthesis that is under control 

of the mechanistic target of rapamycin complex 1 (mTORC1). As one of its activities, 

mTORC1 stimulates translation into the metabolic transcription factor 

CCAAT/Enhancer Binding Protein β (C/EBPβ) isoform Liver-specific Inhibitory 

Protein (LIP). Regulation of LIP expression strictly depends on a translation re-

initiation event that requires a conserved cis-regulatory upstream open reading frame 

(uORF) in the C/EBPβ-mRNA. We showed before that suppression of LIP in mice, 

reflecting reduced mTORC1-signaling at the C/EBPβ level, results in CR-type of 

metabolic improvements. Hence, we aim to find possibilities to pharmacologically 

down-regulate LIP in order to induce CR-mimetic effects. We engineered a luciferase 

based cellular reporter system that acts as a surrogate for C/EBPβ-mRNA translation, 

emulating uORF-dependent C/EBPβ-LIP expression under different translational 

conditions. By using the reporter system in a high-throughput screening (HTS) 

strategy we identified drugs that reduce LIP. The drug Adefovir Dipivoxil passed all 

counter assays and increases fatty acid β-oxidation in a hepatoma cell line in a LIP-

dependent manner. Therefore, these drugs that suppress translation into LIP 

potentially exhibit CR-mimetic properties. 
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Introduction 
Calorie restriction (CR; also called dietary restriction) without malnutrition increases 

health and lifespan in virtually all species studied1. Reduced signaling through the 

nutrient sensitive mechanistic target of rapamycin complex 1 (mTORC1) is thought to 

mediate many of the beneficial effects of CR2-4. In addition to CR, inhibiting mTORC1 

either by pharmacological treatment, mutations, or low protein, high carbohydrate 

(LPHC) diets has similar beneficial effects4-8. A prominent result of CR or low 

mTORC1 signaling is a decrease in cancer incidence, which maybe related to the 

alterations in mTORC1-controlled metabolism2,9.  

mTORC1 signaling coordinates the regulation of global protein synthesis and 

autophagy to adapt protein homeostasis to changing nutrient availability and growth 

factor signaling10. In addition, the expression of a subset of proteins is specifically 

regulated by mTORC1 through distinctive translation of their mRNAs involving cis-

regulatory elements that make them responsive to regulators of translation. 

Previously, we presented that specific translation into the C/EBPβ protein isoform 

LIP (Liver-specific Inhibitory Protein) is under control of mTORC1 through 

regulation of the downstream eukaryotic translation initiation factor 4E (eIF-4E) 

binding proteins (4E-BPs), and that mTORC1-inhibition by rapamycin reduces LIP 

expression11,12. Translation of the C/EBPβ-mRNA involves two separate translation 

mechanisms, initiation and re-initiation: 1) Synthesis of the isoforms LAP and LAP* 

(Liver-specific Activating Protein) is the result of regular translation initiation where 

ribosomes scan the mRNA from the 5’-end to the first AUG-codon in a favorable 

Kozak sequence context to initiate translation (LAP* is often weakly expressed 

because it has no Kozak sequence) (Supplementary Fig. 1a and b); 2) translation 

into LIP requires the initial translation of a cis-regulatory upstream open reading 

frame (uORF) in the mRNA leader sequence, followed by the continuation of mRNA 

scanning and translation re-initiation from the downstream LIP-AUG codon 

(Supplementary Fig. 1c)11. Activated mTORC1 signaling stimulates the latter re-

initiation into LIP but only marginally affects the initiation into LAP. The dependence 

of LIP expression on the presence of the uORF can be explained by the finding that 

translation of the uORF prevents translation initiation at the LAP initiation codon. 

Mechanistically this is based on the fact that uORF-post-termination ribosomes have 

to be reloaded with new initiator tRNA (Met-tRNAiMet) in order to perform a second 
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translation re-initiation at the same mRNA molecule. The LAP initiation codon is too 

close (4 nt) to the uORF for the post-termination ribosomes to be reloaded with new 

Met-tRNAiMet in time. Therefore, they omit the LAP initiation codon but can be 

reloaded with Met-tRNAiMet early enough to re-initiate translation at the downstream 

LIP initiation codon (Supplementary Fig. 1c). The sophisticated structure of the 

C/EBPβ-mRNA renders its translation responsive to changes in availability or activity 

of translation-regulatory factors. 

Met-tRNAiMet is delivered to the ribosomes in a ternary complex with eIF2 and 

GTP and initiation is accompanied by GTP-hydrolysis followed by the release of the 

eIF2-GDP complex. The activity of eIF2 is restored by the guanine-nucleotide 

exchange factor eIF-2B, a process that is inhibited by eIF2α-kinases that 

phosphorylate eIF2α-subunit of eIF2-GDP and thereby limit translation under 

various stress conditions13,14. Since re-initiation at the LIP-AUG requires loading of a 

new initiator tRNA, re-initiation at the LIP-AUG is sensitive to eIF2α-kinases11. 

While LAP/LAP* is a transcriptional activator LIP lacks the transactivation 

domains and can therefore act as a competitive inhibitor of LAP function15. 

Consequently, the ratio between LAP and LIP is crucial for the biological functions 

elicited by C/EBPβ. Genetic elimination of the uORF in mice abrogates regulated 

translation into LIP12,16. These C/EBPβΔuORF knockin mice display a CR-type 

improved metabolic profile, including reduced fat accumulation and increased fatty 

acid β-oxidation, improved insulin sensitivity and glucose tolerance, and enhanced 

activity12,17. Intriguingly, these metabolic improvements are achieved without 

reducing calorie intake. Furthermore, genetically modified mice with mono-allelic or 

bi-allelic overexpression of LIP display an increase in cancer incidence18. Thus, 

pharmacological targeting of C/EBPβ-LIP expression may provide a promising 

strategy to screen for drugs with calorie mimetic properties for the treatment of 

metabolic disease and cancer.  

Other transcripts than C/EBPβ use the mechanism of uORF-dependent re-

initiation for translationally controlled protein expression, including the well-studied 

yeast Gcn-4 or the eukaryotic ATF-4 mRNAs as well as other mRNAs involved in 

proliferation and differentiation19. It is believed that post-uORF re-initiation involves 

the same translation factors as regular initiation. There is, however, emerging 

evidence that uORF-containing transcripts are in addition coordinately regulated by 
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non-canonical re-initiation factors. This model was recently strengthened by the 

discovery that the complex of density regulated protein (DENR) and Multiple Copies 

in T-cell Leukemia (MCT-1) is a selective regulator of re-initiation involved in tissue 

growth20. In addition, our recent work suggests that proper re-initiation is disturbed 

by mutations in the ribosomal maturation factor gene Shwachman-Bodian-Diamond 

Syndrome (SBDS) that cause Shwachman Diamond Syndrome (SDS)21. Therefore, 

beyond the regulation of C/EBPβ translation per se coordinated uORF-dependent 

regulation of subsets of transcripts may be involved in controlling physiological as 

well as pathological alterations.  

Conditions that reduce LIP levels like CR or other means of mTORC1 

inhibition are explored for its feasibility to improve metabolic health and to treat 

cancer. Long term CR, however, is not manageable for most people and current 

treatment with mTORC1 inhibitors are of limited success and come with serious side 

effects22-25. Transcription factor function is considered to be largely undruggable and 

in case of LIP it would almost inevitably mean that LAP is targeted too, since LAP 

includes all sequences that make up LIP. Fortunately, we know that the specific 

translation mechanism that is responsible for LIP translation is potentially druggable, 

as reduction of LIP through pharmacological inhibition of mTORC1 exemplifies. 

Therefore, we set out to develop a screening strategy for the identification of 

compounds that alter C/EBPβ-uORF dependent translation re-initiation into LIP and 

thereby ultimately identify compounds that have CR-mimetic and/or anti-cancer 

activities. Here we present a cellular system containing C/EBPβ-uORF controlled 

luciferase-reporters that measures simultaneously translation initiation and re-

initiation and is suited for high-throughput screening strategies. The screening 

system was validated with pharmacological and genetic approaches and used to 

screen a library of FDA approved drugs. Hereby we identified drugs known to inhibit 

mTORC1 as well as other drugs previously unknown to affect re-initiation/initiation 

ratios. Finally, a single drug was identified that reduces translation re-initiation in 

different cell lines, reduces endogenous LIP expression and increases β-oxidation in a 

mouse hepatoma cell line. Therefore, with our reporter we present a reliable tool for 

the search for small molecule compounds that may mimic calorie restriction in which 

C/EBPβ and other uORF controlled genes are causally implicated. 
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Results 

A reporter system to emulate (monitor) C/EBPβ-mRNA translation 

In order to identify small molecule compounds that modulate C/EBPβ-uORF 

dependent and differential translation of the C/EBPβ-mRNA into the protein 

isoforms LAP and LIP we designed a reporter system as a surrogate for this process. A 

single dual reporter plasmid was constructed that expresses a renilla luciferase 

transcript for the simulation of translation initiation into LAP and a firefly luciferase 

transcript for the simulation of translation re-initiation into LIP, both under control 

of the C/EBPβ-5’-leader sequence (Fig. 1a, pcDNA-FireflyRe-ini/RenillaIni). 

Comparable to translation into LAP from the genuine C/EBPβ-mRNA, regular 

translation initiation after leaky scanning over the uORF results in expression of 

renilla luciferase from the initiation cassette (RenillaIni) (Fig. 1a, Initiation 

Cassette). This cassette does not contain the downstream LIP-AUG and therefore 

uORF translation and eventual subsequent downstream re-initiation events are not 

detected. The efficiency of uORF-dependent re-initiation, simulating translation into 

LIP, is measured as expression levels of firefly luciferase from the re-initiation 

cassette (FireflyRe-ini) (Fig. 1a, Re-initiation Cassette). Ribosomes omitting 

translation of the uORF in the re-initiation cassette initiate translation at the 

proximal ORF consisting of C/EBPβ sequences that would mimic translation at the 

LAP initiation site (Fig. 1a, grey box), however, its product is not detected because 

the renilla reading frame is shifted with +1. In this way, only re-initiation is measured 

and direct initiation is left unnoticed. Alterations in the ratio between re-initiation 

and initiation are depicted as FireflyRe-ini/RenillaIni values for the compound library 

screens. 

An additional reporter plasmid was constructed for measurement of reference 

levels of firefly (FireflyRef) and renilla (RenillaRef) luciferase through unrestrained 

translation (Fig. 1b, pcDNA-FireflyRef/RenillaRef). This reporter is used for the 

counter assay to control for effects not related to re-initiation/initiation efficiency like 

the rate of transcription, mRNA stabilization, general effects on translation or direct 

interference with the luciferase activity. Using measurements obtained with the 

pcDNA3-FireflyRe-ini/RenillaIni and the pcDNA3-FireflyRef/RenillaRef plasmids a 

translation re-initiation index (TRI) can be calculated by using the formula TRI = 

FireflyRe-ini RenillaRef / RenillaIni FireflyRef (Fig. 1B, boxed formula). Hence, an TRI 
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> 1 indicates enhanced re-initiation and an TRI < 1 indicates reduced re-initiation, 

respectively. TRI provides a more stringent normalized measurement for the 

validation of compounds identified by FireflyRe-ini/RenillaIni reporter system.  
 

 

 

Figure 1: Translation Re-initiation Index (TRI) determination. 
(a) Representation of pcDNA3-FireflyRe-ini/RenillaIni plasmid containing the initiation and re-initiation 
cassette as indicated. Renilla luciferase (RenillaIni) can only be translated by ribosomes that have 
scanned over the uORF in the C/EBPβ 5’leader sequence (Cβ 5’ldr) and directly initiate at the LAP-
initiation AUG-codon that runs into the renilla reading frame, representing LAP translation. Translation 
of the firefly luciferase (FireflyRe-ini) is only possible by ribosomes that have first translated the uORF in 
the C/EBPβ 5’leader sequence (Cβ 5’ldr), resume scanning and re-initiate at the LIP-initiation AUG-
codon of the firefly reading frame, representing LIP translation. The ribosomes that bypass the uORF 
and start translating the C/EBPβ-LAP reading frame (grey) cannot initiate translation of the 
downstream firefly reading frame because this is shifted +1 and therefore does not produce a 
luciferase signal. 
(b) Representation of the pcDNA3-FireflyRef/RenillaRef plasmid that is devoid of C/EBPβ sequences 
and is used for measurement of reference translation levels of firefly luciferase (blue) and renilla 
luciferase (green). The formula used for calculation of the translation re-initiation index (TRI) is shown 
framed. 
 

Validation of the reporter system 

The differential translation of the C/EBPβ-mRNA into LAP and LIP protein isoforms 

is under control of the mTORC1/4E-BP/eIF4E pathway11,12. To examine the 

performance of the reporter in response to mTORC1 hyperactivation we separately 

transfected the pcDNA-FireflyRe-ini/RenillaIni and pcDNA-FireflyRef/RenillaRef reporter 

plasmids in mouse embryonic fibroblasts (MEFs) that are deficient in the mTORC1-
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inhibitory protein TSC1 (TSC1-KO)26 or in wt MEFs and calculated the TRI. 

Compared to the wt MEFs the TRI was increased in the TSC1-KO MEFs, revealing 

enhanced translation re-initiation, which also resulted in enhanced expression of LIP 

(Fig. 2a). A significant part of the mTORC1-dependent LIP regulation is mediated 

through the inhibitory phosphorylation of 4E-binding proteins (4E-BPs) by mTORC1, 

resulting in release of the eukaryotic translation initiation factor 4E (eIF-4E)12. In 

accordance, we found higher TRI values and increased LIP expression in 4E-BP1/2-

double knockout (4E-BP1/2-DKO) MEFs comparing to wt MEFs (Fig. 2b). mTORC1 

signaling can be pharmacologically inhibited by the allosteric inhibitor rapamycin or 

the catalytic inhibitor PP424. To examine the performance of the reporter under 

pharmacological conditions we generated HEK293T based cell lines with stable 

integrated pcDNA-FireflyRe-ini/RenillaIni or pcDNA-FireflyRef/RenillaRef reporters. 

Treatment of the reporter cell lines with 200 nM rapamycin or 10 nM PP242 

decreased LIP expression and lowered TRI values, revealing suppression of re-

initiation under inhibited mTORC1 conditions (Fig. 2c). The mTORC1 inhibition was 

monitored by reduced phosphorylation of 4E-BP1 and S6 kinase (S6K). Finally, 

overexpression of eIF-4E that increases LIP expression accordingly increased TRI 

values (Fig. 2d). Therefore, the reporter system reliably reflects differential 

translation of the C/EBPβ-mRNA under changing mTORC1 signaling. 

The eIF2α-kinases suppress post-uORF translation re-initiation through 

inhibitory phosphorylation of eIF2α in response to various stresses13,14, which results 

in reduced expression of LIP11. Augmenting eIF2 activity by treatment with the 

eIF2α-kinase inhibitor C16, which reduces in eIF2α-phosphorylation, resulted in 

elevated translation re-initiation measured as higher TRI values and in an increase in 

LIP expression (Fig. 2e). Similarly, activation of eIF2α by overexpression of the 

dominant negative mutant of the eIF2α-kinase PKR (PKRΔ6) or the non-

phosphorylatable eIF2αS51A mutant but not the phosphorylation mimicking 

eIF2αS51D mutant resulted higher TRI values (Fig. 2d). Thus, the alterations in 

eIF2α-kinase signaling can be measured using the TRI reporter system. 
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Figure 2: Reporter system validation. 
(a) Mouse embryonic fibroblasts (MEFs) that are deficient in the mTORC1-inhibitor protein TSC1 
(TSC1-KO) or wt MEFs transiently transfected with pcDNA3-FireflyRe-ini/RenillaIni and pcDNA-
FireflyRef/RenillaRef reporter plasmids. The bar graphs show the calculated TRI mean values (n=5). 
Immunoblots show the levels of C/EBPβ, TSC1, phospho-S6K, S6K and the β-actin loading control. 
(b) 4E-BP1/2 double knockout (DKO) MEFs and wt MEFs transiently transfected with reporter 
constructs as described in (a). The bar graphs show the calculated TRI mean values (n=5). 
Immunoblots show the levels of C/EBPβ, 4E-BP1, 4E-BP2 and the β-actin loading control. 
(c) HEK293T cells stably expressing pcDNA3-FireflyRe-ini/RenillaIni or pcDNA-FireflyRef/RenillaRef 
reporters treated with 200 nM rapamycin or 10 nM PP242 for 8 h. The bar graphs show the calculated 
TRI mean values (n=3). The immunoblots show mTORC1 inhibition by reduced phosphorylation of 4E-
BP1 and S6K in addition to β-actin as loading control. 
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(d) HEK293T cells described in (c) transfected with eIF expression vectors. The bar graphs show the 
calculated TRI mean values (n=3). Immunoblots show levels of eIF4, eIF2α, PKR and the β-actin 
loading control. 
(e) HEK293T cells described in (c) treated with the PKR inhibitor (C16) for 8 h. The bar graphs show 
the calculated TRI mean values (n=3). Immunoblots shows the reduced phosphorylation of eIF2α and 
the β-actin loading control. 
(f) DENR-KD (+Dox) and DENR-Control (-Dox) HEK293T cells transiently transfected with reporter 
constructs as described in (a). The bar graphs show the calculated TRI mean values (n=6). 
Immunoblots show levels of DENR and the β-actin loading control. 
(g) C33A cells with stable SBDS knockdown (shSBDS) or control cells (shCTRL) transiently 
transfected with reporter constructs as described in (a). The bar graphs show the calculated TRI mean 
values (n=6).  Immunoblots show levels of SBDS and the β-actin loading control. Statistical differences 
were analyzed by Student’s t-tests. Error bars represent ±SD, *P < 0.05, **P < 0. 01, ***P < 0. 001.  

 

In addition to the canonical translation initiation pathways we examined the 

effects of two proteins that were shown to determine the efficiency of translation re-

initiation by different mechanisms. The density-regulated protein (DENR) has been 

identified as a key regulator of eukaryotic re-initiation downstream of uORFs, and 

knockdown of DENR impairs the post-uORF re-initiation of translation20. To 

examine the effect of DENR expression we generated HEK293T cells with a 

doxycycline-inducible DENR-shRNA expression vector. Induction of DENR-KD 

(+Dox) resulted in lower TRI comparing to control cells (Fig. 2f), confirming the 

crucial role of DENR in uORF-dependent translation re-initiation. Recently, we have 

shown that deficiency in the Shwachman-Bodian-Diamond Syndrome (SBDS) protein 

impairs translation re-initiation into the C/EBPβ-LIP isoform21. In accordance, we 

measured lower TRI values in cells with shSBDS mediated knockdown of SBDS (Fig. 

2g).  

Taken together, the TRI reporter system reliably detects changes in the ratio of 

initiation versus re-initiation by known translationally active drugs or alterations in 

key translation initiation factors and their regulatory kinases or non-canonical 

regulators of re-initiation. 

 

Assay development and execution of a high-throughput screening (HTS)  

To establish a reporter cell line suitable for high-throughput screening (HTS) we 

generated HEK293T cells with stably integrated pcDNA-FireflyRe-ini/RenillaIni 

reporter plasmid. Single clones were tested for renilla and firefly expression and the 

highly expressing cell clones were in addition tested for stability of expression over 

repeated cell passages. Cell line clones that met these criteria were selected for further 



A screening strategy for the discovery of drugs that reduce C/EBPβ-LIP translation with 
potential calorie restriction mimetic properties  

 107 

experiments. Similarly, a cell line with stably integrated pcDNA-FireflyRef/RenillaRef 

plasmid was generated. To determine an optimal assay window using reference 

compounds we performed kinetic experiments with the mTORC1 inhibitors 

rapamycin and PP242 over 24 hours. Both drugs showed the strongest decrease in 

TRI value at 8 hours, which was chosen as a suitable time point to perform the HTS 

(Supplementary Fig. 2a).  

We screened a library consisting of 780 FDA approved drugs (ENZO #BML-

2841) using the FireflyRe-ini/RenillaIni HEK293T reporter cell line. 1.5x104 cells per 

well (50 μl volume) were seeded in a 384-well format and the FireflyRe-ini/RenillaIni 

system was exposed to 10 μM of a single drug per well for 8h (three assay plates in 

total). Each assay plate contained 6 wells with 0.5% v/v DMSO added as reference 

(Fig. 3a, b and c; bar graph at the right). Rapamycin was included as positive 

control on each plate (n=6) and induced a significant decrease in re-

initiation/initiation ratio (FireflyRe-ini/RenillaIni) for each plate (plate 1, 0.82 ± 0.04; 

plate 2, 0.85 ± 0.025; plate 3, 0.9 ± 0.028) (Fig. 3a, b and c; bar graph at the 

right). 45 drugs were found to decrease the translation re-initiation/initiation ratio 

(FireflyRe-ini/RenillaIni) below the threshold of three times the standard deviation from 

the mean value of DMSO treated cells (hit rate 5.7%) (Fig. 3a, b and c). The ENZO 

library contains three mTORC1 inhibitors that are derived from rapamycin (the 

rapalogs everolimus, sirolimus and temsirolimus) and two of them, sirolimus and 

everolimus, decreased re-initiation/initiation ratio (Fig. 3a and b). The 

temsirolimus signal was neglected because of aberrantly low luciferase signals 

(technical failure).  
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Figure 3: High throughput screening of a drug library. 
(a, b and c) Scatter plots for three different plates with measured translation re-initiation/initiation ratio 
(FireflyRe-ini/RenillaIni) of 780 FDA approved drugs. Each plate contained 6 wells treated with DMSO as 
a solvent and rapamycin as a positive control (bar graph at the right, error bars represent SD). The 
threshold of three times the standard deviation from the DMSO mean value (3xSD) is indicated. Drugs 
that decreased the translation re-initiation/initiation ratio more than 3xSD are indicated in red. Drugs 
indicated by numbers (#1, 2, 3 and 4) were selected for further evaluation. The arrows point to 
Sirolimus in plate 1 and Everolimus in plate 2. 
(d) Names and structural formulas of the drug #1-4 (retrieved from the ChemSpider database, 
www.chemspider.com). Statistical differences were analyzed by Student’s t-tests. Error bars represent 
±SD (n = 6), **P < 0.01, ***P < 0. 001. 
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Validation of the drugs that decrease translation re-initiation/initiation 

ratio 

Four drugs with the strongest effect on decreasing re-initiation/initiation ratio were 

chosen for further validation using counter assays (Fig. 3a-c, numbered values 

#1-4; Fig. 3d, drug names and structural formulas). Treatment of the pcDNA-

FireflyRef/RenillaRef or pcDNA3-FireflyRe-ini/RenillaIni containing HEK293T cell line 

using 10 μM of each drug for 8 h in a 96-well format revealed for drug #3 and #4 

enhancement of the renilla reference signal compared to DMSO control 

(Supplementary Fig. 2b and c). The calculated TRIs (see formula Fig. 1b) 

revealed that similar to the result of the HTS screen drug #4 showed the strongest 

effect compared to drug #2 and #3, however, we could not confirm an effect of drug 

#1 on the TRI (Fig. 4a). Only drug #4 (Adefovir Dipivoxil) significantly lowered TRI 

values in two additional different cell lines, the mouse hepatoma cell line Hepa1-6 

and the human breast cancer cell line MCF-7 (Fig. 4b and c). Drugs #2 did 

significantly lower the TRI in Hepa1-6 but not in MCF7 cells, and drug #3 did not 

alter the TRI in Hepa1-6 and even increased the TRI in MCF7 cells (Fig. 4b and c). 

These two drugs were excluded from further examination. To examine dose-

dependency of treatment the TRI was measured for serially diluted concentrations 

between 1 nM and 100 μM for drugs #4 compared to drug #1 (Supplementary Fig. 

2d). Drug #4 showed a dose-response with a half maximal effective concentration 

(EC50) of 1 μM, while drug #1 showed a much higher EC50 of 70.4 μM. Cytotoxicity 

over 8 hours treatment was examined using fluorescent cell viability assay (CellTiter-

Fluor, Promega) and revealed for both drugs #1 and #4 only serious cytotoxicity at 

100 μΜ concentrations (Supplementary Fig. 2e). In addition, treatment with drug 

#4 lowered endogenous LIP/LAP ratio comparable to treatment with rapamycin in 

HEK293T, Hepa 1-6 and MCF-7 cells (Fig. 4D, e and F). Taken together, the 

counter assays revealed that drug #4 is best in affect re-initiation measured as 

reduced TRI and lower LIP levels in cells that originate from three different tissues. 
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Figure 4: Validation of the 
drugs that decrease 
translation re-
initiation/initiation ratio. 
(a) TRI mean values of 
HEK293T cells transiently 
transfected with pcDNA3-
FireflyRe-ini/RenillaIni and 
pcDNA3-FireflyRef/RenillaRef 
reporter plasmids and treated 
with drugs #1, 2, 3 and 4 (n=4). 
(b and c) TRI mean values of 
Hepa1-6 or MCF7 cells 
transiently transfected with the 
constructs described in (a) and 
treated with drugs #2, 3 and 4 
(n=4). 
(d) Treatment with drug #4 (10 
μM for 8 h) decreases C/EBPβ-
LIP/LAP ratio in HEK293T cells 
as analyzed by immunoblotting. 
β-actin was used as a loading 
control. Bar chart at the right 
shows quantification of the 
relative changes in LIP/LAP-
isoform ratio by drug #4 and 
rapamycin compared to DMSO 
solvent (n=3). 

(e and f) Same experiment as described in (d) with Hepa1-6 or MCF7 cells, respectively (n=3). C/EBPβ-LIP/LAP 
isoform ratios were quantified by chemiluminescence and digital imaging. Statistical differences were analyzed by 
Student’s t-tests. Error bars represent ±SD, *P < 0.05, **P < 0.01, ***P < 0. 001.  

 

We have recently shown that suppression of LIP expression results in a 

metabolic shift towards more fatty acid β-oxidation (FAO) in cell culture experiments 

and in a mouse model that is deficient in LIP expression (C/EBPβΔuORF mice)12. To 

examine an eventual similar effect of drug #4 that also lowers LIP levels we measured 

FAO of exogenously added palmitate-BSA in Hepa1-6 cells using the Seahorse XF 

extracellular flux analyzer. Treatment with drug #4 resulted in an enhanced FAO-

related oxygen consumption rate (OCR) that can be reverted by ectopic expression of 

LIP (Fig. 5a). The enhanced FAO phenotype of the C/EBPβΔuORF mice is associated 
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with upregulation of genes involved in FAO and unchanged or downregulated 

expression of lipogenesis genes in the liver12.  Treatment of Hepa1-6 cells with drug 

#4 resulted in the upregulation of the FAO-related genes short-chain (SCAD), 

medium-chain (MCAD) and very long-chain (VLCAD) acyl-CoA dehydrogenases as 

well as acyl coenzyme A oxidase (AOX), but not of the long-chain acyl-CoA 

dehydrogenase (LCAD) gene (upregulated in C/EBPβΔuORF mice) (Fig. 5b). In 

addition, the lipogenesis-related genes stearoyl-coenzyme A desaturase 1 (SCD1) and 

sterol regulatory element-binding protein 1c (SREBP1c) were modestly 

downregulated, fatty acid synthesis (FAS) was unchanged (downregulated in 

C/EBPβΔuORF mice) and acetyl-CoA carboxylase (ACC) upregulated (unchanged in 

C/EBPβΔuORF mice). Overall the effects of drug#4 on the examined genes show 

characteristics of enhanced FAO with a similar but not identical pattern compared to 

the C/EBPβΔuORF mouse liver. 

Taken together, our experiments show that the TRI reporter system can be 

successfully applied in HTS campaigns to identify compounds that alter the ratio 

between translation initiation and re-initiation depending on the C/EBPβ-uORF, 

which potentially display CR-mimetic properties. 
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Figure 5: Drug #4 augments fatty acid β-oxidation. 
(a) Oxygen consumption rate (OCR) with palmitate as exogenous energy source for fatty acid β-
oxidation in Hepa1-6 cells expressing either empty pcDNA3-vector control (E.V., left bar graph) or 
overexpressing LIP (right bar graph) and treated (overnight) with drug #4 or DMSO solvent (n=5). 
(b) Relative mRNA expression levels (qRT-PCR) of the β-oxidation genes SCAD, MCAD, LCAD, 
VLCAD, AOX, and lipogenesis genes ACC, FAS, SCD1 SREBP1c in HEPA1-6 cells treated with drug 
#4 or solvent DMSO (n=3). Statistical differences were analyzed by Student’s t-tests. Error bars 
represent ±SD, *P < 0.05, **P < 0.01, ***P < 0. 001. 
 

Discussion 

We developed a cellular reporter system as a surrogate for measuring the ratio 

between translation initiation and uORF-dependent re-initiation as it is used as a 

mechanism for differential translation of the C/EBPβ-mRNA into the protein 

isoforms LAP and LIP. We have used reporter systems in the past based on C/EBPα-

uORF regulation, however, these systems are not suitable for HTS27,28. Our main 

motivation to generate a C/EBPβ-based system came from our recent studies where 

we showed that experimental prevention of uORF-dependent translation re-initiation 

and the resulting decrease in LIP expression (decrease in LIP/LAP ratio) leads to CR-

like metabolic improvements12,17,29. The uORF-dependent mechanism of LIP 

regulation seems reminiscent to the uORF-dependent induction of the nutrient-

responsive yeast transcription factor Gcn4 in response to amino acid starvation and 

glucose limitation (dietary restriction). Gcn4 induction in yeast is required for full 

replicative lifespan extension in response to dietary restriction or depletion of 60S 

ribosomes by deletion of ribosomal protein genes or treatment with the drug 

diazaborine30. Ribosomal re-initiation and expression of LIP is controlled by the 

mTORC1 pathway, linking the expression of this transcription factor to a crucial 

signaling network that determines metabolic health. Several studies have reported 

that LIP levels are reduced under conditions that promote metabolic health like CR 

whereas increased LIP levels are associated with detrimental health conditions like 

high fat diets, aging and cancer12,18,31-33. Therefore, we reasoned that suppression of 

LIP function by translational downregulation might have therapeutic value since it 

mimics effects of CR. The specific uORF-dependent translation into LIP can be 

targeted since we know that pharmacological inhibition of mTORC1 or genetic 

alterations in certain translation initiation factors results in suppression of LIP 

translation. Reducing LIP levels through the well-known inhibition of mTORC1 by 

rapamycin and derivatives (rapalogs) is not optimal since the response varies widely 
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between cell types34,35 and treatment comes with a diversity of serious side effects 22-

25,36,37. Since other mechanisms that may impact on LIP translation are not well 

understood and partially obscure we set out to develop a phenotypic screening system 

for the identification of small molecule compounds that reduce translation re-

initiation that is under control of the C/EBPβ-uORF, in an unbiased way. To validate 

the functionality of the screening system we chose several established genetic 

alterations and pharmacological treatments that alter LIP translation via different 

pathways to show that the cellular FireflyRe-ini/RenillaIni luciferase reporter reliably 

emulates the two different translation events from the C/EBPβ-mRNA; firefly 

expression through re-initiation and renilla expression through initiation.  

The screening of novel targets against known drugs offers the potential for 

drug repurposing with reduced cost and time scale for evaluation against alternative 

diseases38. For an initial screen we therefore chose a small molecule library of 780 

FDA approved drugs (ENZO #BML-2841) using a HEK293T-based clonal cell line 

with stably integrated pcDNA3-FireflyRe-ini/RenillaIni reporter plasmid. Hits were 

classified as those compounds that resulted in a reduced FireflyRe-ini/RenillaIni signal 

compared to the DMSO control with values larger than three times standard 

deviation (3xSD), in total 45 drugs (5.7% hit rate). A selection of four drugs that 

showed the strongest reduction in FireflyRe-ini/RenillaIni signal was subjected to 

counter assays. Drug #4 was the sole drug to pass all tests and reducing the TRI and 

LIP levels in three different cell lines in comparison with rapamycin that showed 

similar effects. It is off course possible that additional drugs that also fulfill these 

criteria are among the other 30 identified but not yet re-tested drugs. 

A prominent effect of reducing LIP levels at both cellular and organismal levels 

is an enhanced fatty acid oxidation, which beneficially influences metabolic health12. 

Drug #4 induced a similar increase in fatty acid oxidation in a liver cell line, which 

could be reversed by overexpression of LIP. Taken together, we identified drug #4 

from a collection of 780 FDA approved drugs, which reduces C/EBPβ-uORF-

dependent translation re-initiation and enhanced generation of the protein isoform 

LIP with concomitant associated enhancement of fatty acid oxidation. Drug treatment 

experiments in mice will have to clarify whether candidate drugs alter systemic 

metabolism comparable to the effects found in the C/EBPβΔuORF mice12. It is beyond 

the scope of this manuscript to identify the underlying molecular target(s) or 
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mechanism of action of drug #4 (or one of the other candidates), or to address the 

potential for drug repurposing. In addition, all 45 hits should be subject of further 

validation and characterization. Nonetheless, the data do show that the system can be 

used for HTS campaigns to identify small molecule compounds that reduce LIP levels 

and potentially have CR-mimetic properties. This is important, since the 

pharmacological options to utilize the beneficial effects of CR-type metabolic 

alterations and its related cancer reducing properties are limited.  

 The system we present here belongs to the type of phenotypic drug discovery 

(forward pharmacology) where compounds are identified that cause a desirable 

change in phenotype, here reduction of C/EBPβ-uORF-dependent translation re-

initiation. The system, however, is not purely phenotypic and target-agnostic (without 

having prior knowledge of their biological activity or mode of action against a specific 

molecular target or targets) and is better described as a translation re-initiation and 

initiation mechanism-informed phenotypic screen39,40. Phenotypic screens potentially 

can identify compounds that modify a (disease) phenotype by acting on a yet 

undiscovered target or targets. The successive identification of the target(s) using for 

example techniques as chemical proteomics41 could give novel insights into 

translation control mechanisms and involved upstream signaling pathways and might 

thereby also broaden our knowledge of potential players in metabolic diseases, aging 

and cancer.  

 

 

Materials and Methods 
DNA constructs. For generation of pcDNA-FireflyRe-ini/RenillaIni, we first cloned 

the rat C/EBPβ-5’-leader sequence until the LAP initiation codon in frame with the 

renilla sequence (from pGL4) in pcDNA3, and separately cloned C/EBPβ-sequences 

spanning the 5-leader and sequences until the LIP initiation codon with a +1 frame 

shift (7 nt upstream of the AUG) with the firefly sequences (from pGL3) in pcDNA3. A 

fragment of the pcDNA3-LAP-Renilla between the BglII restriction site and spanning 

the renilla sequences was amplified by PCR using the following primers, forward: 5’-

CGG AAA TGT TGA ATA CTC ATA CTC-‘3 and reverse: 5’-GCT CAG ATC TCC TCA 

GAA GCC ATA GAG C-‘3. The amplified fragment was sequenced and cloned in the 

pcDNA3-LIP-Firefly using the BglII site to obtain the final pcDNA-FireflyRe-
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ini/RenillaIni. For the reference construct pcDNA-FireflyRef/RenillaRef, a similar 

cloning strategy was employed using solely renilla and firefly coding regions (from 

pGL4 and pGL3 respectively). Details of the cloning strategy will be provided upon 

request. eIF4E, eIF2α-S51D, eIF2α-S51A and PKRΔ6 pcDNA3-based expression 

vectors are described in11. The human DENR shRNA expression vector was generated 

by annealing the oligonucleotides shDENR forward:‘5-CCG GCA AGA GTA TGT GGC 

CTT GCA ACT CGA GTT GCA AGG CCA CAT ACT CTT GTT TTT T-3’ and shDENR 

reverse:‘5-AAT TAA AAA ACA AGA GTA TGT GGC CTT GCA ACT CGA GTT GCA 

AGG CCA CAT ACT CTT G-3’ and ligating them into the Tet-pLKO-puro vector 

(Addgene plasmid #21915, described in42).  

 

Cell culture. HEK293T and Hepa1-6 cells were maintained in DMEM and MCF7 

cells in RPMI (Gibco) supplemented with 10% fetal calf serum (FCS) and 1% 

Penicillin/Streptomycin at 37◦C with 5% CO2. TSC1-KO and 4E-BP1/2-DKO MEFs 

were previously described43,44. SBDS-KD C33A cells were used before21. Hepa1-6 cells 

ectopically expressing C/EBPβ-LIP from a pcDNA3 expression vector were described 

at12. Cell number and viability was determined using the TC20TM automated cell 

counter (Bio-Rad) following the manufacturers instruction. For generation of cells 

stably expressing the reporter constructs, pcDNA-FireflyRe-ini/RenillaIni or pcDNA-

FireflyRef/RenillaRef were transfected into HEK293T cells using FUGENE (Roche). 

Cell clones were selected by addition of G418 to the medium (1 mg/ml). For 

knockdown of DENR in HEK293T cells, the cells were transduced with the inducible 

lentiviral Tet-pLKO-puro-shDENR followed by selection of the transduced cells with 

puromycin (1.5 μg/ml). Then these cells were treated with doxycycline  (100 

ng/ml)for 36 h. Rapamycin (R-5000, LC Laboratories), PP242 (#P0073, Sigma) and 

eIF-2α-kinase PKR inhibitor (C16) (#I9785, Sigma) were used as chemical inhibitors. 

 

Luciferase assay. For the Luciferase assay, 25000 cells per well were seeded in 96-

well plates. After 24 h, cells were cotransfected with the plasmids as indicated using 

FUGENE HD (Promega), or stably transfected cells were used. The next day, 

luciferase activity was measured in cells treated with 8h of drug treatment or DMSO 

solvent control by Dual-Glo Luciferase Assay System (#2920, Promega) following the 

manufacturer’s protocol using a GloMax-Multi Detection System (Promega). 
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Viability Assay. For the viability assay, 40000 HEK293T cells were seeded in 96-

well plates. After 24h, cells were treated with the different drugs for 8h and cell 

viability was measured by Cell-Titer Flour cell viability assay system (#G6081, 

Promega) following the manufacturer’s protocol using a GloMax-Multi Detection 

System (Promega). 

 

Immunoblotting. For protein extraction, the cells were washed twice with ice-cold 

1× PBS and lysed in 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 

supplemented with protease and phosphatase inhibitors followed by sonication. 

Equal amounts of total protein were separated by SDS–PAGE (#456-1094, BIO-

RAD), transferred to a PVDF membrane using Trans-Blot Turbo System (#170-4273, 

BIO-RAD) following the manufacturer’s protocol. The following antibodies were 

used: C/EBPβ (C19) and SBDS (S-15) from Santa Cruz Biotechnology; phospho-

p70S6K (Thr389) (108D2), p70S6K (#9202), Hamartin/TSC1 (D43E2) (#6935), 

phospho-4E-BP1 (Thr37/46) (#9459), 4E-BP1 (#9452), 4E-BP2 (#2845), eIF4E 

(#9742), Phospho-eIF2α (Ser51) (#9721), eIF2α (#9722) and PKR (#3072) from Cell 

Signaling; DENR (#10656-1-AP) from ProteintechTM and β-actin (clone C4) 

(#691001) from MP Biomedicals. HRP-conjugated secondary antibodies were 

purchased from Amersham Life Technologies. The bands were visualized by 

chemiluminescence (ECL, Amersham Life Technologies) using ImageQuant LAS 

4000 mini imaging machine (GE Healthcare Bioscience AB) and the supplied 

software was used for the quantification of the bands. 

 

Library screening. HEK293T cells stably expressing FireflyRe-ini/RenillaIni vector 

were seeded at a density of 1.5x104 in 30 μl media per well of a 384-well plate 

(Greiner CELLSTAR® 384 well plates, white) and grown overnight. Next day, the 

cells were treated for eight hours with 780 FDA approved drugs library (#BML-2843-

0100, Enzo Lifescience) (final concentration 10 μM), 0.5% v/v DMSO and rapamycin 

(final concentration 200 nM) using an Echo® 555 Liquid Handler (Labcyte) 

transferring up to 150 nl to each well. After lysis of the cells, luciferase activity was 

measured. 
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Measurements of cellular oxygen consumption rate and fatty acid 

oxidation. Oxygen consumption rate and fatty acid oxidation were determined 

using a Seahorse XF96 Extracellular Flux analyzer (Seahorse Bioscience). For fatty 

acid oxidation assay, 2×104 Hepa 1-6 cells per well were seeded into a 96-well XF cell 

culture microplate 24 h prior to the assay and cultured in the presence of 0.5 mM 

carnitine. Sixteen hours before the assay, cells were treated with the drugs. One hour 

before the assay, the cells were washed twice with FAO assay buffer (Seahorse 

Bioscience), and 15 min before the assay, the fatty acid oxidation substrate palmitate-

BSA or a BSA control (Seahorse Bioscience) was added and the oxygen consumption 

rate (OCR) with or without palmitate-BSA was measured. 

 

Quantitative Real-Time PCR analysis. Total RNA was isolated  using the 

RNeasy Kit (QIAGEN).  For cDNA synthesis 1 μg RNA was reverse transcribed with 

the Transcriptor First Strand cDNA Synthesis Kit (Roche) using Oligo(d)T primers. 

qRT-PCR was performed using the LightCycler  480 SYBR Green I Master Mix 

(Roche). The following primer pairs were used: -actin (normalization): 5’-aga ggg 

aaa tcg tgc gtg ac-3' and 5'-caa tag tga tga cct ggc cgt-3’, SCAD: 5’-cct gca acc gag aag 

aaa tc-3’ and 5’-cct gtc ctg tcc ctt gtg tt-3’, MCAD: 5’-ggt ttg gct ttt gga caa tg-3’ and 5’-

tga cgt gtc caa tct acc aca-3’, LCAD: 5’-gct gcc ctc ctc ccg atg tt-3’ and 5’-atg ttt ctc tgc 

gat gtt gat g-3’, VLCAD: 5’-ttg tca acg agc agt tcc tg-3’ and 5’-agc ctc aat gca cca gct at-

3’, AOX: 5’-aag agt tca ttc tca aca gcc c-3’ and 5’-ctt gga cag act ctg agc tgc-3’, ACC: 5’- 

ggg act tca tga att tgc tga ttc tca gtt-3’ and 5’-gtc att acc atc ttc att acc tca atc tc-3’, 

FAS: 5’-aca cag caa ggt gct gga g-3’ and 5’-gtc cag gct gtg gtg act ct-3’, SCD1: 5’- ccg 

gag acc ctt aga tcg a-3’ and 5’-tag cct gta aaa gat ttc tgc aaa cc-3’, SREBP1c: 5’-aac gtc 

act tcc agc tag ac-3’ and 5’-cca cta agg tgc cta cag agc-3’. 
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Supplementary Figures 

 

 

Supplementary Figure 1: Translation initiation and re-initiation from the C/EBPβ mRNA. 
(a) Translation of C/EBPβ-LAP* by translation initiation. Ribosomes scan the mRNA from the 5’-cap to 
the LAP*-AUG to initiate translation. LAP* is often weakly expressed because it has no Kozak 
sequence. 
(b) Translation of C/EBPβ-LAP by translation initiation. Ribosomes scan the mRNA from the 5’-cap 
omitting the LAP*-AUG and uORF-AUG in order to initiate translation at the LAP-AUG which has a 
favorable Kozak sequence. 
(c) Translation of C/EBPβ-LIP by translation re-initiation. Ribosomes scan the mRNA from the 5’-cap 
omitting the LAP*-AUG to initiate the translation from the uORF-AUG. After producing a small uORF 
peptide, the translation is terminated and the post-termination ribosomes restart scanning the mRNA 
omitting the nearby (4nt downstream) LAP-AUG. During the re-scanning, the posttermination 
ribosomes are reloaded by a new initiator tRNA (Met-tRNAiMet) required for translation re-initiation at 
the LIP-AUG. 
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Supplementary Figure 2: Various drug treatment assays. 
(a) Treatment kinetics of the mTORC1 inhibitors rapamycin (200 nM) or PP242 (10 nM) over 24 hours 
using pcDNA3-FireflyRe-ini/RenillaIni and pcDNA-FireflyRef/RenillaRef reporter HEK293T cells and 
calculated TRI (n=3). Both drugs showed the strongest decrease in TRI value at 8 hours, which was 
chosen as a suitable time point to perform the HTS. 
(b) Effects of drugs #1-4 (10 μM) on firefly or renilla luciferase expression in pcDNA-
FireflyRef/RenillaRef control reporter HEK293T cells (n=4). 
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(c) Effects of drugs #1-4 (10 μM) on firefly or renilla luciferase expression in pcDNA3-FireflyRe-
ini/RenillaIni reporter HEK293T cells. 
(d) Determination of EC50 values for drugs #1 and #4 (n=5). 
(e) Determination of cell toxicity (CellTiter-Fluor, Promega) for drugs #1 and #4 (n=5). Statistical 
differences were analyzed by Student’s t-tests. Error bars represent ±SD, *P < 0.05, **P < 0.01, ***P < 
0. 001. 
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Abstract 
Mutations in the Shwachman–Bodian–Diamond Syndrome (SBDS) gene cause 

Shwachman–Diamond Syndrome (SDS), a rare congenital disease characterized by 

bone marrow failure with neutropenia, exocrine pancreatic dysfunction and skeletal 

abnormalities. The SBDS protein is important for ribosome maturation and therefore 

SDS belongs to the ribosomopathies. It is unknown, however, if loss of SBDS 

functionality affects the translation of specific mRNAs and whether this could play a 

role in the development of the clinical features of SDS. Here, we report that 

translation of the C/EBPα and C/EBPβ mRNAs, that are indispensible regulators of 

granulocytic differentiation, is altered by SBDS mutations or knockdown. We show 

that SBDS function is specifically required for efficient translation re-initiation into 

the protein isoforms C/EBPα-p30 and C/EBPβ-LIP, which is controlled by a single 

cis-regulatory upstream open reading frame (uORF) in the 5’ untranslated regions (5’ 

UTRs) of both mRNAs. Furthermore, we show that as a consequence of the C/EBPα 

and C/EBPβ deregulation the expression of MYC is decreased with associated 

reduction in proliferation, suggesting that failure of progenitor proliferation 

contributes to the haematological phenotype of SDS. Therefore, our study provides 

the first indication that disturbance of specific translation by loss of SBDS function 

may contribute to the development of the SDS phenotype. 
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Introduction 
The autosomal recessive disorder Shwachman–Diamond syndrome (SDS) is caused 

by the expression of hypomorphic alleles carrying mutations in the Shwachman–

Bodian– Diamond syndrome (SBDS) gene1 . SDS is characterized by bone marrow 

failure with neutropenia, exocrine pancreatic insufficiency and skeletal 

abnormalities2 . In mice, complete loss of SBDS function is embryonic lethal3 , 

indicating that SBDS is an essential gene. Over the past decade, diverse functions for 

SBDS have been described, including mitotic spindle stabilization4 , chemotaxis5 , Fas 

ligand-induced apoptosis6 , cellular stress response7  and Rac2-mediated monocyte 

migration8. Nonetheless, there is now compelling evidence that SBDS functions in 

cytoplasmic ribosome maturation9 –1 3 . Thus, SDS should be considered a 

ribosomopathy caused by defective maturation of the large ribosomal subunit. 

Studies with eukaryotic SBDS and its yeast ortholog Sdo1  showed that SBDS 

cooperates with the GTPase elongation factor-like 1 (EFL1) to catalyze removal of the 

eukaryotic initiation factor 6 (eIF6) from the 60S ribosome subunit. eIF6 is critical 

for biogenesis and nuclear export of pre-60S subunits and prevents ribosomal 

subunit association. Therefore, its release is required for ribosomal subunit 

association during translation initiation9 ,1 0,1 3 –1 5 . Currently, it is not known whether 

SBDS deficiency mainly causes a general effect on mRNA translation, or whether it 

results in aberrant translation of specific mRNAs that contributes to the SDS 

phenotype. 

Neutropenia is the most prominent hematopoietic abnormality seen in almost 

all SDS patients1 6 . Myeloid progenitors derived from the bone marrow of SDS 

patients have a reduced proliferation capacity with low frequency of CD34+ cells and 

reduced colony forming ability1 7 . 

The CCAAT enhancer binding proteins C/EBPα and C/EBPβ are critical 

transcription factors for myelomonocytic lineage commitment, granulocyte 

differentiation and macrophage function1 8 –2 0. Expression of C/EBPα and C/EBPβ 

proteins are strictly controlled at the mRNA-translation initiation level2 1 –2 3 . From 

consecutive initiation codons in the C/EBPα mRNA three different protein isoforms 

are synthesized. Extended-C/EBPα or full-length C/EBPα-p42 is expressed from a 

cap-proximal GUG- (CUG for rodents) or AUG-codon, respectively. A shorter N-

terminally truncated C/EBPα-p30 isoform is translated from a distal AUG-codon. 
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Translation from the distal AUG into C/EBPα-p30 requires re-association of 

ribosomes following translation of a cis-regulatory upstream open reading frame 

(uORF) in the 5’ untranslated region (5’UTRs) of the C/EBPα mRNA (Fig. 1A)2 2 . 

Extended-C/EBPα is not further considered here since its expression from the non-

canonical GUG codon is usually very low.  

C/EBPα-p42 expression and induction of target genes such as the CSF3R 

(colony stimulating factor 3 receptor (granulocyte)) is essential for granulocytic 

differentiation2 4 . In addition, C/EBPα-p42 inhibits MYC expression, which causes 

proliferating myeloid precursor cells to undergo cell cycle arrest and entry into 

terminal differentiation2 5 . C/EBPα-p30 lacks the major part of the N-terminal 

transactivation sequences but retains the C-terminal DNA binding domain and 

therefore competes with C/EBPα-p42 or other C/EBPs for DNA binding2 0. Moreover, 

solitary expression of C/EBPα-p30 blocks granulocytic differentiation and results in 

an Acute Myeloid Leukemia (AML) like disease in mice2 6 ,2 7 . Translation of the 

C/EBPβ mRNA into different protein isoforms is regulated in a similar way 2 2 ,2 8. 

C/EBPβ-LAP* and C/EBPβ-LAP proteins (LAP: liver activating protein) are 

translated from cap-proximal AUG-codons, while the truncated C/EBPβ-LIP (LIP: 

liver inhibitory protein) protein is translated from a distal AUG codon through an 

uORF-dependent mechanism. LAP* expression is often very low since the LAP*-AUG 

codon lacks a Kozak-consensus sequence that is required for efficient translation 

initiation2 9 . 

Translation of the C/EBPα and C/EBPβ mRNAs is highly sensitive to 

alterations in the translation machinery. Since both factors play such a crucial role in 

the development of the myelomonocytic lineage, we examined whether C/EBPα and 

C/EBPβ translation is regulated by SBDS and whether C/EBPα and C/EBPβ isoform 

expression is altered by SBDS mutations. Here, we show that SBDS is required for 

efficient translation of the truncated p30/LIP isoforms and that lymphoblastoid cell 

lines derived from SDS patients have reduced C/EBPβ-LIP levels. In addition, our 

study suggests that SBDS deficiency indirectly suppresses the expression of MYC by 

increasing the C/EBPα-p42/p30 isoform ratio. Furthermore, our study suggests that 

this regulatory connection between SBDS,C/EBPα/β and MYC is decisive for myeloid 

cell proliferation and differentiation. Our finding is the first evidence of specific 

defective mRNA translation in SDS, highlights the importance of the uORF-mediated 
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translation re-initiation mechanism that directs C/EBPα and C/EBPβ isoform 

expression for hematopoietic proliferation and differentiation control. 

 

Results 
C/EBPβ-LIP expression is diminished in SDS-derived lymphoblast cells. 

To investigate whether SBDS mutations may affect C/EBP-mRNA translation, we 

examined C/EBPβ isoform expression in two SDS patient-derived lymphoblast cell 

lines compared to lymphoblasts derived from a healthy individual by 

immunoblotting. The SW74 cell line carries the homozygous SBDS mutation 

258+2T>C, a common mutation in SDS resulting in very low expression of wild type 

SBDS compared to the healthy control NV012 (Fig. 1B); the SW18 cell line carries 

the heterozygous SBDS mutations 258+2T>C and 505C>T resulting in reduced levels 

of mutant SBDS (Fig. 1B)13. The C/EBPβ isoforms LAP and LIP were both expressed 

in the control (NV012) cells. By contrast, LIP expression was hardly detectable in the 

patient-derived cells (SW18 and SW74) while LAP levels were similar to the control 

(Fig. 1C). We have shown before that expression of LIP is activated by mTORC1 

signaling and that inhibition of mTORC1 results in suppression of LIP both in cell 

culture and in vivo2 2 ,2 8 ,3 1 . To examine whether SBDS deficiency reduces mTORC1 

activity and thereby regulates LIP expression we analyzed the expression and the 

phosphorylation status of two mTORC1 targets, the 4E-binding protein 1 (4EBP1) and 

the p70 ribosomal protein S6 kinase 1 (S6K1p70). SBDS deficiency does not 

significantly alter diminish the phosphorylation status of 4E-BP1 or S6K1 (Fig. 1C, 

lower panels). Thus, mTORC1 signaling and its major downstream translation 

control pathways through 4E-BP1 or S6K1p70 seem not to be involved in the SBDS-

dependent regulation of LIP expression. Quantitative Real Time PCR (qRT-PCR) 

analysis showed that C/EBPβ mRNA expression was higher in the patient derived 

SW18 and SW74 cells (Fig. 1D), although this did not result in higher protein 

expression. Others have shown that the ratio of C/EBPβ-LAP over C/EBPβ-LIP 

controls expression of Myc3 2 . Both MYC transcript 239 and protein levels were 

reduced in both SBDS mutant cell lines SW18 and SW74 compared to the NV012 

control cells (Fig. 1E and 1F), which was associated with a reduced proliferation 

capacity of the SW18 and SW74 cells (Fig. 1E). Hence, two different pathological 
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SBDS mutations correlate with reduced C/EBPβ-LIP and MYC expression and 

reduced proliferation. 

 

Figure 1. Deregulated C/EBPβ protein isoform expression in SDS.  
(A) The human C/EBPα and C/EBPβ mRNAs are presented with consecutive translation initiation sites 
(arrowheads) and each of the protein isoforms and its size (*size of murine orthologs). Extended, p42, 
LAP* or LAP proteins are expressed through regular translation initiation, omitting the uORF. 
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Truncated p30 or LIP proteins are expressed through translation re-initiation by post-translation 
ribosomes that first have translated the uORF. For detailed description of the uORFs and surrounding 
sequences see(21-23). Expression of the Extended-C/EBPα isoform is generally weak because it uses 
the alternative GUG (CUG for murine) codon. Similarly, expression of the C/EBPβ-LAP* from a non-
Kozak AUG codon is mostly weak. 
(B) SBDS protein levels were detected in SDS patient-derived lymphoblastoid cells (SW18, SW74) 
and wild type (wt) by immunoblotting. Long exposure shows the very low expression of wt SBDS in 
SW74 cells harboring the homozygous 258+2T>C mutation. 
(C) The upper panels show immunoblots of C/EBPβ isoforms, SBDS  and α-tubulin as loading control 
in both SDS patient derived cells (SW18, SW74) and healthy control. The lower panels show 
immunoblots of 4E-BP1, phosphorylated-4EBP1 (P-4E-BP1), S6K1, phosphorylated-S6K1 (P-S6K1) 
and β-actin as loading control to monitor alterations in mTORC1 signaling
(D) qRT-PCR analysis for endogenous C/EBPβ mRNA levels in patient-derived cells (SW18, SW74) 
and healthy control. 
(E) Cell multiplication assay with patient-derived cells (SW18, SW74) and healthy control. Seven days 
after seeding 5x105 cells, cells were harvested and counted. Immunoblots for MYC, SBDS and α -
tubulin (loading control) are shown underneath. 
(F) qRT-PCR analysis of MYC transcript levels are shown. Statistical differences were determined by 
Student’s tests. Error bars represent ± SD (n=3), *P<0.05, **P<0.01. 
 

uORF-dependent regulation of C/EBPα-p30 and C/EBPβ-LIP expression 

by SBDS levels. 

Lymphoid cells do not express C/EBPα. To further examine the relation between 

SBDS expression and C/EBPα and C/EBPβ expression, we performed SBDS 

knockdown in the human promyelocytic leukemia cell line HL-60 that express 

endogenous C/EBPα and C/EBPβ. SBDS knockdown by lentiviral SBDS-shRNA 

resulted in reduced expression of C/EBPα-p30 and C/EBPβ-LIP (Fig. 2A and B)  

and concomitant lower p30/p42 and LIP/LAP ratios. Similar as described for the 

patient derived lymphoblasts SBDS knockdown did not reduce phosphorylation of 

4E-BP1 or S6K1, suggesting that mTORC1 signaling is not involved in the 

downregulation of p30/LIP upon SBDS knockdown (Fig. 2A, lower panels). No 

significant change was observed in C/EBPα and C/EBPβ mRNA levels. 

Overexpression of SBDS in HL-60 cells led to an increased expression of p30 and LIP 

resulting in higher LIP/LAP ratios without changing C/EBPα or C/EBPβ mRNA 

levels (Supplementary Fig. 1A and B) . These data indicate that SBDS and 

expression of p30 or LIP might be functionally correlated. 

To examine the relevance of uORF-controlled translation of the C/EBPα and 

C/EBPβ mRNAs by SBDS levels we transiently expressed wt cDNA constructs of rat 

C/ebpα and C/ebpβ as well as constructs thereof carrying mutations that interfere 

with uORF-function in C33A human cervix carcinoma cells that expressed either 
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SBDS-shRNA for knockdown or SBDS-cDNA for overexpression. We used the C33A 

cell line for these studies because these cells tolerate high expression of p42 without 

inducing the usual p42-associated cell cycle arrest that would complicate analysis3 3 . 

Similar to what we observed for endogenous C/EBPs, knockdown of SBDS resulted in 

a reduction of p30/p42 and LIP/LAP ratios through downregulation of p30 or LIP, 

respectively (Fig. 2C and D) while SBDS overexpression upregulates p30 and LIP 

expression (Supplementary Fig. 1C and D) . Also in this case, SBDS knockdown 

did not alter mTORC1 signaling (Fig. 2C, lower panels). 

We have shown before that the conserved uORF in the vertebrate C/EBPα and 

C/EBPβ mRNAs is required for translation re-initiation from the p30 or LIP 

translation initiation codon, respectively 2 1 ,2 2 . Mutation of the uORF-AUG into a non-

AUG codon (ATC for C/ebpα; ATT for C/ebpβ) that eliminates uORF-function 

resulted in complete loss of p30 or LIP expression independent of SBDS knockdown 

or overexpression but did not affect p42 or LAP expression (Fig. 2E and F). These 

data indicate that regulation of p30/LIP by SBDS levels depends on the cis-regulatory 

function of the uORFs in the C/EBP mRNAs as was shown before for other 

translational control pathways2 2 ,2 8. 
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Figure 2. SBDS is required for efficient C/EBPα-p30 and C/EBPβ-LIP expression. 
(A) Expression of the endogenous human C/EBPα (p42 and p30) or (B) human C/EBPβ proteins (34 
kDa LAP and 20 kDa LIP) in HL-60 cells with stable SBDS knockdown (shSBDS) or control 
(scrambled shRNA) by immunoblotting, and quantification of p30/p42 ratio and qRT-PCR analysis of 
transcript levels at the right. The lower panels in (A) show immunoblots of 4E-BP1, phosphorylated-
4E-BP1 (P-4E-BP1), S6K1, phosphorylated-S6K1 (P-S6K1) and β-actin as loading control to monitor 
alterations in mTORC1 signaling. 
(C) Immunoblots of rat C/EBPα (p42 and p30) or (D) rat C/EBPβ (38 kDA LAP*, 34 kDa LAP and 20 
kDa LIP) expression in C33A cells with stable SBDS knockdown (shSBDS) and control (scrambled 
shRNA) transiently transfected with wild type rat C/ebpα or wild type rat C/ebpβ expression plasmids, 
respectively. Quantification of isoform ratio is shown at the top. The lower panels show immunoblots of 
4E-BP1, phosphorylated-4E-BP1 (P-4E-BP1), S6K1, phosphorylated-S6K1 (P-S6K1) and β-actin as 
loading control to monitor alterations in mTORC1 signaling. 
(E) Immunoblot of rat C/EBPα or (F) rat C/EBPβ proteins in C33A cells transiently transfected with 
mutated uORF-AUG (dysfunctional uORF) rat C/ebpα or C/ebpβ cDNA expression vectors. Statistical 
differences in the mRNA levels and isoform ratios were determined by student’s t -tests. Error bars 
represent ± SD (n=3), *P<0.05, **P<0.01, ***P<0.005. 
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Loss of SBDS function specifically affects translation re-initiation 

To examine the effect of SBDS function on translation initiation versus uORF 

mediated re-initiation we used a reporter system based on the rat C/EBPα-mRNA or 

C/EBPβ-mRNA structures30,34 ,3 5 . Briefly, from the p42- or LAP-reporter, expression 

of Renilla luciferase can only be achieved by translation initiation and omission of 

uORF-translation, reminiscent to C/EBPα-p42 or C/EBPβ-LAP translation (Fig. 

3A). From the p30- or LIP-reporter, expression of Firefly luciferase can only be 

achieved through a translation re-initiation mechanism by ribosomes that have first 

translated the uORF, resumed scanning and initiated at the downstream AUG 

codons, which is reminiscent of C/EBPα-p30 or C/EBPβ-LIP translation. In the latter 

case eventual translation from the C/EBPα-p42 or C/EBPβ- LAP AUG-codons do not 

run into the luciferase coding frames and therefore are not detected since a reading 

frame shift is introduced just upstream of the p30/LIP initiation sites (Fig. 3A)2 2 . 

To normalize against effects not related to initiation/re-initiation efficiency, Renilla 

and Firefly luciferase expression control vectors were co-transfected along with the 

Renilla and Firefly reporters, respectively. 
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Figure 3. Loss of SBDS function specifically affects translation re-initiation. 
(A) Representation of the p42- or LAP-Renilla luciferase and p30- or LIP-Firefly luciferase reporters. 
Renilla luciferase expression from the p42/LAP-reporters results from translation-initiation omitting the 
uORF, while Firefly luciferase expression from the p30/LIP reporters is achieved through uORF-765 
mediated translation re-initiation30. 
(B) C33A cells with stable SBDS knockdown (shSBDS) or control cells (scramble shSBDS) were 
transiently transfected with the p42-Renilla or p30-Firefly (graphs at the left) or LAP-Renilla or LIP-
Firefly (graphs at the right) reporters, and co-transfected with respective complementary Renilla or 
Firefly luciferase control expression vectors. The bar graphs show luciferase values of the p42, p30 or 
p30/p42 ratio, and LAP, LIP or LIP/LAP ratio. Immunoblots of SBDS and β-actin loading control are 
shown at the far right. 
(C) C33A cells with stable SBDS knockdown (shSBDS) were either cotransfected with empty vector 
control (E.V.) or SBDS expression vector and subjected to transient transfection with reporter 
constructs as described in (B).
(D) C33A cells were stably transfected with SBDS expression vector or empty vector control (E.V.) and 
subjected to transient transfection with reporter constructs as described in (B). Statistical differences 
were analyzed by Student’s t-tests. Error bars represent ± SD 
 

C33A cell lines expressing either SBDS-shRNA or SBDS-cDNA were 

transiently transfected with the reporter and control constructs and used for the 

luciferase assay. In the SBDS knockdown cells translation initiation into p42 was not 

altered while translation re-initiation into p30 is strongly reduced, resulting in 

significant lower p30/p42 ratio (Fig. 3B, left side). Similarly, in the SBDS 

knockdown cells initiation into LAP was slightly enhanced while re-initiation was 

strongly reduced, resulting in significant lower LIP/LAP ratio (Fig. 3B, right side). 

Moreover, the negative effects of SBDS knockdown on p30 and LIP expression could 

be rescued by additional overexpression of SBDS resulting in normalized p30/p42 

and LIP/LAP ratios comparable to the control (Fig. 3C). Contrary to the SBDS 
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knockdown, overexpression of SBDS did not greatly affect the levels of the individual 

reporters, resulting in similar p30/p42 or LIP/LAP ratios (Fig. 3D). 

Therefore, collectively our experiments with C/EBPα and C/EBPβ cDNAs and 

the related reporter systems suggest that SBDS levels affect uORF-mediated 

translation re-initiation but has no significant effect on regular translation initiation. 

 

SBDS knockdown reduces MYC expression through C/EBPα p30/p42 

ratio. 

MYC is required for the proper balance between hematopoietic stem cell self-renewal 

and differentiation3 6 . Conditional elimination of Myc in the bone marrow (BM) of 

mice results in severe cytopenia and accumulation of HSCs3 7 . Deregulated activation 

of MYC has been found in many types of human lymphoma and leukemia3 8. MYC 

mRNA expression is regulated by p42 through the inhibitory interaction with E2F at 

the MYC promoter while p30 fails to do so2 5 ,3 9 ,4 0. For example, treatment of HL-60 

cells with the growth arrest and apoptosis inducing drug CDDO (2-Cyano-3,12-

dioxooleana-1,9-dien-28-oic acid) causes a transcriptional upregulation of C/EBPα 

accompanied by a translational downregulation of p30 and an increase in the 

p42/p30 ratio, which results in strong reduction of MYC mRNA levels associated with 

inhibition of proliferation and induction of neutrophil differentiation4 1 . In HL-60 

cells with stable SBDS knockdown and concomitant reduction of the C/EBPα 

p30/p42 and C/EBPβ LIP/LAP ratios (Fig. 2A and B)  the expression of MYC 

protein and mRNA was decreased (Fig. 4A and B). To examine whether 

downregulation of p30 is required for MYC suppression we overexpressed a flag-

tagged C/EBPα-p30 (p30flag) protein in HL-60 cells. Overexpression of p30flag 

rescued MYC protein and mRNA expression in HL-60 cells with stable SBDS 

knockdown (Fig. 4C and B), showing that MYC expression depends on p30. 

Similarly, cell multiplication was reduced upon SBDS knockdown in HL-60 cells, 

which could be restored by p30flag overexpression (Fig. 4D). 

To corroborate our data and literature3 9  suggesting that p42 inhibits MYC 

expression we examined MYC expression in a K562 chronic myeloid leukemia (CML) 

cell line stably expressing a C/EBPα-p42-estrogen receptor (p42ER) fusion protein3 9 . 

Proteins fused to an estrogen receptor domain (ER) are sequestered in the cytoplasm 

through binding to heat shock proteins (HSPs). Addition of the estrogen receptor 
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ligand β-estradiol to the cell culture medium results in relocation of p42ER to the 

nucleus and activation of C/EBPα-p42-transcriptional functions. Activation of p42ER 

by β-estradiol addition resulted in strong repression of MYC mRNA and protein, 

which was associated with reduced proliferation capacity (Supplementary Fig. 2A-

C). In the control experiment, activation of the unfused ER domain had no effect on 

MYC expression or cell proliferation (Supplementary Fig. 2D-F). 

To substantiate the association between expression of p30 and MYC, we 

reduced p30 expression by inhibition of mTOR signaling2 2 . Treatment of HL-60 cells 

with the mTOR inhibitor PP242 resulted in a reduced p30/p42 ratio, reduction of 

MYC mRNA and protein expression and reduced proliferation capacity (Fig. 4E-G). 

Overexpression of p30flag rescued both MYC mRNA and protein levels despite the 

inhibition of mTOR by PP242 (Fig. 4H and I). The proliferation capacity was 

partially restored by p30 overexpression (Fig. 4J) suggesting that the C/EBPα 

isoform ratio is decisive for MYC expression in HL-60 cells. Collectively the data 

suggest that MYC expression is regulated by SBDS through translational regulation of 

the p30/p42 C/EBPα isoform ratio. 
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Figure 4. SBDS-dependent C/EBPα p30/p42 isoform ratio regulates MYC expression and cell 
proliferation in HL-60 cells.
(A) Immunoblots showing endogenous MYC, C/EBPα, SBDS and α -Tubulin (loading control) protein 
expression in HL-60 cells with stable knockdown of SBDS (shSBDS) or control (scrambled shRNA). 
Quantification of the p30/p42 isoform ratio and MYC protein levels are shown on the right panel. 
(B) qRT-PCR analysis of endogenous MYC mRNA expression level in HL-60 cells and HL-60-p30flag 
overexpressing cells with stable knockdown of SBDS (shSBDS) or control (scrambled shRNA).  
(C) HL-60 cells stably overexpressing C/EBPα-p30flag and knockdown of SBDS (shSBDS) or control 
(scrambled shRNA). Immunoblot shows endogenous MYC, C/EBPα, SBDS and α -tubulin (loading 
control) protein expression. Quantification of the p30/p42 isoform ratio and MYC protein levels are 
shown on the right panel. 
(D) Cell multiplication assay with HL-60 cells expressing scrambled shRNA (control), shSBDS (SBDS 
knockdown), shSBDS/C/EBPα-p30flag or scrambled shRNA/C/EBPα-p30flag. Seven days after 
seeding 5x105 cells, cells were harvested and counted. Different let ters (a, b, c, d) indicate significant 
differences in cell numbers determined by one way-ANOVA. Error bars represent ± SD (n=3), P<0.05. 
(E) HL-60 cells were treated with 1 μM PP242 or DMSO as a control for 48 hours. Immunoblots show 
expression of MYC, p42, p30flag, p30, p4E-BP1, 4E-BP1, SBDS and α-Tubulin (loading control). The 
phosphorylation level of 4E-BP1 indicates mTORC1 activity. Quantification of the p30/p42 isoform ratio 
and MYC protein levels are shown on the right panel. 
(F) Endogenous MYC mRNA level by qRT-PCR. 
(G) Cell multiplication assay with HL-60 cells incubated with 1 μM PP242 or DMSO (solvent). 7 days 
after seeding 5x105 cells, cells were harvested and counted. 
(H) HL-60-p30flag overexpressing cells were treated with 1 μM PP242 or DMSO for 48 hours and 
expression of MYC, p42, p30flag, p30, p4E-BP1, 4E-BP1, SBDS and α-Tubulin (loading control) was 
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examined by immunoblotting. Quantification of the p30/p42 isoform ratio and MYC protein levels are 
shown on the upper panel. 
(I) and (J) Endogenous MYC mRNA transcription levels and the proliferation capacity were measured 
as described above. For all panels except for panel D, statistical differences were determined by 
Student’s t-tests. Error bars represent ± SD (n=3), *P<0.05, **P<0.01, ***P<0.005. 
 

Deregulation of C/EBPα p30 expression impedes neutrophil 

differentiation. 

HL-60 cells differentiate into the neutrophil lineage in response to all-trans retinoic 

acid (ATRA) treatment. During differentiation the expression of p30, but not of p42 

was reduced, resulting in a strong reduction in the p30/p42 ratio (Fig. 5A). 

Transcript levels of C/EBPα were reduced at the final day 6 (Fig. 5B). MYC mRNA 

and protein levels rapidly and strongly declined during differentiation (Figure 5A and 

B). Intriguingly, SBDS mRNA and protein levels were also reduced during 

differentiation (Fig. 5A and B), as reported for other cell lines4 2 -4 4 . Overexpression 

of p30flag resulted in delayed suppression of MYC mRNA (Fig. 5A) and protein 

(Fig. 5C). In addition, endogenous p30 and SBDS expression are delayed (Fig. 5B 

and C). Furthermore, overexpression of p30flag is sufficient to sustain proliferation 

of HL-60 cells during ATRA treatment (Fig. 5D). Compared with control HL-60 

cells, at day seven of ATRA treatment p30flag overexpression induced a significant 

reduction in the number of terminally differentiated, proliferation-arrested cells, with 

expansion of proliferative myelocytes to more than 20% (Fig. 5E). Finally, SBDS 

knockdown did not alter ATRA-induced differentiation of HL-60 cells (Fig. 5F). 
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Figure 5. SBDS dependent C/EBPα-p30 expression regulates MYC expression and cell 
proliferation during neutrophil differentiation.  
(A) HL-60 cells undergo neutrophil differentiation with 5 μM ATRA treatment. Immunoblots show 
expression of MYC, p42, p30, SBDS and α-tubulin (loading control) at days 0, 2, 4 and 6 of treatment 
(D=days). 
(B) qRT-PCR analysis of mRNA levels of MYC, C/EBPα, and SBDS during neutrophil differentiation. 
(C) Immunoblots shows expression of MYC, p42, p30, SBDS or α -tubulin (loading control) in HL-60 
control cells (left) or HL-60 cells stably overexpressing C/EBPα-p30flag (right). 
(D) Cell multiplication assay with HL-60 or HL-60 cells expressing C/EBPα-p30flag treated with 5 μM 
ATRA at day 0. At day 0, 5x105 cells were seeded and cell numbers were determined at the indicated 
time points (D=day). (E) HL-60 or HL-60 expressing C/EBPα-p30flag treated with 5 μM ATRA for 7 
days (D7). (F) HL-60 cells expressing shSBDS for stable knockdown of SBDS or expressing control 
scrambled shRNA treated with 5 μM ATRA for 7 days (D7).  
(E) and (F) Giemsa staining was used for morphological analysis (magnification x200). At the right the 
distribution of neutrophil phenotypes is shown. All asterisks indicate significant differences between 
control cells and p30flag overexpressing cells or control and shSBDS expressing cells determined by 
Student’s t-tests. Error bars represent ± SD (n=3), *P<0.05, **P<0.01, ***P<0.005.  
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Discussion 

Recent studies have defined the role of SBDS in ribosome maturation9 ,10,1 3 . However, 

so far a clear connection between reduced ribosomal SBDS function in SDS patients, 

deregulated translation and the disease phenotype is lacking. Our data for the first 

time demonstrate that translation of specific mRNAs, namely the C/EBPα and 

C/EBPβ mRNAs, is affected by loss of SBDS function. Different isoforms, full-length 

(p42 and LAP) and truncated (p30 and LIP), are translated from both C/EBPα and 

C/EBPβ mRNAs through the use of different translation initiation sites. Interestingly, 

reduced SBDS function by either shRNA mediated knockdown or by mutations in 

SDS patient-derived B-lymphoid cells affected in particular translation re-initiation 

into the truncated p30 and LIP isoforms leaving translation into the full-length 

isoforms by regular initiation largely unaffected. The same reduction in re-initiation 

but not initiation by SBDS knockdown was observed with luciferase reporters 

mimicking C/EBPα-mRNA (p42/p30 reporters) or C/EBPβ-mRNA (LAP/LIP 

reporters) regulation, rendering it independent of effects on protein turnover.  

Moreover, re-initiation from the reporters was restored in SBDS knockdown cells by 

ectopic overexpression of SBDS. This suggests that reduced SBDS function does not 

in general affect all translation events but may specifically affect translation re-

initiation. Prerequisite for translation re-initiation at the p30 and LIP initiation 

codons is an initial translation of a cis-regulatory small upstream open reading frame 

(uORF) in the C/EBPα and C/EBPβ mRNAs. This generates post-termination 

ribosomal subunits that are able to scan the mRNA further to the downstream 

initiation codon and re-initiate translation. 

So far we do not know which step of the C/EBPα/β mRNA-specific 

translational event is inhibited by the reduced SBDS function. It may involve reduced 

recognition of the uORF initiation codon, efficiency of re-initiation at the downstream 

initiation codon or scanning along the mRNA following uORF translation. It seems 

that re-initiation after uORF translation is regulated by different or additional 

mechanisms compared to general cap-dependent translation initiation and we are 

only at the beginning of understanding the underlying mechanisms. For example, for 

Drosophila it was shown that the DENR-MCT-1 complex specifically affects re-

initiation events after uORF translation of a specific set of mRNAs in proliferating 

cells4 5 , and in Arabidopsis eIF3H is required for mTOR-mediated translation re-
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initiation4 6 . Future experiments have to address the molecular basis of the effect of 

SBDS depletion on C/ΕΒPα and C/ΕΒPβ mRNA translation. In addition it will be 

interesting to see whether the translation of other mRNAs harboring uORFs that 

promote re-initiation are sensitive to reduced SBDS function. Genome-wide ribosome 

profiling could reveal transcripts and specific translation modes that are affected by 

loss of SBDS function. SBDS promotes a conformational switch in the GTPase EFL1 

that displaces eIF6 from the 60S subunit by competing for an overlapping binding 

site1 2 . Displacement of eIF6 allows joining of the 60S and 40S subunits to generate 

actively translating 80S ribosomes. In addition, it was postulated based on in vitro 

reconstitution experiments that eIF6 may act in the dissociation of post-termination 

ribosomes and thereby stimulates ribosomal subunit recycling4 7 . It has been shown 

recently that experimental reduction of eIF6 levels reduce expression levels of LIP 4 8. 

The authors discuss the possibility that the anti-association activity of eIF6 is 

required to circumvent formation of inactive 80S after uORF translation termination 

and allowing post-termination 40S to re-initiate at a downstream initiation codon. If 

eIF6 is indeed required for keeping post-termination 40S ribosomal subunits free for 

re-initiation at downstream sites then SBDS would facilitate this by releasing eIF6. 

However, other yet to be identified mechanisms could be responsible for the 

regulation of p30 and LIP expression by SBDS. 

Another important question addresses the biological consequence of reduced 

C/EBPα and C/EBPβ truncated isoform expression in the context of SBDS deficiency. 

Unfortunately, the SDS patient derived B-cells and the wt SBDS control cells do not 

express endogenous C/EBPα. Therefore, we examined the biological effects of 

reduced SBDS function in the promyelocytic leukemia cell line HL-60 in response to 

shRNA mediated SBDS knockdown because this cell line expresses both C/EBPα and 

C/EBPβ endogenously. Knockdown of SBDS delayed increase in viable cells counts 

compared to control shRNA-expressing cells, indicating that cell proliferation was 

attenuated in the SBDS knockdown cells. Attenuation of cell proliferation correlated 

with the decreased expression of the proto-oncogene MYC both at the mRNA and 

protein level in response to SBDS knockdown. The effect on MYC protein lev els seems 

to be much stronger than observed for mRNA levels (Fig. 4A, C and E), suggesting 

that additional regulation at the post-transcriptional level may be involved. It has 

been shown earlier that MYC is a transcriptional target of both C/EBPα and C/EBPβ 
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and that the full-length isoforms act as repressors of MYC transcription2 5 ,3 2 . 

Furthermore, alteration of the C/EBPα isoform ratio through treatment of HL-60 

cells with the drug CDDO that downregulates p30 expression strongly reduces MYC 

mRNA levels and inhibits proliferation4 1 , similar to what we observed in response to 

the reduction of p30 expression through mTOR inhibition. Therefore, we hypothesize 

that the altered C/EBPα ratio in response to SBDS knockdown leads to the inhibition 

of MYC expression, which then results in the attenuation of proliferation. This 

hypothesis is supported by the observation that constitutive expression of the p30flag 

isoform restores both MYC expression and proliferation in SBDS knockdown cells. 

Interestingly, decreased Myc mRNA levels were also observed in embryonic brain, 

liver, cartilage and bone tissue from an SDS mouse model (compound heterozygotes 

for SBDS null and SBDS-R126T alleles) and in the pancreas of a pancreas-specific 

version of this SDS mouse model. Decreased Myc expression in the pancreas was 

however shown to depend on the upregulation of p53 upon loss of SBDS function4 9 . 

HL60 cells don’t express functional p53 indicating that impairment of SBDS function 

might result in the downregulation of Myc and inhibition of proliferation by a 

different mechanism, which as we propose is the changed C/EBP isoform ratio. Both 

p42 and LAP have been shown to inhibit cell proliferation through repression of E2F 

target genes, while p30 and LIP counteract this function and thereby support 

proliferation3 1  (reviewed in5 0). Therefore, apart from the downregulation of Myc the 

reduced expression of E2F target genes in response to the changed C/EBPα/β 

isoform ratio is probably involved in slowing down cell proliferation upon SBDS 

deficiency. 

A prominent feature of SDS patients is bone marrow failure associated with 

neutropenia. Such a neutropenia could be caused by a failure of progenitor cells to 

either differentiate or to proliferate because the latter situation would strongly reduce 

the number of cells that undergo differentiation. Contradicting results have been 

published concerning the cause of neutropenia. Studies using shRNA-mediated 

downregulation of SBDS expression in murine hematopoietic progenitors or using an 

sbds deficient mouse model with deletion of SBDS predominantly in the myeloid 

lineage suggest that loss of SBDS interferes with terminal differentiation of 

neutrophils5 1 ,5 2 . Although the exact mechanism of this differentiation block is not 

known, it is accompanied with reduced expression of the myeloid transcription factor 
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retinoid acid receptor α mRNA, upregulation of p53 and induction of apoptosis5 2 . On 

the other hand it was shown that hematopoietic progenitors derived from SDS 

patients have proliferation defects4 2 . Similarly, SBDS knockdown in the 32D 

myeloblast cell line resulted in reduced proliferation without affecting 

differentiation4 4 . The observation that SBDS expression is high in undifferentiated 

32D cells but decreases upon differentiation4 4  also speaks in favor for a function in 

proliferating cells. 

C/EBPα is a decisive factor for neutrophil differentiation that at the same time 

is involved in proliferation control. Its deletion in mice results in a block in 

granulocyte differentiation and enhanced self-renewal capacity of hematopoietic stem 

cells5 3 . The p42 isoform of C/EBPα induces the transcription of CSF3R, C/EBPε, and 

NE (neutrophil elastase), which are decisive for differentiation2 4 ,5 4 . On the other 

hand, mutations of C/EBPα have been detected in AML patients, some of the 

mutations resulting in expression of only the truncated isoform and preventing 

expression of the p42 isoform5 5 . Knockin mice expressing only p30 isoform develop 

leukemia and it has been suggested that p30 acts as a negative inhibitor of p42 by 

blocking the expression of differentiation related genes and by stimulating 

proliferation2 6 . 

Interestingly, during the differentiation of HL-60 cell we observed down 

regulation of SBDS expression similarly to what has been shown in 32D cells4 4  with 

high levels of SBDS correlating with high levels of p30 and high levels of MYC in the 

early phase where the cells still proliferate. However at later stages of the 

differentiation process when cells stop proliferating, SBDS was downregulated 

concomitantly with p30 and MYC. Thus, our results support the idea that in SDS 

patients the reduced levels of SBDS protein preferentially affects cell proliferation 

and thus expansion of the early progenitor pool rather than the differentiation 

process per se. 
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Materials and Methods 

Cell culture. C33A cells were maintained in DMEM (Gibco) supplemented with 10% 

fetal calf serum (FCS) and 1% Penicillin/Streptomycin. HL-60 and HL-60 pCMV 

C/EBPα-p30 flag overexpressing cells were commonly maintained in RPMI (Gibco) 

supplemented with 10% FCS and 1% Penicillin/Streptomycin. SDS patient-derived 

lymphoblast cell lines including healthy wild type cell were maintained in RPMI 

(Gibco) with 15% FCS and 1% Penicillin/Streptomycin at 37°C with 5% CO2. For 

neutrophil differentiation, 5.0 × 105 cells / ml were treated with 5 μM ATRA (Sigma) 

for 7-10 days. After treatment of ATRA, cells were harvested and stained with Giemsa 

solution for morphologic differentiation determination. The HL-60 cells expressing 

C/EBPα-p30flag were generated by retroviral transduction with a pMSCV-neo based 

construct and subsequent selection of the transduced cells with G418 (1.8 mg/ml). 

For knockdown of SBDS in HL-60 cells the cells were transduced with the lentiviral 

pLKO.1 shRNA vector against human SBDS (Sigma Aldrich) or pLKO.1-scrambled 

shRNA as control followed by selection of the transduced cells with puromycin (1.5 

μg/ml). Cell number and viability was determined using the CASY electric field multi-

channel cell counting system following the manufacturers instruction. 

 

Plasmid cloning and transfection. pLKO.1 shRNA vector against human SBDS 

was purchased from Sigma Aldrich. shSBDS sequence: 5’-CCG AGA AAT TGA TGA 

GCT AAT ctc gag ATT AGC TCA TCA ATT TCT CGG-3’. For construction of the SBDS 

overexpression vector total mRNA was isolated from human lymphoblast cells using 

the RNeasy kit (Qiagen) and SBDS cDNA was synthesized using the Transcriptor 

First-strand cDNA Synthesis kit (Roche), which was used as a PCR template. Forward 

primer: 5’-GTG AAT TCA TGT CGA TCT TCA CCC CCA C-3’, Reverse primer: 5’-TTT 

CTA GAA TCA TTC AAA TTT CTC ATC TCC TTC T -3’. The PCR product was cloned 

into the pLVX plasmid for lentiviral transduction using the EcoRI and XbaI 

restriction sites. Wild type rat C/ebpα and C/ebpβ cDNAs and uORF start codon 

mutant constructs (rat C/ebpα: ATG> ATC, rat C/ebpβ : ATG> ATT) were previously 

cloned2 2 . C33A stable SBDS knockdown or SBDS overexpression cells were 

transiently transfected with wild type or mutant rat C/EBPα and C/EBPβ expression 

plasmids using FugeneHD (Roche) following the manufacturer’s instructions. 
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Lentiviral transduction. 3.5~3.8x106 Hek293T cells were used for co-transfection 

with pLKO.1 shSBDS vector (from Sigma Aldrich) or pLVX SBDS expression vector 

(10 μg) together with plasmid for viral packaging factors including pMDL-RRE 

(6.5μg), pCMV-VSVg (3.5 μg) and pRSV-Rev (2.5 μg) were transfected using the 

calcium phosphate method. After 48h virus-containing medium was harvested from 

the transfected cells. Supernatant was collected by centrifugation and filtered using a 

0.45 μm size PVDF filter. 5.0 × 105 cells were incubated with virus-containing 

supernatant with 8 μg/ml polybrene for 24 hours. To establish stable cell lines, 

puromycin or G418 was added to cells in fresh medium. 

 

Immunoblotting. Cells were washed with cold PBS and harvested by scraping or 

centrifugation. Cells were incubated with lysis buffer (50 mM Tris pH 7.5, 150 mM 

NaCl, 1mM EDTA pH 8.0, 1% TritonX-100 with Protease Inhibitors (Roche)) for 30 

minutes at 4 °C or sonicated with a Bioruptor for 5 minutes at 4 °C. After 

centrifugation with 13000 rpm for 30 minutes at 4 °C, the supernatant was obtained 

and used for immunoblot analysis. The protein concentration measurement was done 

with the Bradford assay (BioRad). Equal amount of protein extracts were loaded to 10 

or 12% SDS-PAGE and transferred to a PVDF membrane (Biorad) by semi-dry 

blotting for 1 hour. Membranes were washed with washing buffer (Tris buffered 

saline with 0.1% tween 20) and blocked for 1 hour at room temperature with blocking 

buffer (5% skim milk solution). The primary antibodies, SBDS (S-15), C/EBPα C18 

(sc-9314) for human C/EBPα, and C/EBPα 14AA (SC-61) for rat C/EBPα, C/EBPβ 

C19 (SC-150) for both human and rat C/EBPβ, MYC (sc-40), α-Tubulin (sc-8035), 

4E-BP1 (C-19) (all Santa Cruz Biotechnology) and Phosphorylated 4E-BP1 (Thr37/46) 

(9459), Phosphorylated p70-S6K (Thr389) (9234), p70-S6K (9202) (Cell Signaling), 

β-actin (691001) (MP Biomedicals), were diluted in blocking buffer (1:400 - 1:10000). 

Incubation with primary antibody was carried out at 4°C overnight using an orbital 

shaker. After washing with washing buffer for 10 minutes x 3 times, secondary 

antibody (1:5000) was added for 1 hour at RT. Protein signals were visualized using 

x-ray films (Amersham) with chemiluminescence detection (Perkin Elmer). 

 

C/EBPα and C/EBPβ isoform ratio measurement. Immunoblotting was 

performed to visualize C/EBPα and C/EBPβ isoform expression as described above. 
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To analyze isoform ratio, band intensity in immunoblot images was measured and 

quantified by densitometric analysis using Alpha-imager software (Cell Bioscience) 

following the manufacturers instruction. 

 

Luciferase assay. pcDNA3-based p42-Renilla and p30-Firefly (C/EBPα) reporters 

were generated based on the previously described pGL3-FL-Cα and pGL3-Tr-Cα3 0: 

The Firefly luciferase gene was exchanged by the Renilla luciferase gene in the pGL3-

FL-Cα and both reporters were re-cloned from pGL3 into pcDNA3. For the pcDNA3-

based LAP-Renilla and LIP-Firefly (C/EBPβ) reporters, C/EBPβ-5’UTR until LAP 

initiation codon was cloned together with Renilla (from pGL3) in pcDNA3 and 

C/EBPβ- sequences spanning the 5’UTR and sequences until the LIP initiation codon 

with a +1frame shift (7 nt upstream of the AUG) was cloned together with Firefly in 

pcDNA3. The control reporters were generated by cloning Renilla (from pGL3) or 

Firefly (from pGL4) genes in pcDNA3. Details of the cloning strategy will be provided 

upon request. For the Luciferase assays 2.5×103/well of C33A cells were seeded into 

96 well plates. After 24 hours, cells were transfected with p42-, p30-, LAP or LIP 

reporters using FugeneHD (Roche). Renilla or Firefly luciferase vector were 

cotransfected for normalization of the reporter expression. After additional 48 hours, 

cells were harvested and the Stop and Glow kit (Promega) was used to measure 

luciferase activity. 

 

Quantitative Real Time PCR (qRT-PCR) of mRNA. To detect mRNA 

transcription, total RNA was isolated using the RNAeasy kit (Qiagen). cDNA 

synthesis was performed with oligo dT primers using the Transcriptor First Strand 

cDNA synthesis kit (Roche). GAPDH housekeeping gene was used for normalization 

of gene expression. C/EBPα: Forward primer: 5’-GGT TTT GCT CGG ATA CTT GCC-

3’, Reverse primer 5’-CAC CTC ATT GGT CCC CCA G-3’; C/EBPβ: Forward primer: 

5’-TTT CGA AGT TGG ATG CAA TCG-3’, Reverse primer: 5’-CAA CAA GCC CGT AGG 

AAC AT-3’; MYC: Forward primer: 5’-TCA AGA GGT GCC ACG TCT CC-3’, Reverse 

primer: 5’-TCT TGG CAG CAG GAT AGT CCT-3’; GAPDH: Forward primer: 5’- GTC 

AGT GGT GGA CCT GAC CT-3’; SBDS: Forward primer: 5’-ACG TGC TCA CAT GAG 

GCT T CG-3’, Reverse primer: 5’-CAG CCC GGG TCA ATC AGA CAT-3’. 
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Supplementary Figures 

 

Supplementary Figure 1. SBDS overexpression increases p30/p42 and LIP/LAP ratios.  
(A) C/EBPα or (B) C/EBPβ proteins in HL-60 cells with stable SBDS overexpression (SBDS) or control 
(empty vector) by immunoblotting, and quantification of p30/p42 ratio and qRT-PCR analysis of 
transcript levels at the right. 
(C) and (D) Immunoblots of C/EBPα or C/EBPβ expression in C33A cells with stable SBDS 
overexpression (SBDS) and control (empty vector) transiently transfected with wild type rat C/ebpα or 
wild type rat C/ebpβ expression plasmids, respectively. Quantification of isoform ratio is shown at the 
right. Statistical differences in the mRNA levels and isoform ratios were determined by Student’s t-
tests. Error bars represent ± SD (n=3), *P<0.05, **P<0.01. 
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Supplementary Figure 2. Activation of C/EBPα inhibits MYC expression, and results in 
downregulation of cell proliferation. 
(A) K562 p42ER or empty ER construct expressing cells were treated with 1 μM β-estradiol, which 
allows p42ER or empty ER to translocate into nucleus. The expression of the MYC protein was 
analyzed at 24 and 48 hours after β-estradiol treatment by immunoblotting (24H indicates 24 hours; 
and 48H, 48 hours, ctrl: ethanol treated vehicle control, β-estr: β-estradiol treatment). 
(B) The MYC mRNA level was determined by quantitative Real Time PCR. 
(C) 5x105 cells were seeded in a 10 cm dish at 0H and counted at each time point after 1 μM β-
estradiol treatment. (D) The expression of the MYC protein was analyzed in empty ER construct 
expressing cells as described in (A). 
(E) and (F) MYC mRNA level and cell proliferation in empty ER construct expressing cells in response 
to β-estradiol treatment were analyzed as in (B) and (C). Statistical differences in MYC mRNA 
transcription and cell proliferation (ctrl vs. β-estr, at the same time point) were determined by Student’s 
t-tests. Error bars represent ± SD (n=3), **P<0.01, ***P<0.001. 
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C/EBPα acetylation 
CCAAT/enhancer binding proteins (C/EBPs) are a family of transcription factors 

important for the function of several organs like liver, skin, lung and adipose tissue. 

C/EBPα and C/EBPβ are the founding and most studied members of this family. They 

contain a highly conserved basic leucine zipper domain at the C-terminus that is 

involved in dimerization and DNA binding as well as activation domains in the N-

terminus. C/EBPα and C/EBPβ are involved in the regulation of several cellular 

processes like gene expression, proliferation, differentiation, energy metabolism, 

innate immunity, inflammation and senescence.  To fulfill these many functions, 

C/EBPα and C/EBPβ undergo several post-transcriptional alterations downstream of 

signaling events regulating their specific cellular activities. 

Currently, lysine acetylation emulates phosphorylation in frequency of occurrence. It 

is a reversible process and it is regulated by two groups of enzymes, lysine 

acetyltransferases (KATs) transferring the acetyl groups to lysine residues of the 

substrate proteins and lysine de-acetylases (KDACs) catalyzing the reverse reaction. It 

is apparent that acetylation of non-histone proteins is important for regulating the 

cellular energy metabolism. For example, a large number of mitochondrial proteins1 , 

as well as many metabolic enzymes 2 ,3 are found to be acetylated. Furthermore, many 

transcription factors are subjected to lysine acetylation affecting their intracellular 

localization, stability, activity and interaction with other proteins4 ,5 . In chapter III 

of this thesis I focused on the acetylation of C/EBPα and investigated whether 

C/EBPα is acetylated and how that can regulate its activity with emphasis on its 

metabolic function. 

 

C/EBPα is acetylated at multiple lysines by p300 and deacetylated by 

SIRT1  

Specific acetylation of the transcription factors associated with regulation of 

metabolic genes and its relevance to metabolic homeostasis like Forkhead box O1 

(FOXO1), cAMP-responsive element-binding (CREB) protein and C/EBPβ have been 

reported5 . We examined C/EBPα acetylation in liver cells and demonstrated that 

acetylation of endogenous and ectopically expressed C/EBPα is detectable. We 

demonstrate that C/EBPα is acetylated by p300 and deacetylated by SIRT1 and that 

the acetylation status of C/EBPα regulates its transcriptional activity. Our analysis 
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show that C/EBPα is acetylated by p300 at multiple lysines and the residue K298 

primes for p300-catalyzed acetylation at various additional lysines. It was previously 

reported that p300 interacts with multiple conserved regions of C/EBPα 

transactivation domains. It was suggested that p300 is recruited to the promoters of 

C/EBPα target genes through this interaction to increase chromatin accessibility by 

acetylating the histones nearby and induce gene expression6 . Here we show that 

C/EBPα itself is acetylated by p300 which increases its transcriptional activity on a 

C/EBPα responsive promoter. However, it has still to be investigated whether p300 is 

stimulating the transcriptional activity by only acetylating C/EBPα or by acetylating 

other transcription factors located in the same transcriptional complex. We show that 

KQ-C/EBPα mutants have higher binding affinity to p300. Therefore the higher 

reporter activity observed with this mutant could be the result of increased 

recruitment of p300 when C/EBPα is acetylated and thereby due to the acetylation-

induced stabilization of the transcription factor/co-activator complex. It has been 

shown that p300 contains a bromo-domain which interacts with acetylated lysine 

residues and thereby plays an important role in protein binding selectivity of p3008. 

Since the Q mutation of C/EBPα K298 alone strongly induced the acetylation of other 

C/EBPα lysine residues and on its own induces the activity of the C/EBPα dependent 

reporter it is probably the acetyl-lysine recognition site mediating tight interaction 

with the bromodomain of p300. 

Our transcriptome analysis revealed 110 upregulated and 122 downregulated 

genes in cells expressing the K159/298R mutant mimicking deacetylated C/EBPα 

when compared with cells expressing the K159/298Q-acetylation mimicking C/EBPα 

mutant. The non-acetylated K159/298R mutant of C/EBPα induces the expression of 

genes involved in the function of mitochondria and oxidation-reduction processes 

and reduces the expression of glycoprotein genes. So far we do not know whether the 

acetylation state of C/EBPα regulates the transcription of those genes by direct 

promoter association or indirectly through affecting other regulators of gene 

expression. Because of its tumor suppression function, C/EBPα-associated DNA 

fragments (chromatin immunoprecipitation DNA sequencing-ChIP-Seq) database is 

not available. However, C/EBPα and C/EBPβ bind to the same recognition sequence 

and by using ENCODE database (http://genome.ucsc.edu/ENCODE/) we found that 

most of both up- and downregulated genes show C/EBPβ-association with their 
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promoters suggesting that they might also be direct targets of C/EBPα. A ChIP 

analysis of the promoter region of the regulated genes can be applied using a C/EBPα 

specific antibody to check the binding of acetylated and deacetylated C/EBPα to these 

promoters. The finding that genes upregulated in response to K159/298Q-C/EBPα 

overexpression and those upregulated in response to K159/298R-C/EBPα 

overexpression fall in different GO-term categories suggests that the acetylation of 

C/EBPα regulates its transcriptional activity by determining the interaction partners 

and that depending on the interaction partner a different group of target genes gets 

activated. This type of regulation is not easy to be investigated by a reporter that 

contains only C/EBP binding sites and might explain why K159R- and K298R-

C/EBPα mutants had no effect on the reporter activity. 

It has been shown in leukemic cell lines expressing endogenous C/EBPα as 

well as in primary leukemic samples that C/EBPα is acetylated by GCN5 at K298, 

K302 and K326, all located in the C-terminal DNA binding or dimerization domains. 

Simultaneous acetylation at these residues inhibited C/EBPα granulopoietic function 

by reducing its DNA binding and thereby its transcriptional activity 7 . Although all 

three lysines K298, K302 and K326 were not covered in our MS analysis, only K298 

was predicted by bioinformatics software to be acetylated by p300 and deacetylated 

by SIRT1 and because of that it was included in our experiments. Our results show no 

difference in subcellular localization or DNA binding ability of C/EBPα when it was 

acetylated by p300 or deacetylated by SIRT1 as well as when C/EBPα was mutated to 

C/EBPα-K159/298Q or C/EBPα-K159/298R. However, we analyzed the double 

K159/298Q and K159/298R mutations where K159 resides in the N-terminus 

transactivation domain and only one residue, K298 resides in the C-terminal DNA 

binding domain. The difference between the data from Bararia et al and our results 

thus might be originating from the partially different lysine residues addressed: it is 

possible that the acetylation of lysine K298 alone in the DNA binding domain is not 

enough to alter C/EBPα DNA binding but that the acetylation of more lysines in this 

region is required to loose DNA binding. Interestingly, Bararia et al also showed that 

single acetylation mimicking mutation in one of the three lysines had no effect on 

DNA binding and transactivation7 . Thus, it might be possible that different cell 

systems (leukemia cell lines versus hepatoma cell lines) and/ or different 

acetyltransferases (GCN5 versus p300) stimulate the acetylation of different lysine 
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residues, thereby differently affecting C/EBPα activity. However, Bararia et al found 

that GCN5 represses the activity of a C/EBPα driven luciferase reporter while we 

found that although GCN5 binds to C/EBPα it doesn’t alter the reporter activity even 

with increased expression levels, suggesting that the type of acetyltransferase 

involved cannot explain all of the different results between our and the Bararia et al 

study. Interestingly, it has been shown that C/EBPε is acetylated by p300 and 

deacetylated by SIRT1 at lysines K121 and K198 and this acetylation is important for 

terminal neutrophil differentiation. Similar to our finding for C/EBPα, the cellular 

localization of C/EBPε was not affected and its acetylation by p300 increased its 

activity on a C/EBP-binding site containing M-CSFR-promoter reporter. However it 

was found that deacetylated C/EBPε mutants have less DNA binding opposite to our 

finding for C/EBPα and also to what Bararia et al have found6 0. 

Together, the findings of our and other studies indicate that the regulation of 

C/EBPα function by acetylation might be complex and suggest that several KATs 

regulated by different stimuli can acetylate C/EBPα at multiple residues in different 

cellular settings resulting in different outcomes on its DNA binding and 

transactivation. 

 

The crosstalk between acetylation and other posttranslational 

modification of C/EBPα 

Both acetylation and phosphorylation can regulate key cellular processes in response 

to extracellular signals and different posttranslational modifications of nuclear 

proteins can be interdependent9 . For example, FOXO1 acetylation increases its 

phosphorylation and decreases its DNA binding ability 1 0 as well as the 

phosphorylation of p53 increases its association with p300 acetyltransferase and by 

that increases its acetylation11,1 2 . Here we show that C/EBPα is acetylated at multiple 

lysines and it has been shown before that C/EBPα is sumoylated, phosphorylated and 

methylated as well which brings up the question about a potential crosstalk between 

the these different modifications. 

The phosphorylation of C/EBPα at serine 193 by cyclin dependent kinase-4 (cdk-4) 

stimulates the C/EBPα/p300 complex formation1 3 ,1 4  and thereby increases steatosis 

in mice1 5 ,1 6 . Thus, it is possible (likely) that phosphorylation of C/EBPα at serine 193 

stimulates acetylation of C/EBPα which might even play a role in the development of 
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steatosis in response to serine 193 phosphorylation. Therefore, it would be interesting 

to analyze the C/EBPα acetylation state in serine 193 mutant expressing cells. 

Sumoylation of C/EBPα at K159 prevents its interaction with BRG1 (a core 

subunit of the SWI/SNF chromatin remodeling complex) and by that the C/EBPα 

induced proliferation arrest and the transactivation of the liver specific albumin 

gene17. The finding that K159 in C/EBPα is both sumoylated and acetylated suggests a 

switch mechanism regulating the transcriptional and anti-proliferative activity of 

C/EBPα. The increased activity of the luciferase reporter by the K159Q mutation 

could be explained by the prevention of sumoylation at this site which might increase 

the interaction with BRG1 or other cofactors of C/EBPα. However, the K159R 

mutation didn’t increase the transcriptional activity although it similarly prevents 

sumoylation suggesting other mechanism that mediate the reporter stimulating 

activity of acetylated C/EBPα. To exclude genes in our transcriptome that were 

affected by sumoylation of C/EBPα we limited our analysis to the differentially 

expressed genes (DEGs) whose median expression in the wt condition was between 

the median expression of KQ and KR conditions. By that we insured that the DEGs 

are results of acetylation/deacetylation regulation and avoided the effects which 

might result from the prevention of sumoylation at K159. 

 

Relationship between C/EBPα Deacetylation and SIRT1 

In addition to the known function of C/EBPα in glucose metabolism, hepatic glycogen 

storage and gluconeogenesis1 8, it has been reported that C/EBPα plays an important 

role in mitochondrial biogenesis and the transcription of both nuclear and 

mitochondrial encoded genes for mitochondrial proteins in brown adipose tissue 

(BAT)1 9 . 

SIRT1 is a NAD+ dependent lysine deacetylase that has been implicated in a 

long list of biological functions, including control of lipolytic rates in white adipose 

tissue2 0, regulation of insulin secretion from pancreatic β-cells2 1 , modulation of 

cytoplasmic and mitochondrial acetyl-CoA synthetase activity2 2 . SIRT1 activation has 

beneficial effects on mammalian metabolism including improvements in glucose 

tolerance and decreased hepatic glucose production and induction of β-oxidation2 3 ,2 4 . 

It is believed that the effect of SIRT1 is mediated in a large part through deacetylating 

the transcriptional regulators FOXO1 and PGC1a2 3 . Our data link C/EBPα to SIRT1 
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and suggest deacetylated C/EBPα as a new mediator of the mitochondrial biogenesis 

function of SIRT1. The finding that deacetylated C/EBPα expressing cells have 

upregulated mitochondrial and oxidation reduction process related genes and 

increased mitochondrial mass supports this suggestion. It is known that SIRT1 

facilitates the conversion of changes in the nutritional status, which it senses via 

NAD+ levels, into modulation of cellular metabolism. The link between C/EBPα and 

SIRT1 is further verified by the finding that cells expressing wt C/EBPα have a 

respiration rate similar to acetylated C/EBPα expressing cells at high glucose (low 

NAD+ and low SIRT1 activity) while it was similar to deacetylated C/EBPα expressing 

cells at low glucose (high NAD+ and high SIRT1 activity). The last phenotype was 

reverted upon SIRT1 inhibitor treatment. In addition, It has been shown that mice 

treated with resveratrol (SIRT1 activator) display increased oxygen consumption2 5  

and improved glucose tolerance explained by high levels of adiponectin2 5 ,2 6 . SIRT1 

regulates adiponectin gene expression through FOXO1-C/EBPα complex2 7 . It was 

suggested that SIRT1 increases adiponectin transcription in adipocytes by 

deacetylating FOXO1 and enhancing its interaction with C/EBPα. However, 

Foxo1KR/KR mice, having lysine to arginine mutations, and SirBACO mice, having 

moderate over expression of SIRT1, shared limited metabolic features2 8. Thus other 

transcription factors might be involved in the downstream effects of SIRT1. Our 

finding together with the widespread role of C/EBPα in mammalian metabolism 

provides a testable hypothesis that part of the downstream effects of SIRT1 are 

mediated by the deacetylated C/EBPα. We don’t know whether deacetylated C/EBPα 

induces mitochondrial genes independently or in collaboration with PGC1α or FOXO1 

and this question is important to be investigated in the future. We raise the question 

whether C/EBPα deacetylation by SIRT1 also regulates the FOXO1 -C/EBPα complex 

formation and by that adiponectin expression. This question can be answered by 

expressing C/EBPα acetylation or deacetylation mutants with FOXO1 and 

investigating their complex formation by co-immunoprecipitation and the resulting 

transcriptional effects on an adiponectin promoter and on endogenous adiponectin 

gene expression.  

One of the most important questions that still need to be solved is the 

physiological in vivo consequences of C/EBPα acetylation/deacetylation. The answer 

to this question can be achieved by generating knock-in  mouse models expressing 
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either a constitutively acetylated or deacetylated mutant of C/EBPα. With these 

mouse models we can investigate whether C/EBPα acetylation controls whole body 

energy homeostasis. If SIRT1-regulated C/EBPα links the metabolic state of the mice 

to cellular gene expression depending on the nutrient availability or deprivation, mice 

expressing the deacetylated C/EBPα mutant might have a similar phenotype to SIRT1 

overexpression which mimics some effects of calorie restriction (CR) and promotes 

insulin sensitivity2 9 . In addition, the C/EBPα acetylation mutant mice could be 

combined with (tissue-specific) Sirt1 knock-out or overexpressing mice to analyze a 

potential rescue of SIRT1 dependent phenotypes. These findings could have 

important implications to design specific C/EBPα/SIRT1 based therapeutic 

interventions for disorders such as obesity, type II diabetes, and metabolic 

syndromes.  

Taking the above mentioned findings together and knowing that C/EBPα is an 

important regulator of lipid and glucose metabolism we suggest that the acetylation 

state of C/EBPα might link the metabolic state of the organism to cellular gene 

expression, allowing target tissues to adjust their metabolism to nutrient availability 

(acetylated C/EBPα) or deprivation (deacetylated C/EBPα) by recruiting different 

complexes of activators or repressors to affect the hepatic expression of genes 

involved in gluconeogenesis, glycogen storage, and lipid metabolism1 8 ,3 0,3 1  

 

 

A screening strategy to reduce C/EBPβ-LIP translation 

Previously, we have shown that mTORC1 via phosphorylation of 4E-BPs specifically 

controls the translation of the C/EBPβ-LIP protein isoform and that mTORC1 

inhibition reduces LIP expression3 2,33 . Furthermore, C/EBPβΔu ORF knockin mice that 

have reduced C/EBPβ-LIP expression and thus reflect reduced mTORC1-signaling at 

the C/EBPβ level, displayed CR-like metabolic improvements without reducing 

calorie intake3 3 . In chapter IV we developed a reporter system that acts as a 

surrogate for C/EBPβ-mRNA translation. We used this reporter in a high-throughput 

screening to discover new drugs that reduce C/EBPβ-LIP translation and exhibit 

potential CR-mimetic properties. 
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C/EBPβ-LIP targeting 

C/EBPβ plays an important role in regulating genes related to different cellular 

processes including glucose and fat metabolism. Its activity is regulated by a special 

mechanism characterized by the competition of two isoforms LAP and LIP which are 

expressed from one mRNA by the usage of different translation start sites. The 

translation of C/EBPβ mRNA into LAP isoform occurs via normal translation 

initiation at LAP-AUG codon while the translation into LIP isoform requires an initial 

translation of the uORF in the mRNA leader sequence, followed by translation re-

initiation from the downstream LIP-AUG codon. C/EBPβ-LIP lacks the 

transactivation domains but it retains the DNA binding domain and by that it 

competes with C/EBPβ activator isoform (LAP) and inhibits its function. Thus, the 

ratio between LIP and LAP is the key factor determining the biological function of 

C/EBPβ. We know that the C/EBPβ-LIP/LAP ratio is decreased upon CR and 

increased upon high fat diet and ageing3 3  and unpublished data. Furthermore, C/EBPβΔu ORF 

mice lacking the cis-regulatory upstream open reading frame (uORF) in the C/EBPβ-

mRNA, which is required for mTORC1-stimulated translation into C/EBPβ-LIP were 

produced. They show a strong reduction of LIP expression in different tissues and 

have reduced body weight and display an improved metabolic phenotype, including 

reduced fat accumulation and increased β-oxidation, improved insulin sensitivity and 

glucose tolerance as well as enhanced activity 3 3 .The idea of finding drugs that modify 

the LIP/LAP ratio got matured when we observed that the CR-like healthy phenotype 

in the C/EBPβΔu ORF knockin mice developed without a reduction in calorie intake3 3 . 

We believed that decreasing the LIP/LAP ratio might be therapeutically valuable to 

gain metabolic improvements similar to CR.

The obvious way to modify the function of C/EBPβ isoforms toward less LIP 

and more LAP is to target C/EBPβ-LIP and reduce its inhibitory effects. However, 

this is very challenging because both C/EBPβ-LIP and LAP are expressed from the 

same mRNA and LIP sequences are 100% included in LAP and this makes it not 

possible to target LIP without affecting LAP. Therefore, we decided to reduce the 

C/EBPβ-LIP/LAP ratio by interfering at the translational level and based our reporter 

construct on the translation initiation and uORF-dependent re-initiation mechanism 

that regulates the translation of the C/EBPβ-mRNA into different protein isoforms. It 

is known that this translation mechanism can be targeted pharmacologically by 
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mTORC1 inhibitors3 3 . Thus, We established a cellular reporter system using firelfly 

and renilla luciferases as readouts for LAP and LIP expression that is applicable for 

high throughput screening.  

 

Screening for C/EBPβ-LIP reducing drugs 

We constructed a dual reporter plasmid that expresses a renilla luciferase transcript 

for the simulation of translation initiation into LAP and a firefly luciferase transcript 

for the simulation of translation re-initiation into LIP, both under control of the 

C/EBPβ-5′-leader sequence. In the initiation cassette of this reporter plasmid, only 

the ribosomes that skip the uORF in the C/EBPβ-5′-leader sequence and initiate 

translation at LAP-AUG are able to produce a renilla luciferase signal representing 

LAP translation. While in the re-initiation cassette, the firefly luciferase signal 

representing LIP translation can only be achieved by ribosomes that translate the 

uORF in the C/EBPβ 5′leader sequence first and then re-initiate at the firefly 

luciferase-AUG that is placed at the position of the LIP AUG. However, those 

ribosomes that skip the uORF in the re-initiation cassette and initiate translation at 

LAP-AUG reading frame can’t produce any firefly signal due to the introduction of a 

+1 shift mutation which brings the LAP-AUG and the firefly luciferase-AUG in 

different reading frames. The usage of this bidirectional reporter enables the 

expression of Firefly and Renilla from the same cell and prevents any effects due to 

different transfection efficiencies or integration sites in stable expression systems.  

Before setting up the drug screening we validated our reporter system and 

insured that it acts correctly as a surrogate of C/EBPβ-mRNA translation. The system 

was validated using pharmacological inhibition and genetic mutations in the 

mTORC1 pathway, overexpression of wt and mutated eIFs (eIF2α, eIF4E), and a 

specific regulator of translation re-initiation (DENR) and compared with the 

expression of endogenous C/EBPβ-LIP and LAP isoforms. The system properly 

imitated the translation initiation and re-initiation events of the C/EBPβ-mRNA. 

Then, we screened a library of 780 FDA approved drugs in an automated high 

throughput cellular assay looking for the hits that reduce translation re-initiation 

under the control of the C/EBPβ-uORF. This type of screen is categorized as 

phenotypic screen leading to the identification of molecules that alter the phenotype 

of the cell or organism in a desirable manner acting on one or more unknown targets. 
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In our case, identifying drugs that reduce translation re-initiation by this type of 

screen and afterwards investigating their molecular mechanisms of action might not 

only lead to the development of novel CR mimetics but could also result in the 

identification of new pathways and factors that are playing roles in mRNA translation 

control. Another advantage of our drugs screen is the use of the FDA approved drugs 

library which offers the potential for drug repurposing. Since the pharmacokinetic 

and pharmacodynamic parameters are established for these approved drugs, a 

repurposing  strategy reduces the  cost and time scale for their evaluation against 

alternative diseases and accelerates their novel clinical uses. Therefore, a repurposing 

screen is a very promising strategy for developing novel therapies and it has already 

been applied to identify approved drugs with novel anti-cancer3 4, anti-microbial3 5 and 

anti-viral activity3 6 . 

In our screening we identified drugs that affect the translation re-

initiation/initiation ratio. The focus of this project was to identify drugs that decrease 

the LIP/LAP ratio and among the 162 identified drugs that altered the ratio between 

Renilla (initiation) and Firefly (re-initiation) 45 were ratio decreasing drugs. In 

addition to rapamycin which we used in the screen as an external positive control, the 

compounds library contained everolimus and sirolimus (mTORC1 inhibitors derived 

from rapamycin) and both of them were found in the 45 hits that decreased the re-

initiation/initiation ratio. This shows that our screening approach is indeed 

functional. Four drugs which had the maximum effect in reducing the ratio were 

tested on three different cell lines to reproduce their effects on the reporter system 

and to examine their effects on endogenous C/EBPβ-LIP/LAP expression. Among 

these four drugs, adefovir dipivoxil (ADV) passed all the counter assays and gave 

results similar to rapamycin in all tested cell lines without any cell type dependency. 

ADV is a nucleotide analogue of adenosine monophosphate prescribed to treat 

chronic infections with hepatitis B virus. ADV is administered orally  and after its 

absorption it is cleaved to adefovir by esterases and undergoes intracellular 

phosphorylation to its active metabolite, adefovir diphosphate3 7 . The mechanism of 

action of ADV in mRNA translation initiation is still unclear and it is beyond the focus 

of this project but it is one of the most important investigations that has to be done in 

the future. The methods to test the effect of ADV as a CR mimetic via the C/EBPβ-LIP 

pathway in cell culture are quite limited. It has been shown that LIP downregulation 
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results in a metabolic shift towards more fatty acid β-oxidation (FAO) in cell culture 

experiments and in C/EBPβΔu ORF  mice .Similarly, CR of mice results in reduced 

C/EBPβ-LIP expression and increased β-oxidation although the direct connection 

between these two events have not yet been proven under CR conditions. 

Furthermore, increased expression of lipogenesis and lipolysis genes in WAT and 

increased expression of β-oxidation genes in liver are also observed in both 

C/EBPβΔu ORF  and calorie restricted mice3 3 ,3 8 -4 1 . In our study, we were able to show 

that short term ADV treatment increases fatty acid oxidation (FAO) in a liver cell line, 

which could be reversed by overexpression of LIP which demonstrates the 

involvement of LIP regulation in response to ADV treatment. In addition, ADV 

treatment resulted in the upregulation of β-oxidation genes (SCAD, MCAD, VLCAD 

and AOX) and the concomitant downregulation of the lipogenesis genes, SCD1  and 

SREBP1, in the same manner as it has been detected in livers extracts from 

C/EBPβΔu ORF mice. These experiments showed that ADV treatment through down-

regulation of LIP is able to induce a metabolic change that is seen both in 

C/EBPβΔu ORF mice and in mice under CR and which has been suggested to play a 

major role in the life and health span extending effects of CR3 8. Since it is not possible 

to investigate other metabolic parameters in cell culture an important future 

experiment will be the ADV treatment of mice to investigate whether the drug alters 

the systemic metabolism similar to the effects found in the C/EBPβΔu ORF mice.  

In conclusion, our results in this project support the suitability of the 

developed translation re-initiation reporter system for high throughput screening of 

CR-mimetics that act via the C/EBPβ-LIP pathway. Further investigations of the 

identified drugs that increase or decrease the LIP/LAP ratio and their targets and 

mechanisms of action might open many new doors to the discovery of translation 

control mechanisms or pathways that are important for metabolic diseases and 

cancer. 
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SBDS regulates translation re-initiation from C/EBPα and 
C/EBPβ mRNAs 
Currently, it is proven that genetic alterations in numerous components of the 

translational machinery cause an entire class of inherited syndromes known as 

“ribosomopathies” associated with increased cancer susceptibility. In chapter V we 

focused on Shwachman Diamond Syndrome (SDS) which is an autosomal recessive 

disorder caused by Shwachman Bodian Diamond Syndrome (SBDS) protein loss of 

function. SBDS is an important protein for ribosomal maturation and here we discuss 

our finding that SBDS plays a role in the translational regulation of C/EBPα and 

C/EBPβ mRNAs and that SBDS deficiency indirectly suppresses the expression of 

MYC by decreasing the C/EBPα-p30/p42 isoform ratio. 

 

SBDS promotes translation re-initiation downstream of uORFs in 

C/EBPα and C/EBPβ mRNAs 

SDS is characterized by exocrine pancreatic dysfunction, skeletal abnormalities and 

bone marrow failure with neutropenia and is associated with a high risk of acute 

myeloid leukemia (AML) in older patients4 2. SBDS is necessary for the release of eIF6 

from the mature 60S subunit which is required for ribosomal subunit association 

during translation initiation4 3 -4 5 . However, the connection between mRNA 

translation and the SDS phenotype is still lacking. It is not known if processes for 60S 

subunit maturation other than eIF6 release are affected by SBDS loss of function and 

general analysis of translated mRNAs depending on SBDS has not been performed 

yet. It is known that C/EBPα is an essential factor for neutrophil differentiation and 

C/EBPα mutations in AML patients result in a differentiation block4 6 . Furthermore, 

our group has shown before that the truncated isoforms (C/EBPα-p30 and C/EBPβ-

LIP) are translated by translation re-initiation mechanism controlled by uORF cis-

regulatory elements present in C/EBPα and C/EBPβ mRNAs and this mechanism is 

highly sensitive to changes of activity/expression of translation regulators3 2 .  This 

prompted us to test the hypothesis that SBDS controls the translation of C/EBPα and 

C/EBPβ mRNAs and that the potential deregulation of C/EBP mRNA translation 

upon SBDS mutation might be involved in the development of the SDS phenotypes. 
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In this project we discovered C/EBPα and C/EBPβ mRNAs as the first specific 

mRNAs to be affected by SBDS deficiency. Interestingly, we found that only the 

truncated isoforms (C/EBPα-p30 and C/EBPβ-LIP) are affected by SBDS loss of 

function while the full length isoforms (C/EBPα-p42 and C/EBPβ-LAP) were not 

affected. Currently it is proposed that about 49% of the human transcriptome 

contains uORFs4 7 . Usually, uORFs inhibit the downstream expression of the main 

ORF but this is not the case for C/EBPα-p30 and C/EBPβ-LIP whose expression by 

translation re-initiation requires the translation of the uORFs. We believe that uORF 

mediated translation re-initiation is controlled by additional regulatory mechanisms 

compared to the normal translation initiation and our findings nominate SBDS as one 

of these regulators. Studies investigating the regulatory mechanisms of uORF 

mediated translation re-initiation are still very few. Schleich et al have shown in 

Drosophila that the DENR-MCT1 complex specially promotes translation re-initiation 

downstream of uORFs to control cell proliferation and tissue growth4 8. However, the 

mechanistic details of this process are not clarified yet. The mechanism underlying 

the effect of SBDS on C/EBPα-p30 and C/EBPβ-LIP translation re-initiation is still to 

be identified. It could be that SBDS affects the recognition of the uORF start codon or 

of the downstream re-initiation start codon. It might also affect mRNA scanning after 

uORF translation termination, the termination event itself or the loading of the new 

initiator tRNA. It is also important to investigate whether SBDS affects other mRNAs 

with uORFs in their 5’UTR and if it requires specific uORF sequences for interaction. 

Brina et al observed that downregulation of eIF6, the antagonistic factor of SBDS, 

resulted in reduced expression of C/EBPβ LIP, whereas LAP expression was not 

affected4 9 . This suggests that SBDS might affect translation re-initiation by increasing 

the amounts of free eIF6 which might facilitate uORF translation termination or 

scanning after uORF termination. Combined overexpression or knock down of SBDS 

and eIF6 and checking C/EBPα and C/EBPβ isoform ratios will provide a hint 

whether SBDS regulates uORF mediated translation re-initiation in an eIF6 

dependent manner or whether it acts in an eIF6 independent way. 

 

SBDS, C/EBPα-p30 and neutropenia 

One of the main symptoms of SDS is bone marrow failure associated with 

neutropenia which is an abnormal low neutrophil level in the blood. In the current 
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SBDS literature it is debated if the SDS neutropenia results from failure of progenitor 

cells to differentiate or to proliferate5 0-5 2 .  While, C/EBPα-p42 is known as tumor 

suppressor and induces genes that are essential for neutrophil differentiation5 3 ,54, it is 

believed that C/EBPα-p30 functions as a negative inhibitor of C/EBPα-p42 and by 

that stimulates cell proliferation and inhibits the expression of differentiation related 

genes. Furthermore, C/EBPα is found to be mutated in around 9% of the AML 

patients and some of these mutations result in abrogation of C/EBPα-p42  expression 

without affecting expression of the C/EBPα-p30 isoform and thereby in a strong shift 

in the C/EBPα isoform ratio towards p30. Similarly, knockin mice expressing only 

C/EBPα-p30 developed AML demonstrating that the C/EBPα isoform ratio has a 

strong influence on haematopoietic cell proliferation and neutrophil differentiation. 

MYC is an important regulator of haematopoietic stem cell self-renewal and 

differentiation. It is known that C/EBPα-p42 inhibits MYC expression by interacting 

with the E2F transcription factor complex at its promoter which is required for 

driving proliferating myeloid precursor cells to undergo cell cycle arrest. 

Interestingly, C/EBPα-p30 opposes this function5 5 . Treatment of HL60 

myelomonocytic leukemia cells with the drug CDDO decreases the C/EBPα-p30/p42 

ratio and thereby resulted in strong reduction of Myc expression and reduced 

proliferation5 6  indicating that changes in the C/EBPα-p30/p42 ratio affect cell 

proliferation through transcriptional control of the Myc gene. Our data show that the 

decrease of the C/EBPα-p30/p42 ratio by the mTOR catalytic inhibitor PP242 

reduced the mRNA levels of Myc and inhibited cellular proliferation supporting the 

above mentioned findings by others that Myc is transcriptionally controlled by the 

C/EBPα isoform ratio. Furthermore, our data indicate that SBDS function stimulates 

proliferation through inducing C/EBPα-p30 expression and thereby relieving the 

C/EBPα-p42 mediated inhibition of Myc expression. Upon SBDS knockdown in 

HL60 we observed reduction in both Myc RNA and protein expression and cell 

proliferation indicating that SBDS downregulation might have an inhibitory effect on 

Myc transcription and cell proliferation by reducing C/EBPα-p30 and thus shifting 

the C/EBPα isoform ratio towards p42. The involvement of the C/EBPα isoform 

expression in the regulation of Myc expression was strengthened by the finding that 

C/EBPα-p30 ectopic expression prevented the downregulation of Myc and attenuated 

the inhibition of cell proliferation in SBDS knockdown HL60 cells. Furthermore 
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during the differentiation of HL60 by ATRA treatment, we observed high correlation 

between SBDS, C/EBPα-p30 and Myc expression. All three proteins were highly 

expressed at the early stages of the differentiation process when the cells were still 

proliferating while their expression was concomitantly downregulated during later 

differentiation stages when proliferation stopped. Our finding is in agreement with 

other studies showing that SBDS loss of function resulted in proliferation defects in 

32DcI3 cells and SDS-patient bone marrow CD34+ hematopoietic progenitor 

cells5 0,5 8. Further research has to be done to investigate whether SBDS in addition 

also affects neutrophils differentiation as it has been proposed by others5 1 ,5 2 . The 

origin of the AML phenotype in SDS patients has to be further investigated. AML 

development in SDS patients looks contradictory to the shift toward less C/EBPα -p30 

expression. Our data show that SBDS loss of function reduces proliferation via 

downregulating C/EBPα-p30 and Myc and this doesn’t match with the block of 

differentiation and uncontrolled proliferation of AML cells. However, it is well 

established that severe congenital neutropenia is associated with the development of 

AML. Dong et al found that AML patients having mutations in the gene for G-CSF 

receptor also suffered from severe congenital neutropenia5 9 . This suggests that the 

AML phenotype in SDS patients might not be directly linked to C/EBPα-Myc pathway 

but might select for additional mutations that drive AML development. The fact that 

SDS is a rare disease and only a small percent of SDS patients develop AML makes it 

hard to screen enough patients and investigate the mechanism behind the AML 

development. With our findings, we are one step forward toward better 

understanding of the SDS etiology. Our results suggests C/EBPα translation 

deregulation as  one potential cause of the SDS neutropenia phenotype. To further 

prove this, we need to analyze whether C/EBPαΔu ORF mice that similarly to 

C/EBPβΔu ORF mice have a mutation in the uORF and thus potentially show reduced 

expression of the p30 isoform, develop neutropenia. However, these mice are not 

available so far. Alternatively, SBDS mutant mice can be crossed with C/EBPα-p30 

over expressing mice to examine whether the SBDS-related neutropenia phenotype 

can be rescued. In addition, there are still many open questions that are important to 

be answered. One of these questions addresses the mechanism of translational 

regulation of C/EBP isoform expression by SBDS and asks whether SBDS regulate the 

uORF-mediated translation by its known function in releasing eIF6 from the 60s 
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ribosomal subunit or by a different mechanism? It is also important to investigate 

whether the C/EBPα or C/EBPβ isoform ratio in response to mutated SBDS plays a 

role for the other non-hematopoietic SDS phenotypes or whether those phenotypes 

are caused by translational deregulation of other mRNAs. 
 

 

Conclusion 
From the work presented in this thesis, we have gained better insight into the 

regulation of the metabolic function of C/EBPα and found that it potentially plays a 

role in SIRT1-controlled cellular metabolic homeostasis. We further engineered a 

C/EBPβ-based translation control reporter system which is suitable for high 

throughput drug screening and with this system we identified novel drugs that 

decrease C/EBPβ-LIP translation and potentially have calorie restriction mimetic 

properties. Finally, We have shown that the ribosomal maturation protein SBDS is 

important for the translation re-initiation of C/EBPα-p30 and C/EBPβ-LIP and that 

their impaired translation is contributing to the hematological phenotype of SDS. 
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Post-transcriptionele controle van C/EBPα en C/EBPβ eiwit factoren 

Inzichten in hun rol in energie homeostase en ziekte 

 

De CCAAT/enhancer binding proteins (C/EBPs) is een familie van 

transcriptiefactoren die belangrijk zijn voor het functioneren van verschillende 

organen zoals lever, huid, long en vetweefsel. C/EBPs bevatten een sterk 

geconserveerde basisch en leucine-rits (Eng: basic-region leucine zipper, bZIP) 

domein aan de C-terminus welke nodig is voor dimerisatie en DNA binding, en 

transactivatie domeinen in het N-terminale gedeelte. De meest bestudeerde leden van 

deze groep zijn C/EBPα en C/EBPβ die betrokken bij de regulatie van verschillende 

cellulaire processen zoals celdeling, celdifferentiatie, energie stofwisseling, 

aangeboren immuniteit, ontstekingen en senescentie. Om deze vele functies te 

vervullen, wordt de translatie van C/EBPα- en C/EBPβ-mRNAs strikt gereguleerd en 

ondergaan de C/EBPα- en C/EBPβ-eiwitten verschillende post-translationele 

modificaties ten gevolge van diverse signaaltransductie routes die hun cel specifieke 

activiteiten reguleren.  

Hoofdstuk II bevat een algemene introductie over de transcriptiefactoren C/EBPα 

en C/EBPβ en concentreert zich op de regulatie van de expressie, functie, structuur en 

DNA binding. Er wordt beschreven hoe de drie eiwit-isovormen van C/EBPα en 

C/EBPβ vertaald worden van hetzelfde mRNA, gereguleerd door een translatie-

regelelement (uORF). Er wordt beschreven hoe de korte isovormen (C/EBPα-p30 en 

C/EBPβ-LIP) de functie van de lange isovormen (C/EBPα-p42 en C/EBPβ-LAP) 

remmen en hoe de ratio tussen de isovormen van belang is voor het uitoefenen van 

biologische functies. Verder wordt er  beschreven hoe de functies van C/EBPα en 

C/EBPβ eiwitten wordt gereguleerd door verschillende post-translationele 

modificaties zoals methylering, fosphorylering, acetylering en symoylering. Tot slot 

wordt beschreven hoe C/EBPα en C/EBPβ de differentiatie in vetcellen en bloedcellen 

reguleert en hoe hun functies en expressie gemoduleerd worden gedurende celdeling 

in verschillende soorten kanker.  
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Hoofdstuk III behandeld de acetylering van C/EBPα en hoe deze de functie van 

C/EBPα de celstofwisseling en energiehomeostase reguleert. We laten zien dat 

C/EBPα geacetyleerd wordt door p300 lysine-acetyltransferase op verschillende 

lysine residuen en gedeacetyleerd wordt door SIRT1 lysine-deacetylase. We ontdekten 

dat de acetylering geen effect heeft op de cellulaire lokalisatie van C/EBPα of de DNA 

binding, maar wel dat het de transcriptionele activiteit moduleert. Transcriptome 

analyse uitgevoerd met Hepa1-6 muis hepatoom cellen die gemuteerde varianten van 

C/EBPα bevatten lieten grote verschillen in de regulatie van stofwisselingsgenen zien 

tussen hypo- en hyper-geacetyleerde C/EBPα varianten. Vervolgstudies lieten zien 

dat de cellen met de hypo-geacetyleerde C/EBPα variant meer mitochondriële massa 

hebben en een verhoogde zuurstof consumptie, vergeleken met cellen die het wildtype 

of hyper-geacetyleerde C/EBPα variant bevatten. Deze bevinding komt overeen met 

de resultaten van de transcriptome analyse waarin een significant verhoogde 

expressie van mitochondriële genen wordt gevonden in cellen met de hypo-

geacetyleerde C/EBPα variant. In deze studie laten we het belang van de C/EBPα 

acetylering in de regulatie van celstofwisseling zien en tonen we aan dat SIRT1 een 

essentiële regulator is van de transcriptionele functie van C/EBPα. 

Hoofdstuk IV beschrijft een project dat is gebaseerd op de resultaten met voorheen 

ontwikkelde C/EBPβ-LIP deficiënte muizen die een betere vetstofwisseling hebben en 

daardoor gezonder zijn, minder kanker krijgen en langer leven. We hebben een 

reporter systeem ontwikkelt om te screenen naar farmacologische middelen die de 

C/EBPβ-LIP isovorm kunnen verminderen en daardoor calorie restrictie kunnen 

nabootsen en/of als anti-kanker middel verder kunnen worden ontwikkeld. Met een 

eerste high-throughput screen van een beperkte farmacologische collectie (780 

werkstoffen) hebben we werkstoffen geïdentificeerd die de C/EBPβ-LIP expressie 

verlagen en de vetstofwisseling in cellen stimuleren. Het uiteindelijk doel is naar 

meer geschikte werkstoffen te zoeken en deze verder te ontwikkelen naar medicijnen 

die de effecten van calorie restrictie nabootsen en in de anti-kanker therapie gebruikt 

kunnen worden.   

Hoofdstuk V beschrijft hoe mutaties in het SBDS gen dat een belangrijke rol in de 

ribosoom biogenese speelt resulteert in deficiënte regulatie van C/EBPα en C/EBPβ 

isovormen. Genetische mutaties in SBDS veroorzaken het Shwachman-Diamond 
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syndrome (SDS) dat gekarakteriseerd wordt door beenmerg falen met neutropenie, 

exocriene pancreas insufficiëntie en skelet afwijkingen. We hebben ontdekt dat een 

deficiënties in het functioneren van SBDS resulteert in verlaagde expressie van de 

korte C/EBPα-p30 en C/EBPβ-LIP isovormen, terwijl de translatie van de lange 

C/EBPα-p42 en C/EBPβ-LAP isovormen niet beïnvloed zijn.  Verder vinden we dat de 

defecte regulatie van C/EBPα-p30 en C/EBPβ-LIP resulteert in een lagere expressie 

van de transcriptie factor MYC, hetgeen leidt tot verminderde proliferatie van 

voorloper cellen wat mogelijk bijdraagt aan het hematologische fenotype van SDS. 

Onze resultaten laten het eerste bewijs zien dat het fenotype van SDS veroorzaakt kan 

worden door deregulatie van specifieke mRNA translatie vanwege SBDS falen.  

Hoofdstuk VI bevat een discussie over het uitgevoerde wetenschappelijk onderzoek 

en er bevat voorstellen over vervolgonderzoek.  

 

Conclusie 

Het onderzoek dat is beschreven in dit proefschrift leidt tot betere inzichten in de 

functies van C/EBPα in de regulatie van celstofwisseling en suggereert dat C/EBPα 

een cruciale rol speelt in SIRT1-gecontrolleerde cellulaire processen. Verder hebben 

we een reporter system ontwikkeld welke gebruikt kan worden in high-throughput 

screens om nieuwe medicijnen te ontwikkelen die C/EBPβ-LIP translatie kunnen 

verminderen en mogelijk de effecten van calorie restrictie nabootsen. Tot slot laten 

we zien dat het ribosoom biogenese eiwit SBDS van nodig is voor efficiënte expressie 

van C/EBPα-p30 en C/EBPβ-LIP en dat genetische defecten in het SBDS gen die het 

Shwachman-Diamond syndroom veroorzaken mogelijk bijdraagt aan het 

hematologische fenotype van SDS.  
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