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CHAPTER 1 

INTRODUCTION 

1.1 Protein posttranslational modifications 

1.1.1 Properties and functions of protein posttranslational modifications  

The cell is composed of four major macromolecules: nucleic acid, lipid, metabolite, and 

protein1. Of these four components, proteins are the most complex biomolecule in cells – an 

emergent end product resulting from the evolution of nucleic acid. The regulatory activity of 

proteins can be influenced both prior to and after their complete synthesis in cells through 

various mechanisms, such as RNA splicing, missense mutations, and protein post-translational 

modifications. Any unique protein molecules that can be made from permutations of these 

processes are referred to as proteoforms2. While there are approximately 19,000 protein coding 

genes in the human genome, the number of theoretical proteoforms that can arise from the 

histone H4 gene is >10^10, with 98,304 H4 proteoforms known to be reported3,4. Thus, the 

number of proteoforms that can be generated from a single histone H4 gene product is several 

magnitudes greater than the total number of protein coding genes within the human genome 

(>520K times more). Proteoforms can significantly increase the regulatory versatility of a protein 

molecule generated from a single protein coding gene5. 

The majority of regulation that controls protein function in cells occurs after their 

synthesis via a highly conserved and broadly defined biochemical process known as protein post-

translational modification (PTM). PTMs can be broadly defined as modifications to the protein 

structure that occur after protein synthesis, which includes processes like protein folding6. 

Protein folding is largely considered a stochastic process that is governed by thermodynamic 

principles that drive the assembly of protein molecules into their native secondary and 



 

 

2 

sometimes tertiary structures7. However, the activity of many proteins can be dynamically 

controlled by another form of PTM that occurs after protein folding. This form of PTM is 

described by covalent chemical modification of select amino acid residues8,9. The chemical 

modification of select amino acids on proteins, herein referred to as PTMs, defines the major 

source of known and potential proteoforms. 

 PTMs can possess diverse biochemical and biological attributes which include: the PTM 

chemical structure, the co-factor derivative, the mechanism of chemical reaction, the proteins 

and position on proteins that may be modified, and most importantly, the impact that a PTM can 

have on cellular processes. PTMs are essential for life processes, and their essentiality is 

exemplified in disease driven phenotypes that are associated with observed aberrations that occur 

in PTM regulatory elements10,11. 

One of the most essential cellular processes that defines eukaryotes is the dynamic 

regulation of chromatin. Central to the dynamic regulation of chromatin are the posttranslational 

modification of histone proteins, which are critically important for diverse DNA based 

regulatory processes including epigenetics, genome replication, and DNA repair12. 

1.1.2 Histone proteins and histone marks 

Histone proteins are a highly conserved family of proteins found in the nucleus of 

eukaryotic cells – and have been proposed by select scholars as one of the critical milestones in 

the evolution of complex multicellular organisms13. The core histone protein family is comprised 

of four key members: histone H3, H2A, H2B, and H4. Histone H4 is the only histone protein that 

does not have genetic isoforms14.  

Two copies of each core histone protein are assembled into an octameric protein complex 

that can then be wrapped by approximately 146 base pairs of DNA, or 1.7 turns, to generate a 
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DNA-protein complex known as the nucleosome. The nucleosome is the principal component to 

the biomolecular composition of the eukaryotic chromatin.  

Nucleosomes are considered to have enabled the evolution of complex multicellular 

life15. This theory posits that nucleosomes can compact significantly larger amounts of genetic 

material. The compaction of genetic material by histone proteins enables two features that were 

required for the evolution of eukaryotes: the compartmentalization of genetic material and 

subsequent emergence of nucleus (2) increase genome size and thereby the capacity to store 

information15–17.  

However, histone proteins were later discovered to serve many essential roles within 

chromatin that were independent of chromosome compaction. In the last 35 years, histone 

proteins have been discovered to be dynamic molecules capable of regulating countless 

chromatin-based processes, such as DNA replication, recombination, and DNA damage repair18–

20. Central to histone protein’s ability to dynamically regulate chromatin are the posttranslational 

modifications (PTM) that are known to occur on them18.  

Histone PTMs regulate various chromatin-based processes, including transcription21. 

Histone PTMs are often referred to as histone ‘marks.’ While histone marks play an essential 

role in the activation or repression of gene transcription, they are well established in governing 

several other chromatin-based processes as well. Unique arrangements of histone marks in 

nucleosomes have been shown to modulate the activity of specified events. Allis and colleagues 

were the first to propose that these unique arranges of histone marks may constitute a type of 

code, which they refer to as the ‘histone code.’22  

1.1.3 Discovery of a novel chemical class of histone marks  
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One of the first discovered and most intensely studied types of histone marks is lysine 

acetylation (Kac)23. Lysine acetylation is the product of the addition of an acetyl moiety to the 

side chain amine of lysine24. While lysine acetylation can technically be classified as an 

acylation due to the carbonyl that is present in the acetyl moiety, acetylation was known to exist 

70 years before the discovery of most other types of lysine acylations24. Therefore, it is 

unsurprising that much what is known about epigenetics stems directly from our understanding 

of histone Kac. Despite the critical importance of acetylation in epigenetics, recent advances in 

mass spectrometry-based proteomics, and advances in immunoaffinity enrichment strategies, 

have led to the discovery dozens of chemically unique lysine acylation’s that can occur on 

histone proteins (Figure 1.1)25–32.  

The initially discovery of these novel lysine acylations was made on histone proteins24. 

Histone proteins serve as a valuable system for the discovery of new types of lysine acylation’s: 

histone proteins are abundant in lysine residues, they contain unstructured tails that can readily 

be mimicked in vitro, and they are highly abundant in cells33. Lastly, histone proteins can be 

extracted from cells by various techniques, including acid extraction and high salt dialysis34. 

These strategies provide alternative approaches to purify histones that harbor PTMs that can be 

less stable35.  

With histone proteins as a suitable biochemical platform for the discovery of novel types 

of lysine PTMs, Zhao and colleagues leveraged two essential technologies to make their 

discoveries: antibody-based immunoprecipitation and mass spectrometric proteomics 

technologies. These two technologies offered 1) the ability to enrich low abundant PTM-bearing 

peptides, and 2) the ability to analyze and subsequently identify novel mass shifts that occur as a 

result of a new chemical modification.  
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Interestingly, Zhao and colleagues discovered their initial lysine acylation’s, 

propionyllysine (Kpu) and butyryllsyine (Kbu), by using an antibody specific toward Kac. The 

Kac antibody that was used to enrich Kac bearing peptides demonstrated cross reactivity toward 

Kpu and Kbu bearing peptides24. The cross reactivity is likely enabled by the shared structural 

similarities between the three modifications. Indeed, this same strategy was later employed by 

Zhao and colleagues to discovery malonyllysine (Kmal) and glutaryllysine (Kglu), given their 

similarity to succinyllysine (Ksu)27,36–38.  

With this feature of cross reactivity available, Zhao and colleagues had purified sufficient 

sample for mass spectrometric detection of novel mass shifts on proteins. The spectra captured 

from Kac immunopreciptates were subjected to an unrestricted sequence alignment search that 

resulted in the detection of mass shifts between -100 and +200, with 1 Da increments. This 

software was called PTMap39,40. Using anti-Kac antibody enrichment and PTMap, the initial 

discovery of Kpu and Kbu were made. In the decade that followed this initial discovery, several 

more novel lysine acylation’s were discovered using this strategy, including the recently 

identified iso-butyryllysine (Kibu)41. Zheng and colleagues could isolate and purify iso-

butyryllysine bearing peptides using a Kbu specific peptide. However, since Kbu and Kibu are 

isomers, they could only be differentiated via differences found in their retention times when 

they were subjected to high-performance liquid chromatography (HPLC)41.  In parallel to the 

discovery of novel lysine acylation’s, significant research efforts dedicated to determining the 

biochemical regulators and biological significance of these new histone marks emerged42. These 

collective research efforts have allowed us to establish critical similarities and differences that 

exist between Kac and other histone acylation’s, which will be discussed next.  
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Before we move on, let us revisit proteoform diversity. Protein PTMs significantly 

increase the diversity of unique proteoforms that can exist. To put this into perspective, earlier 

we stated that there are 98,304 theoretical H4 proteforms4. These 98,304 theoretical H4 

proteoforms do not include any of the novel acylation’s that have been discovered. Considering 

just one of the novel acylation’s results in 6,193,152 new theoretical H4 proteoforms for a total 

of 6,292,566 – approximately 63 times more proteforms than initially determined.   
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Figure 1.1 Structures of acyllysines discovered Zhao and colleagues. 

Chemical structures of the lysine modifications discovered by Zhao and colleagues.  

The 10 published lysine acylations discovered by the laboratory of Dr. Yingming Zhao 

highlighted in red. The structure of acetyllysine is included for reference in black. All relevant 

acyl-CoA species that give rise to the corresponding lysine acylation are listed beside the 

structures above. Figure adapted from seminar illustrations. The abbreviations for each 

acyllysine name are included below each structure. 
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1.2 Biological regulation of histone marks 

1.2.1 Metabolic regulation of histone marks 

An intriguing property that is shared between Kac and the other novel lysine acylation’s 

is their proximity to cellular metabolism. More specifically, lysine acetylation and lysine 

acylation’s are primarily derived via a high energy co-factor43. Prior to the discovery of lysine 

acetylation, the co-factor that is required for its generation was determined to result from the 

ligation of acetate and coenzyme A (CoA), which results in the genesis of acetyl-CoA44. The 

discovery of acetyl-CoA and of protein acetylation were award the Nobel prize45. While acetyl-

CoA can be derived from the direct ligation of acetate and CoA, several other biosynthetic routes 

for its generation have since been discovered46. Nevertheless, the relationship between the levels 

of acetyl-CoA and lysine acetylation have been well documented47. Changes in acetyl-CoA can 

be caused by changes in its precursor metabolites, which ultimately impact the levels of Kac in 

cells48–50. The precise mechanisms that govern which Kac sites are preserve during times of 

limited resource availability are not known.  

Appreciating this relationship, Zhao and colleagues demonstrated that this phenomenon 

is a conserved property of several non-acetyl acylation’s that they discovered42. Similar to Kac, 

these novel lysine acylation’s were shown to originate from the ligation of a precursor metabolite 

to CoA, thereby generating acyl-CoA species capable of forming a lysine acylation. One of the 

best in cell examples was shown by Zhao and colleagues in their report that described the 

discovery benzoyllysine (Kbz)25. In this report, human liver cells that were exposed to increasing 

doses of deuterated sodium benzoate had observably higher levels of deuterated benzoyl-CoA. 

The increased levels of intracellular benzoyl-CoA were associated with in increased levels of 

Kbz25. While significant work is required to determine the enzymes responsible for the 
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generation of these acyl-CoA species, it seems that the paradigms governing lysine acetylation 

are conserved with respect to the novel acylation’s recently discovered.  

Many of the novel histone acylation’s discovered by Zhao and colleagues have been 

associated with active transcription30,31,42. At first glance, the function of novel histone 

acylation’s may seem redundant with respect to functions that histone acetylation serves. 

However, mounting evidence suggests that novel acylation’s may function to sense the energy 

status within a cell by altering protein function50,51. Evidence of this paradigm was demonstrated 

in the initial report that was made by Zhao and colleagues of a novel lysine acylation called 

lysine lactylation (Kla)30. Using macrophages as a model, Zhao and colleagues demonstrate that 

Kla is induced on histone proteins during pro-inflammatory activation. The Kla induced on 

macrophage histones was shown to be intimately linked to elevated lactate levels. During pro-

inflammatory activation, macrophages undergo metabolic reprogramming that includes increased 

glycolytic flux and subsequently increased lactate production. Using CRISPR to knock out 

lactate dehydrogenase, Zhao and colleagues determine that lactate generation is necessary to 

achieve Kla in macrophages. Fascinatingly, the histone Kla levels that were found to occur in 

macrophage chromatin was shown to occur on genes that are involved in the resolution, or 

dampening, of inflammation. Dr. Becker posits that the reason for this is that lactate 

accumulation via glycolysis serves as a ‘metabolic clock’, that upon reaching a certain level, 

lactate via Kla can polarize macrophages to terminate pro-inflammatory processes by activating 

processes involved in resolution and wound repair52. While the relationship between lactate and 

Kla during pro-inflammatory macrophage polaorization is clear, less is known about histone Kla 

dynamics during processes, including in diseases like cancer. Furthermore, lactyl-CoA was 

recently detected in cells, albeit before the discovery of Kla53.  



 

 

10 

 While these lysine acylation’s can overlap considerably in their regulatory functions, the 

metabolic pathways from which they originate are distinct. For example, modulation of 

intracellular lactate via changes in glycolysis has a direct impact on the abundance of Kla30,54. 

Additionally, dysfunctions found in certain metabolic proteins have been found to result in the 

generation of excess precursor metabolites that subsequently result in lysine acylation’s55. 

Further evidence for this phenomena has been observed in cells with dysfunctions in the 

tricarboxylic acid cycle (TCA) that cause an accumulation in succinyl-CoA, such as SUCLA2 

loss of functions mutations56,57. 

The metabolic similarities and difference that exist between Kac and amongst the newly 

discovered lysine acylation’s represents only a mere fraction of the comparisons that are 

available to make. Indeed, several comparisons in how these novel acylation’s are biochemically 

governed can already be made, with many more likely to emerge as this research area continues 

to mature. I will next focus on the biochemical regulatory elements that govern these novel 

acylation’s.  

However, it is critical to note that under certain conditions, acetyl-CoA and other types of 

acyl-CoA species can spontaneously react with proteins to form a variety of different products, 

including the lysine acylation’s discussed herein. In the interest of brevity, I will focus on the 

regulatory components of lysine acylation’s and refer to the reader to the following reviews for 

more information on non-enzymatic protein modification58–62. 

1.2.2 Regulators of novel histone marks: writers, readers, and erasers 

Histone lysine acetylation is thought to be principally governed by the action of three 

classes of regulatory proteins that are often referred to as writers, readers, and erasers. Writers of 

histone Kac are technically termed acetyltransferases and are often interchangeably referred to as 
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(K)ATs (lysine acetyltransferase) or (H)ATs (Histone acetyltransferase)63. These enzymes 

catalyze a chemical reaction between acetyl-CoA and lysine to generate Kac and SH-CoA. 

Reader proteins are described as proteins that contain specialized domains capable of specifically 

recognizing unique types of histone marks64,65. Reader domains can be found in diverse proteins 

throughout the proteome, including several writers and erasers63,66. For example, the 

acetyltransferase p300 contains a bromodomain, which is a type of reader domain known to bind 

to acetylated lysine67,68. Erasers are enzymes that catalyze the removal of histone marks, 

returning the modified substrate to native unmodified state. Erasers of histone Kac are 

technically termed histone deacetylases and are interchangeably referred to as (K)DACs (lysine 

de-acetylase) or (H)DACs (Histone de-acetylase)69. The collective action of writers, readers, and 

erasers are central to the regulation of histone marks. This process of writing, reading, and 

erasing, can form a dynamically cyclical and thereby sustainable form of chromatin regulation 

(Figure 1.4). 

1.2.3 Acetyltransferases 

To date, there have been more than a dozen KATs identified in human cells. These 

specific KATs can classified into 4 distinct families: HAT1, GCN5/PCAF, P300/CBP, and the 

MYST family63. Rigorous research has provided essential knowledge regarding the biochemical 

and the regulatory characteristics of KATs. Central to their function, the majority of these KATs 

have been shown to activate transcription from chromatin due to their ability to acetylate 

chromatin70. The major research focuses surrounding KATs have provided a foundational 

understand of their biochemistry and roles in biology. This research has focused on: the protein 

complexes these enzymes can exist in, their protein substrates, the mechanisms governing 

substrate selection, and their biological functions. However, in the last decade, there has been an 
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increased interest in determining the types of acyltransferase activity that previously annotated 

KATs may possess42. Of particular interest to his work, we will continue by focusing on the 

MYST family.  

1.2.4 MYST family of KATs 

The MYST family is comprised of 5 distinct KATs: TIP60, MOZ, MORF, HBO1, and 

MOF71. The MYST family of KATs share a MYST domain that is composed of an acetyl-CoA 

binding motif and a zinc finger72. While the majority of MYST substrates reside on histone 

proteins, accumulating evidence suggests that this family of KATs can acetylate a variety of non-

histone substrates as well73. MYST KATs are thought to be exclusively active only when in 

multiprotein complexes. The majority of the MYST KATs share protein complex subunits from 

the inhibitor of growth (ING) family of tumor suppressors, with the single exception being 

MOF74.  

TIP60 was first identified in 1996 by G. Chinnadurai and colleagues through a yeast two-

hybrid screen to identify interacting modules of HIV-1 Tat protein, and therefore named Tat 

interactive protein, 60kDa (TIP60)75. In this initial report, it was postulated that TIP60 was a co-

factor that interacts with Tat to activate HIV gene expression75. It was in 1999 that Robson and 

colleagues demonstrated that TIP60 is a nuclear hormone receptor coactivator. They determined 

that the coactivator function of TIP60 is the result of its acetyltransferase activity76. TIP60 was 

later discovered to be critically involved in the acetylation and activation of tumor suppressor 

gene, p5377–79. Beyond acetylation, several reports have demonstrated that TIP60 possesses 

acyltransferase activity. TIP60 was shown to propionylate and 2-hydroxyisobutryate lysine 

residues24,80. 
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MOZ was initially discovered by Housman and colleagues in 1996 as a resultant fusion 

partner of CREB-binding protein via a common chromosomal translocation that occurs in acute 

myeloid leukaemia (AML)81. Three years later, MORF was discovered based on its shared 

structural and functional homology to MOZ82–84. MOZ and MORF share a variety of 

biochemical and biological features, including the subunits that exist within their protein 

complexes71. Both KATs form a complex that contains ING5 and bromodomain and PHD finger 

containing (BRPF) proteins. MOZ and MORF are largely known for their ability to acetylate 

histone H3, and are involved in a number of processes, including DNA replication73. Both MOZ 

and MORF have been reported to possess acyltransferase activity85,86. Curiously, the double 

PHD finger (DPF) domain found in MOZ is a reader of lysine crotonylation (Kcr)87. Similarly, 

MORF contains a DPF domain that was shown to bind to several of different types of chemically 

distinct histone acylation’s85.  

HBO1 was first identified by Iizuka and colleagues in 1999 when they identified a 

protein bound to the origin of replication complex (ORC) 1 protein88. Consistent with its initial 

discovery in the ORC complex, it was later determined that HBO1 plays a critical role DNA 

replication89,90. Much remains to be discovered regarding the role of HBO1 in DNA replication – 

however the prevailing theory posits that HBO1 regulates DNA replication by acetylating the 

necessary components of the pre-replication machinery, as well as acetylating histones to 

facilitate more accessible chromatin73. A recent report suggests that HBO1 possess significant 

propionylase, butyrylase, and crotonylase activity, with a propensity for acylation at on lysine 14 

of histone H3 (H3K14)91. Another recent report from a different group found that HBO1 possess 

some iso-butyryllysine (Kibu) activity, albeit much weaker than HAT1. HBO1 was the only 

MYST family KAT that was observed able to generate Kibu marks41.  
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 Alas, Male Absent on First (MOF), identified in 1997 by Lucchesi and colleagues, was 

named as such for its identification in Drosophila as a putative acetyltransferase involved in 

dosage compensation92. Dosage compensation is the regulatory process that ensures that male 

and female organisms can control the amount of X-chromosome gene products that are 

expressed93. MOF is a member of the dosage compensation complex and is known for its ability 

to acetylate histone H4 on position K14 (H4K16ac)94. H4K16ac alone has been shown to directly 

inhibit the formation of condensed chromatin, which likely underscores this histone marks 

prevalence in dosage compensated X-chromosomes95. MOF has been shown to possess crotonyl- 

and propionyl-transferase activity96,97. MOF was shown to propionylate several lysine residues 

on histone and non-histone proteins, expanding the potential enzymatic impact of MOF far 

beyond its canonical H4K16ac function97. Whether other types of acylation’s can be driven by 

MOF remains unknown. To our knowledge, this will be the first report that demonstrates that 

MOF can possess lactyltransferase activity. 

In the following text, we will learn about novel functions that MOF acyltransferase 

possess. Indeed, the MYST family of KATs all possess acyltransferase activity. However, as we 

shall see later, their acyltransferase activity is not precisely conserved to a specific acylation 

lysine modification. The following table summarizes the transferase activity that the MYST 

family of KATs possess (Table 1.1). 

 

 

Table 1.1 MYST family KATs, their roles, and the lysine acylation’s they catalyze. 

MYST KAT Function Acylations

TIP60 HIV-1 gene rexpression, hormone receptor co-activator Kac, Kpr, Kibu, Kbhb, Khib

MOZ/MORF DNA replication Kac, Kpr, Kibu, Khib

HBO1 Pre-replication liscensing, DNA replication Kac, Kpr, Kbu, Kcr

MOF Dosage compensation, gene transcription Kac, Kpr, Kcr, K(la)
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1.3 The MAPK signaling pathway 

1.3.1 Protein phosphorylation 

One of the most studied types of protein posttranslational modifications (PTM) is protein 

phosphorylation98. The discovery of protein phosphorylation was inspired by the 1947 Nobel 

prize winning work of Carl and Gerti Cori, who discovered an enzyme in muscle that could 

convert glycogen deposits into readily available glucose via glycogen phosphorylation99,100. 

Throughout the 1950s, Edmond Fischer and Edwin Krebs found that the activity of the enzyme 

responsible for converting glycogen to glucose could be toggled between an active/inactive 

(on/off) state101,102 Fischer and Krebs ultimately revealed that, similar to glycogen 

phosphorylation, the on/off ‘switch’ of this given enzyme was mediated by its phosphorylation. 
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Their discovery of protein phosphorylation awarded them the 1992 Nobel prize in Physiology or 

Medicine103. 

Protein phosphorylation is a property of all life on earth. In humans, protein 

phosphorylation can be observed to play a vital role in diverse physiological and homeostatic 

processes104,105. Indeed, these processes include but are not limited to: cellular metabolism, 

hormone release, muscle contraction, development, and of particular interest to this text, the 

regulation of cellular signaling through the RAS-RAF-MAPK pathway106.  

Phosphorylation is a reversible protein modification that occur via the enzymatic transfer 

of the γ-phosphoryl group of adenosine triphosphate (ATP) onto a protein residue107. This 

reaction consumes ATP to generate a phosphorylated protein and adenosine diphosphate 

(AMP)105. While many residues on protein can be phosphorylated, the canonical residues that 

bear this modification are serine, threonine, and tyrosine108. The enzymes responsible for protein 

phosphorylation are called kinases, while the enzymes responsible for removing the phosphoryl 

group are called phosphatases109.   

Protein phosphorylation has a central role in the regulation of diverse cell signaling 

pathways. Briefly, cell signaling can be described as the multilateral flow of information within a 

living system, which includes the ability to sense, integrate, and response to ‘cues’110. In this 

context, cues can come in variety of different forms, including chemical cues such as growth 

factors, or insulin, which bind to cell surface receptors and mediate a downstream signaling 

cascade111. Mechanical cues exist as well, well exemplified by the hippo signaling pathway and 

the beta-catenin signaling pathway112–114. As briefly mentioned earlier in this section, protein 

phosphorylation plays a central role in regulating RAS-RAF-MAPK signaling cascade.  

1.3.2 The RAS-RAF-MEK-ERK/MAPK pathway 
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The RAS-RAF-MEK-ERK/MAPK signaling pathway is one of the most well studied 

signal transduction pathways, which is ironic given the pathways immense complexity115. The 

complexity of this pathway stems largely from three key features. First, there are a number of 

cues that can activate the RAS-RAF-MEK-ERK/MAPK pathway116. Second, the activation of 

this pathway can be toggled via a poorly understood mechanism, which has been described as the 

‘amplitude’ of response117. Third, the RAS-RAF-MEK-ERK/MAPK is a multistep signaling 

pathway where each step of the pathway can produce signals that emanate lateral to the central 

MAPK pathway – thus RAF can induce a phenotype independent of MEK activation.118 Beyond 

these core features that describe the immense complexity of the RAS-RAF-MEK-ERK/MAPK, 

the core proteins within the pathway have a number of homologues119. Therefore, for the sake of 

brevity, I will be referring to the RAS-RAF-MEK-ERK/MAPK pathway simply as the MAPK 

pathway, and I will focus on the broader principals of the MAPK pathway in biology.  

The RAS gene was initially discovered in the mid-1960s through research that was being 

performed on transforming retrovirus by Dr. Jennifer Harvey120. Dr. Jennifer Harvey, the sole 

author on a 1964 article in Nature, reported that an unidentified virus isolated from leukaemic 

rats could induce rapidly forming tumors in newborn rodents121. When the sequences for the 

tumor promoting properties were found, it was discovered that these viral sequences were in fact 

derived from the host rat genome122. Several decades of research came to pass and the molecular 

and biochemical regulatory mechanisms that define RAS became clearer. RAS proteins are 

crucial initiators of growth signal transduction in cells and are often activated down stream of 

mitogen induced stimulus123. Mitogens are broadly defined as extracellular signals that can bind 

to growth factor receptors. An example of a mitogen and its associated receptor would be 

epidermal growth factor (EGF) and EGF receptor (EGFR)124,125. RAS is activated by its binding 
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to guanosine triphosphate (GTP), which can be induced via the action of activated RAS-GEF 

protein modules that release guanosine diphosphate (GDP) in order to form GTP. RAS bound to 

GTP initiates RAS binding to RAF, the next downstream member of the MAPK pathway126. 

Upon RAS-RAF binding, RAS can phosphorylate the RAF kinase domain on the activating site, 

which induces the activation of RAF127. RAS activation results in a lateral phosphorylation that 

initiates the activation of a number of other types of signal transduction programs116,126.  

In 1983, Stephenson and colleagues cloned the first of three isoforms that compose the 

RAF family, which we now refer to as C-RAF128. Not long thereafter, A-RAF and B-RAF would 

be discovered129,130. The RAF family are protein kinases that have an important role in the 

regulation of cell growth, differentiation, and survival131. The activity of RAF kinases are 

modulated by the binding of small G proteins of the RAS family to the N-terminal region of 

RAF proteins132,133. Upon activation of RAS by GTP binding, RAS will bind RAF to form a 

scaffolding complex134,135,135. Within this complex, RAS will phosphorylate the RAF kinase 

domain on the activating site, which will result in the activation of RAF kinase activity136. A-

RAF, C-RAF, and B-RAF have been shown to differ slightly in their activation requirements by 

RAS. However, this slight difference has a profound impact on their proto-oncogenic potential. 

C-RAF and A-RAF activation is dependent on the phosphorylation of 4 keys residues, where 

three of these sites are the targets of distinct kinases137. Conversely, B-RAF only requires the 

phosphorylation of 2 sites, thus requiring less regulatory steps to become activated138,139.  

Similar to RAS activation, the activation of RAF results in the downstream 

phosphorylation of a number of substrates140–144. One key substrate that is phosphorylated by 

RAF are the MEK protein kinases. The MEK protein kinases are activated by phosphorylation 

on two serine residues: S217 and S221139,145–147. Upon activation via phosphorylation, the MEK 
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protein kinases, similar to their upstream counterparts, can phosphorylate a number of substrates. 

However, what makes the MEK protein kinases unique, specifically MEK1/2 in this case, is that 

MEK1/2 protein kinases are the sole activators of ERK1/2148. This is why MEK1/2 has been 

referred to by some scientists as ‘gatekeepers’ for the activation of ERK1/2148. Therefore, 

signaling that emanates from the MAPK that does not result in MEK1/2 activation will therefore 

also result in inactivated ERK1/2.  

ERK1/2 is activated by MEK1/2 via phosphorylation. Upon activation, ERK1/2 will 

translocate into the nucleus where it can form a variety of different complexes that are involved 

in the repression or activation of gene transcription149. ERK1/2 is a kinase and has been shown to 

phosphorylate and subsequently activate a number of nuclear coactivators and transcription 

factors119. ERK1/2 has also been shown to activate genes involved in cell growth, including the 

associated metabolic and cell division genes that are required for cell growth150.   

1.3.3 MAPK and cancer 

The role of MAPKs in initiating cancer has been well established150–152. Indeed, several 

of the MAPK proteins that we have discussed have been known to acquire oncogenic mutations 

that result in their constitutive activation153. The constitutive activation of a MAPK protein 

bypasses the need for mitogen induced activation, therefore locking the cell into a perpetual state 

of chronic and dysregulated growth151. Through decades of scientific research in the field of 

MAPK signaling, several small molecule inhibitors that target these oncogenic MAPK proteins 

have been developed and deployed clinically. 

Growth factor receptors, which sit directly upstream of RAS activation, are frequently 

mutated in cancer. Epidermal growth factor receptor (EGFR) and HER2 mutations have been 

observed to occur predominately in lung and breast cancer, respectively. However, EGFR 
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mutations and amplifications have been seen in a variety of other cancers. Remarkably, EGFR 

mutation is observed in 31.6% of all non-small cell lung cancer patients, and 36.5% in 

adenocarcinoma154. EGFR mutations can occur on a number of positions within the protein, via a 

number of different mutational classes. These mutations include amplifications, point mutations, 

and deletions155,156. HER2 amplification is observed in about 20% of breast cancers and is 

associated with aggressive disease154. Several small molecule inhibitors for EGFR have been 

developed, such as clinically approved agents, gefitinib and lapatinib (which will be used later in 

this study)157,158. Beyond small molecule inhibitors, biologic inhibitors have been FDA approved 

that target amplified HER2. This includes the monoclonal antibody, trastuzumab159.   

 The discovery of RAS was made by its ability to transform cells121. Therefore, it is 

unsurprising that RAS is mutationally activated in 30% of all known cancers160. Despite its 

ubiquitous role in diverse cancer types, RAS mutations are most prevalent in pancreas (90%), 

and colon (50%) cancer161. RAS has a notorious reputation for being ‘undruggable’162. However, 

in the last 5 years, considerable progress has been made toward developing inhibitors that target 

mutated KRAS163,164. These novel small molecule inhibitors leverage the G12C mutation that 

can occur in KRAS. While the G12C mutation is known to lead to the constitutive activation of 

KRAS, the mutationally incorporated cysteine residue can be targeted by electrophilic 

compounds to form a covalent bond via a chemical reaction known as Michael’s addition165–167. 

This is precisely what lead to the development of sotorasib, a small molecule covalent inhibitor 

of KRAS G12C. Sotorasib was shown to be remarkably specific toward KRAS G12C168. It was 

also observed to be a potent inhibitor of this oncogenic form of KRAS. Sotorasib was recently 

approved by the FDA for the treatment of KRAS G12C harboring NSCLC patients169.    
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 RAF mutations are seen in approximately 7% of all human cancers153. As briefly 

mentioned earlier, the activation requirements for B-RAF are simpler than A-RAF or C-RAF, 

which has been suggested as a reason why B-RAF mutations are observed more frequently in 

cancer139. B-RAF mutations are frequently observed in melanoma (60%) and thyroid (50%) 

cancer170. The most prevalent mutation that occurs in B-RAF is the V600E mutation. This 

mutation occurs in the kinase activating region of B-RAF, which renders B-RAF constitutively 

active. The development of small molecule inhibitors for BRAF V600E had major clinical 

success171. Prior to the development of vemurafenib, melanoma was one of the most lethal forms 

of cancer172. 

 While it has been reported to occur, MEK is less likely to acquire oncogenic mutations in 

transformed cells173–176. However, given MEKs pivotal position as a gatekeeper to ERK1/2, 

MEK inhibitors could be leveraged to circumvent acquired resistance that is known to occur 

during long term use of RAF and EGFR inhibitors148. While the road toward MEK inhibitors has 

been long and arduous, Trametinib has been FDA approved for concurrent use with first-

generation B-RAF inhibitors to treat melanoma. At this time, there are no known inhibitors of 

ERK1/2177–179. 

1.4 Cancer metabolism 

1.4.1 The Warburg effect 

Cancer has long been associated with changes in cellular metabolism151,180. The 

illustrious Noble prize scientist, Dr. Otto Warburg, observed that cancer cells utilized what at the 

time he referred to as ‘fermentation’ (we now realize this is glycolysis) despite the availability of 

oxygen181. He concluded that this metabolic phenotype, and cancer itself, was the result of 

defective mitochondria181. Roughly a century after this initial report, we now understand that 
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cancer is the result of a genetic dysfunction that results in unchecked cellular death and growth 

programs182.  Nevertheless, Dr. Warburg’s discovery is still the focus of intense research, as 

altered cellular metabolism is known to occur frequently across diverse types of cancers183. The 

metabolic phenotype Dr. Warburg described is now referred to as the ‘Warburg effect’184.  

The Warburg effect describes a cellular metabolic phenotype characterized by excessive 

lactate generation in the presence of adequate oxygen185. In the presence of adequate oxygen, 

glucose proceeds through glycolysis to eventually generate pyruvate. Pyruvate can be used to 

generate a number of other products, but the most well-known products of pyruvate are acetyl-

CoA or lactate185. The widely accepted dogma in central carbon metabolism posits that in the 

presence of oxygen, pyruvate enters the mitochondria to form acetyl-CoA for further processing 

in the tricarboxylic acid cycle (TCA)186. When oxygen is unavailable, pyruvate is reduced to 

lactate by the enzyme lactate dehydrogenase (LDH). The Warburg effect violates this dogmatic 

view of central carbon metabolism. Furthermore, the Warburg effect is not exclusively confined 

to pathological states187,188. It is now widely accepted that the Warburg effect can occur during 

several homeostatic processes, such as immune cell signaling or stem cell differentiation189–191. 

Nevertheless, the Warburg effect is most widely appreciated for its prevalence in cancer.  

In cancer, the Warburg effect can be achieved by two distinct and often overlapping 

oncogenic mechanisms that result in metabolic reprogramming of the cancer cells. The first 

oncogenic mechanism that can enable the Warburg effect has been shown to occur via direct 

transcriptional activation of glycolytic machinery192. The transcriptional activation of glycolytic 

machinery can be achieved by oncogenic transcription factors, HIF1a and c-Myc192–194i. HIF1a 

and c-Myc can induce the Warburg effect by increasing the expression of genes involved in 
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glucose import and glycolysis, inducing the overexpression of genes such as glucose transporters 

(GLUTs), hexokinase 2, and LDH195. 

Another mechanism to achieve the Warburg effect in cancer is via oncogenic signaling 

that arises from activating mutations in the RAS-RAF-MEK-ERK/MAPK (MAPK) pathway. In 

fact, multiple signaling modalities that emanate from the MAPK pathway have been reported to 

promote the Warburg effect in cancer196. Cantley and Lu demonstrated that EGFR stimulation 

can induce an ERK dependent phosphorylation of pyruvate kinase M2 (PKM2), resulting in 

PKM2 co-activating the expression of known oncogenic transcription factors, beta-catenin and c-

Myc118. Later, Lu and colleagues would later describe a novel ERK-mediated mechanism that 

induces the Warburg effect via inhibitory phosphorylation of mitochondrial oxidative 

phosphorylation proteins, thus inhibiting the TCA cycle197.  

1.4.2 The lactate molecule 

 The lactate molecule is the end product of glycolysis that occurs in hypoxic conditions 

and is also the end product of glycolysis during the Warburg effect. Lactate has often been 

referred to as a waste product of metabolism. However, there has been a recent resurgence in 

research that focuses both on lactates function as a metabolite and as a signaling molecule198.   

 The lactate molecule can exist in cells as an enantiomeric anion in either the L form (L-

lactate) or the D form (D-lactate)199. L-lactate is the molecule generated as an end product of 

glycolysis and therefore the major physiologically relevant form. D-lactate is the end product of 

the glyoxalase pathway, which functions to clear a toxic molecule called methylglyoxal that 

forms spontaneously from the glycolytic intermediate, dihydroxyacetone phosphate (DHAP)200. 

The physiological range of lactate in tissue is approximately 0.5 to 20 mM, with levels that have 

been reported to reach upward of 40 mM in certain tumor samples201. By comparison, the 
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physiological range for D-lactate is maintained at about 0.01 mM202–204. L-lactate that is 

generated in hypoxic tissues has long been considered to be secreted from the cells into the 

blood. L-lactate will journey to the liver, where it will enter specialized liver cells that convert L-

lactate into pyruvate via LDH. The lactate-derived pyruvate molecule is used as starting material 

for gluconeogenesis. This process is collectively referred to as the Cori cycle205–207.  However, 

emerging evidence suggests that L-lactate can function as a primary fuel source in certain types 

of cancer, and even in normal physiology208,209. Beyond its role in energy metabolism, L-lactate, 

herein referred to as lactate, has been shown to function as a signaling molecule210,211.  

 Several studies have implicated the signaling capability that lactate possesses. Medzhitov 

and colleagues demonstrate that pro-inflammatory macrophages could be polarized to an anti-

inflammatory macrophage through signaling that occurs via tumor-derived lactate212. They 

reason that the lactate can stabilize HIF1a, which then activates the transcription anti-

inflammatory associated genes212. However, the precise molecular mechanism that underscores 

lactate’s ability to polarize macrophages was not determined. Other groups have reported similar 

observations regarding the impact that lactate can have on diverse immune cell processes213,214. 

Zhao and colleagues reported a critical finding that may be the smoking gun that describes the 

mechanism in which lactate may function as a signaling molecule.  

In 2019, Zhao and colleagues reported a 72.021 mass shift that occurred on a peptide 

derived from Hela core histone extracts30,52. Using a series of synthetic peptides that each 

harbored an isomeric lysine modification equal to the mass of 72.021, they determined which 

synthetic peptide had the same retention time as the in vivo peptide30. The synthetic peptide 

whose retention matched the in vivo peptide harbored a lactyllysine (Kla) modification. 

Antibodies that can specifically recognize the Kla modification were developed, and the team 
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subsequently demonstrated that Kla is novel type of PTM that can occur on histone proteins and 

is sensitive to intracellular lactate levels. Revisiting the work of earlier work of Medzhitov and 

colleagues, Zhao and Becker discovered that histone Kla is enriched in bone marrow derived 

macrophages (BMDMs) that were stimulated to be pro-inflammatory (M1). Using Kla specific 

antibodies for chromatin immunoprecipitation sequencing (ChIP-Seq), they determined that the 

genes marked in M1 BMDMs were genes associated with resolution and wound repair – an 

observation that was consistent with those made by Medzhitov and colleagues. Beyond its role in 

innate immune cell function, alternative functions for histone Kla remain to be determined.  

1.4.3 Unanswered questions 

The significance of certain PTMs in the context of cancer has been discussed at length in 

this text – especially protein prephosphorylation. However, given the cross talk between the 

MAPK pathway and the Warburg effect in cancer, it is intriguing to speculate that this particular 

PTM driven pathway can support the establishment of another type of PTM: histone lysine 

lactylation. Furthermore, discovering the biochemical regulatory elements that govern protein 

phosphorylation had significant impacts on human life via the development of clinically valuable 

medicines. Therefore, it stands to reason that identifying the regulatory elements for lysine 

lactylation could provide a similar advantage to cancer patients. Here, we will show evidence 

that suggest that the MAPK signaling pathway is a universal regulator of histone lysine 

lactylation in cancer cells. We will quantitative and map the degree in which the MAPK pathway 

can establish histone Kla levels. We determine the mechanism in which the MAPK controls 

histone Kla in cancer cells. Finally, we will report that MOF can possess lactyltransferase 

activity. We characterize the lactyltransferase activity of MOF using quantitative proteomics and 
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use molecular simulations to determine the possible mechanism of molecular recognition that 

MOF utilizes to engage with its putative co-factor, lactyl-CoA. 
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CHAPTER 2 

LYSINE LACTYLATION IS AN ONCOGENIC HISTONE MARK 

2.1 Introduction 

As introduced in Chapter 1, lysine lactylation (Kla) is a novel PTM found to occur on 

histone proteins and to be induced by increasing the intracellular concentration of its precursor 

metabolite: lactate32. Lactate is an established end product of the Warburg effect, a process that 

is frequently observed to occur in cancer cells183. Several lines of evidence suggest that the 

Warburg effect can be realized in cells via oncogenic activating mutations that occur in RAS-

RAF-MEK-ERK/MAPK (MAPK) pathway215,216. Targeted therapies for oncogenic MAPK 

proteins have had a significantly positive impact on human health. However, refractory disease 

remains a major medical burden on patients and society. Therefore, determining novel targets 

downstream of the MAPK pathway could result in novel therapies akin to those that were 

initially developed for members of MAPK pathway. However, whether the MAPK can modulate 

histone Kla levels in cancer cells is poorly understood. We therefore hypothesized that histone 

Kla could be dynamically established by the MAPK pathway. 

In the following chapter, we report a novel regulatory link between the MAPK pathway 

and histone Kla. We comprehensively dissect the contributions that each MAPK member exerts 

on the establishment of histone Kla levels in cancer. We demonstrate that EGFR signaling can 

positively contribute to histone Kla. We next determine that RAS can establish histone Kla levels 

in cancer cells. Working our way downstream the MAPK pathway, we next interrogate RAF and 

determine that RAF contributes to histone Kla levels. Alas, we determine that MEK is a 

universal regulator of histone Kla across all tested cancer cell lines. Lastly, we perform 

quantitative proteomics to characterize the MAPK regulated histone lysine lactylome. Taken 
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together, the MAPK pathway can establish histone Kla levels in cancer, and inhibiting oncogenic 

activating mutations found in RAS and RAF results in perturbed histone Kla levels. These 

findings support our hypothesis that histone Kla can be controlled by the MAPK signaling 

pathway.  

2.2 Results 

2.2.1 Histone Kla is regulated by EGFR signaling 

Oncogenic activating mutations in proteins belonging to the MAPK pathway can result in 

a metabolic switch toward the Warburg effect118,197,215,217. It was reported that intracellular 

lactate levels are reduced in cancer cells exposed to clinically relevant targeted inhibitors of the 

MAPK218. Given that histone lysine lactylation (Kla) was shown to be sensitive to the levels of 

intracellular L-lactate, we hypothesized that oncogenic signaling resulting from the Warburg 

effect can promote elevated histone Kla levels. 

We first examined impact of EGFR signaling on histone Kla levels. The epidermoid 

carcinoma cell line A431 was selected for this experiment because these cells contain only 

wildtype alleles of the MAPK pathway proteins, and because they express high levels of EGFR 

and are therefore sensitive to EGF stimulation219. The EGF pathway is chronically stimulated by 

normal cell culture media, as serum typically contains complex mixture of diverse mitogens. 

Nevertheless, treatment of an additional 200 ng/mL of human EGF slightly elevated Kla levels 

(Figure 2.1a).  Inhibition of EGFR by two FDA approved EGFR inhibitors, Lapatinib or 

Gefetinib, resulted in decreased histone Kla levels (Figure 2.1a). As a control, the activation and 

inhibition of the MAPK pathway are represented by the phosphorylation status of ERK1/2 

(Figure 2.1a).  
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To corroborate the regulatory function of EGFR inhibitor, we exposed A431 cells to 

escalating doses of another FDA approved EGFR inhibitor, erlotinib220. We observed a dose-

dependent decrease in histone Kla levels (Figure 2.1b). Intriguingly, adding back increasing 

concentrations of FBS to serum-starved A431 cells resulted in a dose-dependent fashion results 

in increased in histone Kla levels, demonstrating that ligand deprivation or inhibitor-mediated 

inhibition of EGFR can decrease histone Kla levels (Figure 2.1c). Taken together, our results 

indicate that EGFR activity can positively modulate the levels of histone Kla in cancer cells. 

Furthermore, these preliminary results suggest that oncogenic activating mutations found in the 

MAPK signaling pathway are likely to positively regulate histone Kla levels. 
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Figure 2.1 Histone lysine lactylation is regulated by growth factor signaling. 

Positive or negative modulation of EGFR has direct impacts histone Kla levels (a) A431 cells 

(BRAF wildtype) were exposed to 10 μM of either gefetinib or lapatinib, or 200 ng of EGF for 

24 hours. (b) A431 Cells were exposed to the indicated concentrations of gefetinib for 24 hours. 

(c) A431 cells were serum starved for 24 hours before the indicated amount of serum containing 

media (as a percent) was introduced and the cells were cultured for an additional 24 hours. (a, b, 

c) Western blot results generated from the use of the indicated antibody (left of gel panel). 

Primary antibody incubated overnight at a working concentration of 1 μg/ μL.  
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2.2.2 Histone Kla is regulated by KRAS and BRAF signaling 

We hypothesized that RAS could establish histone Kla in cancer cells. To test this 

hypothesis, we took advantage of two tools. The first tool is the newly developed KRAS G12C 

inhibitor, sotorasib. Sotorasib is small molecule inhibitor that covalently binds to the mutant 

cysteine found in the G12C mutant KRAS. The other tool we leveraged were KRAS cells lines 

that were either homozygous for wild type KRAS or harbored at least one allele of the KRAS 

G12C mutation.  

We next investigated if RAS activity could modulate histone Kla levels. To this end, we 

selected three pancreatic cancer cells lines that contain either an allele for the KRAS G12C 

mutation (MiaPaca-2, H385), or harbor non-mutated KRAS (PANC-1). We leveraged the use of 

sotorasib, a novel covalent small molecule inhibitor specific for KRAS G12C that was recently 

FDA approved for use in non-small cell lung cancer (NSCLC). Remarkably, exposing PANC-1 

cells to increasing concentrations of sotorasib did not result in any changes in histone Kla levels 

(Figure 2.2a). By contrast, exposing MiaPaca-2 cells to increasing doses of sotorasib resulted in 

a dose dependent decrease in histone Kla levels (Figure 2.2a). This observation was consistent 

with H385 cells that were exposed to sotorasib (Figure 2.2a). Therefore, sotorasib reduces 

histone Kla levels in KRAS G12C harboring cells, but not in wildtype KRAS cells. These data 

demonstrate that histone Kla can be positively regulated by KRAS activity.  

Given that we observed that the inhibition of EGFR and the inhibition of KRAS could 

impact the levels of histone Kla in cancer cells, we hypothesized that BRAF would likely play a 

role in establishing histone Kla in cancer cells. To test this hypothesis, we leveraged the use of 

BRAF V600E small molecule inhibitor, vemurafenib, on wildtype and BRAF V600E harboring 

cancer cells.  



 

 

32 

To interrogate RAF, we selected three melanoma cancer cells lines that contained either 

an allele for the BRAF V600E mutation (A375, SKMEL-28), or non-mutated BRAF (A431). We 

exposed these cells to increasing concentrations of vemurafinib, an FDA-approved small 

molecule inhibitor specific for BRAF V600E. Exposing A431 cells to increasing concentrations 

of vemurafinib did not significantly change histone Kla levels in the wild type BRAF cell line 

(Figure 2.2b).  However, exposing either A375 or SKMEL-28 cells to increasing concentrations 

of vemurafenib resulted in a dose-dependent reduction of histone Kla levels (Figure 2.2b). 

Therefore, vemurafenib reduces histone Kla levels in BRAF V600E mutated cell lines, but not in 

BRAF wildtype cells. These data suggest that histone Kla can be positively regulated by BRAF 

activity.  
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Figure 2.2 The MAPK pathway and oncogenic signaling regulate histone lysine lactylation. 

Oncogenic signaling from KRAS and BRAF can promote histone lysine lactylation in cancer cells.  

 (a) Pancreatic cancer cell lines PANC-1 (KRAS wildtype), MiaPaca-2 (homozygous KRAS 

G12C) and H385 (heterozygous KRAS G12C) were exposed to the indicated doses of sotorasib 

for 24 hours. (b) Melanoma cancer cell lines A431 (BRAF wildtype), A375 (homozygous BRAF 

V600E) and SKMEL-28 (homozygous BRAF V600E) were exposed to the indicated doses of 

vemurafenib for 24 hours. (a, b) Western blot results generated from the use of the indicated 

antibody (left of gel panel). Primary antibody incubated overnight at a working concentration of 

1 μg/ μL. 
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2.2.3 Histone Kla is regulated by MEK signaling 

Alas, we assessed how MEK activity could modulate histone Kla levels in cancer. For 

this experiment, we selected cell lines originating from 5 distinct primary sites that correspond to 

breast, colon, gastric, lung, prostate, and skin tumors. We leveraged the use trametinib: an FDA 

approved small molecule inhibitor of MEK. Notably, MEK is the only known activator of 

ERK1/2 and is often referred to as a ‘gatekeeper’ that can activate ERKs nuclear translocation 

and nuclear coactivator function148. Accordingly, trametinib exposure resulted in decreased 

ERK1/2 activity in all tested cell lines, as measured by phospho-ERK1/2 signal (Figure 2.3). 

Remarkably, exposure to trametinib resulted in an almost unambiguous decrease in histone Kla 

levels in all cell lines that were tested (Figure 2.3). These data demonstrate that histone Kla 

levels are positively regulated by MEK. Moreover, given the specificity between the MEK-ERK 

interaction, these results suggest that histone Kla can be universally governed by ERK activation.  
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Figure 2.3 MEK is a universal regulator of histone lysine lactylation in cancer cells. 

MEK signaling regulates histone lysine lactylation in diverse human cell lines. (a) Three cancer 

cells lines originating from 5 distinct tissues were exposed to 1 μM of the MEK inhibitor, 

trametinib. Western blot results generated from the use of the indicated antibody (left of gel panel). 

Primary antibody incubated overnight at a working concentration of 1 μg/ μL.  
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2.2.4 Comprehensive characterization of MAPK regulated histone Kla 

We previously observed that histone lysine lactylation can be globally driven by 

oncogenic signaling that emanates from the MAPK signaling pathway. However, the position 

and relative abundance of oncogenic histone Kla remains unknown. Therefore, we sought to 

quantitatively map the Kla sites on histone proteins that are regulated by oncogenic signaling. To 

this end, we used stable isotopic labeling of amino acids in cell culture (SILAC) to quantitatively 

characterize the impact that different inhibitors of MAPK pathway members exert on histone 

Kla221. Histone extracts from SILAC-cultured A431 that were exposed to erlotinib or DMSO 

were subjected to proteolytic digestion followed by peptide immunoprecipitation using the pan-

Kla antibody. The peptides were analyzed by HPLC-coupled mass spectrometric analysis to 

identify Kla peptides and to quantify their associated changes. Consistent with western blot 

analysis, exposing A431 cells to erlotinib resulted in the downregulation of a number of histone 

Kla sites (Figure 2.4a). Relative to the other sites identified in the EGFR inhibited group, 

Positions H2AK9 and K13 experienced the most dramatic reduction in Kla for the EGFR, losing 

>2.5-fold modification relative to the DMSO treated control. On the histone tails of histone H3, 

positions K9 and K18 both experienced a >2-fold reduction. For histone H4, K5, K8, and K12 all 

experienced > 2-fold reduction.  

We applied the exact experimental work to quantitatively characterize the KRAS-

mediated histone lysine lactylome. To this end, we exposed MiaPaca-2 cells to either DMSO or 

sotorasib and analyzed Kla enriched peptides by mass spectrometry. Consistent with EGFR 

inhibition, KRAS inhibition resulted in a dramatic decrease in H2AK9 and K13 (Figure 2.4b). 

In addition, H4K8 experienced roughly a >2.5 fold decrease in histone Kla relative to DMSO 

treated group. The relative loss in histone Kla was greater in KRAS inhibited cells than in EGFR 
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inhibited cells. However, sites on histone H3 experienced a greater loss in the EGFR inhibited 

group relative to the KRAS inhibited group. Curiously, position H3K56 did not experience 

robust changes as a result of either EGFR or KRAS inhibition.  

We next evaluated BRAF using the aforementioned strategy. To characterize BRAF 

induced histone Kla, A375 cells were exposed to either DMSO or vemurafenib and Kla enriched 

peptides were analyzed by mass spectrometry. Remarkably, Histone H3 K9 experienced a 

greater than 4 -fold reduction as a result of BRAF inhibition (Figure 2.4c). This reduction was 

the largest loss of Kla observed on a single site with respect to EGFRi, KRASi, BRAFi, and 

MEKi. Unlike EGFR and KRAS inhibition, H3K14la levels were not altered by BRAF 

inhibition. However, H3K18, K23, and K27 were all reduced more than 2- fold, with H3K27la 

experiencing roughly a 3-fold loss in Kla as a result of BRAF inhibition.  

Lastly, we sought to quantitatively characterize the histone lysine lactylome as a function 

of MEK regulation. Using the aforementioned strategy, we exposed A431 cells to either DMSO 

or trametinib. The resultant Kla enriched peptides were analyzed by mass spectrometry. 

Consistent with the inhibition of EGFR, KRAS, and BRAF, MEK inhibition resulted in dramatic 

( >3 fold) reduction of H4K5la (Figure 2.4d). By contrast, the most distinct observation that we 

deduced from the MEK inhibited cells was the little to no change that occurred on H4K8la. 

H2BK5la also experienced a greater than 3-fold reduction. We summarized the regulation of the 

histone lysine lactylome as it relates to each of the core members of the MAPK using a heatmap 

(Figure 2.5). 
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Figure 2.4 Proteomic characterization MAPK-regulated histone lysine lactylation. 

Proteomic characterization of oncogenic lysine lactylation reveals differential contributions from 

MAPK members. (a) A431 cells were treated with 10 μM of erlotinib for 24 hours. (b) A431 cells 

were treated with 1 μM of trametinib for 24 hours. (c) MiaPaca-2 cells were treated with 10 μM 

of sotorasib for 24 hours. (d) A375 cells were treated with 10 μM of vemurafenib for 24 hours. (a-

d) SILAC ratios were calculated from experimentally corresponding SILAC pairs that were 

exposed to either a drug or dimethylsulfoxide (DMSO). 
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Figure 2.5 Heatmap comparison of the differential contributions observed in MAPK-

regulated histone lysine lactylation. 

Heatmap overview of the MAPK-regulated histone lysine lactylome. (a) Heatmap of fold change 

reduction of histone Kla between DMSO exposed or drug exposed cells. Scale bar represents 

color to fold change value. Heatmap generated in Perseus. 
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2.3 Discussion 

In summary, we demonstrate that attenuating RAS-RAS-MEK-ERK/MAPK (MAPK) 

signaling at any step of the MAPK pathway resulted in decreased histone Kla levels. These data 

collectively demonstrate that the MAPK pathway is a novel and critical biological regulator of 

histone Kla. Lastly, we show that oncogenic mutations in key MAPK members can positively 

regulate histone Kla levels, suggesting that Kla is an oncogenic histone mark. Furthermore, we 

quantitatively map the oncogenic histone Kla landscape. Intriguingly, the histone site bearing the 

greatest downregulation of Kla was distinct for each member of the MAPK that was inhibited. 

For example, H2AK9, H3K18, H2BK5, and H3K9 were the most downregulated sites for 

EGFRi, KRASi, MEKi, and BRAFi, respectively (FIG. XX). This observation suggests that 

certain members of the MAPK signaling pathway may distinctly promote Kla on specific histone 

residues152. Nevertheless, several similarities between the treatments were observed. Notably, all 

treatments resulted in a dramatic reduction in Kla levels on H3K9, K23, and K27. Intriguingly, 

EGFRi and KRASi resulted in reduced Kla levels on histone H4 K5, K8 and K12, while MEKi 

and BRAFi only saw reduced Kla on H4 K5 and 12. These results collectively demonstrate that 

oncogenic histone Kla can be driven by the MAPK pathway. Given that H4 K5, K8, and K12 are 

known HAT1 substrates while H4 K5 and K12 are known MOF substrates, these data suggest 

that oncogenic histone Kla may be driven in part by a novel acyltransferase. 

How oncogenic histone Kla may functionally contribute to oncogenesis remains 

unknown. Nevertheless, mounting evidence suggests that excessive L-lactate that is exported 

from cancer cells into the tumor microenvironment may have deleterious impacts on regulatory 

function of various non-tumor cells, such as enhancing tumor immune-suppression from CD4 t 

regulatory cells (Tregs) and dampening the anti-tumor responsiveness of CD8 tumor infiltrating 
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leukocytes189,214,222. However, our work details a potential intracellular function for cancer 

associated lactate generation. While it is clear that histone Kla can be promoted by oncogenic 

mechanisms, the physiological consequences of histone Kla merits further investigation. 

Importantly, the compounds used to inhibit the MAPK in this study are currently used on 

patients in the clinic. Therefore, our data reveals a potentially unforeseen molecular consequence 

that may stem from the use of various clinically relevant targeted therapies. 

 

2.4 Methods 

Reagents 

The pan-Kla antibody (PTM-1401) was developed by PTM Biolabs (Chicago, IL). pan Kac 

antibody (PTM-101) was from PTM Biolabs (Chicago, IL). The anti-H3 (#4499), anti-ERK1/2 

(#4695), anti-phospho-ERK1/2 (#9101) antibodies were obtained from Cell Signaling 

Technology. All drugs used in this study were acquired from SelleckChem. Cell lines used were 

purchased from ATCC and used without further authentication.  

 

Cell culture 

Cells were obtained from ATCC and used without further authentication. Cells were grown in 

high glucose DMEM (Thermo Fisher Scientific) supplemented with 10% FBS at 37°C in 5% 

CO2. Drug 

Drug treatments 

All drugs used in this study were resuspended in dimethylsulfoxide (DMSO, Sigma Aldrich) and 

stored -20 degrees Celsius. Cells were drugged from approximately 24 hours before harvesting 

for western blot analysis.  
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Western blot analysis 

Cells were washed 3 times in 1x phosphate buffered saline (PBS). Cells were harvested in 2% 

SDS lysis buffer (2% SDS, 60 mM Tris, 10% glycerol, 5% beta-mercaptoethanol) and incubated 

for 5 minutes at 100 *C. Protein lysate concentration was determined by Bradford assay. Protein 

lysates were resolved on 15% SDS polyacrylamide gels were us and transferred to 

polyvinylidene difluoride (PVDF) membrane. Membranes were blocked in 3% bovine serum 

albumin (BSA) re-suspended in 1x tris buffered saline+tween (TBS-T: 20 mM Tris, 150 mM 

NaCl,  0.05% Tween 20) for 1 hour at room temperature, with the exception for H3 antibody, 

which was blocked in 3% non-fat milk buffer (3% dry non-fat milk in 1x TBS-T). Membranes 

were incubated in primary antibody overnight at 4*C. Membranes were washed 5 times in TBS-

T for 5 minutes, followed by 1 hour incubation in secondary antibody at room temperature. 

Membranes were washed as preciously described and probed using Pierce ECL 

Chemiluminescent Western Blot Detection kit (ThermoFisher, 32209).  

Stable isotope labeling of cells 

Cells were grown in lysine-free DMEM (ThermoFisher, #88364) supplemented with 10% 

dialyzed FBS, and either light (12C614N2-L-Lysine, Cambridge Isotope Laboratories, #ULM-

8766PK) or heavy (13C614N2-L-Lysine, Cambridge Isotope Laboratories, #ULM-291-H-PK) 

lysine (100 mg/L). Cells were grown for more than seven generations to achieve more than 98% 

labeling efficiency. All cell lines were cultured using ATCC recommended media in a 5% CO2 

atmosphere at 37 °C. Labeling efficiency was tested before experimental use of cell lines. 

Peptide immunoprecipitation  

Histones proteins were extracted from human cells using a standard acid-extraction protocol39, 

and subjected to trypsin digestion as per the manufacturer’s instructions. Pan anti-K(L-la) (PTM-
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1401, PTM Bio Inc.) or pan anti-Kac antibodies (PTM-101, PTM Bio Inc.) were first conjugated 

to Protein A Sepharose beads (GE Healthcare BioSciences) and then incubated with tryptically 

digested histone peptides with gentle agitation overnight at 4 °C. The beads were then washed 

three times with NETN buffer (50 mM Tris-Cl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% NP-

40), twice with ETN buffer (50 mM Tris-Cl pH 8.0, 100 mM NaCl, 1 mM EDTA) and once with 

water. Peptides were eluted from the beads with 0.1% TFA and dried in a SpeedVac system 

(ThermoFisher Scientific). 

HPLC–MS/MS analysis & SILAC quantification 

Tryptic peptides were loaded onto a homemade capillary column (10 cm length × 75 mm ID, 3 

µm particle size) connected to an EASY-nLC 1000 system (Thermo Fisher Scientific). Peptides 

were separated and eluted with a gradient of 2% to 90% HPLC buffer B (0.1% formic acid in 

acetonitrile, v/v) in buffer A (0.1% formic acid in water, v/v) at a flow rate of 200 nl min−1 over 

60 min. The eluted peptides were then ionized and analyzed by a Exploris mass spectrometer 

(ThermoFisher Scientific). Full mass spectrometry was acquired in the orbitrap mass analyzer 

over the range m/z 300 to 1,400 with a resolution of 70,000 at m/z 200. The 12 most intense ions 

with charge ≥2 were fragmented with normalized collision energy of 27 and tandem mass spectra 

were acquired with a mass resolution of 17,500 at m/z 200. Qunatification of histone K(L-la) and 

Kac sites was performed using Maxquant40. Heavy/light PTM peptide ratios that were 

calculated by Maxquant were normalized to heavy/light ratios of their unmodified peptide 

counter parts.  
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CHAPTER 3 

WARBURG-DERIVED LACTATE IS A KEY SOURCE FOR ONCOGENIC HISTONE 

LACTYLATION 

3.1 Introduction 

The excessive generation of lactate by cells that exist in an oxygen replete 

microenvironment is a defining feature of many tumors known as the Warburg effect181. Initially, 

the Warburg effect was thought to be a condition that can only be achieved under 

pathophysiological conditions, such as cancer184. However, several lines of evidence now show 

that the Warburg effect can occur under various physiological conditions and is essential to these 

processes, including brain development or immune cell function199,223. Nevertheless, while not 

exclusive to cancer, the Warburg effect can most certainly be appreciated for its prevalence in 

diverse forms of cancer.  

Mounting evidence suggests that the Warburg effect in cancer can be achieved by 

oncogenic signaling that emanates from mutant members of the RAS-RAF-MEK-ERK/MAPK 

(MAPK) signaling pathway215. In Chapter 2, we demonstrated that oncogenic signaling 

emanating from the MAPK pathway can sustain elevated histone Kla levels in diverse cancer cell 

lines. Given these two observations, we hypothesized that Warburg derived lactate is a key 

source for oncogenic histone Kla.  

In the following chapter, we investigate the relationship between the activity of the 

MAPK signaling pathway and the concentration of intracellular lactate. We will correlate MAPK 

signaling with the activation of known Warburg associated factors that can promote glycolysis. 

In addition to this, we will determine whether functional glycolysis is a principal determinant of 
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histone Kla in cancer cells. Lastly, we will attempt to stunt downstream and upstream glycolytic 

flux to assess whether lactate is sufficient for inducing histone lysine lactylation.  

3.2 Results 

3.2.1 Oncogenic signaling induces the Warburg effect and generates lactate 

We demonstrated in Chapter 2 that oncogenic activating mutations in members of the 

MAPK pathway can positively regulate histone lysine lactylation levels in cancer cells. Previous 

reports suggest that intracellular lactate levels can be elevated via the action of activating 

mutations found in the MAPK proteins in cancer cells215. The Warburg effect can be induced via 

signaling that originates from the MAPK pathway, which results in elevated intracellular 

lactate196,224. To this point, we observed a marked reduction in Warburg associated genes in 

A375 (BRAF V600E) melanoma cells that were exposed to vemurafenib (Figure 3.1a). Among 

these genes, we observed a reduction in c-Myc protein expression by western blot analysis. c-

Myc is known to both upregulate hexokinase 2 (HK2) and downregulate thioredoxin-interacting 

protein (TXNIP)225,226. Hexokinase 2 is a well characterized upstream glycolytic enzyme that 

participates in the first step of glycolysis by phosphorylating glucose to generate glucose-6-

phosphate, thereby enhancing glycolytic flux. TXNIP is a metabolically regulated protein that 

can function as a tumor suppressor and a redox regulatory element227,228. Consistent with the 

downregulated of c-Myc in vemurafenib treated A375 cells, we observed a marked reduction in 

HK2 and in significant upregulation of TXNIP by western blot analysis (Figure 3.1a). TXNIP 

has been shown to bind p53 and function as a co-activator of genes associated with cellular 

senescence, such as p21. Accordingly, we observed an increase in p21 protein levels in A375 

cells exposed to vemurafenib (Figure 3.1a). In summary, BRAF inhibition results in a reduction 

in c-MYC, a known transcriptional activator of HK2 and a known transcriptional repressor of 
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TXNIP and p21. Given the widely established role that c-MYC is known to play in rewriting 

cancer metabolism toward the Warburg effect, we next sought to determine whether the MAPK 

pathway regulates intracellular lactate levels.   

 The MAPK pathway has been shown to activate the Warburg effect in cancer cells via an 

ERK-mediated negative feedback loop that suppresses oxidative phosphorylation197. Excessive 

lactate that is generated by cancer cells has long been considered a waste product of glycolysis 

that gets exported from cells. However, in Chapter 2 we demonstrate that oncogenic signaling 

from the MAPK pathway can induce histone lysine lactylation (Kla). Given that histone Kla is 

known to sensitive to the levels of intracellular lactate, we repurposed the same strategy used in 

Chapter 2 to explore the impact that the MAPK signaling pathway has on establishing 

intracellular lactate levels in diverse cancer cells. To measure lactate, we used a commercially 

available tool that couples the enzymatic oxidation of lactate, yielding NADH as a by-product. 

The NADH that is generated in this reaction then reacts with a bioluminescent NADH probe to 

produce color in the 570-nanometer range (nm) and fluorescence (excitation/emission = 

537/587). 

 We began our exploration by examining the contributions of EGFR signaling on 

intracellular lactate levels. A431 cells that were exposed to increasing concentrations of FBS saw 

a dose dependent increase in intracellular lactate, suggesting that EGFR stimulation in cancer 

cells can promote lactate synthesis (Figure 3.2a). Accordingly, exposing A431 cells to EGFR 

inhibitor, erlotinib, resulted in a dose dependent decrease in intracellular lactate (Figure 3.2b). 

Taken together, these data show that EGFR activity can positively modulate the levels of 

intracellular lactate in cancer cells. 
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We evaluated whether RAS, which sits directly downstream of EGFR, could modulate 

intracellular lactate levels. We exposed pancreatic cancer cells lines harboring either mutant or 

wildtype KRAS to the KRAS G12C specific inhibitor, sotorasib. Exposing the PANC-1 cell line 

(wild type KRAS) to increasing sotorasib resulted in no change in intracellular lactate levels 

(Figure 3.2c). However, exposing MiaPaca-2 or H385 cells (harbor KRAS G12C) to increasing 

doses of sotorasib resulted in a dose dependent reduction of intracellular lactate (Figure 3.2c). 

Therefore, these data indicate that KRAS can enhance lactate generation in cancer cells. 

Moreover, these data demonstrate that oncogenic activating mutations in KRAS can promote 

lactate generation. 

We next evaluated whether RAF, which is downstream of RAS, could modulate 

intracellular lactate levels. We exposed melanoma cell lines containing either wildtype or mutant 

BRAF to escalating doses of BRAF V600E specific inhibitor, vemurafinib. Exposing A431 cells 

to increasing concentrations of vemurafinib did not result in any observable changes in 

intracellular lactate levels (Figure 3.2d). However, exposing A375 or SKMEL-28 cells to 

increasing concentrations of vemurafenib resulted in a dose dependent decrease in intracellular 

lactate levels (Figure 3.2d). These results demonstrate that vemurafenib can reduce intracellular 

lactate levels in BRAF V600E mutated cell lines, but not in BRAF wildtype cells. Therefore, 

BRAF can positively drive lactate production in cancer. Similarly, oncogenic activating 

mutations in BRAF are sufficient to enhance lactate production in cancer cells. 

 These data collectively demonstrate that lactate production is coupled to oncogenic 

signaling that emanates from the MAPK pathway. Therefore, histone Kla, the Warburg effect, 

and lactate production, are intimately to the MAPK signaling pathway. In our report that 

describes the discovery of lactyllysine (Kla), we demonstrate that lactate can directly modulate 
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the abundance of Kla in cells30. If lactate is the primary source for histone Kla in cancer cells, we 

should expect that perturbing glycolysis would modulate histone Kla levels. We next sought to 

determine whether perturbing glycolysis could impact histone Kla levels in cancer cells. 
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Figure 3.1 Warburg effect regulatory proteins are modulated by BRAF. 

Several Warburg effect associated proteins are modulated by BRAF activity. (a) A375 cells were 

exposed to 10 μM of vemurafenib for 24 hours. Western blot results generated from the use of 

the indicated antibody (left of gel panel). Primary antibody incubated overnight at a working 

concentration of 1 μg/ μL. 
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Figure 3.2 The level of intracellular lactate is controlled by the MAPK pathway. 

Intercellular lactate generation is regulated by the activity of the MAPK in cancer cells. (a) A431 

cells were serum starved for 24 hours before the indicated amount of serum containing media (as 

a percent) was introduced and the cells were cultured for an additional 24 hours. (b) A431 cells 

were exposed to the indicated concentration of erlotinib for 24 hours. (c) PANC-1, Miapaca-2 

and H385 cells were exposed to the indicated concentration of sotorasib for 24 hours. (d) A431, 

A375, and SKMEL-28 cells were exposed to the indicated concentration of vemurafenib for 24 

hours. (a-d) Cells were harvested and subjected to lactate assay as described in the Methods 

section. 
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3.2.2 Histone lysine lactylation is coupled to glycolysis 

Given that inhibition of oncogenic BRAF or KRAS resulted in the concomitant reduction 

of lactate and histone Kla, we hypothesized that glycolysis, and the Warburg effect, is essential 

for establishing histone Kla in cancer cells. To test this hypothesis, we used small molecule 

inhibitors of different glycolytic proteins to evaluate the impact of their inhibition on histone Kla 

levels. We first assessed whether upstream glycolytic activity is necessary for establishing 

oncogenic histone Kla levels in cancer cells. Accordingly, exposing cells to high glucose 

concentrations resulted in a dose-dependent increase in histone Kla levels (Figure 3.3a). This 

result suggests that the key glycolytic substrate, glucose, is required for maintaining of histone 

Kla in cancer cells. Consistent with this observation, exposing cells to 2-deoxyglucose (2-DG), a 

non-metabolizable glucose analog that is a known to inhibit HK2, resulted in a dose dependent 

reduction in histone Kla levels (Figure 3.3b)229. Given that HK2 is the first enzyme in glycolysis 

that modifies glucose, this result suggests that glucose contributes to histone Kla through via its 

catabolism in glycolysis. Collectively these data demonstrate that glucose and upstream stream 

glycolytic activity are necessary for maintaining histone Kla levels in cancer cells.  

Given that upstream glycolytic activity is required to establish oncogenic histone Kla 

levels in cancer cells, we next sought to evaluate whether the activity of downstream glycolytic 

enzymes is also required to establish oncogenic histone Kla. Exposing A375 cells to increasing 

concentrations of PDK1 inhibitor, dichloroacetate (DCA), resulted in a dose dependent reduction 

in histone Kla levels (Figure 3.4a)230. PDK is known to inactivate PDH, which converts 

pyruvate to acetyl-CoA for the TCA cycle231. Inhibiting PDK1 with DCA causes a greater pool 

of acetyl-CoA being generated from pyruvate, resulting in less lactate generation230. Therefore, 

these results suggest that the catabolism of final metabolic substrate of glycolysis (pyruvate) has 
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dire implications on the levels of histone Kla. Consistent with this observation, exposing cells to 

UK5099, a known inhibitor of mitochondrial pyruvate carrier (MPC), resulted in a modest 

increase in Kla levels (Figure 3.4b)232,233. This likely stems from increasing the pool of pyruvate 

that is available for reduction into lactate.  

Given that histone Kla is perturbed by DCA exposure, we reasoned that perturbations that 

affect lactate generation would result in a reduction in histone Kla. Therefore, we evaluated 

whether histone Kla levels could be perturbed by inhibiting lactate dehydrogenase (LDH). 

Functional LDH exists predominately as a tetramer that is composed of different combinations of 

for LDH subunits: A, B, C, and D. The LDH complex is currently the only known regulatory 

source for lactate generation in human cells234. Consistent with our hypothesis, exposing A375 

cells to increasing concentrations of oxamate, a pan-LDH inhibitor, resulted in a dose-dependent 

reduction in histone Kla levels (Figure 3.5a)235. Accumulating evidence suggests that LDH-A is 

upregulated in highly glycolytic tumors via oncogenic programs that support the Warburg effect. 

We next exposed A375 cells to increasing concentrations GNE-140, an LDH-A specific 

inhibitor236. GNE-140 exposure resulted in a dose dependent decrease in histone Kla. Of note, 

the decrease in histone Kla levels that we observed in GNE-140 exposed cells was less dramatic 

than the reduction in histone Kla observed in oxamate exposed cells. These results demonstrate 

that downstream glycolytic activity is required to establish oncogenic histone Kla. Moreover, our 

data suggests that Warburg-derived lactate is the key determinant of oncogenic histone Kla.  

Taken together, we have shown now that lactate generation is principally driven by the 

activity of the MAPK pathway in cells. In addition to lactate generation, the levels of histone Kla 

are also tied to the activity of the MAPK pathway. Now, we have shown that unperturbed 

glycolysis is critical to establish histone Kla levels in cells. Therefore, we propose a model where 
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the MAPK maintains histone Kla levels in cancer cells via lactate generation from the Warburg 

effect. 
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Figure 3.3 Upstream glycolysis is required for oncogenic histone lysine lactylation. 

Upstream glycolysis and glycolytic substrates are required for cancer cells to sustain histone 

lysine lactylation levels. (a) A375 cells were glucose starved for 24 hours before the indicated 

amount of glucose was introduced, and the cells were cultured for an additional 24 hours. (b) 

A375 cells were exposed to the indicated concentration of hexokinase-2 inhibitor, 2-

deoxyglucose (2-DG), for 24 hours. (a, b) Western blot results generated from the use of the 

indicated antibody (left of gel panel). Primary antibody incubated overnight at a working 

concentration of 1 μg/ μL. 

 

Figure 3.4 Downstream glycolysis is required for oncogenic histone lysine lactylation. 

Downstream glycolysis is required for cancer cells to sustain histone lysine lactylation levels. (a) 

A375 cells were exposed to the indicated concentration of PDK1 inhibitor, dichloroacetate 

(DCA), for 24 hours. (b) A375 cells were exposed to the indicated concentration of MPC 

inhibitor, UK 5009, for 24 hours. (a, b) Western blot results generated from the use of the 

indicated antibody (left of gel panel). Primary antibody incubated overnight at a working 

concentration of 1 μg/ μL. 
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Figure 3.5 Lactate-generating machinery is required for oncogenic histone lysine 

lactylation.  

Functional lactate dehydrogenase is required to sustain oncogenic histone lysine lactylation 

levels in cancer cells. (a) A375 cells were exposed to the indicated concentration of pan-LDH 

inhibitor, Oxamate (Oxo), for 24 hours. (b) A375 cells were exposed to the indicated 

concentration of LDH-A inhibitor, GNE-140, for 24 hours. (a, b) Western blot results generated 

from the use of the indicated antibody (left of gel panel). Primary antibody incubated overnight 

at a working concentration of 1 μg/ μL. 
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3.2.3 Lactate is sufficient for oncogenic histone Kla  

We have demonstrated that the MAPK signaling pathway can control the levels of 

intracellular lactate and the levels of histone lysine lactylation. We further demonstrated that 

functional glycolysis is necessary to maintain histone Kla levels in cancer cells. However, we 

have not directly shown whether lactate is the key precursor molecule to generate histone Kla in 

cancer cells. Since it was shown that the levels of histone Kla can be modulated by the 

concentration of intracellular lactate, we first hypothesized that ectopic lactate could sufficiently 

drive histone Kla levels, regardless of functionally active MAPK signaling30. 

 To test whether ectopic lactate could drive histone Kla in cancer cells independently of 

active MAPK signaling, we attempted to restore histone Kla levels in A375 cells that were 

exposed to vemurafenib (BRAFi). Consistent with our findings in Chapter 2, we observed a 

reduction in histone Kla levels in cells exposed to vemurafenib (Figure 3.6a). In addition, and 

consistent with previously published work, we observed an increase in histone Kla levels in 

A375 cells that were exposed to 20 mM of lactate (Figure 3.6a). Alas, we could restore histone 

Kla levels in A375 cells that were exposed to vemurafenib (Figure 3.6a). This result supports 

our hypothesis that lactate is sufficient to drive histone Kla in cancer cells. Furthermore, these 

results suggest that lactate generation may be down stream of the MAPK pathway. Therefore, the 

MAPK pathway is sufficient, but not necessary for histone Kla.  

We previously demonstrated that glycolysis is necessary for histone Kla in cancer cells, 

which is independent of active MAPK signaling. To test whether ectopic lactate could drive 

histone Kla in cancer cells in a manner that occurs independently of active glycolytic activity, we 

attempted another restoration experiment. The two primary cellular fates for lactate in cells are 

considered to be1) its export from cell 2) its conversion into pyruvate by LDH. We previously 
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demonstrated that glucose is necessary for maintaining histone Kla in cancer cells. Therefore, we 

hypothesized that lactate could directly contribute to histone Kla levels in a manner that occurs 

independently of glycolysis. To explore this possibility, we used combinations of glycolytic 

perturbations to functionally limit glycolytic and gluconeogenic flux, and then determined 

whether ectopic lactate could directly induce histone Kla levels. Note, MAPK signaling was not 

perturbed as a result of any of the tested glycolytic perturbations (Figure 3.7a). Consistent with 

previous results, glucose starving A375 cells resulted in a decrease in histone Kla levels (Figure 

3.7a). Likewise, exposing A375 cells to pan-LDH inhibitor, oxamate, resulted in decreased 

histone Kla levels. Strikingly, cells that were cultured in glucose deprived media containing 

exogenous lactate and oxamate had fully restored histone Kla levels (Figure 3.7a). These results 

indicate that lactate can drive histone Kla in a manner that is independent of active glycolysis. 

Therefore, this finding highly suggests that lactate is a direct and primary precursor metabolite 

that is responsible for histone Kla.   

Collectively, these data show that the MAPK signaling pathway regulates histone Kla 

and lactate levels in cancer cells. We found that the MAPK regulates the level of lactate in cells 

through activating the Warburg effect. We determined that lactate that is generated by the 

Warburg effect is then used as a precursor metabolite for histone Kla in cancer cells. We have 

elucidated a novel cellular regulatory axis between the MAPK signaling pathway, glycolysis, and 

histone Kla. This axis is particularly interesting because it describes the paradigm where the flow 

of information moves from a central cell signaling pathway into a metabolic pathway that is 

transduced into an epigenetic pathway.  



 

 

58 

 

Figure 3.6 Lactate drives histone lysine lactylation independently of active MAPK 

signaling.  

Ectopic lactate can restore the diminished histone Kla levels caused by MAPK perturbation. (a) 

A375 cells were exposed to the following conditions: DMSO, 10 μM of vemurafenib, 20 mM of 

ectopic lactate, or 10 μM of vemurafenib and 20 mM of lactate. All tests were terminated 24 

hours post-exposure and prepared for western blot analysis. Western blot results generated from 

the use of the indicated antibody (left of gel panel). Primary antibody incubated overnight at a 

working concentration of 1 μg/ μL. 
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Figure 3.7 Lactate drives histone lysine lactylation independently of active glycolysis.  

Ectopic lactate can restore the diminished histone Kla levels caused perturbed glycolysis. (a) 

A375 cells were exposed to the following conditions: No treatment, 25 mM glucose, 20 mM Oxo 

and 25 mM glucose, and 20 mM Oxo and 20 mM lactate. All tests were terminated 24 hours 

post-exposure and prepared for western blot analysis. Western blot results generated from the use 

of the indicated antibody (left of gel panel). Primary antibody incubated overnight at a working 

concentration of 1 μg/ μL. 
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3.3 Discussion 

In Chapter 3, we mechanistically dissect the principal components that regulate histone 

Kla levels in cancer cells. We determine that in addition to histone Kla levels, the MAPK 

signaling pathway regulates intracellular lactate levels. Furthermore, using drugs to inhibit 

oncogenic BRAF or KRAS results in decreased intracellular lactate, highlighting that this 

mechanism is likely to be involved in both homeostatic and disease associated processes. Having 

determined that the MAPK could promote lactate generation in cells, we next determined that 

glycolysis is essential for sustaining oncogenic histone Kla levels. Using a variety of methods to 

perturb upstream and downstream glycolysis, we determined that any perturbation to glycolysis 

can disrupt oncogenic histone Kla levels. Inhibiting PDK1 with DCA yielded particularly 

intriguing results that allowed us to conclude that the final step of glycolysis may be essential for 

oncogenic histone Kla levels, e.g. the production of lactate. Alas, we determined that exposing 

cancer cells to exogenous lactate circumvented the loss of histone Kla that was associated with 

either perturbed MAPK signaling or perturbed glycolysis. Therefore, lactate was sufficient to 

rescue the loss of histone Kla in the conditions we tested. This observation suggests strongly that 

lactate is the key precursor metabolite that drives oncogenic histone levels. These collective 

observations indicate that oncogenic MAPK signaling can drive histone lysine lactylation via 

Warburg-derived lactate. This signaling axis is particularly novel because it describes a 

mechanism where the flow of information moves through a well characterized signaling pathway 

into a metabolic pathway that eventually moves into an epigenetic pathway. 

 

3.4 Methods 

Reagents 
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The pan-Kla antibody (PTM-1401) was developed by PTM Biolabs  (Chicago, IL). pan Kac 

antibody (PTM-101) was from PTM Biolabs (Chicago, IL). The anti-H3 (#4499), anti-ERK1/2 

(#4695), anti-phospho-ERK1/2 (#9101) antibodies were obtained from Cell Signaling 

Technology. The anti-p21 (#2974), anti-c-Myc, anti-TXNIP (#18583), and anti-HK2 (#2867) 

were all obtained from Cell Signaling Technology. All drugs used in this study were acquired 

from SelleckChem. Cell lines used were purchased from ATCC and used without further 

authentication.  

Cell culture 

Cells were obtained from ATCC and used without further authentication. Cells were grown in 

high glucose DMEM (Thermo Fisher Scientific) supplemented with 10% FBS at 37°C in 5% 

CO2. High glucose DMEM was used in FBS dosing experiments. 10% FBS was used in low 

glucose experiments.  

Drug treatments 

All drugs used in this study were resuspended according to the suppliers’ instructions 

(SelleckChem) -20 degrees Celsius until use. Cells were drugged from approximately 24 hours 

before harvesting for western blot or lactate analysis.  

Western blot analysis 

Cells were washed 3 times in 1x phosphate buffered saline (PBS). Cells were harvested in 2% 

SDS lysis buffer (2% SDS, 60 mM Tris, 10% glycerol, 5% beta-mercaptoethanol) and incubated 

for 5 minutes at 100 *C. Protein lysate concentration was determined by Bradford assay. Protein 

lysates were resolved on 15% SDS polyacrylamide gels were us and transferred to 

polyvinylidene difluoride (PVDF) membrane. Membranes were blocked in 3% bovine serum 

albumin (BSA) re-suspended in 1x tris buffered saline+tween (TBS-T: 20 mM Tris, 150 mM 
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NaCl,  0.05% Tween 20) for 1 hour at room temperature, with the exception for H3 antibody, 

which was blocked in 3% non-fat milk buffer (3% dry non-fat milk in 1x TBS-T). Membranes 

were incubated in primary antibody overnight at 4*C. Membranes were washed 5 times in TBS-

T for 5 minutes, followed by 1 hour incubation in secondary antibody at room temperature. 

Membranes were washed as preciously described and probed using Pierce ECL 

Chemiluminescent Western Blot Detection kit (ThermoFisher, 32209).  

Lactate assay measurement  

To measure intracellular lactate, we used the Biovision Lactate Colorimetric Assay Kit II 

(Catalog #K627-100). All experiments were performed in accordance to the manufacturers’ 

protocol. Biological triplicates were measured using three technical replicates. Cells were 

washed three times in cold PBS and harvested in Lactate Assay Buffer. For n number of samples 

a master mix was prepared for n*1 by combining 46 uL of Lactate Assay Buffer with 2 uL of 

Lactate Substrate Mix and 2 uL of Lactate Enzyme Mix. 2 uL of test lysate was added to to 48 

uL of Lactate Assay Buffer and added to the well of 96 well plate. 50 uL of master mix was 

added to the lysate in the 96 well, bring the final reaction volume to 100 uL. The plate was 

protected from light and incubated at room temperature for 30 minutes before measuring.   
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CHAPTER 4 

MOF IS A NOVEL LACTYLTRANSFERASE  

4.1 Introduction 

The reversible nature of protein phosphorylation, acetylation, and many other types of 

protein PTMs is essential for diverse forms of cellular signaling. In many cases, the reversibility 

of protein PTMs is orchestrated by enzymes that can either install or remove them98. In the case 

of protein phosphorylation, kinases are known to install the phosphoryl group to select residues 

on proteins, while phosphatases are enzymes that are known to remove these phosphoryl 

groups107,108,237,238. Similar, KATs are enzymes that are known to install acetyl groups to lysine 

side chains, while KDACs are enzymes known to remove these acetyl groups98,239. In Chapter 1, 

we reviewed the ever-expanding universe of acyltransferases: KATs that can install more than 

just acetyl groups to lysine side chains240. In the case of lysine lactylation (Kla), it was reported 

that Kla can be added to histone proteins by the well-known acyltransferase, p30030,241. In this 

reaction, p300 was shown to lactylate a variety of lysine residues on histone proteins by using 

the co-factor, lactyl-CoA30,242. Lysine lactylation of histone proteins by p300 was shown to 

directly activate gene transcription from an in vitro chromatin template30. This observation was 

consistent with observations made in vivo where lactylated genes that are identified by ChIP-Seq 

correlate with elevated mRNA levels identified in paired RNA-Seq data32. These two pieces of 

evidence suggest that Kla can directly activate gene transcription, and that this process is likely 

to occur in vivo. However, the finding that p300 can possess lactyltransferase ability is important 

to claim that Kla is enzyme catalyzed, this enzyme was likely chosen to prove this concept due to 

the fact that p300 is known to exhibit a significant degree of ‘promiscuity’243. Promiscuity refers 

to an enzyme’s ability to non-selectively catalyze the addition or removal of a given chemical 
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modification. Indeed, p300 has been observed to catalyze a number of chemically distinct 

modifications across a variety of different substrates. To date, p300 has been reported to install 

Kac, Kpr, Kbu, Kcr, Kbhb, Khib, and Kla marks on histone proteins and non-histone 

proteins30,244–248. While some degree of promiscuity can be observed in other KATs, none have 

been identified that rival the robust acyltransferase ability of p300. To this end, no other enzyme 

has been reported to possess lactyltransferase activity at this time. 

In an in vitro screen to identify novel lactyltransferases, we observed that MOF1 could 

exhibit lactyltransferase activity. Like other members of the MYST family, MOF exists 

exclusively within a protein complex in cells73,79. Beyond histone proteins, acetylation has been 

shown to regulate the activity of a number of nuclear regulatory proteins, including the activity 

of several KATs249,250. MOF is one such enzyme that can itself be acetylated, and MOF 

acetylation has been demonstrated to significantly impact its function72. Liang and colleagues 

were the first demonstrate that MOF could acetylate itself (autoacetylation) on K274251. In this 

report, they also determine that MOF K274ac could be removed by SIRT1251. In this same 

report, Liang and colleagues claim that K274ac induces a loss in MOF chromatin occupancy and 

a reduction in its main substrate, H4K16ac251. A few months after Liang and colleagues initial 

report, Marmorstien, Côté, and colleagues published a similar report that confirmed MOF 

K274ac autoacetylation252. However, they find that MOF K274ac increases H4K16ac in cells. 

They determine the structure of MOF and find that in the unacetylated state, K274 engages with 

the catalytic glutamine residue, thereby causing partial occupancy of the catalytic binding 

pocket252. This partial occupancy observed in MOFs unacetylated state is thought to dramatically 

reduce the enzyme’s ability to engage with its cognate substrate252. After these two-initial 
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reports, several reports from independent groups confirmed that MOF 274Kac autoacetylation 

can activate MOF enzymatic activity253. 

We will demonstrate that MOF1 can possess lactyltransferase activity in vitro and in 

vivo. We quantitatively characterize the MOF1 regulated histone lactylome by using SILAC and 

proteomics. Finally, we use molecular simulations to generate models that can provide 

biochemical clues regarding how the CoA binding pocket can accommodate lactyl-CoA and 

acetyl-CoA. To our knowledge, this is the first report of a lactyltransferase that is not p300. 

4.2 Results 

4.2.1 MOF is a lactyltransferase in vitro and in vivo 

KATs require the use of a high energy co-factor (CoA) to facilitate the enzymatic 

installation of an acyl species to the side chain of lysine. However, as we reviewed in Chapter 4.1, 

the presence of a co-factor is not always sufficient to facilitate the enzymatic activity of KATs. As 

is the case for the majority of MYST family KATs, MOF exists exclusively in a protein complex. 

In addition to this requisite condition, MOF requires the autoacetylation of K274 to enable cognate 

substrate recognition253.  

With these considerations in mind, we developed two plasmids to evaluate whether MOF 

could function as a lactyltransferase in vitro:  Flag-tagged MOF plasmid (Flag-MOF) and a Flag-

tagged MOF K274R plasmid (Flag-MOF K274R). Flag was selected due to its small nature and 

so that MOF could be purified from human cellular extract, thereby preserving its native 

complexes. The K274R mutation was utilized to mimic and preserve an unmodified lysine state, 

thereby resulting in an inactivated MOF. Using purified native MOF and MOF K274R, we 

performed a series of biochemical reactions to determine whether MOF could possess 
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lactyltransferase activity. The reactions we tested consisted of differing combinations of Flag-

MOF, Flag-MOF K274R, lactyl-CoA, and purified core histone proteins.  

As expected, incubating lactyl-CoA and Flag-MOF without histone proteins results in zero 

detection of lactyltaion on histone proteins (Figure 4.1a). The same is true for this reaction when 

Flag-MOF K274R is used. These controls demonstrate the purity of the biochemical reactions that 

were conducted. In addition, purified core histone proteins that were incubated with Flag-MOF 

where lactyl-CoA was absent saw little to no change in histone Kla signal (Figure 4.1a). Many 

acyl-CoA species have been shown to non-enzymatically react with lysine residues that are present 

on proteins254,255. To control for these phenomena, we incubated lactyl-CoA with purified core 

histone proteins. We observed that lactyl-CoA could non-enzymatically react with histones 

(Figure 4.1a). However, when we incubated lactyl-CoA and purified core histone proteins with 

purified Flag-MOF, we observed significantly greater Kla signal compared to the non-enzymatic 

lactylation that we observed between lactyl-CoA and purified core histone proteins (Figure 4.1a). 

To further confirm that the elevated histone Kla signal that we observed by adding Flag-MOF to 

lactyl-CoA and purified core histone proteins, we performed the same reaction using Flag-MOF 

K274R. MOF K274R cannot be autoacetylated and is therefore trapped in a perpetual state of 

catalytic inactivity, e.g. catalytically dead253. Adding purified Flag-MOF K274R to lactyl-CoA 

and purified core histones resulted in roughly the same amount of Kla observed in the reaction 

between only lactyl-CoA and purified histones (Figure 4.1a). This observation strongly suggests 

that the increased histone Kla observed in the reaction between, Flag-MOF, lactyl-CoA, and 

purified core histones, is enzyme catalyzed. Therefore, these data strongly support our hypothesis 

that MOF can possess novel lactyltransferase activity and uses lactyl-CoA as a co-factor to 

generate Kla on histone proteins.  
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Should MOF be a lactyltrasnferase in cells, we hypothesized that its loss in cells would 

result in a reduction in histone Kla abundance. To test this hypothesis, we performed shRNA 

knockdown experiments followed by assessing the levels of Kla by western blot analysis. Using 

HEK 293 cells, we generated a stable MOF knockdown cell line using lentivirus that expresses 

shRNA against MOF. shMOF expressing HEK 293 cells experienced a dramatic loss of 

endogenous MOF, as assessed by western blot analysis (Figure 4.2a). Interestingly, we observed 

little to no change in histone Kac levels in the shMOF cells. However, the shMOF cells had an 

observable reduction in histone Kla when compared to the wildtype MOF cells (shNT) Figure 

4.2a. This observation suggests that MOF can contribute to maintaining histone Kla levels in cells. 

Furthermore, this observation supports our hypothesis that MOF is lactyltransferase in cells.   

Applying the same logic as before, should MOF be a lactyltranserase in cells, we 

hypothesized that greater MOF protein abundance in cells would result in an increase in histone 

Kla abundance. To test this hypothesis, we overexpressed Flag-MOF in human cells to examine 

its impact on the levels of histone Kla. Flag-MOF overexpression in cells was validated by western 

blot analysis using an anti-Flag antibody (Figure 4.2b). We observed an increase in histone Kla 

levels in Flag-MOF overexpressing cells relative to the empty vector control group. Consistent 

with our previous results and with previous reports, exposing these cells to exogenous lactate 

resulted in greater histone Kla levels relative to control (Figure 4.2b). We next exposed Flag-MOF 

overexpressing cells to exogenous lactate and observed an even greater increase in histone Kla 

levels relative to Flag-MOF overexpression alone or lactate exposure alone (Figure 4.2b). In 

conclusion, these results support our hypothesis that overexpressing MOF will result in greater 

histone Kla levels. Furthermore, adding exogenous lactate to MOF overexpressing cells further 

boosts histone Kla levels, which has implications that we will discuss in discuss in Chapter 4.3.  
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Taken together, these data strongly support our hypothesis that MOF is a novel lysine 

lactyltransferase both in vitro and in vivo. Given that the overexpression of MOF resulted in a 

significant increase in histone Kla levels in cells, we next sought to quantitatively characterize 

MOF lactyltransferase activity in cells using proteomics to identify and quantify MOF regulated 

lactyllysine substrates on histone proteins.  

4.2.2 Comprehensive characterization of MOF regulated histone Kla 

We have demonstrated that MOF can possess lactyltransferase both in vitro. MOF can 

lactylate lysine residues on histone proteins using lactyl-CoA as a co-factor. We further 

demonstrated that loss of MOF in cells results in lower histone Kla levels relative to wildtype. 

Alas, we show that overexpression of MOF in cells can substantially increase histone Kla levels 

relative to wildtype. Taken together, these pieces of evidence support the claim that MOF is a 

novel lactyltransferase.  

We therefore sought to expand upon the novel lactyltransferase activity of MOF by 

comprehensively characterizing its lactyltransferase activity in cells. We chose to only focus on 

the lactylation of histone proteins by MOF. Our comprehensive characterization of MOF 

regulated histone Kla was accomplished using proteomic strategy that leverages high 

performance liquid chromatography coupled mass spectrometry. This technique allowed us to 

both identify and quantify MOF regulated Kla sites on histone proteins.  

We initiated this experiment by culturing HEK 293T cells in media that contained either 

‘heavy’ lysine (13C6
14N2-L-Lysine) or ‘light’ lysine (12C6

14N2-L-Lysine). These cells were 

cultured in their respective heavy or light medias for 8 generations221,256. We overexpressed Flag-

MOF in the light conditioned cells and empty vector in the heavy cells, and the cells were 

allowed to culture for an additional 48 hours. Histone extracts from MOF overexpressing cells 
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and from empty-vector control cells were harvested, measured, and pooled together at equal 

concentrations. The combined peptide pool was trypsinized into proteolytic peptides and 

resultant peptides were subjected to peptide immunoprecipitation using the pan-Kla antibody. 

The enriched peptides were analyzed by HPLC-MS/MS.  

We identified a total of 16 Kla sites on core histone proteins (Figure 4.3a). Of the core 

histone subunits, we identified the most sites on histone H3. On histone H3, H3K27la was the 

most upregulated residue that was regulated by MOF, experiencing roughly a 4 -fold change 

relative to empty vector control. Histone H3K23la was the next most upregulated Kla site that 

was enhanced by MOF, observing a slightly greater than 2 -fold more Kla abundance relative to 

empty (Figure 4.3a). 

To our surprise, many of the canonical MOF regulated Kac sites were not recapitulated in 

terms of Kla. We detected 4 Kla sites on histone H4: K5, K8, K12, K16. MOF is best known for 

its propensity to acetylate H4K16 during sex linked dosage compensation74. Curiously, H4K16la 

experienced the least dramatic change relative to the other histone H4 sites, exhibiting roughly 

no change relative to empty vector control (Figure 4.3a). H4K8 and H4K12, which have also 

been reported to be MOF Kac sites, were the most dynamically changed histone H4 sites, with 

both just shy of increasing by 2 -fold relative to empty vector control.  

Very little change was observed in H2AKla sites between MOF overexpressing and 

empty vector control (Figure 4.3a). However, H2B experienced some dramatic changes in Kla 

abundance due to MOF. In particular, H2BK5la and K16la experienced the most dynamic 

change, with K5 increasing by 2 -fold and K16 increasing by roughly 2.5 fold, respectively. H2B 

K20la also increased by approximately 2 -fold in response to MOF overexpression.  
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These data provide a quantitative overview of the MOF regulated histone lysine 

lactylome. We discover that the histone lysine lactylome is quantitatively distinct from the MOF 

regulated histone lysine acetylome. Curiously, we find that MOF regulated histone lysine 

lactylation sites share considerable overlap with MOF regulated histone lysine crotonylation 

sites96. This overlap could suggest that MOF acyltransferase substrate preference is distinct from 

its acetyltransferase substrates. 

4.2.3 Biochemical modeling of MOF acyl-CoA interaction  

After initially determining that MOF is a lactyltransferase both in vitro and in vivo, we 

characterized the MOF regulated histone lysine lactylome using quantitative proteomics to 

identify and quantify putative MOF histone Kla substrates. Given the distinct structural 

differences that exist between acetyl-CoA, crotonyl-CoA, and lactyl-CoA, we used modeling to 

investigate the potential biochemical binding mechanism present in MOF that enables its 

lactyltransferase ability242.  

We find that the MOF binding pocket could accommodate the extended chain length of 

lactyl-CoA (Figure 4.4a). Beyond merely steric hinderance resulting from size, a unique feature 

present in the CoA binding region of MOF was the hydrophobic pocket that can be formed. 

Curiously, this hydrophobic pocket is made available to certain CoAs based on their size. In this 

case, the lactyl moiety of lactyl-CoA could be stably held in a hydrophobic pocket formed by 

Val141, Ala142, Pro176, Pro179, and Leu180 (Figure 4.4a). One feature that makes lactyl 

distinct from acetyl and likely crotonyl is the hydroxy group present in lactyl. The hydroxy group 

of the lactyl moiety can form a hydrogen bonding interaction with the backbone nitrogen atom of 

Ile144, which we suspect is a critical chemical position that coordinates the molecular 

recognition of lactyl-CoA by MOF (Figure 4.4a).  
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The discovery of MOF as a lactyltransferase adds to the growing body of evidence that 

suggests various KATs can bind non-acetyl acyl-CoA species, which subsequently imbues them 

with acyltransferase activity. Several reports now exist that detail biochemical mechanisms that 

enable the selective utilization of distinct acyl-CoA by specific KATs. 
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Figure 4.1 MOF can enzymatically lactylate histone proteins in vitro.  

MOF can enzymatically lactylate histone proteins in vitro using lactyl-CoA as a co-factor. (a) 

Flag-MOF or Flag-MOF K274R were immuno-precipitated and purified from HEK 293 cells. 

Reaction components for each reaction are indicated by a plus symbol (+). For any given 

component that was used in a reaction, the concentration of said component is as follows: 10 μM 

lactyl-CoA, 1 μg Flag-MOF, 1 μg Flag MOF K274R, and 2 μg of purified histone. Reactions 

were terminated after 30 minutes post assembly by the addition of protein loading buffer. 

Western blot results generated from the use of the indicated antibody (left of gel panel). Primary 

antibody incubated overnight at a working concentration of 1 μg/ μL. 
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Figure 4.2 MOF regulates histone lysine lactylation levels in cells.  

Loss of MOF in cells results in reduced histone Kla levels. (a) Parental HEK 293 cells and 

shMOF HEK 293 cells were cultured to 80% confluency and harvested for western blot analysis. 

(b) HEK 293 cells were transfected with plasmid containing containing no gene in expression 

cassette or with plasmid containing Flag MOF in the expression cassette. Cells were harvested 

48 hours after plasmid transfection for western blot analysis. (a, b) Western blot results generated 

from the use of the indicated antibody (left of gel panel). Primary antibody incubated overnight 

at a working concentration of 1 μg/ μL. 
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Figure 4.3 MOF Proteomic characterization of MOF-regulated histone lysine lactylation.  

Proteomic characterization of MOF regulated lysine lactylation. (a) HEK 293 cells were 

transfected with plasmid containing no gene in expression cassette or with plasmid containing 

Flag MOF in the expression cassette. SILAC ratio for identified histone Kla sites were calculated 

using Perseus.  
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Figure 4.4 Molecular modeling of MOF in complex with acetyl-CoA and lactyl-CoA.  

Modeling of MOF mechanism of molecular recognition of acetyl-CoA and lactyl-CoA. (a) Ball 

and stick model of MYST CoA binding domain from MOF in complex with acetyl-CoA. (b) Ball 

and stick model of MYST CoA binding domain from MOF in complex with lactyl-CoA. (c) 

Model of MOF in complex with acetyl-CoA using electrostatic surface potential landscape. (d) 

Model of MOF in complex with lactyl-CoA using electrostatic surface potential landscape. (e) 

Molecular docking simulations were performed using AutoDock 4.2.6 software equipped with 

AutoDock Tools. The following parameters were used: 100 docking trials, population size of 

150, mutation rate of 0.02, crossover rate of 0.8, local search rate of 0.06, and 25 million energy 

evaluations 
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Figure 4.4, continued. 
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4.3 Discussion 

In Chapter 4, we reported the novel discovery that MOF can possess significant 

lactyltransferase activity. We demonstrated that MOF possesses lactyltransfersae activity in vitro 

and by using catalytically dead MOF, we further demonstrated that the catalytic activity of MOF 

is necessary for its lactyltransferase activity. We show that reducing MOF in cells results in a 

concomitant reduction in histone Kla levels, suggesting that MOF establishes basal histone Kla 

level in cells. Conversely, we show that increasing MOF levels in cells results in a concomitant 

increase in histone Kla levels. We therefore characterized putative MOF regulated lysine 

lactylation sites on histone proteins. We determined that MOF histone Kla substrates differ from 

MOF Kac substrates. Lastly, we modeled the molecular binding of lactyl-CoA and MOF to 

determine the mechanism of molecular recognition that is afforded to MOF via its protein 

structure.   

The discovery that MOF is a lactyltransferase adds both to MOFs repertoire to acylate 

lysines and adds to the number of previously annotate KATs that are capable of acylating 

proteins41,96,97. Several reports now exist that provide evidence for novel biochemical 

mechanisms that exist to enable the selective utilization of distinct acyl-CoA by specific HATs. 

One such example stems from the work of Lu and colleagues, KAT2A was discovered in a 

unique complex that contains the metabolic enzyme, α-KGDH257. In this complex, α-KGDH is 

thought to generate succinyl-CoA at local concentrations that push the reaction kinetics of 

KAT2A to a state where, instead of using acetyl-CoA, succinyl-CoA is utilized as a co-factor to 

succinylate lysine on histone H3257,258. These data were some of the first evidence of a model 

that had been used to rationalize a scenario in which a KAT would selectively utilize one acyl-

CoA species over acetyl-CoA43,51. Whether lactate can be generated within a supramolecular 
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protein complex that also contains a KAT is not known. However, LDH is known to exist in the 

nucleus at levels that exceed those of α-KGDH. Nevertheless, lactate exists at concentrations in 

cells that are comparable to those of acetate and pyruvate. 

 

4.4 Methods 

Reagents 

Antibodies and cell lines 

The antibodies used here were anti-Pan Kac (PTM Biolabs, PTM-101), anti-Pan K(L-la)  (PTM 

Biolabs, PTM-1401), anti-H3 (Cell Signaling Technology, #4499) and anti-Flag (Cell Signaling 

Technology, #2368),  . Cell lines were purchased from ATCC (www.atcc.org) and used without 

further authentication. Mycoplasma contamination was routinely tested using a MycoAlert 

Mycoplasma Detection Kit (Lonza, LT07-118). 

Cell culture & stable isotope labeling of cells 

Cells were grown in lysine-free DMEM (ThermoFisher, #88364) supplemented with 10% 

dialyzed FBS, and either light (12C614N2-L-Lysine, Cambridge Isotope Laboratories, #ULM-

8766PK) or heavy (13C614N2-L-Lysine, Cambridge Isotope Laboratories, #ULM-291-H-PK) 

lysine (100 mg/L). Cells were grown for more than seven generations to achieve more than 98% 

labeling efficiency. All cell lines were cultured using ATCC recommended media in a 5% CO2 

atmosphere at 37 °C. Labeling efficiency was tested before experimental use of cell lines. 

Preparation of cell lysate 

Cells were sonicated for 3 min on ice using a high-intensity ultrasonic processor (Scientz) in 

lysis buffer (8 M urea, 2 mM EDTA, 3 μM TSA, 50 mM NAM, 5 mM DTT and 1% Protease 

Inhibitor Cocktail III). The remaining debris was removed by centrifugation at 18 000× g at 4 oC 
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for 3 min. The protein concentration was determined using Bradford assay according to the 

manufacturers protocol (Biorad #5000205). 

Peptide immunoprecipitation  

Histone proteins were extracted from human cells using a standard acid-extraction protocol, and 

subjected to trypsin digestion as per the manufacturer’s instructions. Pan anti-K(L-la) (PTM-

1401, PTM Bio Inc.) or pan anti-Kac antibodies (PTM-101, PTM Bio Inc.) were first conjugated 

to Protein A Sepharose beads (GE Healthcare BioSciences) and then incubated with tryptically 

digested histone peptides with gentle agitation overnight at 4 °C. The beads were then washed 

three times with NETN buffer (50 mM Tris-Cl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% NP-

40), twice with ETN buffer (50 mM Tris-Cl pH 8.0, 100 mM NaCl, 1 mM EDTA) and once with 

water. Peptides were eluted from the beads with 0.1% TFA and dried in a SpeedVac system 

(ThermoFisher Scientific). 

HPLC–MS/MS analysis & SILAC quantification 

Tryptic peptides were loaded onto a homemade capillary column (10 cm length × 75 mm ID, 3 

µm particle size) connected to an EASY-nLC 1000 system (Thermo Fisher Scientific). Peptides 

were separated and eluted with a gradient of 2% to 90% HPLC buffer B (0.1% formic acid in 

acetonitrile, v/v) in buffer A (0.1% formic acid in water, v/v) at a flow rate of 200 nl min−1 over 

60 min. The eluted peptides were then ionized and analyzed by a Exploris mass spectrometer 

(ThermoFisher Scientific). Full mass spectrometry was acquired in the orbitrap mass analyzer 

over the range m/z 300 to 1,400 with a resolution of 70,000 at m/z 200. The 12 most intense ions 

with charge ≥2 were fragmented with normalized collision energy of 27 and tandem mass spectra 

were acquired with a mass resolution of 17,500 at m/z 200. Qunatification of histone K(L-la) and 

Kac sites was performed using Maxquant40. Heavy/light PTM peptide ratios that were 
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calculated by Maxquant were normalized to heavy/light ratios of their unmodified peptide 

counter parts.  

 

Western Blot analysis 

Cells were washed 3 times in 1x phosphate buffered saline (PBS). Cells were harvested in 2% 

SDS lysis buffer (2% SDS, 60 mM Tris, 10% glycerol, 5% beta-mercaptoethanol) and incubated 

for 5 minutes at 100 *C. Protein lysate concentration was determined by Bradford assay. Protein 

lysates were resolved on 15% SDS polyacrylamide gels were us and transferred to 

polyvinylidene difluoride (PVDF) membrane. Membranes were blocked in 3% bovine serum 

albumin (BSA) re-suspended in 1x tris buffered saline+tween (TBS-T: 20 mM Tris, 150 mM 

NaCl, 0.05% Tween 20) for 1 hour at room temperature, with the exception for H3 antibody, 

which was blocked in 3% non-fat milk buffer (3% dry non-fat milk in 1x TBS-T). Membranes 

were incubated in primary antibody overnight at 4*C. Membranes were washed 5 times in TBS-

T for 5 minutes, followed by 1 hour incubation in secondary antibody at room temperature. 

Membranes were washed as preciously described and probed using Pierce ECL 

Chemiluminescent Western Blot Detection kit (ThermoFisher, 32209). For whole l-lactylome 

western blot analysis, a 10% SDS polyacrylamide gel was used.  

In vitro lactylation assay 

Flag-MOF and histones were purified from HEK 293T cells. For each reaction, 2 μg of purified 

core histone proteins histones, 10 μM of lactyl-CoA, with or without purified Flag-MOF were 

added in the reaction buffer (50 mM Tris-Cl, pH = 8.0, 10% glycerol, 10 mM butyric acid, 0.1 

mM EDTA, 1 mM DTT and 1 mM PMSF). The reaction mixture was incubated for 30 min at 

room temperature, then protein loading buffer was added to stop the reaction. Samples were 
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heated at 95 DEGREE C for 10 min. Immunoblotting was carried out to measure the histone 

lactylation signals. 

Molecular Docking 

The crystal structure of MOF (aa 174-449) complexed with acetyl-CoA (PDB ID: 2GIV) was 

used to construct a molecular docking model. Lactyl-CoA was built basing on the structure of 

acetyl-CoA. Molecular docking simulations were performed using AutoDock 4.2.6 software 

equipped with AutoDock Tools (Scripps Research Institute). Lamarckian genetic algorithm 

(LGA) was selected for ligand conformational searching. For each ligand, the docking 

parameters were set as follows:  trials of 100 dockings, population size of 150, mutation rate of 

0.02, crossover rate of 0.8, local search rate of 0.06, and 25 million energy evaluations. 

  



 

 

82 

CHAPTER 5 

DISCUSSION AND FUTURE DIRECTIONS 

In summary, we report the discovery of a novel physiological and pathological regulatory 

mechanism that can drive histone Kla in cells via growth factor signaling. We connect the 

MAPK signaling pathway to histone lysine lactylation, and demonstrate that the MAPK 

signaling pathway regulates histone Kla via promoting the Warburg effect. We demonstrate that 

lactate that is generated from the Warburg effect is necessary for promoting oncogenic histone 

Kla and that exogenous lactate is sufficient to restore histone Kla levels in cells that have 

perturbed MAPK signaling and in cells that have perturbed glycolytic activity. We use 

quantitative proteomics techniques to characterize the histone lysine lactylome as it is regulated 

by each member of the MAPK signaling pathway. Finally, we discovery the novel 

lactyltransferase activity of the MYST family member, MOF. We show that MOF requires K274 

functionality to retain its lactyltransferase activity in vitro. One again using quantitative 

proteomics, we characterize the MOF regulated histone lysine lactylome. Finally, we use 

molecular modeling to predict the possible mechanism of molecular recognition between lactyl-

CoA and MOF.  

While our work answers several questions, it raises more questions that it seems to have 

answered. This admission has more to do with the incredibly comprehensive and deep body of 

knowledge that has been brought into existence before and while we carried out this work. For 

example, we find it particularly intriguing that histone Kla dynamics were shown to be 

differentially governed by distinct members of the MAPK pathway. One possibility that could 

explain this phenomenon is the inherent complexity that is known to be involved in MAPK 

signaling networks117. Many signaling networks are known to be activated by distinct members 
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of the MAPK pathway itself, such as the PI3K signaling pathway or PIN1/PDK1 pathway259. 

Whether the PI3K pathway can promote histone Kla has not been shown. However, given the 

mechanism that we use to describe how the MAPK regulates histone Kla, it is fair to suggest that 

any pathway that is capable of modulating the levels of intracellular lactate is then capable of 

modulating the levels of histone Kla30. Therefore, it is likely that other oncogenic pathways, and 

by contrast, other types of anti-cancer therapies, can directly impact the levels of histone Kla. 

Looking beyond disease for a moment, a number of cellular processes require coordinated 

adjustments to cellular metabolism. Coordinated changes in cellular metabolism can allow cells 

to generate process-specific biomaterials and pay for the energy costs associated with their 

generation. For example, the cell cycle has been shown to coordinate short term changes in cell 

metabolism that involves lactate generation260. This particular example is tantalizing, as it 

suggests that histone Kla dynamics may be cell cycle regulated. We have already observed that 

other PTMs can be cell cycle regulated109. 

While lactate is central to the modulation of histone Kla in cells, the unique quantitative 

differences that we observed across histone Kla sites after inhibition of specific MAPK members 

suggest that histone Kla may be regulated in a non-stochastic manner. The discovery of MOF 

provided some evidence that Kla may be regulated in a non-stochastic manner. 

Appreciating the abstract significance of our work for moment, the differential regulation 

of histone lysine lactylation by unique MAPK members offers a novel conceptual perspective 

wherein the flow of information is occurring across diverse and seemingly distant signaling 

paradigms. We see that the flow of information moves through a growth factor signaling cascade 

into cellular metabolism, and into epigenetics. While most experts would agree that information 

can traverse diverse signaling paradigms to achieve a specified outcome, the theoretical depth of 
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each of the defined biological processes that we examined can often mirage them to appear 

disparate and remote from the true interconnectedness that defines biology. In this way, our work 

and our findings highlight a pragmatic conceptual strategy that emphasizes the reactivity of a 

certain process in response to a perturbation or alternation in another distally associated and 

discrete process. Put differently, we measured the interconnected of several discrete and distally 

associated biological processes by perturbing one process and examining the other processes 

sensitivity to said perturbation.  

Another unique observation that can be appreciate from our work is the intracellular role 

that lactate may play on tumor cell function, thus representing a novel cell autonomous 

epigenetic program driven by lactate. Mounting evidence suggests that excessive lactate that is 

generated by cancer cells is exported into the tumor microenvironment. Exported lactate has 

been shown to support pro-tumor functions of diverse cell types in the tumor261,262. For example, 

tumor associated lactate was shown to enhance tumor immune suppression from CD4 t-

regulatory cells (Tregs) and dampening the anti-tumor responsiveness of CD8 tumor infiltrating 

leukocytes214. However, our work details a potential intracellular function for cancer associated 

lactate generation. While it is clear that histone Kla can be promoted by oncogenic mechanisms, 

the physiological consequences of histone Kla merits further investigation. Importantly, the 

compounds used to inhibit the MAPK in this study are actively used on patients in the clinic. 

Therefore, our data reveals a potentially unforeseen molecular consequence that various 

clinically relevant targeted therapies may have.  

The discovery of MOF as a lactyltransferases raises more questions than it answers. The 

MOF K274R mutant is particularly intriguing. The K274R mutation essentially functions as an 

enzyme-dead form of MOF by disabling the MOF K274 autoacetylation which is required for its 
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acetyltransferase activity. In the initial report that described the autoacetylation of MOF at K274, 

Liang and colleagues also report that SIRT1 deacetylates this residue. A report published by 

Zhao and colleagues that focused on quantitatively mapping the SIRT1-regulated acetylome also 

confirmed that SIRT1 has significant deacetylation activity toward MOF K274ac263. We 

demonstrate that K274 is essential for MOFs lactyltransferasive activity. Whether MOF K274 

was acetylated or acylated was not determined in this study. However, a recent report from 

Galligan and colleagues found that SIRT1 had little activity toward Kla264. Therefore, in a 

situation where K274 of MOF were lactylated, SIRT1 would not be able to restore MOF to an 

unmodified state264. It’s intriguing to speculate the functional impacts that acylated K274 may 

have on MOF function. Furthermore, it is not known whether acylation of MOF on K274 can 

impact its acyl-CoA preference and utilization. Nevertheless, our discovery herein provides the 

rationale to explore the underlying mechanisms that govern MOF lactyltransferase activity.  
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APPENDIX 

Spectra for Kla sites identified by IP-MS/MS. 

Annotated MASCOT images for the 22 histone Kla sites identified by IP-MS/MS using pan Kla 

antibody. The parameters for the search included the following modifications: Kla (lysine 

+72.021 Da), Kac, N-terminal acetylation, K/Rme1, K/Rme2, and Kme3. Histone peptide 

matches with Kmea sites were manually verified for correctness for all spectra with MASCOT 

scores of at least 20. All spectra were manually verified for quality. 
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