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Abstract 

 TREX1 is a 3′ to 5′ exonuclease found in metazoan cells. TREX1 acts on both 

ssDNA and dsDNA and functions to prevent adverse immune activation by degrading 

cytosolic nucleic acids that would otherwise activate DNA sensors resulting in interferon 

production. Mutations in TREX1 cause multifactoral, systemic autoimmune diseases. 

Lack of TREX1 activity is not the only means of causing disease. Patients with fully 

active TREX1 who have mutations or frameshifts in the C-terminal region develop 

autoimmune disease presumably by disrupting protein-protein interactions or proper 

localization vital for normal cell biology. Understanding this multifaceted role of TREX1 

in cell biology requires a thorough investigation of the regulation and involvement of 

TREX1 in nucleotide metabolism. 

 The purpose of this work was to study the regulation of TREX1 by 

phosphorylation. Phosphorylation by CDK1 and RIPK3 decreases the ability of TREX1 

to degrade ssDNA and dsDNA. During mitosis the DNase activity is reduced but 

persistent reduction in the activity of TREX1 contributes to a DNA damage response.  

 Another intriguing finding discussed in this dissertation involves the role of 

TREX1 in macrophage biology. Currently, the role of TREX1 within macrophages is not 

well established. This research demonstrates that macrophages lacking Trex1 have 

impaired cell clearance. Upon incubation with apoptotic cells, WT macrophages 

internalize the apoptotic cells within minutes but, even after several hours, Trex1 KO 

macrophages only bind to the apoptotic cells but do not internalize them. Trex1 KO 

macrophages also have different morphologies and lower levels of Rac1, a small GTPase 



xi 
 

that coordinates actin reorganization and apoptotic cell internalization, than their WT 

counterparts. Therefore, macrophages lacking Trex1 have a disrupted homeostasis that 

impairs the ability to clear apoptotic cells and ultimately affects the levels of Rac1.  

 This work establishes a biochemical and cellular framework to investigate the role 

of TREX1 in DNA metabolism. Understanding TREX1 regulation will allow us to delve 

deeper into the intricate immunological pathways between protein regulation, protein-

protein interactions, and nucleic acid biology. These findings provide insight into how 

perturbations in TREX1 biology lead to DNA damage, failed nucleotide metabolism, and 

autoimmune disease.  
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Chapter 1:  

TREX1: Taking a bite out of DNA 
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1.1 Abstract 

Cytosolic DNA sensors recognize foreign and host nucleic acids and 

produce a signal that ultimately leads to the production of cytokines and 

interferons. This innate immune recognition is vital for responding to viral 

infections as well as failed genomic DNA replication and repair within the host 

cell. TREX1 is a DNA exonuclease that degrades nucleic acids to prevent 

activating cytosolic DNA sensors that would lead to autoimmunity. Mutations in 

TREX1 cause autoimmune diseases including Aicardi-Goutieres Syndrome, 

systemic lupus erythematosus, and familial chilblain lupus. This chapter outlines 

the role of TREX1 within cells, the catalytic mechanism and structural features of 

TREX1, sources of biological substrate, and how dysfunction of TREX1 leads to 

disease. 

 

1.2 History of TREX1 

 In 1969, Lindahl, Gally, and Edelman isolated an exonuclease from rabbit 

tissue which was active on ssDNA and dsDNA that they termed DNase III [1]. 

Subsequently, they showed decreased activity on pyrimidine dimers resulting 

from UV exposure [2]. This enzyme, however, would create mononucleotide and 

dinucleotide products and could slowly hydrolyze DNA from the 5′ end [1]. 

Twenty eight years later the Lindahl lab identified a DNA editing exonuclease 

with homology to DNase domain of polymerase ε, MutD, and DnaQ; similar to 

the same enzyme they discovered in 1969 but only resulted in mononucleotide 

products and showed no activity on the 5′ end of DNA [2]. Simultaneously, 
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Mazur and Perrino independently identified the most active 3′ to 5′ exonuclease 

from calf thymus [3,4]. They called this protein Three Prime Repair Exonuclease 

1 (TREX1). The 314 residue protein contained three exonuclease motifs (Exo I, 

Exo II, and Exo III) that are highly conserved in other DNase enzymes. They also 

identified a second homologous mammalian exonuclease called TREX2 [3]. 

Ultimately, it was determined that DNase III and TREX1 were the same enzyme 

and in 2004 the name TREX1 was adopted [5]. 

 

1.3 Biochemical properties 

The human TREX1 gene is located on chromosome 3p21.31 as a single 

open reading frame and a single exon [6]. However, the promoter region of the 

trex1 gene contains one intron donor and two intron acceptor sequences which 

allows for two splicing pathways for the 5′ untranslated region of the DNA with 

only one splicing pathway leading to an active protein [7]. The TREX1 protein is 

part of the DnaQ family given that it possesses a DEDD active site motif [8]. A 

feature of TREX1, and the closely related exonuclease TREX2, is a conserved 

histidine instead of the typical tyrosine found in the active site of the other DEDD 

family members. Amino acids D18, E20, D130, and D200 are responsible for 

coordinating two required divalent cations, typically magnesium, along with a 

water molecule coordinated by H195, to perform the nucleolytic attack on the 

phosphodiester bond of the DNA backbone. These residues are located in three 

conserved regions of the protein known as exonuclease domains; Exo I (residues 

15-28), Exo II (residues 121-135), and Exo III (residues 192-206) [3].  
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From the first studies performed on the newly identified exonuclease, it 

was shown to act in a non-processive manner on both ssDNA and dsDNA; 

therefore, one nucleotide has to be cleaved and the products released before the 

next substrate can bind and undergo catalysis [1,3]. Of the 314 residues that 

compose one monomer of the obligate homodimer structure, the last 72 amino 

acids encode a linker region followed by a hydrophobic helix for anchoring 

TREX1 to the ER membrane [9]. These dimers form very strong interactions with 

no measurable dissociation between the two monomers [9]. From the time 

TREX1 was discovered, it was known that the C-terminal region (CTR) of the 

protein contained a hydrophobic sequence that might localize TREX1 to the 

nuclear membrane [3]. Stetson, et al. claimed that the CTR interacted with the ER 

membrane but did not serve as a transmembrane helix (TMH). This is inconsistent 

with more recent experiments performed by Wolf, et al. [11]. Their study, using 

an N-terminal and C-terminal tag, demonstrated that TREX1 was anchored in the 

ER membrane. The CTR contains eight lysines which were shown to be sites for 

ubiquitination through the interaction of TREX1 with ubiquilin 1 [10]. 

Ubiquitination relocalizes TREX1 to cytosolic puncta which were shown to be 

autophagosomes [10]. Mutation of these lysines leads to broad distribution of 

TREX1 in the cell and the last 30 residues are important for modification even 

though there are no lysine residues in this area; this is probably crucial for 

interacting with ubiquilin 1 [10].    

 The proposed mechanism of TREX1 is similar to other two ion 

phosphodiester cleavage mechanisms [8,13]. TREX1 uses two divalent cations 
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Figure 1-1: Interactions of the residues in the active site of TREX1 with a ssDNA substrate. The 
residues D18, E20, D130, and D200 coordinate two magnesium ions and H195 coordinates a 

water molecule for catalysis on the phosphodiester backbone. 
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with metal ion A binding to the substrate and a water molecule and metal ion B 

binding to substrate and stabilizing the transition state (Figure 1-1). The 

positioning of H195 which flips into the active site upon binding of the DNA 

substrate and flips out when the phosphodiester backbone is cleaved suggests that 

DNA substrates are cleaved diametrically or one nucleotide at a time in opposing 

active sites [8]. This polarization of function from alternative active site catalysis 

forms a catalytic cycle of an inactive state and active state that is controlled by 

communication across the monomers from specific residues [8]. This inter-

protomer catalytic mechanism would allow for cooperativity between the two 

monomers. This idea is further supported by several crystal structures including 

that of Trex1 bound to dsDNA, which will be discussed later [8,14,15]. 

Communication exists between each monomer across the dimer interface; 

the residue R114 was found to interact with the opposing protomer [9]. Residue 

R114 is located at the dimer interface 15 Å away from the active site. Mutating 

R114 to histidine was found to destabilize the flexible loop region between 

helices α3 and α4 which disrupted interactions in the opposing protomer from 

interacting with the 3′ end of the nucleotide [9]. Similarly, R62 is 27 Å from the 

active site but interacts with residues in the active site of the opposing protomer 

[6]. A salt bridge is formed with R62 and E33 in opposing monomers as well as 

interactions between R62 and T85 which stabilizes stacking interactions with the 

3′ base in the DNA substrate [6]. The communication across the dimer interface, 

and the mutations that disrupt these interactions, suggests a vital role for the 
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dimeric structure of TREX1 and the implications of non-catalytic mutations found 

in autoimmune patients. 

 

1.4 Structural features 

The x-ray crystal structure of mouse Trex1 in complex with ssDNA was 

first determined in 2007 [16,17]. The structure contained the first 242 residues 

which comprise the catalytic domain. The crystal structure revealed the dimeric 

architecture of the protein. Trex1 is composed of an α/β fold which is common in 

the DnaQ family nucleases. Five anti-parallel β-strands and nine α-helices make 

up the N-terminal portion of the protein. Trex1 also contains a DNA binding loop 

that stabilizes the non-substrate strand of dsDNA so that the free 3′ end can insert 

into the active site. The dimer-dimer interface is highly extensive composing 

1,650 Å2 surface area which is approximately 15% of the surface area of each 

monomer and is stabilized by extensive interactions with β-sheets and hydrogen 

bonds [10,16]. Trex1 contains a polyproline II helix motif which has been shown 

to mediate protein-protein interactions. Another region that could aid in protein 

interactions is the leucine rich repeat (LRR) motif located near the TMH in the 

CTR.  

Crystal structures of Trex1 with and without various DNA substrates have 

allowed proposals to be made about the DNA binding and catalysis. The structure 

of Trex1 bound to dsDNA revealed a multistep process in binding and release of 

the DNA strand [14]. And the structures solved by Bailey, et al. led to a proposal 
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of the mechanism for the cleaving of DNA [8]. Taken together, the following 

model of DNA binding and catalysis is proposed. The DNA binding loop first 

recognizes the nucleic acid strand through interactions of R128, K160, R174, and 

K175 with the negatively charged phosphate backbone (Figure 1-2A). TREX1 

kinks the phosphate backbone to facilitate unwinding of the dsDNA (Figure 1-

2B). This process has been demonstrated before in other nucleases [18]. The 

monomer interacts with both strands of the DNA. The α5 helix is inserted into the 

minor groove of the DNA which widens the minor groove from 12 Å to 16.5 Å. 

Widening of the minor groove is driven by residues W218, H222, and R224 

(Figure 1-2C). This widening allows for separation of the DNA strands in which 

the substrate strand is inserted into the active site and the unwound strand is 

stabilized by the DNA binding loop. The substrate strand undergoes a steric 

kinking mechanism at the third nucleotide. The initial DNA kinking process likely 

induces a tight conformation [14]. The third nucleotide is unstacked from the 

other bases and rotated into the minor groove with the backbone bent at a 95° 

angle (Figure 1-2D). This process occurs as a result of R128 and K160 stabilizing 

this conformation. The third nucleotide is stabilized by I156 and the fourth 

nucleotide interacts with R128. Torsional strain separates the first and second 

nucleotide by 6 Å to aid in catalysis compared to the 3.6 Å distance for B-DNA. 

Residue H195, located in the active site, coordinates a water molecule for the 

nucleophilic attack on the phosphodiester backbone and acts as a switch for 

catalysis. Upon binding of the ssDNA strand, H195 flips into the active site and 

deprotonates a water molecule which results in a shift of metal ion A to 3.5Å from  
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Figure 1-2: Catalytic mechanism of TREX1 binding and catalysis of dsDNA. A) TREX1 
recognizes dsDNA from interactions with R128, K160, R174, and K175 (shown in red) which 
interact with the phosphodiester backbone. B) The binding of the DNA into the active induces a 
kink in the DNA backbone at the third nucleotide (orange strand) which is translated down to the 
fourth nucleotide after catalysis (tan strand). C) The α5 helix inserts into the minor groove of 
dsDNA to widen the strands using W218, H222, and R224 (shown in red) which allows for D) 
unstacking of the third nucleotide which is stabilized by I156 (shown in red). Residues R128 and 
K160 also stabilize the phosphodiester backbone at this stage. E) Residue H195 flips into the 
active site and coordinates E20 (shown in red). F) After catalysis the third nucleotide restacks 
with the second and fourth nucleotides and the kink in the backbone is transferred down to the 

fourth nucleotide. G) H195 flips out of the active site which allows for release of the products. 
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the backbone and 3.6 Å from metal ion B (Figure 1-2E). The hydroxide anion is 

approximately 2 Å from the phosphate group which is close enough for a direct 

nucleophilic attack. This transition state is different from some other nucleases, 

such as RNase HI, given that the metal ions in RNase HI are hexa-coordinated but 

the metal ions in TREX1 are penta-coordinated which may result in differences in 

the orientation and distance of the target phosphate [8,18–20]. Metal ion B, in 

TREX1, stabilizes this penta-coordination state which allows for the hydroxide 

anion to attack the 5′ phosphate backbone on the 3′ hydroxyl nucleotide which 

results in breaking of the phosphodiester bond. The third nucleotide is released 

from I156 which flips back into the major groove and stacks between the second 

and fourth bases, translating the kink in the backbone to the fourth base in the 

active site (Figure 1-2F). The DNA strand unwinds by one more base pair which 

shifts the α5 helix away from the minor groove and allows the minor groove to 

narrow to 13 Å; this causes a conformational shift in TREX1 leading to loose 

DNA binding [14]. Residue H195 flips out of the active site thus releasing metal 

ion A through reorientation of E20 (Figure 1-2G). This reorientation allows the 

products to be released from the active site. The flipping action of H195 appears 

to alternate between the opposing active sites of the enzyme. Because of this 

flipping mechanism, only one monomer can cleave the phosphodiester bond at a 

time. This may happen as a result of the cooperative nature of TREX1, allowing 

one monomer to cleave the phosphodiester backbone and then communicate 
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through the dimer interface through residues R62 and R114 to then allow the 

other protomer to cleave its substrate thereby acting cooperatively.   

 

1.5 Biological substrate and function 

The biological roles and substrates of TREX1 are debated in the literature. 

Proposed sources of substrates include: retroelements [21,22], long interspersed 

nuclear elements [23], viral DNA [24], failed replication processing [26,27], 

telomere bridges [28], micronuclei DNA [29], and genomic DNA [14,25,30]. This 

diverse range of substrates suggests numerous pathways that involve TREX1 for 

normal cell biology.  

In order for TREX1 to respond to various substrates, mechanisms have to 

be employed to express and upregulate the protein as the need arises. Currently, 

there are three known transcription factors that regulate trex1 expression. The first 

transcription factors identified for binding to the TREX1 promoter were AP-1 and 

c-Fos in response to cell UV exposure [29]. Subsequently, it was found that trex1 

expression was also induced by c-Jun upon double strand break (DSB) end 

resection caused by UV treatment [31]. The TREX1 promoter region is rich in GC 

sequences, which is common for TATA-less promoters [32,33]. In addition to 

sites for c-Fos, AP-1, and c-Jun, the TREX1 promoter has consensus sequence 

sites for GAS, NF-κB, Lyf.1, Pu.1, GATA, adapter protein complex 1, and ISRE 

[33]. STAT1, a transcription factor responsible for responding to interferons and 

cytokines, binds to the GAS box. Mutating the GAS box had a two-fold decrease 
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in the promoter induction of TREX1 expression [33]. The binding of these 

transcription factors suggest that TREX1 has a role in protecting cells from 

genotoxic stress.  

 

1.5.1 TREX1 Protein Interactions  

TREX1 is involved with a macromolecular protein complex known as the 

SET complex. SET is localized to the ER membrane and is composed of the 

endonuclease NM23H1, endonuclease inhibitor SET, apurinic endonuclease 

Ape1, DNA binding protein HMG-2, protein phosphatase inhibitor PP2A, and 

exonuclease TREX1 [25,34]. The SET complex localizes to the nucleus upon 

DNA damage caused by oxidative stress or from cleavage of SET by granzyme A. 

This leads to ssDNA damage ultimately resulting in a cell death resembling 

apoptosis [25].  

Another identified TREX1-protein interaction is with the 

oligosaccharyltransferase (OST) complex [35,36]. The OST complex glycosylates 

proteins in the ER membrane near the translocon, a pore in the ER membrane that 

proteins shuttle through typically from an RNA polymerase during translation, to 

allow for entrance into the lumenal ER for post-processing. OST dysfunction 

leads to the release of free glycans that activate the immune system [35]. Cells 

that have active TREX1 lacking the C-terminal tail have increased free glycans 

but cells with full length TREX1 lacking catalytic activity retain supressed free 

glycans indicating that interactions with the OST complex occur through the C-

terminal region of TREX1 and do not rely on TREX1 activity [35]. This suggests 
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that mutations that alter the C-terminus of TREX1, such as retinal vasculopathy 

with cerebral leukodystrophy (RVCL), lead to altered localization of TREX1 and 

ultimately dysregulation of the OST complex. 

Like the SET and OST complexes, TREX1 has also been shown to 

interact with poly(ADP-ribose) polymerase 1, or PARP1. PARP1 has several zinc 

fingers that mediate protein interactions, including with TREX1 [37]. Double 

stranded DNA breaks induced by hydroxyurea and sodium arsenite treatment 

caused TREX1 to translocate to the nucleus, with PARP1, in as little as 15 

minutes [37].  

 

1.5.2 Localization 

Translocation of TREX1 from the ER membrane to the nucleus is not 

unique to dsDNA breaks. Maciejowski, et al. discovered that TREX1 localized to 

chromatin bridges that formed during chromothripsis [28]. These chromatin 

bridges occur as a result of telomere crisis and catastrophic shattering and need to 

be resolved before entrance into S phase. TREX1 was found acting on these 

chromatin bridges. Cells lacking TREX1 also had diminished RPA accumulation 

on these bridges which delayed bridge resolution. RPA, as well as Rad51, bind to 

ssDNA in order to retain the polynucleotide to the nucleus [11]. When RPA or 

Rad51 are knocked down, cytosolic DNA increases which leads to activation of 

an IFN response [28]. If RPA successfully binds to ssDNA, then a DNA damage 

checkpoint signaling mechanism is initiated. However, if RPA is depleted, then 

replication fork stalling ensues which leads to genomic instability [11]. Decreased 
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TREX1 activity, leading to increased RPA binding and ultimately RPA 

exhaustion, could indirectly lead to replication fork stalling or another form of 

DNA damage. Therefore, cells lacking TREX1 activity may not have a direct 

effect on repairing DNA damage but rather act indirectly through the mechanism 

of RPA exhaustion. RPA exhaustion is caused by aberrant production of ssDNA 

that leads to diminished supplies of RPA to prevent genomic instability and lead 

to replication fork stalling and breaking. 

Nuclear localization of TREX1 was also reported to aid in resolution of 

stalled replication forks in order to prevent chronic checkpoint activation [26]. 

Upon treatment with ionizing radiation or hydroxyurea, TREX1 translocated to 

the nucleus and colocalized with BrdU incorporated at stalled replication forks 

which ultimately led to the accumulation of ssDNA in the cytosol. Cells that 

lacked TREX1 progressed from G2 to S faster, potentially due to S checkpoint 

failures, but had a major delay entering S phase [26]. DNA damage markers were 

also activated.  

 

1.5.3 Substrates 

By translocating to the nucleus, mediated by interactions with the SET and 

PARP1 complexes, TREX1 can expand the sources of substrate from cytosolic 

nucleic acids to genomic DNA including apoptotic DNA from Granzyme A 

activation, stalled replication forks, and telophase bridges. Another source of 

substrate is long interspersed type 1 elements (L1) which are found in all 

mammals and, when elevated, lead to ssDNA that induce IFNs. TREX1 was 
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found to degrade L1 ssDNA which prevented autoimmune reactions [39]. Like 

stalled replication forks, L1 ssDNA can leak into the cytosol. TREX1 degrades 

these polynucleotides to prevent binding and activation of DNA sensors. 

However, recent studies suggest that this process of leaking DNA into the cytosol 

is not accidental but is tightly regulated by DNA damage response molecules and 

TREX1 [40,41]. This constitutive, low-level persistance of DNA in the cytosol 

ensures that the innate immune system is always primed to respond more quickly 

to more severe problems within the cell as they arise. Similarly, stimulation of 

TLR3, 4, 7, and 9 were found to induce TREX1 expression suggesting that 

TREX1 may serve to establish a threshold for IFNs to activate immune cells 

thereby balancing the immunostimulatory effects of activating cGAS against 

maintaining a concentration of polynucleotides below the level of detection [42]. 

 Apoptotic cells pose an opportunity for an enormous amount of TREX1 

substrate given that over 200 billion cells die every single day in the human body 

[43]. As apoptotic cells die, they need to be cleared from the body to prevent 

accumulation and immune activation. Some patients with SLE reportedly have 

impairments in cell clearance by macrophages leading to an exacerbation of 

disease. One study found that TREX1 degraded DNA from a drug-treated 

apoptotic cell from within the cell before phagocytosis occurred [30]. These 

findings suggest that TREX1, in both the dying cell and the macrophage, 

contribute to the degradation of DNA to prevent immune stimulation and that 

failure to do so could result in apoptotic cells that become immunogenic leading 

to pathologies seen in SLE patients.  
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 A final source of substrate stems from byproducts of viral replication, 

most notably HIV-1. Macrophages and T-cells are typically the first cells infected 

by HIV since an inflammatory response is not produced upon infection which is 

thought to be a result of TREX1 [44,45]. TREX1 degrades cytosolic DNA 

generated from reverse transcription which prevents triggering DNA sensors to 

alert immune cells that a cell has been infected with HIV [46]. Cells lacking 

TREX1 led to an accumulation of DNA from HIV that induced a type I IFN 

response that ultimately inhibited the replication and spreading of the virus 

[44,46,47]. It was demonstrated that the reverse transcribed DNA, not the viral 

RNA, caused the IFN response [24,48]. Viral entry was shown to be similar 

between WT and TREX1 KO (TKO) cells but the TKO cells generated a much 

higher IFN response which prevented replication [24,48]. Genetic variations of 

TREX1 had no effect on cells acquiring HIV-1 [46,49]. It was also discovered 

that TREX1, within the SET complex, prevented autointegration. Autointegration 

occurs when the HIV DNA has active 3′ ends, which enables the DNA to 

integrate into the host’s chromosomal DNA, but instead inserts into its own DNA 

rendering the DNA inactive. Knocking down the SET complex reduced HIV 

infection by impairing chromosomal integration and increasing autointegration 

[34]. TREX1 knockdown reduced HIV infection by 10 fold which was the 

strongest effect by any individual component of the SET complex [34].  
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Figure 1-3: Disease-causing mutations in TREX1. A) Structure of full length TREX1 with 
disease-causing mutations colored by disease: AGS (gray), SLE (black), FCL (orange), and 
RVCL (magenta). One monomer of TREX1 is shown in green and one is shown in cyan. The 
exonuclease domains are colored in red and the polyproline II helix is shown in blue. The active 
sites of TREX1 are labeled. B) The primary sequence of TREX1 with disease causing mutations: 
AGS (gray), SLE (black), FCL (orange), and RVCL (red).  * denotes a frameshift. Also shown 
are the exonuclease domains (red), polyproline II helix (PPII) (blue), linker region (light green), 

leucine rich repeat (LRR) region (magenta), and transmembrane helix (TMH) (light blue).  

A
  

     B
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1.6 Dysfunction 

Mutations in TREX1 cause different, but clinically similar, autoimmune 

diseases based on their location within the protein and their effects on protein 

structure, function, or activity (Figure 1-3). The diseases caused by mutations in 

TREX1 are Aicardi-Goutieres syndrome (AGS), systemic lupus erythematosus 

(SLE), familial chilblain lupus (FCL), and retinal vasculopathy with cerebral 

leukodystrophy (RVCL). To date, over 60 disease-causing mutations have 

currently been identified in TREX1.  

Aicardi-Goutieres syndrome was first diagnosed in 1984. The clinical 

pathology was described as basal ganglia calcifications, abnormalities in the white 

matter of the brain, and the presence of lymphocytes in the cerebral spinal fluid 

[50]. This disease was determined to be autosomal recessive. Early on, AGS was 

often misdiagnosed as an in utero viral infection given the presence of elevated 

interferons and cytokines [50]. AGS in approximately 24% of patients is caused 

by mutations in TREX1 [51]. Patients with TREX1 mutations, as opposed to 

mutations in ADAR1, MDA5, RNase H2, and SAMHD1, have the most severe 

clinical profiles typically with neurological dysfunction soon after birth [51,52].. 

The most frequent TREX1 mutation found in AGS is R114H [6,50]. Residue 

R114 interacts across the dimer interface with the opposing protomer to allow for 

coordination of N98 and R99 which position the 3′ nucleotide for catalysis; 

mutation of R114 to histidine results in a 20-fold decrease in protein activity [9]. 

The neural inflammatory component of AGS prompted one group to study the 

effects of TREX1 mutations in astrocytes which are often located in the brain and 
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central nervous system. TREX1 deficiency led to an increase in cytosolic L1 

DNA and increased IFN production which was deemed sufficient to cause neural 

inflammation [53].  

The most prevalent disease in the population in which TREX1 plays a 

major role is SLE. TREX1 disease-causing mutations have been found in 2% of 

patients diagnosed with SLE suggesting that TREX1 is one of the highest single 

gene disease risks for SLE [47,54]. The major cause of death in SLE is coronary 

heart disease due to systemic inflammation [55]. This inflammation is also a 

contributor to atherosclerosis which is a risk factor for cardiovascular disease 

[55]. Patients with SLE are five times more likely to have a significant coronary 

event than people in the general population [55,56]. Mutations in TREX1 

associated with SLE (R114H, R97H, E266G) typically cause an altered function 

of the protein such as disrupting communication across the dimer interface or 

interfering with the linker region of the exonuclease. Many of the mutations in 

TREX1 that cause SLE retain some, if not all, the DNase activity which suggests 

that mutations can cause non-catalytic affects such as impaired protein-protein 

interactions, altered post-translational modification, or possibly improper protein 

localization.  

Familial Chilblain lupus (FCL) is a rare, autosomal dominant form of 

lupus with less than 10 families positively identified with the TREX1 mutation 

[51]. FCL appears early in childhood and frequently affects middle aged females 

[57–59]. FCL is predominantly characterized by the presence of bluish-red lesions 

on less vascularized regions of the patient’s body including their fingers, toes, 
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ears, and nose. FCL is also considered a non-neurological form of AGS given that 

skin lesions between AGS and FCL patients are clinically identical [51]. 

Mutations and frameshifts in TREX1 that cause FCL result from a loss of activity; 

these include F17S(fs), D18N, G126(fs), and H195Q which all directly coordinate 

the divalent cations that carry out cleavage of the phosphodiester bond [57,58].  

Mutations in TREX1, especially in the C-terminal region, cause retinal 

vasculopathy with cerebral leukodystrophy (RVCL) which is an autosomal 

dominant adult-onset disorder [60]. These patients are prone to blindness at 

middle age due to lesions in the white matter [51]. Similar to FCL, only 10 

families have been identified with mutations in TREX1 leading to RVCL [51]. 

Unlike the other TREX1 mutations, RVCL patients typically have frameshift 

mutations in the CTR. These C-terminal mutations do not alter the activity of 

TREX1 but prevent proper localization to the ER membrane. Recently, a similar 

autoimmune disease was reported – cerebral autosomal dominant arteriopathy 

with subcortical infarcts and leukoencephalopathy (CADASIL) [61]. These 

patients have abnormalities in their cerebrovascular system including white matter 

hyperintensities and degeneration of smooth muscle surrounding blood vessels in 

the brain. The finding of this disease continues to expand the clinical spectrum of 

mutations in TREX1.  

Finally, TREX1 has recently been implicated in cancer [28,31,40]. Cancer 

cells commonly have unrestricted proliferation which can lead to polynucleotide 

accumulation in the cytosol. Mammary carcinoma cells were found to have 

increased dsDNA in the cytosol after low dose radiation which was degraded by 
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TREX1 [62]. Radiating these cells with higher doses led to an increase in TREX1 

expression which resulted in less cytosolic DNA [62]. The authors proposed that 

radiation that prevented TREX1 induction would synergize more effectively with 

checkpoint inhibitors currently given to cancer patients [62]. Additionally, in 

early stages of tumor formation, dicentric chromosomes can form from telomere 

shortening [28,63]. Typically, telomere shortening results in apoptosis but in 

cancer cells that have dysfunctional cell cycle checkpoints telomere fusions can 

occur and lead to chromosomal shattering [28,63]. TREX1 was shown to act on 

these telomere fusions facilitating chromatin bridge resolution that leads to 

localized areas of hypermutation, called kataegis, and DNA repair in the cancer 

cell [28]. 

 

1.6.1 Trex1 Mouse Models 

Mouse models have been developed to better study the effects of Trex1 

mutations. The first mouse model for Trex1 was a Trex1 KO (TKO) model 

developed by Tomas Lindahl’s lab in 2004 [5]. They noticed that there were no 

detectable increases in the rate of spontaneous mutations in the genome of TKO 

mice indicating that Trex1 does not act as a DNA replication proofreading 

enzyme [5]. The WT mice also lived for longer than two years but the TKO mice 

only lived for about six months with 50% survival around 17 weeks [5]. 

Approximately 60% of the mice died from circulatory failure and had hearts that 

were enlarged two to three times the size of the WT mice [5]. The TKO mice had 
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increased multiorgan inflammation, especially in the heart, as well as elevated 

anti-nuclear antibodies and type I interferons suggesting that the inability of 

Trex1 to degrade DNA leads to an autoimmune response [21,64–66]. TKO mice 

had 32 times more DNA in their hearts than WT mice, most of which were from 

retroelements, and were filled with leukocytes and phagocytes further 

contributing to the myocardiopathy seen in these mice [22,39,65]. The TKO 

nonhematopoietic cells in the heart initiate the production of IFNs but the TKO 

hematopoetic cells, and ultimately TKO dendritic cells, are sufficient to cause 

pathology demonstrating the variety of cells involved in failed polynucleotide 

degradation that lead to constitutive interferon production [67].  

TKO mice lack the neurological degeneration seen in patients with AGS 

demonstrating that they are not a good model for human AGS but have led to 

enormous contributions in understanding molecular pathways and 

interferonopathies upon TREX1 dysfuction [68]. In fact, the five proteins 

responsible for causing AGS result in varying phenotypes in mice. TKO mice 

have reduced survival and inflammatory myocarditis, RNase H2 KO is 

embryonically lethal, Adar1 KO leads to systemic apoptosis, SAMHD1 and 

MDA5 KO mice do not have any discernable phenotype [68]. TKO mice do 

possess the most severe phenotype out of these proteins but none of these models 

exhibit the cerebral symptoms seen in AGS patients [68].  

To better understand how failed polynucleotide metabolism causes 

autoimmunity, Grieves and Fye, et al. developed a D18N Trex1 knockin mouse 

model [14]. The D18N mutation results in a catalytically inactive enzyme. The 
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D18N mice, like the TKO mice, have multiorgan inflammation. The spleens and 

lymph nodes in D18N mice were enlarged by four months and over 87% of the 

mice had congestive heart failure [14]. These mice live for over a year which is 

much longer than their KO counterparts [14,69]. This suggests that Trex1 

catalytic activity is not enough to explain the full pathology of disease. This is 

further supported by the phenotype of V235fs mice. TREX1 V235fs mutations are 

fully active but contain a frame shift that oblates the transmembrane helix in the 

CTR of TREX1 causing mislocalization [69]. Even though the Trex1 mutant in 

these mice retained full catalytic activity, they had increased DNA autoantibodies 

after being injected with apoptotic cells [69]. Given the importance of the CTR 

with respect to the OST complex, the mice were treated with aclacinomycin A, a 

drug used to reduce free glycans from dysregulation of the OST complex, which 

led to decreases in autoantibody levels in the mice [69]. This treatment, however, 

did slowly become less effective as the mice aged [69].  

In 2012, the first link to the underlying DNA sensing pathway was 

revealed. Gall, et al. found that using a double knockout mouse model, Trex1 and 

STING, completely abrogated the disease [70]. The autoimmune phenotype still 

persisted with a Trex1 and RIG-I/MAVS double knockout model showing that 

Trex1 substrate directly activated the cGAS/STING pathway. Several other 

studies verified this finding in that if Trex1 and cGAS were both knocked out 

simultaneously, the mice had no phenotype and lived just as long as WT mice 

[21,64,66,71]. A proposed pathway for immune activation in cells that have 

diminished Trex1 activity involves the accumulation of endogenous DNA from 
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sources such as retroelements or DNA damage including dsDNA breaks and 

stalled replication forks that bind and activate cGAS. Activation of cGAS leads to 

the production of cGAMP that activates STING leading to the phosphorylation of 

TBK1 and IRF3. IRF3 is a transcription factor that induces expression of 

interferons and cytokines. 

Finally, viral infections, especially by HIV, have been shown to use the 

DNase activity of Trex1 to circumvent host detection. Cells lacking Trex1 led to 

production of IFNs that prevented viral spreading. Beck-Engeser, et al. used 

Truvada and Viramune, drugs that inhibit reverse transcriptase, on TKO mice and 

observed reduced mortality in the mice [72]. A more recent paper by Achleitner, 

et al. repeated these experiments using higher doses of these drugs and did not 

observe any effect on spontaneous type I IFNs or prolonged life in TKO mice 

[64]. Because of this, it is unclear if viral infections have an effect on the lifespan 

of Trex1 deficient mice. 

 

1.7 Conclusions and perspectives 

The predominant exonuclease activity in mammalian cells is from 

TREX1. TREX1 degrades cytosolic polynucleotides that would otherwise lead to 

activation of DNA sensors causing an autoimmune response. Mutations in 

TREX1 lead to autoimmune diseases. The position of the mutation determines the 

severity of the disease. Mutations affecting protein function lead to the aggressive 

neurological disease Aicardi-Goutieres syndrome. Mutations that lead to loss of 
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localization cause retinal vasculopathy with cerebral leukodystrophy. Mutations 

in the active site of the enzyme cause familial chilblain lupus. And mutations in 

the non-catalytic portion of the TREX1 that lead to alterations in function cause 

systemic lupus erythematosus. Studying the cellular roles of WT and mutant 

TREX1 variants will allow us to better understand the connections between 

nucleotide metabolism and disease. 

Although considerable contributions have been made detailing the 

structure, mechanism, and roles in disease there are still open questions that 

prevent a full understanding of the biological roles and pathways of TREX1. An 

important question that has yet to be addressed involves studying how the DNase 

activity of TREX1 is regulated. Ubiquitination is the only post-translational 

modification known for TREX1 and ubiquitination is responsible for localizing 

TREX1 to cytosolic puncta, thought to be autophagosomes, but does not alter its 

activity. Chapter 2 identifies another post-translational modification, 

phosphorylation, which regulates the DNase activity on both ssDNA and dsDNA. 

By using phospho-mimetic mutants of TREX1 as well as stable transfectants in 

HEK293 cells, Chapter 2 addresses which serines are important for 

phosphorylation, which kinases are responsible for phosphorylating TREX1, how 

phosphorylation alters the exonuclease activity, and how cells respond to 

constitutively diminished TREX1 activity.  

Another open question involves the source of substrate for TREX1. Many 

sources of polynucleotides have already been demonstrated. But an understudied 

source of substrate stems from apoptotic cells. Genomic DNA from apoptotic 
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cells poses an enormous amount of potential TREX1 substrate given the sheer 

number of cells that undergo apoptosis daily in the human body. Chapter 3 aimed 

to elucidate the role of Trex1 in apoptotic cell clearance. While studying this 

process, it was discovered that cells lacking Trex1 have impairments in clearing 

apoptotic cells; this plays a much larger role in cell biology than what was 

initially anticipated. By using WT and TKO macrophages with confocal 

microscopy, Chapter 3 serves to address differences in WT and Trex1 KO 

macrophages, how these macrophages respond to apoptotic cells, internalization 

deficiencies, and potential underlying pathways of impairment. 

In summary, the literature to date has laid out a solid foundation for the 

roles of TREX1 in nucleotide metabolism and in autoimmune disease. Why some 

mutations cause one disease and not another warrants further investigation. But 

these insights from biochemical, cellular, and genetic studies will contribute to the 

understanding of the link between nucleotide metabolism, interferon production, 

and autoimmunity that may aid in the development of drugs to treat the 

underlying causes of autoimmunity.  
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2.1 Abstract 

TREX1 is a 3′ DNA exonuclease that degrades nucleic acids to prevent 

activation of cytosolic DNA sensors. Mutations in TREX1 cause an aberrant 

autoimmune response leading to diseases such as Aicardi-Goutieres syndrome 

and systemic lupus erythematosus. Here we report that TREX1 is phosphorylated 

by CDK1 and RIPK3 and that phosphorylation of serines in the DNA binding site 

of TREX1 decreases the catalytic activity on both ssDNA and dsDNA. Persistent 

reduction in the activity of TREX1 leads to a DNA damage response through 

phosphorylation of ATR and Chk2. These findings demonstrate that 

phosphorylation regulates the exonuclease activity of TREX1 and supports 

dsDNA as a major source of substrate. 

 

2.2 Introduction 

Approximately 20% of the U.S. population is diagnosed with an 

autoimmune disease [1]. Mutations in the exonuclease TREX1 lead to 

autoimmune diseases including Aicardi-Goutieres syndrome (AGS), systemic 

lupus erythematosus (SLE), familial chilblain lupus (FCL), and retinal 

vasculopathy with cerebral leukodystrophy (RVCL) [2–5]. In vitro, these 

mutations result in varied levels of TREX1 DNA degradation activity; from fully 

active (F17S or E198K), to a three-fold reduction in activity (V201D), or no 

detectable activity (D18N) [2,6–8]. In vivo, TREX1 mutants persist as dominant 

or recessive genes that can directly affect activity, alter localization, or disrupt 

protein-protein interactions [8–10]. Decreased TREX1 activity in cells leads to a 
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build-up of DNA in the cytosol and activation of cGAS, which initiates the 

STING pathway ultimately resulting in an innate immune response [10–13]. The 

precise cellular substrate for TREX1 remains an open question but is proposed to 

be derived from several sources including: ssDNA generated from DNA 

replication and stalled replication forks [3,15], DNA from endogenous 

retroelements [16,17], ssDNA generated from retroviruses [18–20], and genomic 

DNA [10,14,21]. Based on the diverse nature of these potential substrates, 

understanding TREX1 regulation remains crucial for elucidating the connection 

between nucleic acid processing and disease.  

Structurally, TREX1 is a homodimer with an N-terminal domain 

containing the exonuclease active site followed by a 72 amino acid linker region 

with a conserved hydrophobic helix on the C-terminus that anchors TREX1 to the 

ER membrane [6,8,9]. The active site of TREX1 consists of a DEDDh motif that 

uses two divalent cations for cleaving the phosphodiester bond at the 3′ end of 

DNA. Recent evidence demonstrates TREX1 is phosphorylated on four serine 

residues (S78, S167, S178, and S261) [22–27]. Kucej, et al. showed that the 

CDK1/cyclin B kinase phosphorylates TREX1 during mitosis and that 

phosphorylation at amino acid S261 disrupted interactions with the 

oligosaccharyltransferase (OST) complex but had no effect on the DNase activity 

[25]. Targets of TREX1 phosphorylation located at amino acids S78, S167, and 

S178 are located in the DNA binding region of TREX1. To understand the effects 

of TREX1 phosphorylation at these sites on DNA exonuclease activity and 

genomic integrity, we used phospho-mimetic mutants of TREX1 to measure 
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catalysis in vitro and looked for markers of DNA damage in vivo. Our data 

suggests that phosphorylation of TREX1 at S78, S167, or S178 results in a 

decrease in ssDNA and dsDNA degradation but not a change in the localization of 

TREX1. We also observe that this lack of activity leads to genomic instability 

within cells. 

 

2.3 Results 

2.3.1 Structural modeling of phosphorylated TREX1  

We examined the location of the four serines in the crystal structure of 

TREX1 in complex with dsDNA (PDBID: 4YNQ) [10] that are targets of 

phosphorylation and their potential for affecting substrate binding and catalysis   

(Figure 2-1A). Residue S78 is located at the beginning of helix α2 that forms the 

binding pocket for the 3′ terminus of the DNA substrate. The serine hydroxyl side 

chain is located less than 4 Å from the base moiety of the substrate nucleotide. 

Amino acid S167 is located on the flexible DNA binding loop adjacent to the 

active site pocket, and residue S178 is situated within the DNA binding groove in 

the active site about 4 Å below the deoxyribose of the third nucleotide in the 

bound substrate. The location of residues S78, S167, and S178 within the DNA 

binding region of TREX1 suggests that phosphorylation at these positions could 

cause decreases in substrate binding and catalysis. Amino acid S261 is not present 

in the structure since the only available structures of TREX1 contain the catalytic 

core of the protein from amino acids 1-242 of mouse Trex1. Therefore, to 
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Figure 2-1: Phosphoserines in TREX1. A)  Structure of Trex1 bound to dsDNA (PDBID: 4YNQ) 
with each monomer colored as cyan and green. The serines that are targets of phosphorylation are 
colored in red. The residues S78, S167, and S178 are located in the DNA binding site of Trex1 
adjacent to the DNA phosphate backbone. B)  Amino acid sequence alignments of TREX1 shows 
serines targeted for phosphorylation are conserved across mammalian species. Amino acids 
surrounding S78, S167, and S178 match the consensus sequence sites of cyclin-dependent kinase 
1 (CDK1) and receptor interacting serine/threonine protein kinase 3 (RIPK3).  C) TREX1 is 
phosphorylated by RIPK3 and CDK1. The top autoradiograph shows that WT TREX1 is 
phosphorylated by both kinases in the presence of γ32-ATP but the triple mutation in TREX1 

completely blocks phosphorylation. Bottom gel shows levels of TREX1 protein. 
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Figure 2-2: A) Ab initio model of full length TREX1 (green and cyan) overlaid with crystal 
structure of mouse Trex1 (purple, PDBID: 2OA8) (RMSD 0.8 Å). Residue S261 is colored red 
and is about 35 Å from the DNA binding site. The C-terminal α-helix on each monomer is 
hydrophobic and long enough to span the ER membrane. B) Model of full length TREX1 

spanning the ER membrane (CHARMM-GUI Membrane Builder). 

visualize the potential significance of phosphorylation of S261 in DNA binding or 

catalysis we created a model of full length human TREX1 using ab initio 

structural folding (Figure 2-2) [28–30]. The resulting model of human TREX1 

matches structures of mouse Trex1 very well with RMSD values of 0.8 Å. The 

model also predicts the single transmembrane helix on the C-terminal tail that is 

long enough to intercalate across the ER membrane (Figure 2-2B) [31–33]. 

Amino acid S261 in the model is 35 Å away from the DNA binding region and is 

located in the flexible linker region that connects the transmembrane helix to the 
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catalytic domain.  It has no discernable interactions with residues in the catalytic 

domain of TREX1. This is consistent with the previous data showing no effect of 

S261 phosphorylation on TREX1 activity, but rather a role for this residue in 

interacting with the OST complex [25] (Figures 2-1A, 2-2).  

 

2.3.2 TREX1 is phosphorylated by CDK1 and RIPK3 

Based on the crystal structure and the results of our modeling, we focused 

on the three serine residues near the DNA binding region. An amino acid 

sequence analysis of TREX1 shows that residues S78, S167, and S178 are all 

conserved across a wide variety of species (Figure 2-1B). Similarly, S167 and 

S178 are also conserved in the homologous human TREX2 exonuclease. We 

examined the amino acids surrounding each of these serines to identify potential 

consensus sequences for kinase recognition. We determined that S78 and S167 

are within consensus sequences matching that of receptor-interacting protein 

kinase 3 (RIPK3) [22] and cyclin-dependent kinase 1 (CDK1) [34,35]. Residue 

S178 is surrounded by a recognition sequence only for RIPK3 (Figure 2-1B). It 

has been shown previously that CDK1 phosphorylates TREX1 [25]; however, we 

wanted to determine if RIPK3 could also phosphorylate TREX1. We found that 

TREX1 is phosphorylated by both RIPK3 and CDK1 in an in vitro assay using 

purified recombinant proteins (Figure 2-1C). TREX1 is only phosphorylated 

when ATP and CDK1-cyclin B or RIPK3 are present. When we mutate residues 

S78, S167, and S178 to glutamate, we see a complete ablation of TREX1 
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phosphorylation, suggesting that these three serines are the primary residues on 

the catalytic domain of TREX1 that are phosphorylated by CDK1 and RIPK3. 

 

2.3.3 Phosphorylation alters DNase activity of TREX1 

In order to measure if phosphorylation alters TREX1 activity in vitro, we 

generated mutant TREX1 proteins with the phosphorylation mimetic glutamate at 

positions S78, S167, S178, or S261, as well as S167/S178 (double mutant), and 

S78/S167/S178 (triple mutant). The glutamate residues best represent the steric 

and Coulombic interactions of a phosphate group. We measured the catalytic 

activity of each TREX1 phosphorylation mimic on ssDNA and dsDNA 

oligonucleotide substrates. The assay uses a 30 nucleotide strand of ssDNA or 

dsDNA with a FAM-label on the 5′ end [8–10,12,13,36]. This method accurately 

determines the rate of degradation by separating individual nucleotides after they 

are hydrolyzed from the DNA polynucleotide. Using ssDNA as a substrate, the 

S78E, S167E, and S178E TREX1 mutant proteins showed exonuclease activity 4 

to 5-fold lower than WT protein, and the activity of S167E/S178E TREX1 and 

S78E/S167E/S178E TREX1 decreased by about 12-fold (Figures 2-3A, Appendix 

1, Table 2-1A). On dsDNA, the single active site mutants decreased exonuclease 

activity by about 10-fold, while the double and triple mutants were 5 to 7-fold less 

active when compared to WT TREX1. Consistent with earlier data [25], the  
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Figure 2-3: TREX1 phospho-mimetic mutants have decreased activity on ssDNA and dsDNA. 
A) Relative rate of DNA degradation for S78E, S167E, S178E, S167E/178E, S78E/167E/178E, 
and S261E compared to WT TREX1 on ssDNA (black) and dsDNA (gray). Error bars represent 
standard deviation. Not significant (ns) *p<.05 **p<.01 ***p<.001 B) Exonuclease activity from 
HEK293 cells transfected with hTREX1 measured in asynchronous or mitotic cells. TREX1 

activity on dsDNA is decreased during mitosis compared to asynchronous cells. 

S261E mutation has two fold less activity on ssDNA than WT TREX1 but no 

significant effect on the DNase activity of dsDNA. The kinetics of the assay also 

reveal that S167E and S178E TREX1 mutants have primary effects on the 

turnover rate,  with kcat  8 to 12-fold less than WT TREX1 whereas S78E shows  a 

larger effect on KM at 4.6-fold higher than WT TREX1 (Table 2-1B).  
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Table 2-1: TREX1 phospho-mimetic mutants have decreased activity on ssDNA and dsDNA. A) 
TREX1 exonuclease assay showing relative rates of activity for WT TREX1 and phospho-

mimetic mutants. B) Enzyme kinetics of WT TREX1 and phospho-mimetic mutants. 

 

 

2.3.4 TREX1 is phosphorylated during mitosis but does not change 

localization 

Given that TREX1 is phosphorylated by the mitotic kinase CDK1 and that 

phosphorylation of TREX1 seems to decrease DNase activity, we set out to 

visualize the localization of endogenous phosphorylated TREX1 during mitosis 

using a technique called proximity ligation assay (PLA). PLA is an antibody-

based method to identify protein modifications or protein-protein interactions 

based on the proximity of secondary probes. When the probes are colocalized 
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within 40 nm of each other, a fluorescent signal is observed [37,38]. We used a 

TREX1 antibody and a phosphoserine antibody to visualize TREX1 

phosphorylation in mitotic SKOV3 cells. To maximize the number of cells 

observed in mitosis, the cells were blocked in M phase with thymidine followed 

by nocodazole [39]. Cell labeling with a phospho-histone H3 antibody was used 

as an indicator of mitotic cells. We observed that 94% of cells in M phase had a 

positive signal for phosphorylated TREX1, whereas only 19% of cells not in M 

phase had positive signal (>1000 cells analyzed) (Figure 2-4A). Additionally, the 

fluorescent signal was perinuclear, suggesting that phosphorylation of TREX1 

does not alter cellular localization of TREX1 at the ER membrane (Figure 2-4B). 

When either the TREX1 or phosphoserine antibody was omitted as a negative 

control, no signal was observed (Appendix 2).  

 

Figure 2-4: TREX1 is phosphorylated during mitosis. A) Proximity ligation assay using SKOV3 
cells incubated with a human TREX1 antibody and phosphoserine antibody. Images were 
collected on an Olympus FV1200 confocal microscope. DAPI (blue), pHis H3 (mitotic marker, 
green), PLA signal (phosphorylated TREX1, red), differential interference contrast, and merged 
images. B) Magnification of cells shows PLA signal is perinuclear and does not overlay with 

DAPI or pHis H3. 
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Figure 2-5: Western blot analysis shows 

presence of human TREX1 in HEK293 

clones after stable transfection. 

Based on the observation of TREX1 phosphorylation during mitosis and 

the decreased exonuclease activity observed in the TREX1 phosphomimetic 

mutants in vitro, we wanted to test TREX1 activity in cells undergoing mitosis. 

We expressed WT TREX1 in HEK293 cells and measured the exonuclease 

activity of lysate from cells that were growing asynchronously or blocked in 

mitosis. The results showed that exonuclease activity on a ssDNA substrate was 

the same in asynchronous and M phase blocked cells. However, the cells blocked 

in M phase had a 2.8-fold decrease in activity on dsDNA (Figure 2-3B). 

 

2.3.5 TREX1 phosphorylation and genomic DNA damage 

Because of the phosphorylation of TREX1 during mitosis and reduced 

exonuclease activity on dsDNA, we wanted to test the effects of TREX1 

phosphorylation on genomic stability. We expressed the phospho-mimetic mutant 

(TREX1 S78E/S167E/S178E), and phospho-insensitive mutant (TREX1 

S78A/S167A/S178A), as well as WT TREX1, catalytically inactive TREX1 

D18N mutant, and an empty vector (EV) 

control as stable transfectants in HEK293 

cells, and monitored the DNA damage 

response markers, pATR and pCHK2, in the 

cells. HEK293 cells were chosen because of their low endogenous expression of 

TREX1 [40]. Stable clones were verified using Western blot analysis to confirm 

the presence of TREX1 (Figure 2-5).  



50 
 

 
  



51 
 

Figure 2-6: TREX1 activity and DNA damage response. A) Western blot analysis of HEK293 cell lysate 

shows cells expressing the D18N or phospho-mimetic TREX1 mutants with diminished exonuclease 

activity have elevated pChk2 and pATR relative to the WT or empty vector control. Cells expressing 

phospho-insensitive serine to alanine mutations had the least amount of DNA damage. (WT=wildtype 

TREX1, A=S78A/S167A/S178A TREX1, E=S78E/S167E/S178E TREX1, D18N=D18N TREX1, 

EV=empty vector, STS=staurosporine). B) HEK293 cells expressing TREX1 mutants also show increased 

TUNEL signal in cells with reduced exonuclease activity. The cells expressing S78E/S167E/S178E TREX1 

and D18N had significantly higher signal compared to the WT or S78A/S167A/S178A TREX1. Nucleus is 

shown in red (Vybrant Ruby), TUNEL intensity in green, differential interference contrast, and merged 

images for EV, WT, phospho-insensitive, phospho-mimetic, and D18N cells as well as staurosporine and 

DNase I treated controls. Staurosporine represents a biological amount of TUNEL activation and DNase I 

shows the dynamic range of the assay. C) Quantification of TUNEL intensity data measured using FIJI and 

JaCoP for standardized TUNEL intensity or D) Mander’s overlap coefficient.  Error bars represent standard 

error from two independent experiments with 10 images per experiment. Not significant (ns). *p<.05 

**p<.01 ***p<.001 

Levels of pATR and pChk2 were increased in cells expressing the D18N and the 

phospho-mimetic TREX1 proteins (Figure 2-6A,B). This is similar to what was 

previously observed in Trex1 KO cell lines [15,41]. The upregulation of these 

markers in cells suggests a failure in DNA repair results when TREX1 activity is 

impaired.  

To visualize and quantitate the potential DNA damage in these cells, we 

performed a TUNEL assay. The TUNEL assay measures the amount of free 3′ 

ends, the type of DNA damage that could serve as a substrate for TREX1. Cells 

with the catalytically inactive D18N mutant had the highest amount of free 3′ 

hydroxyl ends at 10 times more than WT TREX1 followed by the phospho-

mimetic mutants with 3.6 times more TUNEL intensity than WT TREX1    

(Figure 2-6). Cells treated with staurosporine to induce apoptosis and DNA 

fragmentation as a positive control had TUNEL labeling in a majority of the cells. 

The empty vector control and phospho-insensitive mutants were not significantly 

different than cells expressing WT TREX1. 
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2.4 Discussion 

Several studies have identified amino acids S78, S167, S178, and S261 as 

sites of phosphorylation for TREX1 [22,23,25–27]. The crystal structure of 

TREX1 bound to dsDNA suggests that phosphorylation at positions S78, S167, 

and S178 could affect substrate binding and catalysis [10]. Here we determine the 

effects of TREX1 phosphorylation on catalytic activity and genomic stability. 

Analysis of the amino acid sequences surrounding the three serines in the catalytic 

domain revealed consensus sequences for CDK1 and RIPK3 phosphorylation. We 

determined that both kinases can specifically phosphorylate TREX1 at S78, S167, 

and/or S178, in vitro. CDK1 phosphorylates a diverse array of proteins necessary 

for the cell to enter prophase [34,42]. RIPK3 is most notably associated with 

programmed necrosis and necroptosis [22,43,44], and is activated in response to 

viral nucleic acid sensing by the cGAS-STING pathway. [44]. If the primary 

function of TREX1 is to degrade self-DNA to prevent immune activation, the 

down regulation of its activity by RIPK3 phosphorylation in response to viral 

infection may provide a mechanism to allow the pathogenic nucleic acids to 

accumulate and amplify cGAS activation.  

We observe that phosphorylation of TREX1 at S78, S167, and S178 

decreases exonuclease activity. The single phospho-mimetic mutants have lower 

catalytic activity when acting on dsDNA as a substrate compared to ssDNA. The 

double and triple mutants show less activity on ssDNA than their single mutant 

counterparts. These differential activities on the substrates might indicate that 

TREX1 is only phosphorylated on a single serine at a time in the cell.  
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Alternatively, multiple phosphorylation events of TREX1 may be a mechanism 

for directing the activity towards single- or double-stranded DNA as required. The 

kinetic parameters measured for each of the TREX1 proteins showed the S78E 

mutant had an increase in Km, suggesting a reduced affinity for binding DNA. 

This is consistent with the positioning of S78 adjacent to the 3′ nucleotide binding 

pocket where a phosphate group would likely hinder binding the 3′ end of DNA. 

In contrast, the S167E and S178E mutants both showed decreases in kcat 

compared to WT TREX1. Residue S167 is in the flexible DNA binding loop 

adjacent to the active site and is thought to play a role in unwinding dsDNA and 

positioning to provide a 3′ terminus to the active site. Phosphorylation at this 

residue may hinder DNA unwinding or correct positioning of the substrate. 

Similarly, the location of S178 in the floor of the active site might alter the 

positioning of ssDNA in the active site when the residue is phosphorylated. The 

approximately 10-fold reduction in exonuclease activity that we observe with the 

TREX1 phospho-mimetic mutants may seem to be a relatively moderate change. 

However, many of the mutations identified in patients with lupus and AGS result 

in very similar reduction in catalytic activity. For example, the most commonly 

identified mutant allele of TREX1 in autoimmune disease, R114H, reduced 

TREX1 activity bout 20-fold [11,12,36]. This indicates that the activity of TREX1 

is finely tuned or directed in cells to maintain nucleic acid homeostasis. 

Furthermore, the specific reduction of exonuclease activity we observe on dsDNA 

substrate following TREX1 phosphorylation in M phase suggests that dsDNA is a 

major substrate for TREX1 as has been previously proposed [10,36]. 
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Our cellular imaging demonstrates that TREX1 is phosphorylated during 

mitosis, and that TREX1 is retained in the perinuclear region.  Previous studies 

reported that TREX1 translocates from the perinuclear region to the nucleus to 

potentially aid in repair of stalled replication forks, genomic DNA damage from 

UV radiation, and during chromatin bridge crisis [15,21,45]. TREX1 has also 

been shown to relocate to autophagosomes through ubiquitination [8]. Protein 

phosphorylation appears not to be directly contributing to cellular trafficking of 

TREX1, but rather to regulate catalytic activity. We also observe that cells 

expressing the phospho-mimetic TREX1 protein with reduced exonuclease 

activity have increased TUNEL staining, which may represent unrepaired DNA 

damage. This is consistent with previous studies that looked at levels of DNA 

damage or cytosolic DNA accumulation in cells with deficient TREX1 [15,46] 

and found that diminished TREX1 activity leads to unresolved 3′ ends which 

trigger a DNA damage response. In summary, our findings demonstrate that 

phosphorylation of TREX1 during M phase reduces its exonuclease activity, but 

persistent reduction of TREX1 activity contributes to a DNA damage response. 

 

2.5 Materials and methods 

2.5.1 Protein expression and purification 

The catalytic core of WT TREX1 (residues 1-242) was expressed as a 

fusion protein containing an N-terminal polyhistidine and maltose binding protein 

(MBP) with a PreScission Protease cleavage site between MBP and TREX1 as 

described previously [6]. The expression vectors were transformed into 
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BL21*DE3 Escherichia coli and then induced at 16°C for 18 hours with 1 mM 

isopropyl-β-D-thiogalactopyranoside. The His-MBP-TREX1 fusion protein was 

bound to a cobalt column and eluted with a 400 mM imidazole gradient. The 

protein within the A280 elution peak was dialyzed overnight at 4°C with 1:100 

v/v PreScission Protease (GE Biosciences) to remove the His-MBP tag from 

TREX1. The protein was then applied to a pre-equilibrated heparin cation 

exchange column and eluted with a 0 M to 1 M NaCl gradient and the peak 

fractions were pooled, concentrated, and loaded onto a Superdex S200 size 

exclusion column. The purified protein was concentrated to 0.05 mg/mL and 

vitrified with liquid nitrogen. TREX1 mutants (S78E, S167E, S178E, 

S167E/178E, S78E/167E/178E, and S261E) were purified using the same 

procedure. 

 

2.5.2 Ab initio structure prediction 

Tertiary structure prediction was performed using the Robetta server [30]. 

The full sequence of human TREX1 was submitted for prediction, and Exo1 was 

used as a comparative model (PDBID:2QXF) [50]. The resulting model of 

TREX1 had an RMSD of 20.0 Å with Exo1 but only 0.8 Å with mouse Trex1 

(PDBID:2OA8) [6]. The structure figures were generated using PyMol [51]. The 

ER membrane was modeled using CHARM-GUI Membrane Builder [52,53]. 
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2.5.3 Cells, plasmids, antibodies 

HEK293 cells were maintained at 37°C with 5% CO2 in DMEM 

(Invitrogen) supplemented with 10% fetal bovine serum (FBS), L-glutamine, 

penicillin, and streptomycin. SKOV3 cells were maintained at 37°C with 5% CO2 

in RPMI-1640 (Invitrogen) supplemented with 10% FBS, L-glutamine, penicillin, 

and streptomycin. Anti-Trex1 antibodies for mouse Trex1 (BD Biosciences 

611987), anti-TREX1 for human TREX1 (Santa Cruz 271870), anti-phospho-

histone H3 conjugated to AlexaFluor 488 (Cell Signaling 3465), and anti-

phosphoserine antibodies (rabbit, Abcam ab9332) were the primary antibodies 

used in this study. HRP-conjugated goat anti-mouse (Abcam ab97040) and 

donkey anti-rabbit (Thermo Scientific 31458) secondary antibodies were used for 

Western blotting. 

 

2.5.4 Transfection 

HEK293 cells were transfected with a plasmid (pcDNA3.1+) containing 

genes coding for full length WT TREX1, S78A/167A/178A, S78E/167E/178E, 

D18N, or empty vector using FuGene6 transfection reagent (Promega). Cells were 

incubated in Geneticin (Invitrogen) to select for protein expression. Individual 

colonies were picked and expanded in the presence of antibiotic. TREX1 

expression was confirmed by Western blotting. 
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2.5.5 Western blotting 

DNA damage in HEK293 cells stably expressing WT or mutant TREX1 

was determined by Western blot analysis of the DNA markers pChk2 and pATR 

(Cell Signaling #9947). HEK293 stable clones were serum starved for 24 hours, 

harvested by detergent lysis, and assayed for protein concentration. Protein lysate 

(30 µg) was resolved by SDS-PAGE, transferred to nitrocellulose, and blotted 

with pChk2 and pATR (Cell Signaling 9947). Blots were developed using 

SuperSignal Chemiluminescence Reagent (Pierce) and exposed to film. 

Staurosporine (0.5 µM for four hours) was used as a positive control of DNA 

damage. 

 

2.5.6 In vitro phosphorylation of TREX1 

In vitro phosphorylation of TREX1 was determined using RIPK3 (Thermo 

Fisher PV6397) and CDK1/Cyclin B (MilliPore 14-450) kinases. Recombinant 

hTREX1 (0.5 µg) was added to 50mM Tris pH 7.5, 10mM MgCl2, 2mM DTT, 

100µM ATP, and 16µCi γ32P-ATP (Perkin Elmer BLU002250UC). RIPK3 

(44ng) or CDK1/Cyclin B (40ng) were added to the samples. The reaction 

incubated at room temperature for one hour and was then resolved on a 15% 

polyacrylamide gel before being exposed for 21 hours on autoradiography film. 
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2.5.7 Cell synchronization 

HEK293/SKOV3 cells were synchronized in G1/S phase by a double-

thymidine block [39]. Cells were plated at 40% confluency and treated with 2 mM 

thymidine for 24 hours. The cells were washed with warm PBS and incubated in 

fresh DMEM/RPMI for eight hours. Cells were then treated with 2 mM thymidine 

again for 17 hours. Cells were synchronized in M phase using a thymidine-

nocodazole block [39]. Cells were plated at 40% confluency and treated with 2 

mM thymidine for 24 hours. Cells were then washed with warm PBS and 

incubated in fresh DMEM/RPMI for three hours. Cells were treated with 200 

ng/mL nocodazole for nine hours before being harvested in detergent lysis buffer. 

 

2.5.8 TREX1 exonuclease activity assay 

The exonuclease reactions contained 20 mM Tris pH 7.5, 5 mM MgCl2, 2 

mM dithiothreitol, 100 µg/mL BSA, and 50 nM 30mer oligo FAM-labeled 

ssDNA or dsDNA. TREX1 was added in increasing concentrations, as denoted in 

the figure legends. Reaction times were 40 minutes for ssDNA and 80 minutes for 

dsDNA at room temperature. The reaction was quenched using three volumes of 

100% ice cold ethanol and dried in vacuo. The reaction products were 

resuspended in 5 µL formamide and separated on a 23% polyacrylamide gel. 

Fluorescently labeled bands were visualized at 517 nm using a Typhoon FLA 

9500 biomolecular imager (GE Healthcare). The activity of TREX1 (fmol 

dNMP/s/fmol TREX1) was determined by measuring the fraction of oligomer at 

each band which was calculated by multiplying the number of dNMPs excised by 
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the fluorescent intensity of that band and standardized to the total intensity of that 

lane. Kinetic assays were performed as described above but used a constant 

TREX1 concentration of 600 pM and had increasing FAM-labeled ssDNA 

concentrations as indicated in the figure legends. The reaction was run at room 

temperature for 20 minutes. The same procedure was performed for the HEK293 

lysate exonuclease assays with the alteration that 1 µg of lysate, determined by 

BCA assay) was added to the DNA and the reaction proceeded for 0, 20, 30, or 40 

minutes with ssDNA and 0, 20, 40, 60, or 80 minutes with dsDNA. 

 

2.5.9 Proximity ligation assay 

PLA experiments were performed using a Duolink PLA kit (Sigma 

Aldrich DUO92101-1KT). SKOV3 cells were plated at 60,000 cells in a four well 

chamber slide (EMD Millicell EZ Slide PEZGS0416). Cells were blocked in M 

phase, as described above, and then fixed using 100% ice cold methanol at -20°C 

for 20 minutes. The cells were blocked for 30 minutes with 5% BSA in PBS-T 

before incubating overnight at 4°C with anti-hTREX1 and anti-phosphoserine 

antibodies. After washing with PBS-T, the PLA probes were added, ligated, and 

amplified according to the manufacturer’s instructions. A preconjugated phospho-

histone H3 antibody was added to label mitotic cells. Cells were mounted in 

media containing DAPI and visualized with an Olympus FV1200 confocal 

microscope. Three independent experiments were performed with 10 images 

collected per experiment with approximately 30 cells per image with over 1,000 
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cells analyzed per TREX1 variant. The data were analyzed using OlyVia 

(Olympus). 

 

2.5.10   TUNEL assay 

TUNEL staining was performed using Click-iT TUNEL Alexa Fluor 488 

(Thermo Fisher #C10617). HEK293 cells were plated on a four well chambered 

coverslip (EMD Millicell EZ Slide PEZGS0416) at a confluency of 40%. After 

one day, the cells were fixed with 100% methanol at -20°C for 20 minutes, then 

labeled with TUNEL according to the manufacturer’s instructions. Vybrant Ruby 

(Molecular Probes #V10309) was used to stain the nucleus. Staurosporine (0.5 

µM, 4hr) was used as a positive control of DNA damage. DNase I (28x excess) 

was used to test the dynamic range of assay (Thermo Fisher 89836). 

Quantification of TUNEL staining was performed by first measuring the relative 

amount of DNA in each image (Vybrant Ruby staining) and creating a scale 

factor by normalizing each image to the control. The fluorescent intensity of the 

TUNEL measurements were then multiplied by the scale factor to correct for the 

relative number of cells in each well. Two independent experiments were 

performed with 10 images collected per experiment with approximately 100 cells 

per image. The cells were imaged on a Zeiss LSM 880 confocal microscope. The 

data were analyzed using Fiji and JACoP [54,55]. 
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2.5.11   Statistics 

Statistical significance was determined by two-tailed Student’s t test. 

p<.05 was considered significant. 
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Macrophages lacking Trex1 have impaired internalization of 

apoptotic cells 
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3.1 Abstract 

Every day in the human body 200 billion cells die and need to be cleared 

quickly and efficiently to prevent autoimmune responses. Patients with the 

autoimmune disease system lupus erythematosus (SLE) have been shown to have 

complications removing apoptotic cells which tend to accumulate in lymph nodes. 

Mutations in TREX1, a cytosolic exonuclease, can cause SLE but its underlying 

role in SLE has not been thoroughly investigated. Here we describe a role for 

Trex1 in macrophage biology. Macrophages lacking Trex1 have impaired cell 

clearance and decreased levels of Rac1 – a small GTPase that coordinates actin 

organization and mediates efferocytosis. Our findings suggest that macrophages 

deficient in Trex lead to decreases in filopodia formation and diminished 

internalization of apoptotic cells. 

 

3.2 Introduction 

 Autoimmune diseases affect approximately 20% of the U.S. population 

and prevalence has been increasing with over 80 diseases already identified [1,2].  

One of these diseases, systemic lupus erythematosus (SLE), causes a 

subcutaneous rash, joint pain, and patients often succumb to myocarditis. The 

etiology of SLE has not been well characterized but it is known that mutations in 

numerous proteins responsible for innate immunity cause the disease [3,4]. 

TREX1 mutations have been identified in 2% of patients with SLE which makes 

it one of the highest disease risks for a single susceptibility gene in SLE [3–5]. 

One underlying source of disease may be due to the lack of apoptotic cell 
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clearance by macrophages – a process termed efferocytosis. Previous studies have 

reported that patients with SLE had accumulating levels of apoptotic cells in 

lymph nodes and this led to an increase in the production of cytokines which 

exacerbated the autoimmune response [6–11].  

 This observation of impaired cell clearance in patients led to identifying 

many diverse proteins that, upon mutation or knockout, cause impaired 

macrophage function. Surface receptors, growth factors, nuclear receptors, and 

nucleases have all been shown to play a role in efferocytosis; mutations of these 

proteins lead to impairments in apoptotic cell clearance or internalization by 

macrophages demonstrating the importance of cooperation and coordination 

during efferocytosis [10,12–27]. The broad range of roles and activities of these 

proteins suggest that an underlying pathway could be triggered upon imbalance of 

normal cell biology that results in the same outcome – impaired macrophage 

function.  

 This study aims to understand the role of an exonuclease, Trex1, in 

macrophage function. Trex1 is a cytosolic exonuclease tethered to the ER 

membrane by the presence of C-terminal transmembrane helix [28–32]. Trex1 

acts on both ssDNA and dsDNA to prevent detection of nucleic acids by the 

cytosolic DNA sensor cGAS, which would activate STING and lead to production 

of interferons [33–36]. Using WT and Trex1 KO (TKO) RAW 264.7 

macrophages, we show that macrophages lacking Trex1 activity lead to the 

impairment of apoptotic cell internalization. This is the first demonstration that 

Trex1 has a role in the clearance of dying cells. 
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3.3 Results 

3.3.1 Macrophages lacking Trex1 do not have 3 ′ to 5′ DNase activity 

Trex1 is a cytosolic exonuclease that presents the most prevalent 

exonuclease activity in mammalian cells [28–31]. To test the intrinsic DNase 

activity of the WT and Trex1 KO (TKO) macrophages, a ssDNA and dsDNA 

oligonucleotide substrate was used. A 30mer oligonucleotide strand of ssDNA or 

dsDNA with a FAM label on the 5′ end of the DNA was used as Trex1 substrate 

[29,33,35]. Lysate from WT RAW 264.7 or TKO RAW 264.7 cells was incubated 

with the oligonucleotides. WT macrophage lysate led to laddering of the 30mer 

strands of ssDNA and dsDNA indicating normal catalytic activity while the TKO 

macrophage lysate is void of any DNase activity (Figure 3-1).  

  

Figure 3-1: TKO macrophages are void of exonuclease activity. 5′-FAM labeled oligonucleotide 
ssDNA or dsDNA substrate was incubated with TKO or WT macrophage lysate for increasing 
amounts of time. Products were resolved by SDS-PAGE. Western blot shows presence of Trex1 

in WT but not KO cell lysate. 
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Considering the lack of DNase activity in the TKO macrophage lysate, we 

further characterized the WT versus TKO macrophages using a single cell assay 

to determine the amount of intrinsic DNA accumulation/fragments that occur in 

basally growing macrophages. The fast halo assay (FHA) and single cell gel 

electrophoresis assay (SCGE, or more commonly called the comet assay) were 

used. As seen in Figure 3-2 and Table 3-1, the TKO macrophages had 2.2 times 

larger halo diameters as well as 1.5 times longer tails compared to the WT 

macrophages indicating that the lack of Trex1 activity leads to an increased 

amount of DNA fragments within the cells. This increase in halo formation in 

cells deficient in TREX1 is consistent with previous findings using fibroblasts 

from AGS and SLE patients [43].  

 

Figure 3-2: TKO macrophages have larger halos and longer tails suggesting an increased amount 
of DNA fragments. Fast halo assay (left) and comet assay (right) of WT RAW 264.7 cells (top) 
and TKO RAW 264.7 (bottom). Cells were grown basally, embedded in an agarose matrix, and 
lysed. Cells for comet assay were electrophoresed for 24 minutes. Cells were stained with Sybr 

Green I. 
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Table 3-1: TKO macrophages have larger halos and longer tails than their WT counterparts. Data 

based on three independent experiments with at least 50 cells per experiment. 

 

 

3.3.2 RAW 264.7 macrophages respond to dying cells independently of 

their Trex1 expression 

Previous studies have shown that apoptotic cells, predominantly through 

phosphatidylserine interactions, cause immunosuppresant responses from 

macrophages [6,15,44,45]. WT and TKO RAW 264.7 cells contained a luciferase 

reporter gene under the control of an ISG54 promoter which is expressed upon the 

detection of type 1 interferons. Upon expression, luciferase is produced and 

secreted into the media as a readout for the amount of interferon present. WT and 

TKO macrophages were incubated with media, healthy untreated HEK293 cells, 

DMSO vehicle control treated HEK293 cells, staurosporine treated apoptotic 

HEK293 cells, or universal type 1 interferon for up to 24 hours, as denoted in 

Figures 3-3 and 3-4. There was no difference in luciferase activity between basal 
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Figure 3-3: WT and TKO macrophages show suppression in the amount of luciferase produced 
when incubated with apoptotic MEFs. WT and TKO macrophages were grown basally, incubated 
with healthy HEK293, DMSO treated HEK293, or staurosporine treated HEK293 cells. Data 

standardized to interferon control. Error bars represent SEM from three independent experiments. 

 

Figure 3-4: WT and TKO macrophages respond to IFN. Universal type I IFNs were incubated 
with WT and TKO macrophages. RLU were standardized to luciferase activity with IFN. Error 

bars represent SEM from three independent experiments. 
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level WT and TKO RAW 264.7 cells. By six hours there was approximately two 

times more luciferase in basal cells and by 24 hours there was between 3 and 7-

fold more luciferase in basally growing cells compared to WT and TKO 

macrophages that were incubated with apoptotic cells. This suppression in 

luciferase expression suggests that the pathways for detecting apoptotic cells and 

suppressing interferon are still fully functional and independent of Trex1 

expression. 

 

3.3.3 Trex1 KO macrophages fail to internalize dying cells 

Mutations in the nucleases DNase I and DNase II have been implicated in 

macrophage dysfunction leading to disease. We hypothesize that the knockout of 

Trex1 would also lead to impaired macrophage function. To monitor this we 

implemented confocal time lapse microscopy to watch efferocytosis in real time. 

WT and TKO RAW 264.7 cells were challenged with apoptotic TKO MEFs. As 

expected, the WT macrophages responded by internalizing cells and apoptotic 

bodies within minutes. Surprisingly, however, the TKO macrophages would bind 

to the cells but clear instances of internalization were not observed even after 

eight hours. This experiment was repeated three times with the same observation. 

We also noticed morphological differences in the appearance of the macrophages. 

WT macrophages tended to be more elongated and present more filopodia. TKO 

macrophages did show filopodia but to a far less extent than their WT 

counterparts (Figure 3-5). 
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3.3.4 Trex1 KO macrophages internalize fewer beads 

To quantitate the amount of internalization, 2 µm fluorescent polystyrene 

beads were used in place of the apoptotic MEFs. As shown in Table 3-2, by 180 

minutes, there was no significant difference in the number of beads associated 

with each cell. However, even as early as 30 minutes, there was a significant 

difference in the number of beads internalized in WT compared to TKO 

macrophages (Figures 3-5, 3-6). The WT macrophages had 32% of the beads that  

 

Figure 3-5: WT and TKO macrophages do not have differences in binding to beads but WT 
macrophages internalize beads at a faster rate. A) WT (top) and TKO (bottom) macrophages were 
incubated with 2µm polystyrene beads (red) for the times indicated. Differences in macrophage 
morphology can be observed between WT and TKO cells. B) The number of beads bound to each 
cell at each time point. C) The percentage of beads that were internalized at each time point. Data 
representative of three independent experiments with at least 50 cells per experiment. Error bars 

represent SEM. *p<0.05, **p<0.01 
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Figure 3-6: Examples of 3D confocal microscope images. Olympus FV1200 confocal 
microscope (top images) and Zeiss LSM 880 (bottom images) of WT macrophages incubated 
with polystyrene beads (red) for 180 minutes (top) or 30 minutes (bottom) and stained with DAPI 

(blue). 

 

 

Table 3-2: No significant difference in the number of beads associated with WT and TKO 
macrophages but significant differences between the percentage of beads internalized. Data 

represents three independent experiments with at least 50 cells per experiment. 
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were bound internalized by 30 minutes whereas the TKO macrophages had 11% 

of the beads internalized. After 180 minutes the WT macrophages had 85% 

internalized and the TKO macrophages had internalized 66% of the beads. 

 

3.3.5 Trex1 KO macrophages have decreased levels of Rac1 

Rac1 is a GTPase that aids in internalization of apoptotic cells and 

controls actin reorganization. Western blot analysis was performed to compare the 

levels of Rac1 between WT Trex1 macrophages and TKO macrophages. 

Macrophages were incubated with apoptotic MEFs and the lysate was resolved by 

SDS-PAGE. Rac1 levels were constant in WT macrophages across all incubation 

times but TKO macrophages had decreased levels of Rac1 across all five hours 

(Figure 3-7). MEFs had very little Rac1. 

 

Figure 3-7: TKO macrophages have decreased levels of Rac1. WT and TKO macrophages were 
incubated with apoptotic MEFs for the designated time. Rac1 was analyzed using Western blot 
analysis and normalized to actin. 
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3.4 Discussion 

One of the potential causes of systemic lupus erythematosus (SLE) is the 

failure to remove dead or dying cells [6–8,10,27]. Numerous studies have shown 

that cells lacking proteins vital for cell clearance inside macrophages lead to 

autoimmune phenotypes [12–27]. Trex1, the most enzymatically active 

exonuclease in mammalian cells and mutations have been associated with SLE. 

Here, we report that macrophages lacking Trex1 have impaired internalization of 

apoptotic cells. 

 Mazur and Perrino found that Trex1 was the major contributor of 

exonuclease activity in mammalian cells [31]. Cells lacking Trex1 have been 

shown to accumulate DNA in the cytosol and activate nucleic acid sensors, such 

as cGAS, leading to an autoimmune phenotype [30,43,46,47]. Macrophages 

lacking Trex1 did not contain any measurable DNase activity on ssDNA or 

dsDNA. Similarly, these TKO macrophages had more DNA fragments compared 

to WT macrophages, presumably due to the lack of Trex1 activity needed to 

remove these fragments of DNA. This is similar to what was found comparing 

WT fibroblasts to mutant TREX1 fibroblasts from AGS and SLE patients [43]. 

Even with the differences in exonuclease activity, both WT and TKO 

macrophages responded similarly to dying cells. Both basally growing 

macrophages and macrophages incubated with healthy HEK293 cells yielded the 

same levels of luciferase between WT and TKO macrophages across all 24 hours. 

When the apoptotic HEK293 cells were incubated with the WT and TKO 

macrophages, WT and TKO macrophages had suppression of the amount of 
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luciferase made, suggesting that both WT and TKO macrophages responded 

similarly in the presence of apoptotic cells and suppressed the production of 

interferon. This demonstrates that Trex1 is not needed to detect the presence of 

dying cells and that both WT and TKO macrophages still have the pathways and 

machinery needed to recognize, bind, and signal that apoptotic cells are present.  

 We hypothesized that Trex1 within the macrophage was responsible for 

degrading the DNA from a dying cell. TKO MEFs were chosen as another murine 

cell line that did not have its own Trex1 activity in order to focus on the role of 

Trex1 specifically within macrophages. As expected, we observed the WT 

macrophages responded to the apoptotic cells and started engulfing them within 

minutes. To our surprise, we noticed that the TKO macrophages were not 

internalizing the apoptotic cells. The TKO macrophages would bind to the cells 

quickly but after several hours still had not internalized the cells. This was 

unexpected and has a much larger implication to understanding the role of Trex1 

in macrophage cell biology than what we had initially anticipated. We used 2 µm 

polystyrene beads to quantitatively measure the internalization between WT and 

TKO macrophages. There were no significant changes in the number of beads 

associated with each cell. However, the percentage of beads internalized was 

significantly different as early as 30 minutes. We found that macrophages lacking 

Trex1 need approximately three times longer to internalize polystyrene beads than 

their WT counterparts. Lack of Trex1 alters the ability for the macrophage to 

internalize, but not bind, to apoptotic cells. This failure to clear these dying cells 

could be one of the underlying causes of SLE disease in patients that have TREX1 
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mutations. TKO macrophages also have a different morphology from WT 

macrophages. The KO macrophages tended to be more rounded in appearance 

where-as WT macrophages were more elongated with more filopodia and 

lamellipodia. Previously, it was shown that elongated macrophages are more 

characteristic of M2 activated macrophages, which are responsible for 

efferocytosis and releasing immunosuppresant cytokines [48]. Elongation of the 

macrophage increases surface area and is driven by actin reorganization. This 

process may be orchestrated by Rac1. 

 Rac1 is a small signaling GTPase and regulates a wide array of cellular 

events including actin reorganization, formation of lamellipodia, membrane 

ruffling, and enhancement of efferocytosis [50]. During efferocytosis, Rac1 is 

responsible for coordinating the formation of the efferosome and engulfment 

[45,51,52]. Rac1 levels are lower in the TKO macrophages than their WT 

counterparts. This suggests that the TKO macrophages have less protein 

responsible for creating structures that internalize apoptotic cells. Previous studies 

demonstrated that inhibitors of Rac1 were shown to cause decreases in filopodia 

and lamellipodia [49]. Therefore, we hypothesize that lack of Trex1 activity alters 

cell homeostasis that affects the coordinated balance with Rac1 and ultimately 

leads to decreases in apoptotic cell uptake.  

Apoptotic cells contain intracellular autoantigens that can trigger an 

immunological response leading to autoimmunity. The fast and efficient clearance 

of apoptotic cells is crucial in preventing these autoimmune responses. Many 

proteins have been studied with regard to apoptosis and cell clearance in mice and 
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removing their endogenous function leads to the detection of antinuclear 

antibodies, a hallmark of autoimmune disease. Mutations in C1q, which promotes 

clearance of apoptotic cells, lead to lupus. Removal of DNase I, responsible for 

masking autoantigens, also leads to SLE [53–55]. Truncation of a tyrosine kinase 

receptor Mer leads to impaired clearance of cells [18,56]. Mice deficient in MFG-

E8, a protein that binds to phosphatidylserine, had impaired engulfment of 

apoptotic cells [23,26]. Alterations in the function of this diverse array of proteins 

all lead to a common feature – impaired macrophage function. Our study analyzes 

the effects of macrophages lacking Trex1 to help unravel the complexities of 

macrophage biology. Lack of Trex1 activity cause imbalances with levels of 

cytosolic nucleic acids which ultimately lead to constitutive cGAS activation [57]. 

This activation may cause issues with the macrophage’s ability to internalize 

apoptotic cells that bind to the macrophage. Cells lacking the C-terminal region of 

Trex1 have been shown generate an autoimmune phenotype due to dysregulation 

of the oligosaccharyltransferase (OST) complex [58]. This may also contribute to 

the failed efferocytosis seen in TKO macrophages. Futher studies are needed to 

identify which pathways are altered upon Trex1 dysfunction that leads to 

impaired internalization and function of the macrophages.  

 In summary, this study demonstrates that macrophages lacking Trex1 have 

failed internalization of apoptotic cells. This is presumably due to altering a 

pathway involving Trex1 activity and Rac1 which disrupts normal cell biology 

causing impairments in macrophage internalization and function. 
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3.5 Materials and Methods 

3.5.1 Cells, plasmids, antibodies 

WT RAW 264.7 and TKO RAW 264.7 cells (Invitrogen rawl-isg, rawl-

kotrex), HEK293, and TKO MEFs (Ximbio 151558) were maintained at 37°C 

with 5% CO2 in DMEM supplemented with 10% fetal bovine serum (FBS), L-

glutamine, penicillin, and streptomycin. Anti-Trex1 antibodies for mouse Trex1 

(BD Biosciences 611987), anti-Rac1 (Santa Cruz sc-514583), and anti-actin 

(Santa Cruz sc-1616) were the primary antibodies used in this study. HRP-

conjugated goat anti-mouse (Abcam ab97040) and donkey anti-goat (Santa Cruz 

sc-2020) secondary antibodies were used for Western blotting. 

 

3.5.2 Western blot analysis 

 Western blot analysis was performed by harvesting cells in detergent lysis 

buffer, assaying with BCA reagent, resolving protein lysate (30 µg) using SDS-

PAGE, transferring to nitrocellulose, and blotting with Trex1, Rac1, or actin 

antibodies. Blots were developed using SuperSignal Chemiluminescence Reagent 

(Pierce) and exposed to film. 

 

3.5.3 Trex1 exonuclease activity assay 

 The exonuclease reactions contained 20 mM Tris pH 7.5, 5 mM MgCl2, 2 

mM dithiothreitol, 100 µg/mL BSA, and 50 nM 30mer oligo FAM-labeled 

ssDNA or dsDNA. WT/TKO RAW 264.7 lysate (1 µg) was added and the 

reaction proceeded for 0, 5, 10 20, 30, or 40 minutes for ssDNA and dsDNA at 
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room temperature. The reaction was quenched using three volumes of 100% ice 

cold ethanol and dried in vacuo. The reaction products were resuspended in 5 µL 

formamide and separated on a 23% polyacrylamide gel. Fluorescently labeled 

bands were visualized at 517 nm using a Typhoon FLA 9500 biomolecular imager 

(GE Healthcare). 

 

3.5.4 Fast halo assay 

 Normal agarose (1%) was melted and slides were dipped into the agarose 

three times [37,38]. After drying, 0.4mm spacers were added to each end of the 

slide. WT and TKO RAW 264.7 cells were washed with PBS and diluted to a 

density of 106 cells/mL in ice cold PBS/10mM EDTA. Low melting agarose 

(0.75%) was melted and 30,000 cells were combined with three times volume 

0.75% low melting agarose and the cell suspension was added to the slide. A 

cover slip was applied immediately and the slide was put on ice for 10 minutes. 

Cells were lysed with 300 mM NaOH for 15 minutes. SYBR Green I (2.5x) 

(Thermo Fisher S7563) was added to the slide for 10 minutes then submerged in 

water for 5 minutes. Slides were imaged on an Olympus FV1200 confocal 

microscope. This experiment was performed three times with at least 50 cells per 

experiment. Cells were analyzed using FIJI [39]. 

 

3.5.5 Comet assay 

Microscope slides were prepared the same as for the FHA assay. WT and 

TKO RAW 264.7 cells were washed with PBS and diluted to a density of 2x105 
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cells/mL in ice cold PBS/10mM EDTA. Low melting agarose (0.75%) was 

melted and 40,000 cells were combined with three times volume 0.75% low 

melting agarose and the cell suspension was added to the slide [40,41]. A 

coverslip was applied immediately and the slide was put on ice for 2 minutes. 

Cells were lysed with 250 mM NaOH, 1.2 M NaCl, 100 mM EDTA, and 0.1% 

SDS overnight at 4°C. Slides were then submerged in 30 mM NaOH and 2 mM 

EDTA two times for 20 minutes at room temperature. The same buffer was added 

to an electrophoresis chamber and a 0.6V/cm voltage was applied for 25 minutes. 

The slides were rinsed with water and 2.5x SYBR Green I (Thermo Fisher S7563) 

was added to the slide for 10 minutes. Slides were imaged on an Olympus 

FV1200 confocal microscope. Experiment was performed three times with at least 

50 cells per experiment. Cells were analyzed using CaspLab [42]. 

 

3.5.6 Luciferase assay 

 The WT and TKO RAW 264.7 cells contain a luciferase reporter gene that 

is under the control of an ISG-54 promoter. The luciferase reporter gene is 

secreted out of the cell upon induction. TKO MEFs (400,000) were placed into a 

60 mm dish and incubated for 24 hours. The TKO MEFs were then treated with 

0.5 µM staurosporine for 4 hours and fixed with 100% ice cold methanol for 10 

minutes at -20°C. WT and TKO RAW 264.7 cells were plated in a 12 well plate 

with a density of 60,000 cells/well. Cells were incubated for 24 hours before 

washing twice with DMEM. Approximately 120,000 healthy, DMSO treated, or 

staurosporine treated TKO MEFs were added to the WT and TKO RAW 264.7 
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macrophages. The macrophages were also treated with 104 units of universal type 

1 interferon (PBL Assay Science 11200-1). Supernatant (20 µL) was removed at 

each time point (0, 1, 2, 3, 6, and 24 hours) and put into a 96 well tray. Quanti-

Luc (20 µL) (Invivogen rep-qlc1) was added to the supernatant and a 

luminometer was used to obtain an end-point measurement (Tecan Infinite M1000 

Pro). The experiment was performed three times. 

 

3.5.7 Time lapse microscopy 

 TKO MEFs were plated in a 10 cm dish at a density of 800,000 cells/plate. 

After 24 hours the cells were treated with 5 µM STS for 6 hours and then fixed 

with 100% ice cold methanol at -20°C for 10 minutes. WT/TKO macrophages 

were plated in an 8 well chambered coverslip slide at a density of 20,000 

cells/well. The slides were taken to a confocal microscope and after several 

images were captured, approximately 200,000 TKO MEFs were added to each 

well. The experiment was performed three times on two confocal microscopes. 

Images were taken every 1.5 minutes for 8.5 hours at 20X (Zeiss LSM 880). 

Images were taken every 2.5 minutes for 3 hours at 20X (Olympus FV1200). 

 

3.5.8 Bead internalization 

 WT/TKO RAW 264.7 cells were plated at a density of 20,000 cells in an 8 

well chambered coverslip slide. After 24 hours, 200,000 fluorescent polystyrene 

beads (2 µm diameter) (Molecular Probes F8825) were added to the wells for 30, 

60, 120, or 180 minutes. The media was removed and the cells were washed with 
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PBS before fixing with 100% ice cold methanol at -20°C for 10 minutes. The 

slide was viewed with an Olympus FV1200 confocal microscope and Z-stack 

images were collected at 60x magnification at 1 µm slices. The experiment was 

performed three times with at least 50 cells per experiment. The cells were 

analyzed using FIJI [39]. 

 

3.5.9 Rac1 analysis 

TKO MEFs were treated with 0.5 µM staurosporine for 4 hours to induce 

apoptosis. The cells were fixed in 100% methanol for 10 minutes at -20°C. WT 

and TKO macrophages were plated in a 60 mm dish and were incubated with 

apoptotic TKO MEFs for 0 to 5 hours. Western blot analysis was performed by 

resolving 30 µg RAW 264.7 lysate on an SDS-PAGE gel, transferring to 

nitrocellulose, and blotting with the Rac1 and actin primary antibodies listed 

above. 

 

3.5.10    Statistics 

 Values shown on plots are displayed as mean±SEM of three independent 

experiments. Statistical significance was determined by two-tailed Student’s t test. 

p<.05 was considered significant.  
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4.1 Studying TREX1 to understand the underlying causes of 

autoimmune disease 

Autoimmune diseases are some of the most prevalent diseases in the 

United States. It is estimated that approximately 20% of the U.S. population is 

affected by one of over 80 autoimmune diseases [1,2]. Common diseases, such as 

cardiovascular disease, cancer, and autoimmunity, involve the dysregulation of 

complex pathways that are not fully understood. Rare diseases, on the other hand, 

are frequently caused by defects in a single gene or protein. Understanding the 

effect of these single gene defects on basic cellular science as well as on the 

disease will lead to future advancements in treatments and therapeutics for the 

more common diseases as well. Therefore, studying the underlying causes of rare 

autoimmune diseases such as Aicardi-Goutieres syndrome or familial chilblain 

lupus may reveal key pathways, proteins, or findings that can contribute to the 

understanding or treatment of autoimmunity as a whole.  

One protein that causes multiple autoimmune diseases is Three prime 

Repair Exonuclease 1 (TREX1). TREX1 is the most potent exonuclease in 

mammalian cells [3–5]. Mutations of TREX1 that alter its DNase activity, 

localization, or function lead to a spectrum of autoimmune diseases including 

AGS, FCL, SLE, and RVCL. It has been established that the presence of cytosolic 

polynucleotides leads to activation of DNA sensors and cause an interferon 

response. The lack of TREX1 activity leads to a constitutive interferon production 

that causes an autoimmune phenotype [6–8]. These cytosolic polynucleotides can 
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be derived from a variety of sources including failed DNA replication, stalled 

replication forks, retroelements, long interspersed nuclear elements, retroviruses, 

genomic DNA, or apoptotic cells. Apoptotic cells are an intriguing source of 

substrate in autoimmune patients given that some patients with autoimmune 

disease, notably SLE, have problems clearing dying cells which leads to immune 

stimulation and exacerbation of disease.  

The purpose of this work was to determine if TREX1 activity was 

posttranslationally regulated within cells and to further understand the role of 

Trex1 in macrophages during apoptotic cell clearance. The only known post-

translational modification identified for TREX1 was ubiquitination which allows 

for localization to autophagosomes. Chapter 2 describes a new post-translational 

modification – phosphorylation. Chapter 3 details the role of Trex1 in 

macrophages and how macrophages lacking Trex1 suffer from altered function. 

This work contains several major findings that contribute to the understanding of 

TREX1 in normal cell biology. 

Multiple consensus sequence sites were identified for phosphorylation of 

TREX1 by two kinases; CDK1 and RIPK3. CDK1 has been previously shown to 

phosphorylate TREX1 [9] but RIPK3 as a kinase acting on TREX1 is a novel 

finding. The ability of CDK1 and RIPK3 to phosphorylate TREX1 in vitro was 

successfully demonstrated; by mutating the three key serines in the DNA binding 

site, phosphorylation was abrogated. This finding opens up new pathways for 

TREX1 that are currently unexplored especially with regard to necroptosis given 

that necroptosis may decrease TREX1 activity during viral infections as a means 
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to increase the presence of cytosolic nucleic acids that would result in activation 

of DNA sensors and production of an interferon response. 

Sites of potential TREX1 phosphorylation were predicted from large scale 

phospho-proteomic datasets. After identifying that TREX1 was phosphorylated in 

vitro, the next step was to determine if phosphorylation would regulate its DNase 

activity. Given the location of the serines, it was hypothesized that 

phosphorylation in the DNA binding site of TREX1 would be a means of 

decreasing its DNA activity. Using phospho-mimetic mutants, it was 

demonstrated in Chapter 2 that the single mutants had a five-fold decrease in 

ssDNA degradation and a ten-fold decrease on dsDNA. These decreases were 

predominantly due to decreases in turnover rate. This is the first PTM identified 

that apparently regulates TREX1 activity. This knowledge may lead to further 

understanding of homeostasis within cells to maintain a threshold of nucleotide 

substrates for DNA sensors like cGAS and to prevent inadvertant DNA 

degradation.  

Proximity ligation assay was used to visualize where TREX1 is 

phosphorylated within cells. Using a TREX1 antibody and an antibody for 

phosphoserine, PLA signals were seen in 94% of cells undergoing mitosis. This 

experiment demonstrated that TREX1 is phosphorylated, presumably by CDK1, 

during mitosis which was hypothesized to prevent inadvertant DNA degradation 

during nuclear membrane dissolution. The PLA signal was also seen to be 

perinuclear suggesting that TREX1 does not translocate after phosphorylation.  
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The final finding in Chapter 2 was that decreases in TREX1 activity, 

whether through FCL mutations such as D18N or through phospho-mimetic 

mutations, lead to increased genomic DNA damage measured by TUNEL and 

DNA damage markers. TUNEL intensity was greatest in cells lacking full TREX1 

DNase activity. TUNEL intensity from phospho-insensitive mutants was 

indistinguishable from WT and empty vector transfected cells. DNA damage 

markers, pCHK2 and pATR, were also seen to be elevated in both D18N cells as 

well as cells with phospho-mimetic mutants of TREX1. This shows that TREX1 

activity is vital for normal cell biology. As hypothesized in Chapter 2, this could 

indicate a direct role for TREX1 in DNA repair or an indirect role by having 

decreased DNase activity which requires more RPA to bind to free 

polynucleotides, ultimately leading to RPA exhaustion and activation of DNA 

damage markers.  

Chapter 3 served to characterize WT and Trex1 KO (TKO) macrophages. 

WT macrophages had DNase activity that resulted in a laddering pattern expected 

from fully active Trex1. The TKO macrophages were void of any measurable 

DNase activity, supporting that Trex1 is the predominant exonuclease in 

macrophages and that loss of Trex1 leads to removal of detectable DNase activity 

within these cells. Comet and Fast Halo Assays were performed to futher 

characterize these cells. Both assays revealed the increased presence of smaller 

fragmented DNA pieces in the TKO macrophages. These fragments were a result 

of normal cell biology given that these macrophages were growing basally in 

media. The presence of smaller fragments yielding larger comet tails or halos is 
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presumably due to errors in DNA replication and repair in which Trex1 may serve 

a direct or indirect role, as described previously. This DNA accumulation in 

Trex1 deficient cells has been reported before in cells from patients with AGS and 

SLE [10,11]. The next experiment performed was to determine if WT and TKO 

macrophages responded similarly to apoptotic cells. Previous studies have 

demonstrated that apoptotic cells suppress immunostimulatory molecules such as 

cytokines and interferons [12–15]. Using an ISG54 promoter in a luciferase 

reporter, the macrophages contained a readout for the levels of interferon 

production. Both WT and TKO macrophages responded similarly to apoptotic 

cells by decreasing the amount of luciferase produced, supporting the notion that 

these macrophages both retained the signaling machinery to suppress interferon 

production upon detection of apoptotic signals such as phosphatidylserine. 

The purpose of Chapter 3 was to determine if there were differences in the 

degradation of apoptotic cell DNA within WT or TKO macrophages. WT and 

TKO macrophages were incubated with dying MEFs that had their DNA labeled 

with a fluorescent dye. Time lapse confocal microscopy was used to watch 

efferocytosis in real time from beginning to end. As anticipated, the WT 

macrophages engulfed the MEFs within minutes. But surprisingly, the TKO 

macrophages did not visibly internalize the MEFs. The macrophages would bind 

to the MEFs but even after five or more hours, the cells were not clearly 

internalized. This had much larger implications than what was previously 

anticipated. Failure to clear dying cells is vital for normal cell biology and 

preventing disease. Patients with SLE have been reported to have problems 
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clearing dying cells leading to an exacerbated immune response [12,16–20]. It is 

possible that alteration of Trex1 within macrophages leads to imbalances in the 

homeostasis that leads to dysfunctional signaling pathways causing impaired cell 

clearance. 

To further compare the amount of internalization between WT and TKO 

macrophages, 2 µm fluorescent polystyrene beads were used. These beads are 

approximately the same size as an apoptotic body and allow for quantitation of 

the amount of internalization. Macrophages were incubated with the beads for up 

to three hours. There were no differences across all three hours between the 

number of beads bound to the WT or TKO macrophages. However, even as early 

as 30 minutes, there were significant differences in the percentage of beads 

internalized. The WT macrophages internalized 32% of the beads within 30 

minutes while the TKO macrophages only had 11%. After three hours the WT 

macrophages had 85% internalized and the TKO cells had 66%. These data show 

that TKO macrophages need approximately three times longer to internalize the 

number of the beads as the WT macrophages. 

The last experiment performed in Chapter 3 was to identify a potential 

altered pathway that caused alterations in the level of internalization. Rac1, a 

signaling GTPase that controls actin reorganization, formation of lamellipodia, 

and enhancing efferocytosis, was examined using Western blot analysis [21]. 

Rac1 levels were observed to be higher, across all time points, in WT 

macrophages compared to TKO macrophages. Lower levels of Rac1 lead to lower 

efficiency of internalization which may explain why the TKO macrophages have 



105 
 

diminished cell clearance and changes in morphology including fewer filopodia. 

However, it is not known how macrophages lacking Trex1 lead to decreased 

expression of Rac1.  

In this study, the first post-translational modification that controls the 

DNase activity of TREX1 was identified – phosphorylation. Phosphorylation of 

key serine residues leads to decreases in DNA degradation with larger decreases 

on dsDNA opposed to ssDNA. Phosphorylation was demonstrated using the 

previously identified CDK1 kinase but also the novel RIPK3 kinase. This 

persistent diminished activity leads to increased damaged DNA and ultimately 

genomic instability as measured by DNA damage and a DNA damage response. 

Similarly, macrophages lacking Trex1 have dysfunctional cell homeostasis that 

leads to alterations in efferocytosis. The lack of Trex1 causes failed 

internalization of apoptotic cells, presumably by acting through Rac1. Both of 

these major findings, dysfunctional DNase regulation and failed apoptotic cell 

clearance, will contribute to the understanding of the autoimmune phenotype 

exhibited in patients that have an autoimmune disease caused by TREX1.  

We envision a model where phosphorylation is used to diminish DNase 

activity. Diminishing the potent activity of TREX1 could serve two purposes. 

First would be to prevent degradation of host cell DNA. This would be important 

during mitosis when the nuclear membrane dissolves and TREX1 could more 

readily gain access to the genomic DNA. This is supported by the fact that CDK1 

phosphorylates TREX1 and CDK1 phosphorylates numerous proteins during 

initiation into M phase that results in nuclear membrane dissociation. The second 
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purpose would be to decrease TREX1 activity in order to increase cytosolic 

polynucleotides that would activate the cGAS and the STING pathway leading to 

interferon production. But why would the cell want to induce interferons? One 

reason would be to limit viral infections. If a virus infects a cell, TREX1 would 

remove all excess viral DNA which would maintain the cytosolic polynucleotides 

below the level of the detection. Another reason is during programmed 

necroptosis. Necroptosis is programmed necrosis where the cell induces an 

inflammatory response to recruit immune cells. We propose that phosphorylation 

of TREX1 by RIPK3 will lead to diminished DNase activity wto increase 

immunostimulatory nucleotides as the cell undergoes necroptosis. 

The goal for studying TREX1 is to better understand the underlying cause 

or etiology of autoimmune diseases. By expanding our knowledge of the cause of 

disease, we will be more prepared to design and implement treatments for patients 

that work to eliminate the cause of the disease instead of just treating the 

symptoms. Listed below are some open questions for future studies that would 

contribute to the overall understanding of the biology and physiology of TREX1. 

 

• Why do mutations in TREX1 lead to different etiologies of 

disease? As described in Chapter 1, mutations in the active site of TREX1 

cause FCL, mutations in the CTR cause RVCL, and mutations that alter 

TREX1 function cause AGS but some of these mutations are found in 

different diseases such as D18N or R114H. Why do mutations that cause 
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AGS lead to neurological abnormalities and why are mice asymptomatic 

of this trait?  

 

• What pathways are altered in macrophages lacking TREX1 that 

lead to impaired internalization? Based on our findings in Chapter 3, Rac1 

seems to be a promising candidate but it is unlikely that TREX1 activity, 

or lack thereof, directly influences expression of Rac1. Does TREX1 act 

through the STING pathway or the OST pathway or are there new 

pathways yet to be discovered? Identifying these pathways will be 

monumental, not just for understanding TREX1 biology, but for 

understanding macrophage dysfunction in SLE. SLE has failures in 

apoptotic cell clearance and this can be caused by mutations in dozens of 

different types of proteins. All of these proteins ultimately cause the same 

end result of failed internalization or clearance which suggests that there is 

an underlying pathway triggered for all these various proteins. Identifying 

this pathway may lead to treatments that can repair macrophage activity in 

autoimmune patients that have failed cell clearance. 

 

• What structural features are altered upon phosphorylation of 

TREX1? Now that we have identified which residues are important for 

phosphorylation, how does phosphorylation alter DNA binding and 

catalysis? Do the negatively charged phosphate groups repel the phosphate 
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backbone of DNA or are there also structural rearrangements conferred by 

the phosphorylation?  

 

• How does TREX1 translocate to the nucleus? Previously, 

ubiquitination was shown to be important for localization of TREX1 to 

autophagosomes [22]. Chapter 2 shows that phosphorylation of TREX1 

does not alter localization. TREX1 has been repeatedly reported to enter 

the nucleus to aid in DNA repair (Chapter 1) [11,23,24]. However, no data 

have been produced to understand how this process happens. Given the 

hydrophobic CTR of TREX1, protein-protein interactions may be required 

to shuttle TREX1 into the nucleus. Understanding this process and the 

proteins involved will further support the roles of TREX1 in DNA repair 

and nucleotide metabolism. 

 

• What is the source of cells contributing to disease? Studies have 

provided evidence for nonhematopoietic cells [28] and hematopoietic cells 

[26] as being the main contributors of disease as well as specifically 

cardiomyocytes [26], astrocytes [27], leukocytes [25], dendritic cells [26], 

macrophages [25], B and T cells [28], keratinocytes [26], and fibroblasts 

[26]. This broad range of cell types may be indicative of the role of 

TREX1 within each type of cell but are there cell types that are 

predominantly responsible for causing phenotypes seen in TREX1 

patients?  
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• A final question is what proteins interact with TREX1? TREX1 

has both a leucine rich repeat (LRR) region and a polyproline II helix, 

both of which are known to mediate protein-protein interactions. TREX1 

has already been shown to play a major role in the SET complex and is 

vital to OST function. New protein-protein interactions could open up 

pathways for more roles of TREX1 and DNA metabolism.  
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Appendix 1 

 

 

Figure A-1: TREX1 exonuclease assay shows decreased activity of phospho-mimetic mutants on 
ssDNA (top) and dsDNA (bottom) compared to WT TREX1. Increasing concentrations of 
TREX1 were incubated with 50 nM 30mer FAM-labeled ssDNA/dsDNA. Products were resolved 
on a 23% acrylamide gel and imaged with a fluorescent bioimager. 
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Appendix 2 

 

Figure A-2: Negative controls for proximity ligation assay (PLA) (Figure 2-4) show that if 

antibody against either TREX1 or phosphoserine is omitted, no signal is observed in PLA panel. 
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