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Abstract 

The epigenetic regulator Tet methylcytosine dioxygenase 2 (TET2) catalyzes the 

conversion of 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC), leading to DNA 

demethylation. Inactivating TET2 mutations are common in myeloid cancers such as chronic 

myelomonocytic leukemia (CMML) and myelodysplastic syndromes (MDS). Little is known 

about the role of TET2 in disease-relevant monocytes/macrophages (MΦs). Therefore, our goals 

for this project were to characterize Tet expression during normal murine MΦ differentiation and 

polarization, examine the effect of Tet2-deficiency on broader MΦ polarization gene signatures, 

and determine the translatability of our murine findings to human MDS/CMML. 

In this thesis, we characterized the expression of Tet2 in murine MΦ differentiation and 

polarization. Using murine bone marrow-derived MΦs (BMMΦ), we observed that Tet2 was 

highly expressed in differentiated MΦs. Interestingly, differentiation-associated gene expression 

was not altered in Tet2-knockout BMMΦs and peritoneal MΦs (PMΦs), suggesting that Tet2 is 

dispensable for MΦ development. MΦ response to polarizing stimuli was then explored. Tet2 

transcript levels increase early in the LPS response. The NFκB inhibitor compound BAY11-7082 

was shown to abolish LPS-mediated Tet2 induction, indicating that this gene is NFκB-responsive.  

Exploring Tet2-deficiency, we characterized the phenotype of Tet2-knockout MΦs using 

NanoString gene expression analysis. Constitutive expression of LPS-induced genes was 

observed in resting state Tet2-deficient PMΦs. In particular, we noted increased Il1β and Il6, as 

well as the anti-inflammatory gene Arginase 1 (Arg1), in resting Tet2-deficient PMΦs and in 

LPS-treated Tet2-knockout BMMΦs. These results implicated Tet2 loss in the establishment of 

aberrant inflammation, raising the question of whether TET2-mutant MΦs participate in altering 

the immune microenvironment. 
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Assessing immune dysregulation in TET2-mutant cells, we assayed IL1β and IL6 mRNA 

expression in human MDS/CMML patient samples as well as MDS/CMML-derived human MΦs. 

While levels of both targets were variable, some TET2-mutant cells had high IL6 expression. We 

also assessed ARG1 expression in MDS/CMML BM biopsies using immunohistochemical 

analysis. TET2 and/or DNMT3A mutations were correlated with high ARG1 staining, providing a 

link between ARG1 overexpression and TET2 mutations in humans. Overall, the work presented 

in this thesis provides a novel connection that ties TET2 lesions to the development of an 

inflammatory MDS/CMML local microenvironment. 
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1 

Chapter 1 A General Introduction to Myeloid Cancers, Tet2 and 

Macrophages 

1.1 Myeloid Cancers: Overview 

Myeloid malignancies are clonal disorders originating from hematopoietic stem or early 

progenitor cells that have acquired mutations resulting in perturbed self-renewal, differentiation 

and proliferation.1 The World Health Organization (WHO) classifies these cancers into four main 

subcategories: myelodysplastic syndromes (MDS), myeloproliferative neoplasms (MPN), 

myelodysplastic syndromes/myeloproliferative neoplasms (MDS/MPN) and acute myeloid 

leukemia (AML).2 MDS is a heterogeneous group of diseases characterized by dysplasia and 

dysfunctional hematopoeisis affecting one or more myeloid lineage, leading to cytopenias and an 

increased risk of progression to AML.2 Falling into the MDS/MPN category, chronic 

myelomonocytic leukemia (CMML) displays persistent monocytosis, fewer than 20% blasts in 

peripheral blood and bone marrow (BM), and dysplasia in one or more myeloid lineage.2  

 

1.1.1 MDS/CMML Incidence 

In the United States, the incidence of MDS is 3-4 per 100,000 per year, with individuals 

over the age of 70 having an even higher incidence at 30 per 100,000.3 However, the real 

prevalence is probably higher due to underreporting by physicians, misdiagnosis and the reliance 

on cancer registries to provide accurate information. Additionally, elderly patients with 

unexplained cytopenias are often suspected of having MDS with some of these individuals never 

receiving accurate diagnoses due to comorbidities and age-related death. This group of diseases 



 

 

 

2 

has a male predominance and a median age of 70 years.2 Some known risk factors to developing 

MDS include a family history of hematopoietic cancer, smoking, exposure to benzene, 

insecticides and pesticides and the presence of an autoimmune disorder.4, 5 As testament to 

disease heterogeneity, median survival ranges from less than 6 months to more than 5 years.6  

The incidence of CMML is largely unknown due to misdiagnosis. However, 

epidemiological evidence from the Surveillance, Epidemiology and End Results (SEER) database 

suggests that the age-adjusted incidence of the disease is 0.3 per 100,000 in the United States.7 

The median age at diagnosis is 65 to 70 years with a male predominance.2 Therapy-related 

CMML, occurring in approximately 11% of cases, is relatively rare and has been associated with 

poor clinical outcomes.8 Secondary CMML arising from preceding MDS accounts for 6% of all 

cases.9 Although there is no direct evidence linking environmental exposures to risk of 

developing CMML, it has been postulated that ionizing radiation, agricultural chemicals, 

chemotherapy and smoking may be associated with this disease.10 

 

1.1.2 MDS/CMML Diagnosis  

MDS is clinically characterized by the presence of peripheral blood cytopenias, bone 

marrow dysplasia in one or more myeloid lineages and evidence of ineffective hematopoiesis that 

usually manifests itself in either a hypercellular or normocellular BM.2 Using peripheral blood 

(PB) and BM analyses, MDS patients fall into the following disease subtypes based on a set of 

criteria established by the WHO: refractory cytopenias with unilineage dysplasia (RCUD), 

refractory anemia with ring sideroblasts (RARS), refractory cytopenias with multilineage 

dysplasia (RCMD), refractory anemia with excess blasts-1 (RAEB-1), refractory anemia with 

excess blasts-2 (RAEB-2), MDS with isolated del(5q) (del(5q)) and MDS-unclassifiable (MDS-
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U) (Table 1).2 Researchers and clinicians have been working towards adding pertinent mutation 

profiling data to this diagnostic criteria. For example, SF3B1 spliceosome gene mutations are 

known to correlate with the presence of ring sideroblasts11— a perinuclear ring observed in 

Prussian blue stained cells indicative of iron overload in erythroblast mitochondria.12 In the 2016 

revisions of the WHO classification system, this mutation has been used to separate patients with 

RCMD into those with and without ring sideroblasts. Of note, the information presented in this 

thesis refers specifically to the 2008 WHO classification system and not the newest refinements 

currently being implemented at the clinical level.  

 

Table 1-1 MDS and CMML disease subtypes as specified by the WHO classification 

system.2 

 

While clinicians recognized that CMML was a disease distinct from MDS and other 

MPNs by the early 1970s, this neoplasm was not classified as a unique entity until 2002 when the 

WHO released their classification guidelines.10 Currently, this neoplasm falls into the MDS/MPN 

overlap category that also includes juvenile myelomonocytic leukemia, atypical chronic myeloid 
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leukemia and MDS/MPN unclassifiable.10 The 2008 WHO diagnostic criteria specifies a 

diagnosis of CMML if patients suffer from a persistent and unexplained peripheral monocytosis 

(>1x109 monocytes/L PB) and if there is evidence of dysplasia in 10% of cells in at least one 

myeloid lineage (Table 1).2 However, lack of dysplasia itself cannot be used to rule out CMML as 

monocytosis persisting for more than 3 months or a cytogenetic/molecular abnormality are both 

considered evidence of disease.2 Once other causes of monocytosis have been ruled out, a BM 

aspirate and biopsy are obtained and cytogenetic analyses are conducted, with fluorescence in situ 

hybridization performed in some cases. Given that CMML can mimic other diseases, these tests 

are used to rule out diagnoses such as chronic myeloid leukemia (BCR-ABL fusion gene) or 

chronic eosinophilic leukemia (PDGFRA or PDGFRB rearrangements). Cases are further 

classified as CMML-1 (<5% blasts in the peripheral blood and <10% in bone marrow) or 

CMML-2 (5-19% blasts in peripheral blood and 10-19% in bone marrow), with anything falling 

above 20% blasts being diagnosed as AML. This classification system is not ideal and as a result, 

physicians and scientists are working to establish new subgroups.13 

While each myeloid cancer has a unique set of diagnostic criteria, there are many 

overlapping clinical and morphological features that make them notoriously difficult to diagnose. 

Additionally, assessment of criteria such as dysplasia is relatively subjective and therefore prone 

to inter-observer variation. If chromosomal rearrangements or mutations are not present in patient 

samples, diagnosis is often based solely on light microscope examinations of BM aspirates and 

PB smears. Due to this complexity as well as other clinical limitations such as the time needed to 

collect patient samples and perform diagnostic tests, it is not uncommon for patients to wait 2.5 – 

3.5 years between initial clinical presentation of disease to diagnosis.14 
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1.1.3 MDS/CMML Prognosis and Outcomes 

One of the major challenges of working with MDS patients is the high degree of 

variability within the patient population. With an overall median survival of 18.6 months,15 it is 

estimated that about 40% of cases will progress to AML.16 Given variable outcomes for 

individuals with MDS, the accurate prediction of disease course has become a major focus for 

clinicians, as this information impacts treatment decisions. Over the last 20 years, a number of 

prognostic scoring systems have been developed and used to various degrees in clinical practice: 

the International Prognostic Scoring System (IPSS)17 and its revised version (IPSS-R)6, the WHO 

classification-based Prognostic Scoring System (WPSS)18 and the MD Anderson Prognostic 

Scoring System (MDAPSS)19. The IPSS system stratifies patients into low-risk, intermediate-1, 

intermediate-2 and high-risk groups based on cytogenetics, BM blast counts and identification of 

cytopenias.17 One major drawback to this categorization scheme is that the degree of cytopenias is 

not considered, resulting in some MDS patients being identified as having low-risk disease when 

in fact they have an aggressive cancer.20 This has since been addressed in the revised five 

category model called the IPSS-R.6 Also, given that the IPSS was designed to be used at the time 

of diagnosis when patients had not been exposed to treatments, it remains unknown whether this 

system can predict outcomes at different clinical points.21 In contrast to the IPSS, the WPSS 

model was intended to be used at any point during disease progression.18 In calculating a 

prognostic score, WHO MDS disease categories, cytogenetics and transfusion dependence are all 

taken into account, with patients falling into the following five categories: very low, low, 

intermediate, high and very high.18 As with the IPSS, this tool may not be appropriate for patients 

falling outside of the de novo MDS categories, such as those with secondary MDS. The MDAPSS 

model, however, included newly diagnosed and treated MDS, CMML, secondary MDS and 
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therapy-related MDS patients in the development phase.19 Prognosis (low, intermediate-1, 

intermediate-2 and high) is determined by considering the following factors: performance status, 

patient age, platelets, hemoglobin, BM blasts, white blood cell counts, karyotype status and 

previous blood transfusions.19 Despite the fact that this model spanned a larger patient cohort, it is 

not currently being widely used by hematologists. Of note, these prognostic systems all lack the 

incorporation of mutation data, partially due to the fact that most common mutations are 

individually present in < 10% of the total patient population and that many of these mutations are 

present in several MDS subtypes. This year has seen some advances, however, with one group 

combining clinical parameter analysis with mutation data to generate a prognostic model that 

outperformed the IPSS-R.22 Understanding the impact of common mutations in genes such as 

TET2 on disease initiation and progression may lead to further refinements in prognostic scoring. 

Overall survival for CMML patients is currently 20-30 months with a 15-20% risk of 

progression to AML.23 Interestingly, the same prognostic models initially developed for MDS 

patients are currently being used to assign prognostic scores for those diagnosed with CMML. 

Perhaps as a result of this, outcome prediction remains unreliable.10 While the IPSS/IPSS-R 

system was refined in larger MDS cohorts with a small population of CMML patients included, 

the MDAPSS included patients with high (>20x109/L) white blood cell counts (WBC), making it 

potentially more applicable for use in CMML cases.19 Recognizing the need for a disease-specific 

tool, a cohort of 226 CMML patients from the Mayo Clinic were used to develop a model based 

on factors including circulating immature myeloid cells, hemoglobin and platelet counts.24 The 

Groupe Francophone des Myelodysplasies proposed another model incorporating genetic 

mutation.25 Recent comparisons of these prognostic scoring systems suggested that while all tools 

available provided useful information, more effort is needed to incorporate both mutation data 
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and predictive clinical variables.26 However, essential information pertaining to the impact of 

mutations, such as those affecting TET2, is currently missing.   

 

1.1.4 MDS/CMML Treatments and Clinical Challenges 

While novel therapeutics are being developed to treat individuals with MDS and CMML, 

current standards of care fall short for older patients with significant comorbidities and those with 

higher-risk and aggressive disease.27-29 Clinicians often adopt a “watch and wait” approach 

supported by therapies such as blood product transfusions and growth factor treatments to 

alleviate symptoms caused by cytopenias.30 In the case of rapid disease progression, intensive 

chemotherapy regimens involving anthracyclines and cytarabine can be tried.30, 31 However, few 

patients experience complete remission and many relapse within a short period of time.30, 31 High-

risk patients may also be treated with the hypomethylating agents 5-azacytidine (AZA) and 

decitabine (DEC).30 These drugs are cytidine nucleoside analogs that possess a nitrogen atom 

where carbon 5 normally resides.32 Upon entry into cells, these azanucleosides are converted into 

the active molecule 5-aza-2’-deoxycytidine-5’-triphosphate and then incorporated into DNA 

molecules by the DNA replication machinery.32 When DNA methyltransferase (DNMT) enzymes 

attempt to add a cytosine residue to these altered nucleosides, they become covalently bound to 

the DNA, an event that later leads to the degradation of the captured DNMT proteins and the 

initiation of DNA damage signaling.32 In higher-risk MDS patients, both 5-AZA and DEC were 

shown to increase overall survival and delay progression of MDS to AML.30 Less is known about 

the efficacy of hypomethylating agents in CMML.31 Allogeneic stem cell transplants, the only 

potentially curative therapy available to those with MDS and CMML, are often not an option for 

this group of patients. A more complete understanding of disease etiology is essential in 



 

 

 

8 

identifying new clinically-relevant markers and therapeutic targets essential to improving the 

outlook for these patients in particular.  

 

1.1.5 Molecular Basis of MDS/CMML 

Characterization of the molecular landscapes of MDS/CMML has shed light onto the 

complex genetic background of these malignancies. Commonly mutated genes in myeloid 

malignancies include those involved in signaling pathways (ABL, FGFR1, JAK2, KIT, MPL and 

RAS), transcriptional regulation (GATA2, RUNX1 and CEBPA), epigenetic regulation (DMNT3A, 

EZH2, MLL, ASXL1 and TET2) and tumour suppression (WT1, TP53 and CDKN2A).1 Frequently 

mutated genes are shown in Figure 1.1 for both MDS and CMML. Of note, components of the 

splicing machinery and epigenetic regulators are among the most highly mutated targets in both 

disease types. One of the biggest questions surrounding disease etiology is how these diverse 

mutations lead to clinically similar neoplasms.  

 

1.2 TET2 and Myeloid Disease 

1.2.1 TET2 Mutations in Myeloid Cancers 

Mono- or biallelic loss-of-function mutations and deletions of one gene, Tet 

methylcytosine dioxygenase 2 (TET2), are highly prevalent in individuals with certain myeloid 

malignancies such as MDS (19-26%), CMML (50-60%), de novo AML (12-17%), secondary  
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Figure 1.1: Mutation landscape of MDS and CMML. 

The mutation prevalence (%) is shown for commonly mutated genes in MDS and CMML patient 
samples. MDS mutation data was extracted from a recent review by Pelligatti and Boultwood33 
whereas CMML data ranges were based on a number of sources profiling mutations in patient 
populations.25, 34-38 Of note, a high percentage of patients have mutations in the epigenetic 
regulator TET2. 
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AML (24-32%) and systemic mastocytosis (20-40%).39 The relatively high prevalence of TET2 

mutations in myeloid cancers suggests that its loss may play a role in disease etiology or 

progression. Additionally, TET2 mutations co-occur with a large number of other lesions and are 

present in ageing individuals, suggesting a role in early disease development.40 It is thought that 

other genetic lesions also contribute to tumour initiation or progression through their ability to 

synergize with TET2 mutations. For example, in CMML researchers have noticed a correlation 

existing between the presence of TET2 mutations and those in SRSF2, a component of the RNA 

splicing machinery.41-43 At this point in time, however, little is known about the functional 

significance of this observed phenomenon. While most genes appear to enhance tumorigenicity in 

combination with TET2 mutations, IDH1/2 and TET2 mutations are actually mutually exclusive. 

This is thought to be related to the role of mutant IDH1/2 in producing a TET2 inhibitory 

molecule called 2-hydroxyglutarate (2-HG).44 Given the high prevalence of TET2 mutations in 

MDS/CMML patients as well as seemingly healthy older adults, understanding the consequences 

of TET2 loss is most likely very important to understanding these myeloid disorders.  

 

1.2.2 The TET Family of Cytosine Dioxygenases 

TET1, the first member of the TET family of Fe2+- and α-ketoglutarate-dependent 

dioxygenases to be identified, was initially described in 2002 as a fusion partner with the myeloid/ 

lymphoid or mixed lineage leukemia (MLL) gene in human AML.45 Two other family members, 

TET2 and TET3, were subsequently identified through homology searches.39 While TET1 mRNA 

is primarily expressed in embryonic stem and immature progenitor cells, TET2 and TET3 are 

more ubiquitously expressed with TET2 being the most abundant TET transcript in both 

hematopoietic and neuronal cells.39 In 2009, Tahiliani et al. were the first group to describe the 
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function of these enzymes. In their search for proteins analogous to the thymine-hydroxylating 

dioxygenase J-binding protein (JBP1) found in Trypanosoma brucei,46 this group identified TET 

enzymes by their ability to modify 5-methylcytosine (5-mC), an important epigenetic mark that 

contributes to gene regulation and maintenance of essential cellular programs.47 While no studies 

have definitively proved that the enzymatic functions of TET2 are the same as that of TET1, its 

role in generating 5-hmC is supported by the knowledge that the catalytic regions are highly 

conserved between TET1 and TET2, and that TET2 mutant MDS cases demonstrate a decrease in 

global 5-hmC levels.48, 49 In the murine context, Ito et al. provided evidence that Tet1, Tet2 and 

Tet3 were all able to convert 5-mC to 5-hydroxymethylcytosine (5-hmC).50 

The TET2 gene is located on human chromosome 4q24,39 whereas the mouse homolog 

can be found on chromosome 3 (61.84cM; http://www.informatics.jax.org/marker/MGI: 

2443298). Comparisons of human TET2 and mouse Tet2 demonstrate how highly conserved 

exonic regions are between the two species, as indicated by a large degree of sequence identity 

(Figure 1.2A). TET2 contains a carboxy-terminal catalytic double-stranded β-helix (DSBH) 

domain, a cysteine-rich domain and a large low-complexity linker region, all of which share 

approximately 70% sequence homology with TET1 (Figure 1.2B-C).51 The amino-terminal 

region does not appear to contain any ordered domains, as evidenced by the finding that 

truncation of residues 1 – 1129 has little effect on TET2 catalytic function.47 Of interest, TET2 

does not contain a nuclear localization signal or DNA-binding CXXC domain (Figure 1.2B-C),39 

suggesting that it is dependent on other proteins for subcellular localization and interactions with 

DNA. TET2 mRNA is thought to be highly expressed in cells of the hematopoietic lineage and 

exists in three variants – full length TET2 and two shorter isoforms of unknown function that lack 

significant portions of the C-terminus, including the catalytic domain (Figure 1.3).52  
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Figure 1.2: Comparing human TET2 to mouse Tet2 and the structural domains of other 
TET family members. 

A) Mouse Tet2 (top) and human TET2 (bottom) exonic sequences were entered into BLAST to 
identify regions highly conserved in both species (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 
Sequence identities are shown in grey boxes linking exon fragments with similar sequences in the 
mouse and human genes. The black bars indicate coding regions. This figure was constructed by 
A. Cull. B-C) The domain structures of TET family members B) TET2, C) TET1 and TET3 are 
depicted. While TET1 and TET3 have amino-terminal DNA-binding CXXC domains, the CXXC 
domain initially associated with TET2 early in vertebrate evolution was separated via 
chromosomal inversion (now the IDAX protein). The N-terminal portion of TET2 has not been 
extensively characterized. Towards the C-terminus, all three TET proteins contain a cytosine-rich 
domain and a double stranded beta helix (DSBH) domain that make up the catalytic region. These 
domain structure figures were adapted from Solary et al.39 
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Figure 1.3: Only the full-length human TET2 enzyme contains the catalytic domain. 

In human BM and PB cells, a full length TET2 product (isoform 1) as well as two smaller 
isoforms (isoforms 2 and 3) have been identified.52 Interestingly, the two shorter spliced products 
produce proteins lacking the catalytic domain essential for enzymatic function. At this point in 
time, the stability of these different mRNA transcripts is unknown. If these isoforms are 
translated into protein, the predicted molecular weights of each are as follows: 223 kDa for 
isoform 1, 130 kDa for isoform 2 and 133 kDa for isoform 3. This figure was adapted from 
Langemeijer et al.52 
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1.2.3 TET2 Enzymatic Functions and Protein Interactions 

Localizing to the nucleus, TET enzymes catalyze the successive oxidation of 5-

methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC) and 5-

carboxycytosine (5-caC) (Figure 1.4).53 This is hypothesized to result in loss of DNA methylation 

through replication-dependent dilution or recognition by the base excision repair/activation-

induced deaminase pathways that ultimately lead to loss of methylation (Figure 1.4).51 The 

removal of 5-hmC marks, usually associated with promoter inactivation, directly affects 

transcription factor binding sites and recruitment of proteins involved in binding methylated 

cytosine residues. When associated with methylated DNA, TET2 recognizes the CpG 

dinucleotide and uses a base-flipping mechanism to insert the 5-mC residue into its catalytic 

cavity where this enzyme subsequently catalyzes the addition of a hydroxyl group onto the 

original methyl moiety.47 Occupying a central role in demethylation, oxidation catalyzed by TET 

enzymes is thought to be the rate-limiting step in removal of the methyl group from 5-mC.54, 55 

The few reported interactions of TET2 with other proteins provide an interesting snapshot 

of the diverse ways in which TET2 participates in the regulation of genes. TET2 has been shown 

to recruit O-linked β-D-N-acetylglucosamine (O-GlcNAc) transferase (OGT) to chromatin.56 

Additionally, TET2 augments OGT function and promotes O-GlcNAcylation of histone 2B at 

Serine 112 at active H2K4me3-enriched promoters, enhancing transcription at those sites.57 TET3 

subcellular localization, but not that of TET1 or TET2, was also found to be regulated by OGT.58 

More recently, Bauer et al. reported that the addition of GlcNAc groups to TET2 serine and 

threonine residues blocks phosphorylation at nearby sites found in the low-complexity linker 

region.59 Other less-characterized binding partners include early B-cell factor 1 (EBF1) and 

activation-induced cytidine deaminase (AID).60, 61  



 

 

 

15 

 

Figure 1.4: The role of TET family members in DNA demethylation. 

Cytosine residues within CpG dinucleotides are recognized by DNMT enzymes that go on to add 
a methyl moiety onto carbon 5 to produce 5-mC. TET enzymes add a hydroxyl group onto this 
methylated residue, producing 5-hmC. 5-hmC-associated DNA demethylation can occur through 
a few different mechanisms. 5-hmC itself may be recognized by the AID/ apolipoprotein B 
mRNA editing enzyme, catalytic polypeptide-like (APOBEC) deamination pathways and base 
excision repair (BER), ultimately leading to loss of the original methylation mark. As another 
mechanism of 5-mC removal, TET enzymes are believed to catalyze the successive oxidation of 
5-mC to 5-hmC, 5-fC and 5-caC. This is hypothesized to result in loss of DNA methylation 
through replication-dependent dilution or removal of 5-fC/5-caC via the thymine-DNA 
glycosylase (TDG) enzyme. This figure was adapted from Solary et al.39 
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A major question surrounding TET2 protein interactions is whether these binding 

partners function in the context of 5-hmC production or whether they facilitate other roles played 

by Tet2. In mouse dendritic cells, Zhang et al. discovered a mechanism by which Tet2 binds the 

Il6 gene promoter via interactions with IκBζ and subsequently represses Il6 transcription through 

recruitment of Hdac2.62 This mechanism, entirely distinct from the 5-hmC-associated function of 

Tet2, has highlighted the complex and varied ways in which this enzyme regulates gene 

expression. More work needs to be done to further understand the underlying mechanisms and 

cellular contexts in which these interactions occur. 

 

1.2.4 Regulation of TET2  

While information regarding both human TET2 and mouse Tet2 gene regulation remains 

quite limited, recent publications have provided insights into cellular control of mRNA and 

protein levels. In mouse embryonic stem cells (ESCs), Sohni et al. characterized an inducible, 

CpG-rich promoter region falling in Tet2 exon 1, which this group postulated is common among 

different cell types, and an enhancer region that is ESC-specific.63 Other studies have provided 

evidence that Tet1 and Tet2 expression is regulated by Oct4 binding to the promoter and acting as 

a transcriptional activator.64, 65 Recently, Fidalgo et al. reported that Tet2 expression is also 

modulated by Zfp281 through its regulation of the Tet2-targetting microRNA (miR)-302/367 

cluster and by facilitating Hdac2 binding in the Tet2 enhancer region followed by repression of 

this gene.66 As a human ortholog of Zfp281 called ZNF281 exists in human ESCs, it is possible 

that this mechanism is not restricted to murine cells. To evaluate this possibility, experiments 

looking at these particular players in human ESCs need to be undertaken. Other TET2-targetting 

miRs have been reported, however, in investigations looking at expression of miR-22.67 Having 
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clinical applicability, MDS patients were found to highly express miR-22.67 Overexpression of 

this miR led to decreased TET2 mRNA and protein expression, as well as diminished 5-hmC 

levels, in a mouse transplantation model.67  

At the protein level, TET2 has been shown to be targeted for degradation by both 

caspases and calpains. IDAX has been implicated in TET2 degradation via caspases.68 

Interestingly, IDAX is evolutionarily related to TET2. In jawed vertebrates, the original TET 

gene was triplicated, giving rise to TET1, TET2 and TET3.69 During evolution, a chromosomal 

inversion separated the TET2 gene’s catalytic region from the CXXC domain and this ancestral 

CXXC domain became a distinct gene – IDAX.69 Ko et al. demonstrated that DNA-bound IDAX 

directly interacts with the catalytic region of TET2 and that this interaction triggers caspase-

mediated degradation of TET2.68 Interestingly, this group also showed that IDAX overexpression 

led to monocyte/macrophage skewing of differentiating HSC.68 Another group used a series of 

inhibitor compounds to interrogate the contribution of different protein turnover pathways to 

TET2 degradation.70 In this study, calpains were identified as a significant regulator of TET2 

protein turnover.70 While caspase- and calpain-mediated degradation have been studied using in 

vitro models, evidence is currently lacking with respect to in vivo TET2 degradation.68, 70 

Additionally, the functional significance of truncated TET2 proteins is unknown at this time. 

Aside from these mechanisms controlling expression, TET2 protein activity may be 

modified by interactions with small molecules such as 2-hydroxyglutarate (2-HG) produced by 

activating mutations in the isocitrate dehydrogenase (IDH1/2) genes, or by binding to co-factors 

such as vitamin C, a molecule thought to facilitate 3D protein folding by binding to the catalytic 

domain of TET enzymes.44, 68, 71 Overall, more research is required to gain a clearer picture of the 

cellular regulation of TET2, as many important questions still remain unanswered. 
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1.2.5 The Contribution of TET2 to the Development and Progression of Myeloid Cancers  

As mentioned above, TET2 lesions are frequent in patients with MDS and CMML. 

Interestingly, these disease subtypes sometimes share similar morphological abnormalities and 

features, suggesting that perhaps the aberrant changes underlying these phenotypes in fact 

originate from common mechanisms. Mutations in TET2 are usually monoallelic and have been 

found to have a wide distribution throughout the gene.52, 72 In a cohort of MDS patient samples, 

Langemeijer et al. found that nonsense and frameshift mutations causing premature stop codons 

were distributed throughout the N-terminal and internal portion of TET2 while missense and in-

frame deletions clustering exclusively in the cysteine-rich and DSBH domains.52 More recently, 

Patnaik et al. reported similar findings in a CMML patient cohort.73 Interestingly, no mutational 

hot spots have been identified. Aside from simple frequencies, the functional impacts of these 

lesions have been determined. Assessing the catalytic activity of various patient-derived TET2 

mutants, one group demonstrated partial or complete loss of enzymatic activity.48 This was an 

important finding, as understanding how specific mutations impact TET2 function is key to 

establishing which mutations are potentially disease-causing.  

Based on a number of studies, TET2 mutations are thought to occur early in disease 

progression. In the context of MDS, Langemeijer et al. found TET2 mutations in CD71+ erythroid 

precursors, CD13+/CD33+ myelomonocytic cells and CD34+ progenitors from patient BM 

samples,52 suggesting that the initial mutation arose in a stem cell or more primitive progenitor. In 

keeping with this finding, Delhommeau et al. showed that TET2 mutations were present in a 

small number of CD34+/CD38- immature progenitor cells but were highly prevalent in 

CD34+/CD38+ mature progenitors, indicating that these lesions occur in less committed 

progenitor cells that pass these changes on to their progeny.72 Itzykson et al. also saw a similar 
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clonal architecture present in TET2-mutant CMML patient samples.41 The hypothesis that TET2 

mutation is an early event occurring in a founding cancer stem cell that then gives rise to aberrant 

clones falls in line with what is known about the epigenetic consequences of these mutations. Ko 

et al. demonstrated a correlation between the presence of TET2 mutations in patient samples and 

globally decreased levels of 5-hmC.48 This group also suggested that these epigenetic changes 

could precipitate dysregulated myelopoeisis, ultimately contributing to the genetic instability 

essential for tumorigenesis.48 Supporting this idea, multiple studies have implicated TET2 as a 

player in processes such as stem cell self-renewal, lineage commitment and differentiation.74-76  

Also consistent with TET2 mutations as early drivers, studies focused on understanding the link 

between TET2 loss and MDS/CMML prognosis have generally found that TET2 status does not 

have prognostic value.77-79 This being said, as TET2 mutations are often paired with other genetic 

lesions, the outcome associations may in fact be much more complex than initially anticipated. 

For example, one study by Patnaik et al. demonstrated that TET2 mutations were associated with 

favorable outcomes in CMML patients.80 This finding was later confirmed by another group that 

also provided data showing that combined ASXL1/TET2 mutant status confers a poor prognosis.81 

Further research must be done to clarify these associations. 

Aside from inactivating mutations in the TET2 gene itself, other mutations have the 

potential to impact TET2 function. For example, as previously mentioned, AML-associated IDH1 

and IDH2 mutations resulting in neomorphic gene activity were shown to inhibit the ability of 

TET2 to hydroxylate 5-mC.44 IDH1/2 mutant enzymes produce 2-hydroxyglutarate (2-HG) that is 

chemically analogous to α-ketoglutarate (α-KG). Figueroa et al. postulated that 2-HG 

outcompetes α-KG for TET2 binding and therefore interferes with both Fe2+ binding and reaction 
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intermediate stability.44 This AML study provides further support for the role of TET2 in myeloid 

malignancies.  

One recent breakthrough in the study of myeloid malignancies has been the identification 

of myeloid malignancy-associated mutations in healthy older adults, a phenomenon termed clonal 

hematopoiesis of indeterminate potential (CHIP). Perhaps unsurprisingly, TET2 mutations are 

among the most common. In an initial study, skewed X chromosome inactivation was identified 

in approximately 40% of women over the age of 60 and some of the individuals in this cohort 

were found to possess TET2 mutations.82, 83 More recently, clonal mutations were identified in PB 

DNA whole-exome sequencing data from large cohorts of older individuals who did not 

demonstrate evidence of hematological malignancies.84 Jaiswal et al. identified mutations in > 

10% of individuals over the age of 70 and most of these lesions occurred in DNMT3A, TET2 and 

ASXL1.84-86 In an independent study using sequencing data generated by The Cancer Genome 

Atlas project for a number of different solid tumours, Xie et al. found nine recurrently mutated 

leukemia/lymohoma-associated genes in these older adults: DNMT3A, TET2, JAK2, ASXL1, 

TP53, GNAS, PPM1D, BCORL1 and SF3B1.86 In addition to reporting complementary findings in 

a companion paper published simultaneously with the work of Jaiswal et al., Genovese et al. 

found that in patients who were diagnosed with a hematopoietic cancer > 6 months after DNA 

sequencing samples were harvested, approximately 42% demonstrated clonal hematopoiesis.85 

This group also linked the preleukemic CHIP state to subsequent AML development in 2 

patients.85 Of note, the presence of CHIP was also associated with an increased risk of developing 

thrombosis, heart disease and stroke.84 Interestingly, abnormal immune responses involving 

macrophage (MΦ) populations have been reported in all of these conditions.87-89 Given that MΦs 

are vital for controlling and resolving inflammation, it is important to understand how genetic 
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lesions such as inactivating TET2 mutations impact the phenotypes and differentiation potential 

of these cells. 

 

1.2.6 TET2 and Macrophages 

The majority of studies looking at TET2 loss have been focused on hematopoietic stem 

and progenitor populations. In particular, no one has looked at how TET2-deficiency impacts the 

function of terminally differentiated MΦs, despite the monocytic lineage skewing that occurs in 

its absence. Integrating signals from both innate and adaptive immunity, MΦs play an important 

role in maintaining local microenvironments through debris clearing, production of cytokines, 

recruitment of lymphocytes and interactions with mesenchymal stem cells that affect 

hematopoietic stem cell retention and self-renewal.90, 91 In myeloid neoplasms, clinicians have 

noted variable and persistent monocytosis in MDS and CMML, respectively. CMML is 

characterized by increased tissue MΦs and peripheral blood monocytosis of > 1 x 109 cells/L and 

many MDS patients demonstrate sub-threshold monocytosis and increased BM MΦs.92 As 

previously mentioned, within the context of in vitro mouse and human models, the loss of TET2 

function contributes to stem cell expansion and biased monocytic differentiation, indicating a link 

between TET2 and cells of the myeloid lineage.48, 72, 74 The study of these expanded 

monocyte/MΦ populations is potentially important to understanding these complex diseases.93, 94 

Interestingly, associations between TET2 and PU.1 have been identified in PB monocytes, with 

TET2 being important for methylation changes at PU.1 target genes.95 As PU.1 is a well-

characterized Ets transcription factor important for MΦ lineage commitment and gene expression, 

this finding suggests that TET2 may in fact have MΦ-specific roles. 
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In the context of solid cancers, accumulating evidence suggests that the tumour 

microenvironment stimulates MΦs and other myeloid lineage cells, such as myeloid-derived 

suppressor cells (MDSCs), to expand and exert immunosuppressive properties.96 In one well-

established MΦ polarization model, stimuli present in the local microenvironment (such as 

cytokines, growth factors and molecules associated with pathogens) elicit an M1 (classically 

activated) or M2 (alternatively activated) MΦ response. On one end of the spectrum lie MΦs with 

an inflammatory phenotype (M1). In response to lipopolysaccharide (LPS) and interferon-γ 

(IFNγ), MΦs induce inflammatory gene expression, promoting antimicrobial, tumoricidal and 

TH1 effector responses.97 Inflammatory cytokines such as TNF, IL-6 and IL-1β are all elevated as 

a result of LPS-mediated TLR4 stimulation.97 On the other end of the spectrum, MΦs populations 

possess anti-inflammatory and wound-healing properties (M2). MΦs respond to cytokines such as 

interleukin-4 (IL-4) by downregulating inflammatory genes, increasing arginase 1 (Arg1) 

expression and augmenting phagocytotic capacity as well as scavenger receptor expression.97 

Sharing many features with M2 macrophages, MDSCs are a heterogeneous group of myeloid 

progenitors and immature MΦs, granulocytes and dendritic cells all of which exist in an activated 

state characterized by their ability to suppress T-cell function. These cells can be isolated and 

differentiated from non-MDSCs based on surface antigen expression. In mice, MDSCs fall into 

two categories: polymorphonuclear (PMN-MDSC, CD11b+Ly6G+Ly6Clo) and monocytic  (M-

MDSC, CD11b+Ly6G-Ly6Chi).98 The human equivalents of PMN-MDSC murine cells are 

CD11b+CD14-CD15+ or CD11b+CD14-CD66b+ whereas the human equivalent of mouse M-

MDSCs are CD11b+CD14+HLA-DR-/loCD15-.98 Interestingly, M2 MΦs and MDSCs have been 

implicated as key players in tumour-associated immunosuppression.96 While most current work 

on MΦs and MDSCs focuses on their roles in the context of solid cancers, our group previously 
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characterized an M2 MΦ phenotype in a Ship1-/- mouse model exhibiting phenotypic similarities 

to human MDS/CMML.99 Since Tet2-knockout mice also develop a MDS/CMML-like disorder 

with similar characteristics,74 it is reasonable to postulate that Tet2-deficient MΦs also have 

altered cellular function compared to wild-type cells.  

 

1.3 Macrophages 

1.3.1 Hematopoiesis and Myelopoiesis 

Adult PB platelets, red blood cells, monocytes, granulocytes and lymphocytes all 

originate in the hematopoietic niche. The homeostatic production of blood components relies on a 

highly coordinated and organized hierarchy of cells present in the adult human BM niche, with 

multipotent hematopoietic stem cells (HSCs) lying at the apex (Figure 1.5). Rare, long-living, 

self-renewing cell types such as long-term HSCs (LT-HSCs), short-term HSCs (ST-HSCs) and 

multipotent progenitors (MPPs) exist close to the top of the hierarchy with more abundant and 

shorter-lived oligopotent and unipotent progenitors falling further down the scheme. The MPP 

population gives rise to both the common myeloid progenitor (CMP) and the common lymphoid 

progenitor (CLP).100, 101 Other evidence suggests that a lymphoid-primed multipotent progenitor 

(LMPP) may exist prior to the CLP, indicating that myeloid and erythroid potential is lost early in 

the process of lymphoid differentiation.102 Interestingly, about 50% of the LMPP population is 

committed to the dendritic cell lineage, a cell type previously thought to derive from the CMP.103  

Focusing on myelopoiesis, CMPs give rise to bipotent granulocyte-monocyte progenitors 

(GMPs) and megakaryocyte-erythroid progenitors (MEPs). Progenitor cell differentiation is  
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Figure 1.5: A model of hematopoietic cell differentiation. 

Hematopoietic stem cells lie at the apex of this hierarchical model. Long-term stem cells (LT-
HSCs) give rise to short-term stem cells (ST-HSCs) that then go on to differentiate into 
multipotent progenitors (MPPs). Common myeloid progenitors (CMPs) and common lymphoid 
progenitors (CLPs) are derived from these MPP cells, with a proposed intermediate existing prior 
to CLPs – the lymphoid-primed multipotent progenitor (LMPP). Cells of the myeloid lineage 
arise from the granulocyte-monocyte progenitor (GMP) or the megakaryocyte-erythroid 
progenitor (MEP) while cells of the lymphoid lineage are derived downstream of the CLP. 
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driven by a small number of transcription factors that dictate specific gene programs essential for 

lineage commitment and specialized cellular functions.104 Myeloid-versus-erythroid lineage 

specification is thought to be determined by the integration of complex signaling networks 

leading to the expression of PU.1 or GATA-1.105 Given that these two transcription factors are 

mutually inhibitory of one another, the balance between PU.1 and GATA-1 expression 

determines whether a cell chooses a myelomonocytic or erythroid/megakaryocyte cell fate.106 

HDAC1 expression appears to plays a central role in this cell fate decision. CMPs with C/EBP-

mediated HDAC1 repression were shown to develop into myeloid cells whereas CMPs with 

GATA1 activated HDAC1 expression gave rise to megakaryocyte-erythroid lineage cells.107 On 

the epigenetic level, while global DNA methylation increases during lymphoid commitment, the 

opposite situation is true of myeloid lineage cells.108 This phenomenon, perhaps leading to the 

activation of lineage-specific genes, is hypothesized to be linked to TET2-mediated 

demethylation.109 Development of human terminally differentiated cells are thought to progress in 

much the same way.110 Lymphoid lineage specification, on the other hand, appears to be more 

step-wise, with coordinated activation of E2A, Ebf1 and Pax5 in progenitor populations.111, 112 

The epigenetic landscape surrounding these cell-fate choices, and in particular the connection 

between methylation status and transcription factor activation, is still largely uncharacterized.108  

 

1.3.2 Changing Models of Macrophage Development 

While MΦs were first characterized based on their phagocytic activity, these cells also 

play a role in metabolism, tissue homeostasis, adaptation to cold and organogenesis.113-115 

Originally, MΦ development and function was captured in a model called the mononuclear 

phagocyte system. This model was comprised of specialized phagocytic cells such as monocytes, 
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MΦs, dendritic cells and their precursors116, 117. Monocytes, which represent 4% of mouse and 

10% of human nucleated PB cells, are believed to originate in the fetal liver or adult BM.118 

These cells then differentiate into mature MΦs upon entering peripheral tissues termed tissue-

resident MΦs.118, 119 For many years, circulating PB monocytes were thought to be the only 

source for tissue-resident MΦs.120 However, this model has been refuted due to murine studies 

identifying yolk sac-derived MΦs that developed independently of HSCs.121 These MΦs were 

discovered in Myb-null embryos and shown to be seeded in the tissues.121 Now, it is 

acknowledged that two distinct populations of mouse MΦs exist that can be distinguished based 

on their developmental history, lifespan and self-renewal potential.122, 123 While developing and 

renewing independent of BM HSCs, these adult tissue-resident MΦs coexist with BM-derived 

leukocytes. In the context of MDS, however, monocyte-derived and BM-resident MΦs (i.e. those 

within the bone marrow niche that also carry mutations) are more likely to be relevant to disease 

progression than tissue-resident MΦs. 

Exposure to the cytokines M-CSF (aka CSF-1) and GM-CSF (aka CSF-2) during 

homeostatic and inflammatory conditions affects myeloid cell survival, differentiation, 

polarization and cell mobility.124 Whereas M-CSF is constitutively expressed under normal 

circumstances by a variety of cells including MΦs, GM-CSF is mainly expressed by activated 

leukocytes during an inflammatory or autoimmune response.125 M-CSF, commonly used to 

generate in vitro bone marrow-derived MΦs (BMMΦs),126 signals through the type III tyrosine 

kinase transmembrane receptor colony stimulating factor receptor 1 (CSF-1R). Binding of M-

CSF to CSF-1R precipitates dimerization of the receptor followed by autophosphorylation and 

activation of PI3K, ERK and phospholipase C.127, 128 In particular, ERK signaling culminates in 

the expression of PU.1, a myeloid transcription factor critical for MΦ differentiation.129 
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Additionally, genes involved in stimulating proliferation and enhancing survival are also 

expressed in M-CSF-treated cells.127 Exposure to GM-CSF stimulates progenitor cells to 

differentiate into granulocytes as well as MΦs.127 Of note, both CMML and juvenile 

myelomonocytic leukemia (JMML) demonstrate GM-CSF hypersensitivity when exposed to low 

doses of this growth factor.130, 131 GM-CSF signals through the CSF-2R, a receptor comprised of a 

ligand binding α subunit and signal-transducing β subunit.132 While the α subunit is unique to this 

receptor, the β subunit is shared between IL-3, IL-5 and GM-CSF receptors.132 Pathways 

triggered downstream of GM-CSF-bound CSF-2R include JAK/STAT, MAPK and PI3K 

cascades.132 As with M-CSF signaling, GM-CSF also leads to induction of PU.1.132 Interestingly, 

GM-CSF overexpression is associated with inflammatory disorders. Targeting of GM-CSF using 

neutralizing monoclonal antibodies has been effective in either preventing or reversing the 

inflammatory dysregulation seen in some autoimmune diseases.133, 134  

 

1.3.3 Macrophage Polarization: LPS, IFNγ and IL-4 Signaling 

MΦs have the ability to alter their phenotypic responses depending on stimuli found 

within their local microenvironment. Until recently, MΦs activation was thought of as 

dichotomous, with cells developing features of M1 (classically activated) or M2 (alternatively 

activated) MΦs depending on exposure to LPS (±IFNγ) or IL-4, respectively. This earlier 

conception of MΦ biology has been replaced with a more complex model involving a continuous 

spectrum of MΦ phenotypes instead of two discrete classifications. Given that these cells respond 

to a great diversity of signals that are both spatially and temporally dynamic, it is unsurprising 

that MΦs demonstrate a wide range of responses. Connecting the microenvironment to gene 

expression, one group looking at tissue-resident MΦs reported that histone modifications at MΦ-



 

 

 

28 

specific enhancers are shaped by different stimuli.135 It is therefore reasonable to suggest that 

epigenetic modifiers such as TET2 play a role in establishing gene expression patterns important 

for these phenotypes. 

During innate immune responses, evolutionarily conserved pathogen-associated 

molecular patterns (PAMPs) are recognized through binding of germ line-encoded pattern-

recognition receptors (PRRs).136 Toll-like receptors (TLRs) play an important role in initiating 

signaling cascades resulting in expression of genes involved in inflammation.136 With leucine-rich 

ectodomains and a cytoplasmic toll-interleukin 1 receptor (TIR) domain, the 10 human and 12 

mouse TLRs bind to a wide range of molecules.136 Ligand binding to the receptor triggers 

receptor oligomerization and a series of intracellular signal transduction cascades.136 

LPS, found on the outer membrane of gram-negative bacteria, is comprised of an O-

linked polysaccharide chain attached to the lipid A moiety.137 The potency by which this PAMP 

induces inflammatory responses is well documented, especially in the context of endotoxic 

shock.137 LPS signaling is known to occur through the TLR4 receptor.137 In addition to its 

response to LPS, TLR4 is also activated by envelope glycoproteins, glycoinositolphospholipids, 

HSP70 and mannan.137 In order to bind the TLR4 receptor, LPS is first bound by the extracellular 

LPS-binding protein (LBP) that facilitates interaction with CD14, a coreceptor expressed on the 

cell surface.137 LPS is then transferred to MD2, an accessory molecule associated with the 

extracellular domain of TLR4.137 This interaction then stimulates TLR4 oligomerization and 

downstream signaling events. Following activation and oligomerization of TLR4, a series of TIR 

domain-containing adaptor proteins are recruited to the receptor’s cytoplasmic domain.137, 138 The 

TLR4 pathway can be broken into two signaling cascades: MyD88-dependent signaling and 

MyD88-independent or TRIF-dependent signaling.  
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In the MyD88-dependent pathway, MyD88 recruits members of the IL-1 receptor (IL-

1R)-associated kinase (IRAK) family such as IRAK4 and IRAK1/2, both of which are 

sequentially phosphorylated.137, 138 IRAK1/2 then associate with TRAF6, an E3 ubiquitin ligase. 

TRAF6 and the ubiquitination enzyme complex (E2) catalyze the synthesis of K63-linked 

polyubiquitin chains on TRAF6 itself as well as transforming growth factor-activated protein 

kinase 1 (TAK1) and the IkB kinase subunit NF-kB essential modifier (NEMO).137, 138 TAK1 then 

goes on to activate two signaling cascades that involve the IKK complex as well as the MAPK 

pathway.137, 138 In the first cascade, TAK1-mediated IKK complex activation leads to 

phosphorylation of the inhibitory molecule IkB that is then degraded, allowing NFkB to 

translocate to the nucleus where it binds to the NFkB-responsive promoters and enhancers of 

proinflammatory genes.137 In the second cascade, TAK1 phosphorylates MAPK kinase (MKK) 

family members such as MKK3, MKK4, MKK6 and MKK7 that leads to activation of p38 

MAPK (via MKK3/6) and c-Jun N-terminal kinase (JNK, via MKK4/7).137 Downstream 

activation of the transcription factor activator protein 1 (AP1) leads to expression of 

proinflammatory target genes.137, 138 

In the MyD88-independent pathway, TRIF activates TRAF3 and TANK that then go on 

to activate TBK1 and IKKε.137, 138 TRIF also interacts with TRAF6 which recruits and activates 

TAK1 in a manner dependent on ubiquitination.137, 138 Another protein, RIP1, is polyubiquitinated 

and forms a complex with TRAF6 that then activates TAK1, leading to downstream NFκB 

signaling through mechanisms common to both the MyD88-dependent and independent 

pathways.137, 138 Returning to TBK1 and IKKε, these proteins phosphorylate IRF3 and IRF7 

which hetero- and homodimerize, translocate to the nucleus and bind along with other 

transcriptional coactivators to IFN-stimulated response elements.137, 138  
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Classical M2 MΦ responses begin with IL-4 binding through one of two potential 

heterodimeric receptor complexes. The type I receptor exclusively binds IL-4 and is made up of 

the IL-4Rα and γc subunits.139 The type II receptor, which binds IL-4 and IL-13, is comprised of 

IL-4Rα and IL-13Rα1 subunits.139 It has been postulated that type I responses dominate the M2 

response in IL-4 stimulated MΦs.139 Once activated, both type I and type II receptors rely on 

Jak/Stat phosphorylation, with Jak3 binding to γc and Jak2 or Tyk2 binding to IL-13Rα1.140 

Following receptor dimerization and activation, Stat6 associates with the common IL-4Rα 

subunit and is phosphorylated, an event that leads to Stat6 dimerization, nuclear translocation and 

expression of IL-4-responsive genes such as Arg1 and Ym1. Expression of these targets is further 

enhanced by phosphorylation of the docking protein IRS-2 through the γc subunit.141 

Phosphorylated IRS-2 then recruits PI3K and Grb2, leading to Akt and Mapk activation, 

respectively.141 Overall, IL-4 stimulation culminates in an anti-inflammatory MΦ phenotype that 

has been extensively studied in the murine context. 

 

1.3.4 The MDS/CMML bone marrow niche and macrophages 

MΦs are integral to innate immune responses and tissue homeostasis and their 

dysregulation has been linked to disease states including systemic infections, cardiovascular 

disease, type 1 diabetes and some cancers.142-146 Hematopoiesis is maintained within a dynamic 

bone marrow microenvironment. This niche is populated by a variety of cell types including 

vascular endothelial cells, osteoblasts, osteoclasts, mesenchymal stem cells, monocytes and MΦs, 

all of which support the continuous production of blood cells. While a wealth of knowledge exists 

pertaining to monocytes, the exact developmental origins of BM-resident MΦs are currently 

unknown. These cells have been shown to play an important role in erythropoiesis, support of 
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osteoblast function and stem cell retention/trafficking.147, 148 If MΦ populations within the BM 

niche demonstrate inappropriate responses to their local microenvironment due to mutations in 

genes such as TET2, it is quite possible that this may have a large effect on the stem cell 

compartment. However, how MΦs interact with and impact cells of both the normal and 

cancerous BM niche remains poorly understood.  

It has become increasingly evident that dysregulation of the BM microenvironment 

contributes to MDS/CMML disease etiology. Abnormal cytokine expression is a well-described 

feature of the MDS BM microenvironment. For example, M-CSF, TNFα, TGFβ, IL-1α, IL-6, IL-

8 and VEGF have all been found to be elevated in MDS patient BM samples.149 High TNFα 

levels coupled with increased CD95 (a.k.a FAS) and TNF-related apoptosis inducing ligand 

(TRAIL) death receptor expression may contribute to the increased rate of apoptosis within this 

inflammatory niche.150 These abnormalities lead to suppression of hematopoiesis and perturbation 

of processes such as angiogenesis and extracellular matrix deposition, both of which are 

important to maintaining an environment conducive to hematopoiesis.151 Interestingly, within this 

proinflammatory environment, immunosuppressive cell types such as MDSCs and regulatory T 

cells are expanded.152-154 Additionally, other immune subtypes such as natural killer cells exhibit 

impaired function while CD8+ T cell populations are expanded.155  

At this point in time, no specific cell population has been definitively identified as 

altering the MDS BM microenvironment. However, a few interesting examples of mutant clone-

mediated inflammatory dysregulation exist in the literature. For example, in MDS cases with 

chromosome 5q deletions (del5q), haploinsufficiency of the microRNAs 145 and 146a cause 

TLR4 signaling to be derepressed, leading to dysplasia and suppression of normal 

hematopoiesis.156 Another example involves inflammasome activation. In this study, MDS 
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mutation-associated overexpression of S100a9 in combination with reactive oxygen species was 

discovered to precipitate NLRP3 inflammasome activation.157 Pyroptic cell death was 

subsequently identified as a contributor to mutant clone expansion.157 Other genetic lesions also 

alter the functioning of innate immune cells in ways that impact inflammatory responses. For 

example, Tet2 loss impaired the ability of dendritic cells to resolve inflammation62 and Dnmt3a 

deficiency reduced type I IFN expression in murine peritoneal MΦs (PMΦs)158. 

Aside from potential contributions of hematopoietic cells to changes within the MDS BM 

niche, stromal cells have recently been implicated in disease initiation and progression. In a study 

published in 2010, Raaijmakers et al. demonstrated that deletion of Dicer1 in murine 

osteoprogenitors lead to myelodysplasia and progression to AML, suggesting that stromal cells 

can directly cause malignant transformation.159 Osteoblasts were also connected to MDS disease 

progression when another group published findings showing that an activating mutation in murine 

β-catenin led to myeloid skewing and development of AML.160 In particular, β-catenin mutant 

osteoblasts produced Notch ligand jagged 1 that stimulated Notch signaling in haematopoietic 

stem cells and progenitors.160 This eventually led to chromosomal abnormalities, defects in 

differentiation and the development of an AML-like phenotype.160 Another line of evidence that 

stromal cells are important to maintaining the disease state can be found in studies attempting to 

culture human MDS cells in immunocompromised mice. While AML patient CD34+ BM cell 

engraftment in xenotransplantation models was successful, similar results was not observed with 

MDS samples until mesenchymal stromal cells were cotransplanted.161, 162  

MDS and CMML BM niches show numerous signs of immune dysregulation and for the 

first time, we are attempting to understand how mutation-harboring MΦs contribute to these 

abnormal changes. Given their essential role in immune homeostasis, mutant MΦ populations 
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have the potential to augment disease states, both through imbalanced gene expression affecting 

polarization responses and through abnormal expansion of these cells. While the underlying 

genetics of these myeloid neoplasms are undoubtedly complex, we have chosen to focus on loss 

of TET2, as this lesion occurs early in disease progression and has the potential to sew the seeds 

for clonal expansion, immune dysregulation and cancer progression. This novel approach to 

understanding how TET2 mutations impact innate immune cells is potentially of great value, 

given that this early mutation impacts a high number of MDS and CMML patients, as well as 

those with subclinical CHIP. 

 

1.3.5 Summary and Hypothesis 

 Despite the plethora of information on TET2 mutation profiling and its association with a 

variety of myeloid cancers including MDS and CMML, many questions remain regarding the role 

of TET2 in both the normal and malignant cellular contexts. In particular, evidence suggests that 

this protein may be an essential contributor to normal MΦ differentiation- and polarization-

specific gene regulation.48, 72, 74, 95 This study aims to determine the impacts of TET2 loss on MΦ 

differentiation and polarization using both human and murine models. We hypothesize that loss 

of TET2 precipitates phenotypic skewing in MΦ populations and ultimately contributes to 

MDS/CMML pathogenesis.  
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1.3.6 Main Objectives 

1) To characterize Tet2 expression and gain insights into the potential functional 

significance of this epigenetic regulator in the context of normal MΦ function 

2) To investigate how Tet2 loss impacts MΦ differentiation and polarization 

3) To identify connections between human TET2 mutations and inflammation in 

MDS/CMML patients 
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Chapter 2 Tet2 in Normal Macrophage Differentiation and 

Polarization 

2.1 Abstract 

Tet methylcytosine dioxygenase 2 (TET2) is one of the earliest and most frequently mutated 

genes in myeloid cancers including myelodysplastic syndromes (MDS) and chronic 

myelomonocytic leukemia (CMML). While previous studies have demonstrated that inactivating 

TET2 mutations cause aberrant methylation, clonal dominance and monocytic skewing, little is 

known about how loss of this protein impacts the properties of disease-relevant 

monocytes/macrophages (MΦs). In this chapter, we investigated the role of Tet2 in normal 

murine MΦ differentiation and polarization. We observed that Tet2 was the most highly 

expressed Tet enzyme in mature primary mouse MΦs. In studies focused on response to 

polarizing stimuli, Tet2 transcript levels were shown to increase early in LPS (but not IL-4) 

stimulation. Further interrogating Tet2 induction, we were able to demonstrate that combined LPS 

and IFNγ treatments did not induce Tet2 levels beyond that of LPS alone. Additionally, Tet2 

appeared to be tolerizable in preliminary LPS challenge experiments. The mechanism behind 

Tet2 induction was then explored using RAW264.7 and primary MΦ cells pretreated with 

inhibitors of downstream TLR4 signaling. Exposure to the NFκB inhibitor BAY11-7082 prior to 

LPS stimulation abolished LPS-mediated Tet2 induction, suggesting that this gene is NFκB-

responsive. Since these findings implicate Tet2 in the LPS response, this may represent a novel 

mechanism through which Tet2 participates in inflammatory gene regulation.  
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2.2 Introduction 

Epigenetic dysregulation is a common feature of many cancers, including myeloid 

neoplasms.163-165 Mono- or biallelic loss-of-function mutations in Tet methylcytosine dioxygenase 

2 (TET2) are highly prevalent in patients with CMML (50-60%), MDS (19-26%) and subclinical 

CHIP (40-50%).25, 34, 37, 52, 72, 84, 166, 167 Occurring early in disease progression, inactivation of TET2 

is believed to result in loss of hydroxymethylation and a concomitant enrichment of methylation 

marks, particularly within active enhancer regions.168, 169 As most TET2-specific research has 

been focused on the stem cell compartment, little is known about the role of TET2 in MΦ 

biology, particularly during differentiation and polarization. As such, we set out to understand the 

role of TET2 in these contexts. In this study, we used qRT-PCR analyses to determine Tet2 

mRNA expression levels during normal murine BMMΦ differentiation. Complementing these 

experiments, we also mined existing datasets to provide a clearer understanding of which 

hematopoietic cell types have highest expression of this target. Tet2, found to be the most highly 

expressed Tet enzyme in primary C57BL/6 MΦ cultures, appears to be abundant in cells of the 

granulomonocytic lineage. Taken together with what is known about Tet2, these findings further 

suggested that Tet2 plays a functional role in MΦ polarization. Through treating primary mouse 

MΦs and cell lines with LPS (±IFNγ) and IL-4, we were able to determine that Tet2 is LPS-

responsive and that IFNγ alone is not a robust inducer of this gene. Additionally, we provide 

evidence through studies inhibiting signaling components downstream of TLR4 and by mining 

existing ENCODE ChIP-seq data that the Tet2 promoter is NFκB-responsive.  
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2.3 Materials and Methods 

2.3.1 Mice, Primary MΦs and Cell Lines 

C57BL/6 floxed control mice were obtained from the Jackson Laboratory (Tet2f/f, 

B6;129S-Tet2tm1.1Iaai/J; Bar Harbor, ME, USA). Primary MΦs were isolated as previously 

described.126 Briefly, BMMΦs were differentiated in MΦ media (IMDM (Hyclone, Logan, UT, 

USA) plus 10% fetal bovine serum (FBS, Hyclone), 1 x penicillin/streptomycin (P/S, Thermo 

Fisher Scientific, Waltham, MA, USA), amphotericin B (Thermo Fisher Scientific), 1-

thioglycerol (Bioshop, Burlington, ON, Canada)) supplemented with 10-20ng/mL recombinant 

mouse M-CSF (Miltenyi, Auburn, CA, USA) or 10ng/mL recombinant mouse GM-CSF 

(Miltenyi). PMΦs were isolated from whole peritoneal lavage fluid by adherence selection. 

Murine monocyte/MΦ RAW264.7 cells and calpain knockout mouse embryonic fibroblast (MEF) 

cell lines (gift from Dr. Peter Greer, Queen’s University, Kingston ON, Canada) were cultured in 

DMEM (Hyclone, Logan, UT, USA) supplemented with 10% FBS and 1x P/S. P815 mouse 

mastocytoma cells (gift from Dr. Andrew Craig, Queen’s University) and HEK293T human 

embryonic kidney cells were cultured in the same medium. THP-1 human acute monocytic 

leukemia cells (gift from Dr. Katrina Gee, Queen’s University), were cultured in RPMI (Hyclone) 

supplemented with 10% FBS and 1x P/S.  

 

2.3.2 Macrophage Differentiation and Polarization Studies 

For BMMΦ differentiation experiments, whole bone marrow cells were plated at 2 x 106 

cells/6-well in MΦ media supplemented with 10ng/mL mouse recombinant M-CSF. For days 2 to 

4, adherent and non-adherent cells were pooled together for RNA preps. Only adherent cells were 

harvested at later time points. For MΦ polarization studies, BMMΦs cultured for 7 – 10 days 
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were lifted off T75 flasks with cell dissociation buffer (Sigma-Aldrich) and gentle scraping, 

plated at 2 x 106 – 4 x 106 cells/well of a 6-well plate and treated with 100ng/mL LPS (Sigma-

Aldrich, Oakville, ON, Canada) ± 10ng/mL recombinant mouse IFNγ (Thermo Fisher Scientific) 

or 10ng/mL recombinant mouse IL-4 (Thermo Fisher Scientific). PMΦs were plated at 2 x 106 

cells/6-well in MΦ media and cultured for 24h prior to stimulations. Non-adherent cells were 

removed by washing wells 3 x with warm PBS and then PMΦs were treated with 100ng/mL LPS 

± 10ng/mL IFNγ or 10ng/mL IL-4. RAW264.7 cells were treated in the same way for stimulation 

experiments. For endotoxin tolerance studies, RAW264.7 cells were exposed to 100ng/mL LPS 

doses 24h apart. 

 

2.3.3 RNA, DNA and Protein Harvests 

For all experiments, RNA was extracted from cells using the RNeasy Kit (Qiagen, 

Toronto, ON, Canada) and DNA was harvested using the Whole Blood and Tissue Kit (Qiagen).  

To prepare protein lysates, cells were lysed with RIPA buffer (20mM Tris-HCl pH 8.0, 1% NP-

40, 0.5% sodium deoxycholate, 0.1% SDS, 150mM NaCl, 2mM EDTA) plus protease inhibitor 

tablets (Thermo Fisher Scientific) and placed on ice for 30 minutes with periodic vortexing. Cell 

line lysates were cleared by centrifuging at 15,000 rpm for 15 mins at 4°C but this step was 

omitted for primary cell lysates. Cell lysates harvested with 1 x SDS loading buffer (0.7% SDS,  

20 mM Tris-HCl pH 6.8, 8.3% glycerol and bromophenol blue) were immediately boiled 

following cell lysis.   
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2.3.4 NO Assay 

Cell culture supernatant NO levels were indirectly determined by calculating NO2
- levels 

using the NO Assay (a.k.a. Griess Assay) as previously described.170 Briefly, 50µL of cell culture 

supernatant was incubated for 10 mins at room temperature with 50µL each of 1% sulfanilamide 

and 0.1% N-α-naphthyl-ethylenediamine, both of which were dissolved in 2.5% phosphoric acid.  

The same procedure was followed to prepare a series of standards ranging from 0µM to 100µM 

NaNO2. Following incubation, the absorbance of samples and standards were read at 570nm 

using a Take3 Plate Reader (BioTek, Winooski, VT, USA). Nitrite concentrations were then 

estimated based on an NO2
- standard curve. 

 

2.3.5 Transient Transfections 

The mouse Tet2 expression construct FH-Tet2-pEF (41710) was obtained from Addgene 

(Cambridge, MA, USA). To create positive control protein lysates, this plasmid was transiently 

transfected into HEK293T cells using the Polyjet DNA Transfection Reagent (Frogga Bio, North 

York, ON, Canada). HEK293T cells were plated at 1x106 cells/mL in 6-well plates (2mL/well) 

and allowed to adhere overnight. 1 hour prior to transfection, the cell culture supernatant was 

removed and fresh media (DMEM plus 10% FBS and 1x P/S) was added to each well. 1µg FH-

Tet2-pEF DNA was diluted in serum-free high glucose DMEM and then mixed with diluted 

PolyJet reagent (using a 3:1 Polyjet (µL) to DNA (µg) ratio). Following a 10 min incubation, this 

mixture was added dropwise to each well. Approximately 18 hours later, media was replaced to 

remove the Polyjet/DNA complex. Protein lysates were then harvested 24 hours post-transfection. 
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2.3.6 TLR4 Signaling Inhibitor Treatments and Cell Viability 

For TLR4 signaling inhibition, 2x105 RAW264.7 cells/well in 12-well plates were 

pretreated for 1h with 0.05% DMSO vehicle control (Bioshop) or: 5µM–20µM BAY11-7082 

(IκBα phosphorylation inhibitor), 10µM–40µM SP600125 (JNK inhibitor), 10µM–40µM 

SB239063 (p38 MAPK inhibitor) or 2µM–8µM PD184352 (MEK inhibitor) (Sigma-Aldrich). 

Cells were then treated with 100ng/mL LPS for 3h. The same protocol was used for TLR4 

signaling inhibitor treatments of BMMΦs. In order to determine whether exposure to these 

inhibitors caused significant cell death, trypan blue exclusion studies were done. The protocol for 

these experiments, as well as the reagents, were obtained from the Yang Lab (Queen’s 

University). Briefly, RAW264.7 cells were plated and pretreated with 3-4 concentrations of each 

inhibitor as described above. Following 1h incubation, a 3h LPS stimulation was performed. Cells 

from each well were collected using 1x trypsin (Sigma Aldrich) and diluted in media. Cells were 

pelleted by spinning at 2000rpm for 2 mins, the supernatant was removed and pellets were then 

resuspended in 100µL total volume. An equal volume of 0.4% trypan blue stain (Thermo Fischer 

Scientific) was added to each tube and cell suspensions were gently mixed by pipetting. A 

volume of 10µL was then loaded into a haemocytometer and cells were counted (unstained versus 

blue stained). The percentage of dead cells (% dead cells) was determined by calculating the ratio 

of blue stained (dead) cells over the total cell count (unstained plus blue stained). 

 

2.3.7 Western Blot Analysis 

Western blotting was performed using antibodies against Tet2 (sc-1296926 from Santa 

Cruz Biotechnology, Santa Cruz, CA, USA; and Mab-179-050 from Diagenode, Denville, NJ, 

USA), Arg1 (610708, BD, Mississauga, ON, Canada), iNos (610431, BD), IκBα (9242, Cell 
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Signaling Technology, Danvers, MA, USA), phospho-IκBα (2859, Cell Signaling Technologies), 

Erk1/2 (4695, Cell Signaling Technologies), phospho-Erk1/2 (4370, Cell Signaling 

Technologies), cJun (PC06, Calbiochem, San Diego, CA, USA), phospho-cJun (9261, Cell 

Signaling Technologies) and β-actin (AM4302, Thermo Fisher Scientific). HRP-conjugated 

secondary antibodies (G-21234 goat anti-rabbit and G-21040 goat anti-mouse; Thermo Fisher 

Scientific) were used and blots were developed with enhanced chemiluminescence substrate 

(Thermo Fisher Scientific) and exposed on Fuji medical X-ray film (Groupe Christie Ltd., St. 

Eustache, QC, Canada). Please note, the p38, phospho-p38, IκBα and phospho-IκBα antibodies 

were generously provided by Dr. Louise Winn (Queen’s University) and the cJun and phospho-

cJun antibodies were generously provided by Dr. Xiaolong Yang (Queen’s University). 

 

2.3.8 Immunofluorescence 

Cells were plated on coverslips and fixed in 3.7% paraformaldehyde (Bioshop) as 

previously described.171 A Tet2 antibody (S-13, Santa Cruz) was used at 1:50 and cells were 

mounted with Vectashield Mounting Medium with DAPI (Vector Laboratories, Burlington, ON, 

Canada). Immunofluorescence was detected using a Leica TCS SP2 microscope. Images were 

assembled using Adobe Photoshop CS4 software. 

 

2.3.9 SYBR Green Quantitative Reverse Transcriptase PCR (qRT-PCR) 

0.25µg – 1µg RNA was converted into cDNA using M-MLV Reverse Transcriptase 

(Thermo Fisher). Previously published primer sequences were used for amplification of murine 

Tet1, Tet2, Tet3, Il6, Il1β and Arg1.74, 172, 173 Mouse β-2-microglobulin (B2M) was used as an 

internal control.174 20ng of cDNA was amplified using the DyNAmo Flash SYBR Green qPCR 
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Kit (Thermo Scientific) in a Viia 7 Real-Time PCR Machine (Applied Biosystems, Foster City, 

CA, USA) owned and maintained by the Berman Laboratory (Queen’s University). Cycling 

conditions included an initial denaturation step of 7 mins at 95°C followed by 40 cycles 

comprised of a 10s denaturation at 95°C and a 30s annealing and extension step at 60°C at which 

point fluorescence data was collected. Melting curve analysis was then performed for each run to 

rule out primer dimers and other technical issues. mRNA expression fold changes of target genes 

were calculated relative to controls using the delta-delta Ct method (Perkin Elmer, Waltham, MA, 

USA). 

 

2.3.10 Chromatin Immunoprecipitation Sample Preparation 

Chromatin immunoprecipitation (ChIP) assays were performed using a protocol adapted 

by Marina Lockhead (Lebrun Laboratory, Queen’s University) from a previously published 

method.175 Briefly, a total of 4 x 106 RAW264.7 cells were plated per 100mm plate and allowed 

to adhere overnight. Following a media change, cells were treated for 3 hours with either media 

control or 100ng/mL LPS. 16% formaldehyde was then added directly to the cell culture media 

(55µL/1mL media) and plates were rocked at room temperature for 10 mins. Following the 

addition of glycine at a final concentration of 125mM, cells were scraped and pelleted by 

centrifuging at 2000xg for 5 mins at 4°C. These cell pellets were washed twice in ice cold PBS, 

aliquoted into 1.5mL tubes each containing approximately 20 million cells and then lysed on ice 

by adding 1mL ChIP buffer (50mM Tris pH 7.5, 150mM NaCl, 5mM EDTA, 0.5% NP-40, 1% 

Triton X-100, 0.1% SDS) plus protease inhibitors (Thermo Fisher Scientific). Chromatin samples 

were sheared using sonication (6W, 8 pulses of 10 sec each with 30 second breaks on ice between 

each pulse). Lysates were cleared by centrifuging at 15,000rpm for 10 mins at 4°C. 1µg - 6µg of 
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the appropriate antibodies (NFκB: sc-372 and sc-8008, Santa Cruz Biotechnology; H3K27ac: 

ab4729, Abcam, Toronto, ON, Canada; H3K4me3: M07-473, Millipore, Etobicoke, ON, Canada) 

were used in immunoprecipitation (IP) reactions. Antibodies against mouse IgG and rabbit IgG 

were used as mock IP controls (Santa Cruz). Of note, the H3K27ac, H3K4me3, mouse IgG and 

rabbit IgG antibodies were generously provided by Dr. David Lebrun (Queen’s University). 

Protein A/G beads (Santa Cruz) were blocked overnight at 4°C in ChIP buffer supplemented with 

200µg/mL salmon sperm DNA (Invitrogen) and 500µg/mL bovine serum albumin (Sigma 

Aldrich). The following day, 100µL of blocked beads (washed 2x with 1mL ChIP buffer prior to 

being aliquoted) were added to 900µL of IP supernatant removed from lysates that had been spun 

at maximum speed for 10 mins. Pulldowns lacking antibodies served as negative controls. These 

mixtures were then incubated at 4°C for 1 hour. Following 4x washes with ChIP buffer and 2x 

washes with TE buffer, beads were pelleted at 3000rpm for 1 min at 4°C, the supernatant was 

removed and 100µL Chelex beads (Sigma Aldrich) were added to each tube. Samples were boiled 

for 10 mins before being processed using the QIAquick PCR purification kit. Each ChIP sample 

was eluted in 100µL elution buffer and then used as a template in downstream qRT-PCR 

analyses. At the same time, a 1% chromatin input sample was prepared for each treatment type to 

be used as a reference in qRT-PCR analyses. 

 

2.3.11 ChIP Primer Design and qRT-PCR Analysis 

Human ENCODE ChIP-seq data was mined for p65 (RELA) binding sites within the 

human TET2 promoter region. To identify sites with high sequence homology in mouse and 

human promoters/enhancers, human p65 ChIP sequences were analyzed through the NCBI tool 

BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Two mouse promoter sites and one enhancer 
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site identified as homologous were then selected for ChIP analysis and primers were manually 

designed using PrimerBlast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to evaluate the 

characteristics of the primer sequences chosen. Following primer efficiency tests, two primer sets 

were selected for further experimentation: Mouse Tet2 Promoter 1 5’-

CGAGCCTAGAGAACAGACGT-3’ and Mouse Tet2 Enhancer 5’-TCTTCACAGAGACGACA 

GCC-3’. Once ChIP samples had been prepared as outlined above, SYBR green qRT-PCR 

analysis was used to determine the enrichment of NFκB binding or histone marks. In order to use 

the 1% chromatin input samples as a reference, the 1% chromatin input sample Ct values were 

subtracted by 6.644 (which adjusts this sample to reflect an input of 100%). The percent input for 

each sample was then calculated using the following formula (Thermo Fisher Scientific):  

Percent Input = 100 x 2(!"#$%&'" !""% !"#$%!!" !"#$% !" !") 

Triplicate samples for each experiment were averaged and then plotted. 

 

 

2.3.12 Statistical Analysis 

Figures show representative data from 3 or more independent experiments unless 

otherwise indicated. Unpaired two-tailed t-tests assuming equal variances (to compare means of 

experimental triplicates) or Mann-Whitney U tests (to compare larger datasets or combined 

experimental replicates) were performed using Prism Software Version 6.0f (GraphPad Software, 

La Jolla, CA). P-values of ≤ 0.05 were considered statistically significant. 
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2.4 Results 

2.4.1 Tet2 mRNA expression is stably expressed during murine MΦ differentiation 

In order decipher the role played by Tet2 in MΦ biology, we first profiled Tet enzyme 

mRNA levels during C57BL/6 MΦ differentiation. Tet2 was expressed early in differentiating 

whole BM (day 2, Figure 2.1A), with comparable relative mRNA levels maintained throughout 

M-CSF-induced MΦ differentiation (Figure 2.1). In contrast, both Tet1 and Tet3 levels were 

highest in whole BM with expression decreasing as BMMΦs differentiated (Figure 2.1A). In 

order to establish that the observed Tet2 expression levels were linked to differentiation and not 

just M-CSF exposure, BMMΦs were cultured for 8 days in MΦ media supplemented with 

10ng/mL GM-CSF. Compared to whole BM, GM-CSF-induced BMMΦs cultures demonstrated 

similar Tet2 expression patterns (Figure 2.1B). Based on our results, we wondered whether Tet2 

expression was highest in differentiated monocytes/MΦs compared to HSC populations. Mining 

publically available microarray data at Gene Skyline (http://www.immgen.org), higher mouse 

Tet2 expression was observed in classical monocytes (Cd115+B220-Ly6C+MHCII+or-) compared 

to long-term repopulating stem cells (IgM-Cd24-Cd117+Il4r-Cd150-Cd48-AA4.1+Cd43+) (Figure 

2.2A). Furthermore, Tet2 expression data compiled at BloodSpot (http://www.bloodspot.eu) for 

the normal mouse hematopoietic system suggested that the cell types with highest expression of 

this gene include: monocytes, NK cells and immature B cells (Figure 2.2B, Supplementary 

Figures 1–3). According to one RNAseq experiment, BM MΦ Tet2 expression (B220-CD3-

NK1.1-F4/80+CD115-SSClow) appears to be quite similar to that of HSCs and primitive 

progenitors (Figure 2.2B). At the very least, this indicates that Tet2 is expressed in MΦs and MΦ 

precursor populations, and that Tet2 may be the dominant Tet enzyme in this cell type. 
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Figure 2.1: Tet2 mRNA expression is stably expressed during BMMΦ differentiation. 

C57BL/6 Tet2f/f bone marrow cells were cultured for 10 days under conditions selecting for MΦ 
growth (media was supplemented with either A) 10ng/mL mouse recombinant M-CSF or B) 
10ng/mL mouse recombinant GM-CSF). RNA samples were collected from cells on various days 
post plating, with adherent and non-adherent populations being pooled in days 2-4 but only 
adherent samples being collected at later time points. cDNA samples prepared from RNA were 
used as template sequences in SYBR green qRT-PCR analyses. A) While Tet2 levels remain 
relatively constant throughout differentiation (top), Tet1 and Tet3 mRNA levels (bottom) 
decrease as cells differentiate into MΦs. B) Similar trends are seen in GM-CSF-differentiated 
BMMΦs. All experiments were performed using triplicate samples. Raw Ct values for each target 
were normalized to the raw Ct values for the murine B2M internal control gene. Expression levels 
are presented relative to the Day 2 samples in each experiment. Bars represent the mean of 
technical replicates while error bars represent standard deviation (for A), N=4 for Tet2 and N=2 
for Tet1 and Tet3; for B), N=1 for all targets). Statistically significant changes in expression are 
indicated by asterisks: * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001.  
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Figure 2.2: Tet2 expression in online mouse microarray and RNAseq databases. 

A) Mining of Immgen microarray data demonstrated that while Tet2 is expressed in the stem cell 
compartment, highest levels are seen in monocyte populations (classic monocytes, C-Mono). B) 
Agreeing with this data, a C57BL/6 mouse RNAseq dataset (GSE60101) found on the BloodSpot 
website showed a similar trend, with high Tet2 expression levels in granulomonocytic lineage 
cells. Red represents higher levels of expression while blue represents lower levels. LT-HSC: 
long term hematopoietic stem cell; ST-HSC: short term hematopoietic stem cells; TE-PMΦs: 
thioglycollate-elicited PMΦs; C-Mono(MHCII+): classical monocytes expressing MHCII; C-
Mono(MHCII-): classical monocytes with low expression of MHCII; HSC: hematopoietic stem 
cell; MPP: multipotent progenitor; CLP: common lymphoid progenitor; NK: natural killer cell; 
T_CD4+: CD4+ t cells; B_cells: B cells; T_CD8+: CD8+ t cells; CMP: common myeloid 
progenitor; MEP: megakaryocytic erythroid progenitor; Ery_A: erythrocytes A; Ery_B: 
erythrocytes B; GMP: granulocyte monocyte progenitor; Macro: BM macrophage; Granu: 
granulocyte; Mono: monocyte.  
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2.4.2 Evaluating Tet2 protein expression in primary MΦs and cell lines 

When this project was initially undertaken, human TET2 mutations had been extensively 

characterized but little work had been done on protein expression. To begin, we profiled Tet2 

protein levels in a series of cell lines including mouse P815 mastocytoma cells, mouse 

RAW264.7 MΦ-like cells, human THP-1 monocytic cells and human HEK293T kidney cells. 

Western blot analysis was performed using a polyclonal Tet2 antibody originally raised against 

amino acids 920-970 of human TET2 (S-13 clone, Santa Cruz Biotech). When RIPA lysates were 

resolved on SDS-PAGE gels, it became clear that there were many potential Tet2-reactive bands 

present (Figure 2.3). Of note, the vast majority of Tet2 Western blots shown in publications 

include only the high molecular weight portion of the Western blot gels, with bands falling below 

the full-length product being cropped out of images. This is a significant issue within the field, as 

valuable information regarding protein stability, degradation and expression is lost when blots are 

truncated. The predicted molecular weight of full-length mouse Tet2 is 212 kDa and there are 

currently no reports suggesting other murine splice variants. The three human TET2 isoforms 

have predicted molecular weights of 223 kDa (isoform 1), 130 kDa (isoform 2) and 133 kDa 

(isoform 3). Surprisingly, no full-length TET2 isoforms were detected in any of the samples 

tested (Figure 2.3). Focusing on the mouse samples, some bands were found to be common 

among all mouse lysates. While smaller band sizes may be indicative of non-Tet2 cross-reactive 

bands, it was also possible that the observed bands reflected alternatively spliced Tet2 isoforms or 

Tet2-specific degradation products. In order to rule out the contribution of technical issues, we 

systematically optimized gel percentages, sample preparation, protein transfer times as well as 

antibody concentrations. Of note, SDS lysates prepared immediately at cell harvest showed the 

same banding patterns as RIPA lysate preparations, suggesting that we were not simply seeing 
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Figure 2.3: Profiling Tet2 protein expression in mouse and human cell lines.  

RIPA cell lysates were prepared from the following cell lines: mouse P815 mastocytoma cells, 
human THP-1 monocytic cells, mouse RAW264.7 Mϕ-like cells, human HEK293T kidney cells 
and C57BL/6 mouse liver lysates. Western blot analysis was performed using a polyclonal Tet2 
antibody that has species cross-reactivity (S-13 clone, Santa Cruz Biotech). β-actin was used as a 
loading control. No full-length mouse Tet2 (212kDa) or human TET2 (223kDa) isoforms were 
detected in these lysates. However, a series of lower molecular weight bands of unknown 
significance were observed.  
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artifactual sample degradation (Supplementary Figure 4). A further control should also be done in 

the future to rule out non-specific binding of the secondary antibody. 

In order to decipher the banding patterns observed in our Tet2 Western blots, we took 

two approaches. First, we established that full-length Tet2 could be detected using our Western 

blot conditions. A murine Tet2 expression construct with N-terminal FLAG and HA tags (FH-

Tet2-pEF)48 was purchased from Addgene and transiently transfected into HEK293T cells using 

PolyJet reagent (Figure 2.4A-B). Probing lysates with antibodies against both the Flag tag and 

Tet2, a band running below 250kDa was observed in FH-Tet2-pEF transfected protein 

preparations (Figure 2.4A-B, marked with red arrow). We therefore were able to detect the 

transfected Tet2 protein using the Santa Cruz Tet2 antibody (Figure 2.3 and 2.4). 

Our second approach to decoding the Western blots involved the use of a Tet2-knockout 

mouse model. PMΦ cell lysates from control (Tet2f/f) and homozygous Vav-Cre1 driven Tet2-

knockout (Tet2-/-) mice were analyzed (Figure 2.4C). Please note that these mouse models will be 

described in detail in Chapter 3. Compared to Tet2f/f cells, Tet2-/- PMΦs lacked a number of bands 

present in Tet2f/f PMΦ lysates. Aside from the absence of a higher molecular weight band above 

200 (most likely full-length protein), bands running at ~150kDa (band “A”), ~90kDa (band “B”) 

and ~ 30kDa (band “C”) were also missing in knockout lysates.  

While these studies were underway, Ko et al. published a report demonstrating the in 

vitro cleavage of Tet2 by caspase 3, with one cleavage product running at a molecular weight of 

just under 50kDa.68 Another group found that while caspases did cleave Tet2, calpains 1 and 2 

were the main cause of mouse Tet2 degradation.70 They also reported that calpain 1 produced 

degradation products falling at 75kDa, 50kDa, 30kDa and 25kDa whereas calpain 2 produced 

products at 75kDa, slightly less than 50kDa and below 25kDa.70 
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Figure 2.4: Determining Tet2-reactive bands using a transiently transfected mouse Tet2 
construct and Tet2-knockout MΦs. 

A-B) HEK293T cells were transiently transfected for 24h with a Flag-tagged murine Tet2 
plasmid (+Tet2) prior to being lysed with RIPA buffer. Samples were then subjected to Western 
blot analysis to establish Tet2-reactive bands using antibodies against A) Flag and B) Tet2. β-
actin was used as a loading control (as A and B were blotted at the same time, only one β-actin 
blot is shown). Red arrows indicate the full-length Tet2 protein in both Flag and Tet2 blots. C) 
PMΦ cells were harvested from Tet2 control (Tet2f/f) and homozygous Tet2-knockout (Tet2-/-) 
mice, lysed with RIPA buffer and subjected to Western blotting. Red arrows here point to bands 
that are absent in Tet2-knockout cells, indicating that these bands are Tet2-reactive. For this set of 
experiments, controls using secondary antibodies alone were not performed. 
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In order to assess calpain-mediated Tet2 degradation, we obtained untreated mouse 

embryonic fibroblast (MEF) cell lines from Dr. Peter Greer (Queen’s University, Kingston ON, 

Canada). These cells were deficient in calpain 1 (Capn1), Capn2 or a combination of both 

(Capn1/2). To look for potential degradation products, we chose to use both Santa Cruz (Figure 

2.5A) and Diagenode (Figure 2.5B) Tet2 antibodies to probe protein lysates. Having species 

cross-reactivity, the polyclonal Santa Cruz antibody was raised against an internal region of 

human TET2 between amino acids 920 – 970 while the monoclonal Diagenode antibody was 

raised against the N-terminal amino acids 1 – 300. If calpains do in fact cleave Tet2, loss of 

calpain expression would lead to increased full length Tet2 and a corresponding decrease in 

putative Tet2 degradation products. We found a number of subtle yet interesting changes in Tet2 

band intensity (Figure 2.5). Beginning with the Santa Cruz Tet2-probed Western blot, no full-

length bands were observed running around 225kDa (Figure 2.5A). Focusing on the Tet2 reactive 

bands we had identified using Tet2 knockout mouse lysates (Figure 2.4C), the 150kDa, 90kDa 

and 30kDa band intensities are least in Capn1-knockdown cells, suggesting that these bands may 

be protein degradation products. In contrast to the Santa Cruz antibody profile, a band was 

observed running at approximately 250kDa in lysates probed with the Diagenode Tet2 antibody 

(Figure 2.5B). As this molecular weight exceeds full length Tet2, these bands are likely 

associated with non-specific antibody binding. Looking at the 150kDa region, no distinct bands 

were observed. Focusing on bands running around 90 and 30kDa, there was no real change in 

overall band intensity in any of the different MEF lines relative to the control MEF lysates 

(Figure 2.5, red arrows “B” and “C”). Since these studies fell outside of the scope of this project, 

we chose to pursue other questions pertaining to Tet2 in MΦs. In order to fully understand these  
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Figure 2.5: Assessing Tet2 protein expression in calpain-knockdown mouse embryonic 
fibroblasts (MEFs). 

Calpain (Capn) wild-type, Capn1-knockdown, Capn2-knockdown and Capn1/2-knockdown 
MEFs were obtained from the Greer lab. Cells were harvested for protein using RIPA buffer and 
these lysates were subjected to Western blotting. A) Using the Santa Cruz Tet2 antibody, some 
differences in Tet2 banding patterns were observed between various calpain knockdown lines. B) 
Another Tet2 antibody from Diagenode was used to probe the same calpain knockdown lysates. 
Red arrows indicate bands of interest, with letters corresponding to Tet2-reactive bands identified 
in Figure 2.4. KD; knockdown. 
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results, further experiments should be performed using calpain-stimulating treatments and 

calpain-knockout MΦs. 

As another means to study Tet2 protein expression, immunofluorescence analysis was 

performed on RAW264.7, THP1, PMΦ and BMMΦ cells using the Santa Cruz Tet2 antibody. 

Given this protein’s role in modifying 5mC to 5hmC, it is expected that Tet2 would be located in 

the nucleus. While there is nuclear co-localization of Tet2 (green) and Dapi (blue) (Figure 2.6), 

some cytoplasmic Tet2 staining was also observed. Of note, similar distributions of Tet2 protein 

were found in cells probed with the Diagenode Tet2 antibody (Supplementary Figure 5). 

However, it is possible that the expression patterns observed may be due to non-specific antibody 

binding.  Given the complexity of interpreting Tet2 protein expression and processing, we chose 

to refocus our efforts on characterizing Tet2 mRNA expression levels during MΦ polarization.  

 

2.4.3 LPS induces Tet2 expression in PMΦs and RAW264.7 cells whereas IL-4 treatment 

does not 

Having determined Tet2 mRNA expression in differentiating BMMΦs, we next 

characterized Tet2 levels in Tet2f/f terminally differentiated PMΦs during in vitro polarization 

experiments. To begin, cells were treated with 100ng/mL lipopolysaccharide (LPS), a component 

of gram-negative bacteria, to elicit an “M1” inflammatory response. LPS treatment increased Tet2 

mRNA expression 2- to 5-fold at 3h (Figure 2.7A) and Tet2 remained elevated at 12h, returning 

to basal levels by 24h (Figure 2.7B). The same expression patterns were also seen in LPS-treated 

RAW264.7 cells (Figure 2.7D). Mining of microarray data housed at MacGate 

(http://macgate.qfab.org) and BioGPS (http://biogps.org) showed similar induction of Tet2  
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Figure 2.6: Cellular localization of Tet2 in MΦ cell lines and primary cells. 

RAW264.7 and THP-1 cells, as well as primary PMΦs and BMMΦs, were plated on coverslips 
and fixed in 3.7% paraformaldehyde. A Tet2 antibody (S-13, Santa Cruz) was used at 1:50 and 
cells were mounted with Vectashield Mounting Medium with DAPI. Immunofluorescence was 
detected using a Leica TCS SP2 microscope. These experiments were performed by Brooke 
Snetsinger. 
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Figure 2.7: Tet2 mRNA expression peaks early in LPS signaling. 

A-B) Peritoneal lavage cells from wild-type Tet2f/f mice were cultured for 24h in 6-well plates, at 
which point non-adherent cells were removed, leaving behind PMΦs. Cells were treated for 3h, 
6h, 12h and 24h with either media (untreated, UT) or 100ng/mL LPS. RNA was prepared from 
these stimulated cells and expression of A) Tet2 or B) Tet1, Tet2 and Tet3 was determined using 
SYBR green qRT-PCR assays. C-E) RNA was harvested from RAW264.7 cells treated for 3h, 
6h, 12h and 24h with either media (UT) or 100ng/mL LPS. SYBR green qRT-PCR was used to 
determine C) Tet1, D) Tet2 and E) Tet3 expression. All experiments were performed using 
triplicate samples. Raw Ct values for each target were normalized to the raw Ct values for the 
murine B2M internal control gene. Expression levels are presented relative to the 3h UT samples 
in each experiment. Bars represent the mean of technical replicates while error bars represent 
standard deviation (for A), N=3; for B-E), N=2 for all targets). Statistically significant changes in 
expression are indicated by asterisks: * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001. 
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expression in LPS-treated BMMΦs and thioglycollate-elicited PMΦs (Supplementary Figure 6). 

Of note, the MacGate dataset includes only those genes identified as LPS-regulated176 – Tet2 was 

the only Tet family member to be included in these analyses. In keeping with this information, 

Tet1 and Tet3 do not appear to be consistently induced by LPS (Figure 2.7B, C and E).  

In contrast to the trends observed in LPS-stimulated PMΦs, IL-4 treatment had little to no 

effect on Tet enzyme expression, with fold changes ranging from 1.0 – 1.55 compared to 

untreated control cells (Figure 2.8A). Arg1 mRNA expression was used as a readout to verify that 

cells were responding appropriately to IL-4 treatment (Figure 2.8B). These results were also 

duplicated in the BALBc monocytic cell line RAW264.7 (Figure 2.9). We therefore hypothesized 

that Tet2 plays a role in the LPS response and not during IL-4 signaling. 

 

2.4.4 IFNγ treatment enhances expression of genes such as Nos2 but does not heighten 

LPS-induced Tet2 

As IFNγ is known to potentiate LPS signaling and further induce downstream target 

genes, we wondered whether co-treatment with LPS and IFNγ would lead to a further increases in 

Tet2 mRNA expression. Early (3h) LPS signaling was interrogated in RAW264.7 cells treated 

with 100ng/mL LPS alone, 10ng/mL IFNγ alone or a combination of both. As expected, LPS 

treatment stimulated Tet2 expression (Figure 2.9C). The Nos2 gene, encoding mouse iNos, was 

used as a positive control gene. While IFNγ alone triggered high Nos2 levels, this treatment was 

unable to induce Tet2, and the combination of IFNγ with LPS failed to heighten Tet2 levels 

beyond that achieved by LPS alone (Figure 2.9C-D). This indicated that IFNγ-specific signaling 

did not lead to downstream activation of Tet2 expression in RAW264.7 cells. 
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Figure 2.8: IL-4 treatment does not impact Tet2 expression to the same extent as LPS. 

Peritoneal lavage cells from wild-type Tet2f/f mice were cultured for 24h in 6-well plates, at which 
point non-adherent cells were removed, leaving behind PMΦs. Cells were treated for 3h with 
either media (untreated) or 10ng/mL IL-4. RNA was prepared from these samples and qRT-PCR 
analysis of A) Tet2 expression was conducted using SYBR green assays. B) As expected, Arg1 
levels were elevated in IL-4 treated PMΦs. RAW264.7 cells were also stimulated in the same 
way and C) Tet2 and D) Arg1 mRNA expression was determined. All experiments were 
performed using triplicate samples. Raw Ct values for each target were normalized to the raw Ct 
values for the murine B2M internal control gene. Expression levels are presented relative to the 
3h UT samples in each experiment. Bars represent the mean of technical replicates while error 
bars represent standard deviation (for A), N=3; for B), N=2; for C-D), N=2 for all targets). 
Statistically significant changes in expression are indicated by asterisks: * P<0.05; ** P<0.01; 
*** P<0.001; **** P<0.0001. 
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Figure 2.9: IFNγ and LPS co-treatment does not further induce Tet2 mRNA expression. 

A-B) RAW264.7 cells were treated with various concentrations of IFNγ plus 100ng/mL LPS 24h 
to 48h prior to harvesting of RIPA protein lysates as well as cell culture supernatant. A) iNos 
protein expression was assessed in 48h IFNγ plus LPS treated cells. B) The nitric oxide (Griess) 
assay was used to determine NO2

- concentration in cell culture supernatants. Based on this 
analysis, 10ng/mL IFNγ was chosen for further experimentation. C-D) RNA was harvested from 
RAW264.7 cells treated for 3h with 10ng/mL IFNγ and 100ng/mL LPS. SYBR green qRT-PCR 
analysis was performed to determine whether C) Tet2 mRNA expression differed in IFNγ plus 
LPS treatment versus LPS alone. D) Nos2 mRNA expression used as a control as this target is 
known to be induced in MΦs prior to IFNγ and LPS exposure. All qRT-PCR experiments were 
performed using triplicate samples. Raw Ct values for each target were normalized to the raw Ct 
values for the murine B2M internal control gene. Expression levels are presented relative to the 
untreated samples in each experiment. Bars represent the mean of technical replicates while error 
bars represent standard deviation (N=3 for all targets). Statistically significant changes in 
expression are indicated by asterisks: * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001. 
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We next wanted to see whether Tet2 protein levels were increased in LPS-treated primary 

MΦs. In this case, we chose to expose cells to the combined LPS/IFNγ stimulus. BMMΦs 

cultured for 10 days in either M-CSF- or GM-CSF-containing media, as well as overnight PMΦ 

cultures, were stimulated with LPS/IFNγ or IL-4. Western blot analysis showed increases in 

150kDa band intensity in LPS/IFNγ as well as IL-4-stimulated BMMΦ in comparison to 

untreated cells (Figure 2.10A, red arrow “A”). Changes were observed in the lower molecular 

weight products for cells treated with IL-4. A very similar trend can also be seen for PMΦ lysates 

(Figure 2.10A, far left). LPS/IFNγ and IL-4 stimulations were verified using Arg1 and iNos 

protein (Figure 2.10B-C). Of note, in our hands, BMMΦ Arg1 protein was not detected in IL-4 

treated cells (Figure 2.10B). Overall, our results indicate that further work must be done to 

understand Tet2 protein expression during LPS and IL-4 treatments in MΦs. 

 

2.4.5 Tet2 expression is not induced during repeated LPS challenge 

Next, we explored Tet2 expression during endotoxin tolerance. While high dose 

injections of LPS cause systemic inflammation in mice leading to tissue damage and ultimately 

death (endotoxic shock), low doses of LPS can induce a “tolerant” state whereby further exposure 

to LPS results in a dampening of inflammatory responses.177 This is thought to be due to the fact 

that prolonged LPS exposure leads to a reduction in TLR4 expression, loss of MyD88 binding to 

TLR4, diminished IRAK activity, IkBα degradation and activation of p38, ERK, JNK and NFkB, 

as well as activation of negative feedback loops involving regulators such as A20 and IRAK-

M.178 Given that Tet2 is induced by LPS treatment, we wondered whether this gene was 

tolerizable. RAW264.7 cells were treated with 100ng/mL LPS for 1-3 days with consecutive LPS 

treatments occurring 24h apart. RNA was harvested each day following a 3h incubation. As 
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Figure 2.10: Tet2-associated protein bands in stimulated MΦ lysates. 

BMMΦ and PMΦ cells harvested from Tet2 control (Tet2f/f) mice were treated for 48h with either 
media (UT, untreated), 100ng/mL LPS plus 10ng/mL IFNγ or 10ng/mL IL-4. Following 
treatment, cells were lysed with RIPA buffer and subjected to Western blotting. A) Tet2 protein 
levels were determined, with β-actin used as a loading control. Additionally, iNos and Arg1 
protein expression was examined for B) BMMΦ and C) PMΦ. A representative Western blot is 
shown for each experiment, with N=3 individual technical replicates having been performed. Red 
arrows indicate previously identified Tet2-reactive bands (“A”, “B” and “C”).  
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expected, after the initial LPS treatment Tet2 mRNA levels increased almost 4-fold compared to 

untreated cells (Figure 2.11A). Tet2 expression was not induced in cells treated with a second 

dose of LPS but levels did appear to increase slightly in MΦs exposed for a third time to LPS 

(Figure 2.11A). As a control, expression levels of Tnfα, Il1β and Il6 were determined. These three 

genes, known to become tolerized with multiple doses of LPS, demonstrated the expected 

expression patterns (Figure 2.11B-D). We therefore chose to focus on understanding the 

mechanisms behind LPS-mediated expression of Tet2 in naïve MΦs. 

 

2.4.6 BAY11-7082 abolishes Tet2 expression in LPS-treated MΦs 

In order to interrogate whether LPS-induced Tet2 expression was linked to TLR4 

signaling, RAW264.7 cells were treated with downstream inhibitors of MEK (PD184352), JNK 

(SP600125), p38 MAPK (SB239063) or IkBα phosphorylation (BAY 11-7082) prior to LPS 

stimulation (Figures 2.12 – 2.13). In order to test inhibitor effectiveness, RIPA extracts were 

prepared from cells pretreated for 1h with individual inhibitors targeting signaling downstream of 

TLR4 and then stimulated for an additional hour with 100ng/mL LPS. Western blot analysis 

showed that inhibitor treatments caused decreased levels of phospho-Erk1/2 (Thr202/Tyr204), 

phospho-cJun (Ser63) and phospho-IκBα (Ser32) (Figure 2.12). Protein expression of phospho-

p38 (Thr180/Tyr182) remained unchanged in cells pretreated with SB239063, suggesting that this 

treatment was ineffective or that the antibody being used is not targeting a phosphorylation site 

affected by SB239063 (Figure 2.12C).  

In order to determine the effect of these inhibitors of downstream TLR4 signaling on Tet2 

mRNA expression, an inhibitor titration experiment was performed on RAW264.7 cells. One  
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Figure 2.11: Subsequent LPS challenges do not appear to induce Tet2 mRNA expression to 
the same extent as the first LPS treatment. 

RAW264.7 cells were treated for 1-3 days with either media (untreated, UT) or 100ng/mL LPS. 
Treatments were performed 24h apart with RNA harvests completed 3h after LPS stimulation. 
Using SYBR green qRT-PCR, mRNA expression levels of A) Tet2, B) Tnfα, C) Il1β and D) Il6 
were determined. One preliminary experiment, performed using triplicate samples, is shown. Raw 
Ct values for each target were normalized to the raw Ct values for the murine B2M internal 
control gene. Expression levels are presented relative to the Day 1 UT samples. Bars represent the 
mean of triplicate samples while error bars represent standard deviation. Statistically significant 
changes in expression are indicated by asterisks: * P<0.05; ** P<0.01; *** P<0.001; **** 
P<0.0001.  
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Figure 2.12: Western blot analysis of TLR4 signaling inhibitor-treated RAW264.7 cells. 

RAW264.7 cells were pretreated for 1h with DMSO vehicle control, A) 8µM PD184352 (MEK 
inhibitor), B) 40µM SP600125 (JNK inhibitor), C) 40µM SB239063 (p38 MAPK inhibitor) or D) 
20µM BAY11-7082 (IκBα phosphorylation inhibitor). Cells were then treated with 100ng/mL 
LPS for 1h before being lysed in RIPA buffer and subjected to Western blot analysis. Antibodies 
used included: Erk1/2, phospho-Erk1/2 (Thr202/Tyr204), cJun, phospho-cJun (Ser63), p38 
MAPK, phospho-p38 MAPK (Thr180/Tyr182), IκBα and phospho-IκBα (Ser32). A 
representative Western blot is shown for each target probed, with N=2 individual technical 
replicates having been performed. 
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Figure 2.13: LPS-mediated increases in Tet2 expression are abolished in LPS-stimulated 
RAW264.7 cells pretreated with BAY11-7082. 

RAW264.7 cells were pretreated for 1h with DMSO vehicle control, A) SB239063 (p38 MAPK 
inhibitor), B) BAY11-7082 (IκBα phosphorylation inhibitor), C) PD184352 (MEK inhibitor) or 
D) SP600125 (JNK inhibitor). Cells were then stimulated with 100ng/mL LPS for 3h before RNA 
was harvested. Tet2 mRNA expression was determined using SYBR green qRT-PCR for each 
treatment. One preliminary experiment, performed using triplicate samples, is shown. Raw Ct 
values for each target were normalized to the raw Ct values for the murine B2M internal control 
gene. Expression levels are presented relative to the DMSO control sample. Bars represent the 
mean of triplicate samples while error bars represent standard deviation. Statistically significant 
changes in expression are indicated by asterisks: * P<0.05; ** P<0.01; *** P<0.001; **** 
P<0.0001.  
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hour following addition of the appropriate inhibitor, LPS was added to each well and cells were 

incubated for 3 hours. RNA samples were then harvested, converted to cDNA and used in SYBR 

green qRT-PCR analysis. While PD184352 pretreatment did not alter Tet2 expression, SP600125 

and SB239063 pretreatments led to moderate decreases (Figure 2.13D). Tet2 induction, however, 

was entirely abolished in RAW264.7 cells pretreated with BAY 11-7082, an NF-κB inhibitor 

(Figure 2.13B). Additionally, BAY11-7082 treated primary BMMΦs demonstrated decreased 

LPS-induced Tet2 expression (Figure 2.14). To rule out the impact of cell toxicity, trypan blue 

exclusion assays were performed on RAW264.7 cells pretreated for 1h with each of the 

appropriate inhibitors targeting signaling downstream of TLR4 followed by a 3h LPS stimulation 

(Figure 2.15). Although increased cell death was observed in BAY11-7082-treated cells (Figure 

2.15D), this did not account for the observed effects, especially given that the Tet2 induction seen 

in DMSO control treated, LPS-stimulated RAW264.7 cells was completely blocked in cells 

pretreated with 5µM BAY11-7082. Overall, our results indicate that Tet2 is NFκB-responsive. 

 

2.4.7 Characterizing NFκB-Mediated Activation of the Tet2 Promoter and Enhancer  

Next, the mechanism behind Tet2 induction during TLR4 signaling was explored. Mining 

publically available databases, putative NFκB binding sites conserved in both mouse and human 

Tet2/TET2 promoter regions were identified using human ChIP-seq data from the ENCODE 

database (Figure 2.16).179-182 While Sohni et al. identified a CpG island-containing promoter and 

upstream ESC-specific enhancer region in the murine genome,63 the human TET2 promoter 

remains largely uncharacterized. We therefore chose to focus on p65 sites upstream of TET2 exon 

1 within regions enriched for H3K4me3 and H3K27ac marks (Figure 2.16). ChIP-seq sequences 

from these binding sites were obtained from the UCSC Genome Browser and analyzed using 



 

 

 

67 

 
 
 

 
Figure 2.14: Mouse BMMΦs pretreated with BAY11-8072 prior to LPS stimulation 
demonstrate lower Tet2 mRNA expression compared to cells treated with LPS alone. 

BMMΦs were generated from individual Tet2f/f mice by culturing BM cells in M-CSF-containing 
media for 10 days. Cells were then replated and allowed to adhere overnight before being 
pretreated for 1h with DMSO vehicle control or 10 µM BAY11-7082 prior to stimulation with 
100ng/mL LPS for 3h. RNA was harvested and samples were subjected to SYBR green qRT-
PCR analysis. Tet2 mRNA expression is presented relative to the mouse 1 DMSO control treated 
LPS stimulated sample. This experiment was performed using triplicate samples. Raw Ct values 
for each target were normalized to the raw Ct values for the murine B2M internal control gene. 
Bars represent the mean of triplicate samples while error bars represent standard deviation. 
Statistically significant changes in expression are indicated by asterisks: * P<0.05; ** P<0.01; 
*** P<0.001; **** P<0.0001. 
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Figure 2.15: While BAY11-7082 treatment impacts cell viability at higher concentrations, 
this phenomenon cannot explain lack of Tet2 induction in LPS-stimulated BAY11-7082 
pretreated RAW264.7 cells. 

RAW264.7 cells were pretreated for 1h with DMSO vehicle control, A) SB239063 (p38 MAPK 
inhibitor), B) BAY11-7082 (IκBα phosphorylation inhibitor), C) PD184352 (MEK inhibitor) or 
D) SP600125 (JNK inhibitor). Cells were then treated with 100ng/mL LPS for 3h before being 
stained with 0.4% trypan blue stain. Viable and dead (blue-stained) cells were counted for all 
conditions and % dead cells are reported as the ratio of dead cells to total cell count. Counting 
experiments were performed using triplicate samples. Bars represent the mean of technical 
replicates (N=3 experiments) while error bars represent standard deviation. 
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Figure 2.16: Evaluating the NFκB-responsiveness of the human TET2 and mouse Tet2 
promoters/enhancers. 

Mining publically available ENCODE ChIP-seq data, putative NFκB (p65 or RELA) binding 
sites within the TET2 promoter and putative enhancer regions were identified upstream of human 
TET2 exon 1. Predicted RELA binding sites were found within ChIP-seq sequences using the 
online tool Alibaba2 (http://gene-regulation.com/pub/programs/ alibaba2/index.html). BLAST 
was also used to search for homology between human and mouse sequences. Two sites, one 
slightly upstream of TET2 exon 1 and one in a proposed enhancer region, were found to be highly 
conserved in both the human TET2 and mouse Tet2 genes (indicated with red boxes). An example 
of the BLAST search results comparing human and mouse sequence is shown in the bottom 
panel. Primer sequences were therefore designed to flank these two RELA binding sites and 
subsequently used in ChIP studies. Of note, the ChIP-seq data shown for RELA was obtained in 
lymphoblastoid cell lines. While the ENCODE data for this gene did not show RELA binding in 
the myeloid cell line HL-60, we decided to pursue the highlighted sites due to the high homology 
in both mouse and human sequences.  
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Alibaba2, an online transcription factor binding site prediction tool (http://gene-regulation.com/ 

pub/programs/alibaba2/index.html).183 Regions containing p65 binding sites were then entered 

into BLAST to determine homology between mouse and human sequences. We chose to perform 

chromatin immunoprecipitation (ChIP) experiments on LPS-treated murine RAW264.7 

chromatin samples, as these cells are easy to manipulate and yield chromatin amounts that are 

amenable to this application. Due to this, mouse qRT-PCR primers were designed manually for 

those sites with high sequence homology to the human genome. Forward and reverse primer sets 

were then verified using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

Following primer efficiency tests, two primer sets were selected for preliminary ChIP 

experiments – one targeting a binding site within the Tet2 promoter and the other within a 

putative enhancer. 

 A pilot ChIP experiment performed on chromatin harvested from RAW264.7 cells treated 

for 3h with 100ng/mL LPS showed mixed results. While a slight enrichment of NFκB binding 

was detected just above background levels in samples where the sc-372 NFκB antibody was used 

during the IP protocol, samples from another NFκB antibody (sc-8008) did not show the same 

trend (Figure 2.17A-B). No enrichment was detected at the potential enhancer binding site 

(Figure 2.17C). We next interrogated histone markers known to be associated with actively 

transcribed chromosomal regions. At both the Tet2 promoter and enhancer sites assayed, 

H3K4me3 and H3K27ac binding appeared to decrease upon LPS treatment (Figure 2.17D-E). 

One of the major drawbacks on this experiment was that ChIP-seq data from lymphoblastoid cell 

lines were used to pinpoint potential sites of interest. Following these preliminary studies, further 

experiments must be performed to first duplicate these findings and also broaden the search for 

NFκB binding sites in myeloid cells, as the current approach is limited. 
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Figure 2.17: Preliminary ChIP data for p65 binding sites within the mouse Tet2 promoter 
and enhancer regions. 

Chromatin was prepared from murine RAW264.7 cells following 3h treatment with either media 
(UT, untreated) or 100ng/mL LPS. ChIP analysis was carried out using antibodies against NFκB, 
H3K27ac and H3K4me3, as indicated. SYBR green qRT-PCR was performed using primer sets 
spanning potential p65 binding sites within the mouse Tet2 promoter or enhancer regions. One 
preliminary experiment is shown above for each ChIP experiment, all of which were performed 
using duplicate samples.  
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2.5 Discussion 

When this project was first undertaken in 2013, fundamental knowledge surrounding the 

cellular functions of Tet2 was largely missing and no reports existed with respect to Tet2 mRNA 

expression or protein localization in MΦs. Using primary mouse MΦ cultures, we have 

demonstrated that Tet2 mRNA expression remains relatively constant during MΦ differentiation 

whereas this is not the case with Tet1 or Tet3. Mining publically available microarray datasets, 

we were also able to provide further evidence that Tet2 is highest in stem/progenitor cells as well 

as more terminally differentiated cells such as immature NK cells, specific B cell populations and 

monocytes. Our findings add a unique story to a field heavily focused on stem cells. Most of what 

is known about Tet enzymes in the context of differentiation comes from embryonic stem cell 

(ESC) studies. Due to the dynamic interplay of gene programs that determine the identity of a 

stem, progenitor or differentiated cell, many of these stem cell studies may actually be important 

to understanding how Tet2 functions in terminally differentiated cell populations. In ESCs, it has 

been postulated that Tet enzymes control DNA methylation through shielding CpG-rich regions 

from DNA methyltranserase binding and by rapid conversion of 5-mC to 5-hmC.184 Maintenance 

of H3K4me3/H3K27me3 bivalent sites within CpG islands has also been linked to human TET2 

enzymatic activity.185 Additionally, TET2-mediated 5-hmC modifications appear to play a role in 

controlling the HOXA gene cluster, with reduced Hoxa gene expression being seen in a Tet2-

knockout model.76 In mouse models, Tet2-knockout ESCs displayed reduced enhancer activity 

resulting in delayed expression of genes involved in differentiation.186 Tet2 was described as 

critical for maintaining naïve pluripotency in ESCs and inducing pluripotency in reprogrammed 

fibroblasts.66, 187 Interestingly, in one study Tet2 depletion precipitated decreased 5hmC within 

gene bodies.188 Although methylation has traditionally been associated with transcriptional 
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control, alternative splicing may also be altered by changes in chromosome architecture.189-191 In 

T cells, enrichment of 5-hmC and 5-caC at CTCF binding sites led to inclusion of weak upstream 

exons.192 Aside from 5-hmC-related effects, 5-fC and 5-caC were shown to reduce RNA 

polymerase II elongation efficiencies.193 This implicates Tet2 in modulation of both alternative 

splicing and transcriptional regulation. 

At this point in time, we do not know whether Tet2 influences MΦ function or identity 

through any of these mechanisms. Further complexity is introduced when Tet2 protein 

modifications are considered. In the process of profiling Tet2 protein expression in cell lines and 

primary mouse MΦs, we uncovered several questions regarding protein degradation and the 

possibility of alternatively spliced murine Tet2 isoforms, all of which need to be explored in 

future projects. Additionally, while nuclear IF Tet2 antibody staining was present in MΦs, we 

also observed cytoplasmic localization of this protein. This indicates that, aside from potential 

transcriptional and splicing-related regulation, the cellular roles of Tet2 may be intimately linked 

to protein processing and localization. While no other reports of Tet2 cytoplasmic localization 

exist for MΦs, the presence of this protein in the cytoplasm has been noted in neurons.194 The 

functional significance of this observation has not yet been investigated.194 There are hints, 

however, of interactions and post-translational modifications that do impact Tet2 cellular 

localization. Co-expression of the AID deaminase and Tet2 in HEK293FT cells leads to 

cytoplasmic localization of Tet2 protein.61 In chronic myeloid leukemia, the Bcr-Abl protein 

binds Tet2 and sequesters it to the cytoplasm.195 Interactions with OGT leading to the addition of 

GlcNAc groups to TET2 serine and threonine residues may also influence localization by 

blocking phosphorylation sites.59 For example, one phosphorylation site identified by Bauer et 

al.,59 serine 97, is part of an in silico predicted 14-3-3 binding site. 14-3-3 is a protein well-known 
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for its role in chaperoning other proteins to the nucleus.196 Therefore, loss of this protein-protein 

interaction could trap Tet2 within the cytoplasm. Aside from phosphorylation, Tet2 protein 

cleavage also has the potential to alter this protein’s subcellular localization. Further experiments 

examining the impact of mutating phosphorylation sites (such as serine 97) and caspase/calpain 

cleavage sites will undoubtedly provide interesting insights into the functional consequences of 

these modifications/interactions. 

Aside from differentiation, we were also interested in characterizing Tet2 expression 

during MΦ polarization. Given that solid tumour-associated MΦs contribute substantially to 

cancer cell immune evasion and establishment of a pro-cancerous microenvironment,197 it is 

reasonable to suggest that aberrantly functioning MΦ populations contribute to MDS/CMML 

disease initiation or progression. Indeed, on several levels, innate immunity is altered in MDS149 

and presumably also in CMML. We have demonstrated that Tet2 mRNA expression is induced in 

LPS-treated MΦs. When this project was first begun, nothing had been published on the role of 

Tet2 in immune cell populations and their response to either stimuli. Recently, however, a few 

reports have contributed to the literature. Providing the first evidence that LPS stimulates Tet2 

expression in MΦs and dendritic cells, Zhang et al. characterized a mechanism in dendritic cells 

by which Tet2 represses the proinflammatory gene Il6 late in LPS signaling.62 This particular 

study and its implications will be discussed further in conjunction with findings outlined in 

Chapter 3. Another interesting observation made in this chapter involved the exploration of Tet2 

expression during IL-4 stimulation. We were able to show that Tet2 levels did not change in 

response to this polarizing stimulus. Consistent with this finding, Yang et al. showed that loss of 

TET1 and TET3 in a zebra fish model dampened Th2 gene expression whereas TET2 had no 
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effect on these genes.198 Taken together, our results connect Tet2 to LPS-linked inflammatory 

signaling. 

To gain a deeper understanding of Tet2 induction during the MΦ LPS response, we used 

inhibitor studies to pinpoint potential branches of signaling that are important for Tet2 expression 

and as a result identified NFκB as a potential transcriptional activator. Mining human ChIP-seq 

data available at the UCSC genome browser, we identified potential NFκB binding sites within 

the human TET2/mouse Tet2 promoters and putative enhancers, and used ChIP assays to explore 

p65 site occupancy in LPS-treated RAW264.7 cells. Upon LPS treatment, one of the p65 sites 

interrogated in the Tet2 promoter showed enrichment compared to the untreated sample. 

However, contradictory results were generated using a different NFκB antibody in the 

immunoprecipitation step. This discrepancy could be explained by the different affinities/epitopes 

of each antibody but given that the percent input values are very low in both cases, it may simply 

be that we have chosen potential p65 binding sites that are not of relevance to MΦs. Additionally, 

it is possible that the RAW264.7 Tet2 gene is not regulated by this transcription factor. Primary 

MΦs may in fact be a more appropriate model to use in these studies. 

In addition to assessing p65 promoter occupancy, we also looked at enrichment of the 

histone markers H3K4me3 and H3K27ac. Both associated with active promoters, H3K4me3 is 

enriched in regions surrounding transcription start sites (TSSs)199, 200 whereas H3K27ac 

enrichment occurs in active enhancers and around some TSSs201, 202. We detected decreased 

enrichment of both histone marks at the Tet2 promoter/enhancer p65 binding sites of LPS-treated 

cells, perhaps indicating the existence of repressive mechanisms. In terms of H3K4me3, it is 

possible that the NFκB induced protein Jumanji Domain Containing Protein 3 (Jmjd3) removes 

H3K4me3 marks at the Tet2 promoter during LPS stimulation.203 In the context of MDS, elevated 
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JMJD3 levels result in abnormal H3K27ac patterning in CD34+ bone marrow samples.204 As a 

next step, we could perform further ChIP experiments using a Jmjd3 antibody to determine 

whether there is an association between the Tet2 promoter and H3K4me3 removal. With respect 

to our H3K27ac results, our data may indicate that this enhancer region is inactive. Repressed 

enhancers, marked with both H3K4me1 and H3K27ac, demonstrate loss of H3K27ac in LPS-

stimulated BMMΦs.205 Interrogation of H3K4me1 enrichment at the enhancer may provide more 

insight into whether this is the case. As a whole, in order to gain more information about the 

regulation of Tet2 during LPS stimulation, we will need to widen the scope of our investigations 

to include a more dynamic range of interacting proteins as well as a larger number of potential 

p65 binding sites.  

To gain further insights into Tet2 regulation during LPS signaling, we also explored the 

expression of this gene during sequential endotoxin tolerance tests and IFNγ/LPS co-treatments. 

In terms of endotoxin tolerance, our preliminary results suggest that Tet2 is a tolerizable gene, at 

least in the context of the RAW264.7 cell line. Provided that Tet2 is in fact NFκB-inducible, it 

may be that changes in NFκB components are at the root of this phenomenon. One study 

comparing Tnf promoter activation in naïve and tolerized human monocytic cells demonstrated 

that p65/p50 heterodimers were recruited to the Tnf promoter during the initial response to LPS 

whereas in tolerized cells, p50/p50 homodimers were found.206 Further supporting this model, 

p50 was shown to have a key repressive role in dampening NFκB-responsive genes during 

endotoxin tolerance.207 ChIP studies looking at p50 binding at the Tet2 promoter might identify a 

similar mechanism in tolerized RAW264.7 cells.  

In terms of IFNγ and LPS co-treatments, heighten Tet2 expression was not observed in 

RAW264.7 cells treated with LPS plus IFNγ, compared to those treated with LPS alone. If NFκB 
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signaling was enhanced in IFNγ-primed cells, we would expect to see increased Tet2 mRNA 

expression. While there is some evidence to suggest that NFκB signaling contributes to increased 

cytokine expression in IFNγ treated MΦs,208, 209 a more recent study provided evidence countering 

this concept.210 This group reported that IFNγ primes some LPS-inducible promoters for 

enhanced histone acetylation and increased chromatin accessibility through the retention of 

transcriptional activators.210 This group also showed that IFNγ-primed cells do not significantly 

increase p65 nuclear translocation compared to naïve cells. This model would therefore fit with 

our observation that Tet2 mRNA expression is not further induced in IFNγ and LPS treated 

RAW264.7 cells. These results will be easier to interpret once the mechanism behind Tet2 

expression downstream of TLR4 has been fully elucidated.  

In summary, the findings outlined in this chapter provide significant support for our 

initial hypothesis that Tet2 plays a role in processes important for normal MΦ biology. Given that 

abnormal MΦ populations contribute to a number of inflammation-based disorders,142-146 this 

research is potentially applicable to understanding disease initiation in cases where human TET2 

is lost. In particular, in myeloid cancers with high proportions of TET2-mutant cases (such as 

MDS and CMML), delving into immune cell responses has the potential to yield important pieces 

of information that can then be translated into the development of more effective treatments. As 

an epigenetic regulator, TET2 most likely interacts with a wide range of targets at the level of 

gene expression. Building off of this chapter, it is important to begin identifying genes that 

become dysregulated in TET2-deficient MΦs. If mouse Tet2 and human TET2 both play a role in 

MΦ LPS response, it is possible that proinflammatory genes become dysregulated when 

Tet2/TET2 is lost. Finding ways to either target these aberrantly expressed targets or re-express 

TET2 itself may prove important to preventing the progression of TET2-mutant myeloid cancers. 
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Chapter 3 Tet2 is a Novel Regulator of Inflammatory Gene Expression 

in Murine Macrophages 

3.1 Abstract 

While it has been shown that inactivating TET2 mutations cause increased 5-mC, clonal 

dominance and monocytic skewing, little is known about the effect of TET2 mutation on MΦs, 

cells that potentially contribute to MDS/CMML disease initiation and progression. Tet2-knockout 

mice present a means of further elucidating the biological ramifications of TET2 loss. These 

animals demonstrate many disease features consistent with MDS and CMML, including 

dysplasia, expansion of stem and progenitor populations, monocytic skewing and 

splenomegaly.74, 211-213 In this chapter, we characterized the phenotype of murine Tet2-knockout 

MΦs. NanoString gene expression analysis identified constitutive expression of LPS-induced 

genes in resting state Tet2-deficient PMΦs and a corresponding resistance to induction upon LPS 

treatment. We also observed increased Il1β, Il6 and Arg1 mRNA expression at later stages of LPS 

stimulation in Tet2-/- BMMΦs compared to control cells, a finding that we attempted to mimic by 

treating cells with the Tet2 inhibitor 2-hydroxyglutarate (2HG). Preliminary experiments 

assessing the expression of Il1β and Il6 in Tet2-/- MΦs following treatment with the 

hypomethylating agent 5-azacytidine (5AZA) indicate that Il6 may be sensitive to this compound. 

Overall, the results presented here suggest impaired resolution of inflammation in the absence of 

Tet2. Thus, Tet2 restrains inflammation in murine MΦs and mice, raising the possibility that 

TET2-mutant MΦs may contribute to the altered immune environment associated with human 

myeloid cancers. 
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3.2 Introduction 

At this point in time, the mechanisms by which TET2 mutations lead to the complex 

phenotypes seen in myeloid cancers are poorly understood. It has been postulated that these 

lesions enable stem and progenitor cell population expansion through enhanced self-renewal 

capacity,74 eventually leading to clonal dominance and alterations to the BM niche that allow 

these cells to outcompete their wild-type counterparts, effectively initiating leukemogenesis. In 

response to a growing need to understand disease etiology, a number of Tet2-deficient murine 

models have been created to study how loss of this epigenetic regulator contributes to myeloid 

transformation. 

Mirroring human disease, Tet2-knockout mice display features consistent with MDS and 

CMML, including dysplasia, expansion of stem and progenitor populations, monocytic skewing 

and splenomegaly.74, 211-213 Largely focused on hematopoietic stem and progenitor cells, these 

studies did not assess whether loss of Tet2 impacted the function of terminally differentiated 

MΦs. Integrating signals from both innate and adaptive immunity, MΦs play an important role in 

maintaining local microenvironments by debris clearing, production of cytokines, recruitment of 

lymphocytes and interactions with mesenchymal stem cells that affect hematopoietic stem cell 

retention and self-renewal.90 In myeloid neoplasms, clinicians have noted variable and persistent 

monocytosis in MDS and CMML, respectively. The study of these expanded monocyte/MΦ 

populations is potentially important to understanding these complex diseases.93, 94 We therefore 

characterized the effect of Tet2 loss on monocyte/MΦ populations, focusing on differentiation 

and inflammatory (LPS) responses. 
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3.3 Materials and Methods 

3.3.1 Mice and Genotyping 

Animal Studies were approved by the Queen’s University Animal Care Committee, in 

accordance with Canadian Council on Animal Care standards. As previously described,74 

heterozygous (Tet2+/-) and homozygous (Tet2-/-) knockouts were generated from parental floxed 

(Tet2f/f, B6;129S-Tet2tm1.1Iaai/J) and Vav1-Cre (B6.Cg-Tg(Vav1-cre)A2Kio/J) mice (Jackson 

Laboratories). Mice were genotyped as previously published74 and according to guidelines 

specified by Jackson Laboratories (http://www.jax.org).  

 

3.3.2 2HG and 5AZA Pilot Studies 

For 2-hydroxyglutarate  (2HG) treatments,  RAW264.7 cells were plated at and allowed 

to adhere overnight. Cells were then treated for 24h with either media (untreated) or 0.5mM 2HG 

(Toronto Research Chemicals, Toronto ON, Canada), an α-ketoglutarate-dependent enzyme 

inhibitor, prior to a 12h stimulation with 100ng/mL LPS. For 5-azacytidine (5AZA) 

hypomethylating agent treatments, PMΦs were plated at 2 x 106 cells/6-well in MΦ media and 

cultured for 24h prior to treatments. Non-adherent cells were removed by washing wells 3 x with 

warm PBS (Hyclone) and then PMΦs were treated for 24h with 0.01% acetic acid vehicle control 

(BioShop) or 10mM 5AZA (Sigma Aldrich). Using a similar approach, BMMΦs cultured for 7-

10 days were first plated at 1 x 106 cells/12-well in MΦ media and cultured for 24h prior to 

treatments. Cells were then treated for 24h with 0.01%  acetic acid vehicle control or 5mM 5AZA 

prior to a 12h LPS stimulation (100ng/mL). RNA was harvested for all samples using the Qiagen 

RNeasy kit. 
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3.3.3 SYBR Green Quantitative Reverse Transcriptase PCR (qRT-PCR)  

RNA harvesting, cDNA preparation and SYBR green qRT-PCR procedures were 

performed as outlined in the Chapter 2 Materials and Methods section. Previously published 

primer sequences were used for amplification of murine Tet1, Tet2, Tet3, Ccl2, Il7r, Il4rα, 

Cxcl10, Marco, S100a8, S100a9, Mrc1, Il10, Il12α, Il6, Il1β and Arg1.74, 172, 173, 214-220 Mouse β-2-

microglobulin (B2M) was used as an internal control.174  

 

3.3.4 NanoString nCounter Gene Expression Profiling 

For all NanoString experiments, RNA was extracted from cells using the RNeasy Kit 

(Qiagen, Toronto, ON, Canada) and quantified using a Take3 Plate Reader (BioTek, Winooski, 

VT, USA). Expression of 561 immunology-related RNA transcripts and associated controls were 

analyzed in total BMMΦ and PMΦ RNA using the standard NanoString nCounter Mouse 

Immunology Gene Expression CodeSet (NanoString Technologies, Seattle, WA, USA) plus 30 

additional custom targets (Arg1, Ym1, Mgl1, Csk, Cxcl2, Ddl4, Fam26f, Fer, Fes, Folr2, Gata6, 

Gbp1, Gbp5, Gzmk, Gzmm, Hck, Ido1, Ship1, Lyn, Madcam1, Mgl2, Mrc1, Nkg7, Plcb3, Shp2, 

Ptpn18, Sirpa, Srsf2, Tec and Tlr7). Data normalization was performed on nSolver Analysis 

Software Version 2.0 (NanoString Technologies). Average fold changes (ratios of sample to 

control) were calculated from normalized data and ranked using Microsoft Excel. Spearman 

correlations were performed comparing different treatment types. Significantly up- and 

downregulated genes from these comparisons were identified by setting thresholds based on the 

75th and 25th quartiles for each specific comparison.221 Briefly, the upper (UpTh) and lower 

(LoTh) threshold cutoffs were calculated using the following formulas (provided by Dr. Kathrin 

Tyryshkin):  
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 UpTh = 75fth quartile + (α x interquartile range)  

 LoTh = 25fth quartile − (α x interquartile range)  

where 𝛼 =  0.204 x ln # 𝑔𝑒𝑛𝑒𝑠 + 1.123 (formula developed by Dr. Kathrin Tyryshkin 

based on a previously published approach to assessing outliers in large datasets.221) 

In this case, α is used as a correction factor to adjust for the size of the dataset being used. Genes 

passing the calculated threshold and also possessing a fold change greater than 1.5 or less than 0.5 

were considered significantly upregulated or downregulated, respectively. 

 

3.3.5 Mouse Plasma Collection and Cytokine/ Chemokine Array 

Blood plasma was collected from 9 – 12 week old mice through cardiac puncture from 

isofluorane-anesthetized mice in accordance with Queen’s University’s Animal Care Protocols. 

Plasma mixed with sodium citrate anticoagulant (Sigma-Aldrich) was spun at 1000 x g for 10 

minutes at 4°C. Supernatants were then diluted 1:2 in PBS and sent to Eve Technologies 

(Calgary, AB, Canada) for Mouse Cytokine Array/Chemokine Array 31-Plex analysis. 

Information pertaining to this analysis can be found on the Eve Technologies website 

(https://www.evetechnologies.com). Briefly, this assay, based on the Milliplex Map assay kit 

(Millipore), uses multiplexed fluorescently labeled magnetic beads to differentiate between 

different analytes. These beads bind the appropriate cytokine/chemokine. Biotinylated detection 

antibodies then tag each analyte and streptavidin-phycoerythrin conjugated reporter molecules. 

The fluorescence intensity of each cytokine/chemokine is determined using a Bio-Plex 200 with 

one laser generating fluorescence readouts (i.e. providing identity of the target) and another laser 

exciting the reporter molecule. Concentrations of cytokines and chemokines in pg/mL were 
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calculated by Eve Technologies using standard curves and all values were adjusted for 1:2 

dilution prior to analysis. 

 

3.3.6 Peritoneal Lavage and Conditioned Media Treatments 

Peritoneal lavage fluids were collected from Tet2f/f and Tet2-/- mice by flushing the 

peritoneal cavity of each animal with 5mL MΦ media. Conditioned media was collected from 

Tet2f/f and Tet2-/- PMΦs cultured for 72h. Lavage fluid and conditioned media samples were 

centrifuged at 2000xg for 5 mins at 4°C to pellet any cells/debris present. Primary MΦs were 

treated for 72h with 1mL undiluted lavage fluid or 1mL conditioned media plus 1mL MΦ media 

(1:2 dilution). Aliquots of the lavage fluid and conditioned media samples were sent (undiluted) 

to Eve Technologies for 31-plex cytokine/chemokine analysis. 

 

3.3.7 Statistical Analysis 

Figures show representative data from 3 or more independent experiments unless 

otherwise indicated. Unpaired two-tailed t-tests assuming equal variances (to compare means of 

experimental triplicates) or Mann-Whitney U tests (to compare larger datasets or combined 

experimental replicates) were performed using Prism Software Version 6.0f (GraphPad Software, 

La Jolla, CA). P-values of ≤ 0.05 were considered statistically significant. 
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3.4 Results 

3.4.1 Tet2 loss does not negatively impact MΦ differentiation 

Given that Tet2 is highly expressed compared to other Tet enzymes during MΦ 

differentiation (see Section 2.5.1), we wanted to determine whether Tet2-deficiency detrimentally 

impacts MΦ differentiation. To assess this, we used a constitutive hematopoietic-specific Tet2-

knockout mouse model established by Moran-Crusio et al.74 Floxed mice with loxP sites flanking 

Tet2 exon 3 (Jackson Laboratories B6;129S-Tet2tm1.1Iaai/J) were crossed with hemizygous 

Vav1-Cre transgenic mice (Jackson Laboratories B6.Cg-Tg(Vav1-icre)A2Kio/J) to generate 

heterozygous hematopoietic-specific Tet2-knockout mice (Tet2+/-). These animals were then bred 

together to generate homozygous Tet2-knockout animals (Tet2-/-).  

Since MΦ populations in this specific murine model have not been previously 

characterized, we verified Vav1-Cre-driven genomic excision of Tet2 in BMMΦs and PMΦs 

from heterozygous (Tet2+/-) and homozygous (Tet2-/-) knockout mice (Figure 3.1A-B). A Tet2 

primer set was used to amplify a 249bp intronic region in the wild-type mouse Tet2 gene. In 

Tet2f/f cells, a floxed site resides in the region spanned by these primer sets. Therefore, a 427bp 

PCR product is produced. In hematopoetic lineage cells with both the Vav1-Cre transgene and the 

floxed allele, Tet2 exon 3 is excised, bringing another reverse primer (LoxP rev) close enough to 

the forward Tet2 primer for the amplification of a 550-600bp product. Therefore, the presence of 

this amplicon indicates loss of Tet2 exon 3. Using this PCR approach, we demonstrated efficient 

excision in both BMMΦs and PMΦs from Tet2-deficient mice. We also showed decreased Tet2 

mRNA and protein expression (Figure 3.1D-F). Of note, we found no compensatory increases in 

Tet1 or Tet3 in Tet2-/- MΦs (Supplementary Figure 7).  
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Figure 3.1: Validation of Tet2 loss in Tet2-knockout mouse MΦ populations.  

A) A previously published PCR strategy was used to validate Tet2 exon 3 Vav1-Cre-induced 
excision.74 PCR products corresponding to the wild type (249 base pairs; bp), floxed (427bp) and 
deleted (550-600bp) alleles were detected in B) PMΦs and C) BMMΦs, successfully verifying 
loss of exon 3 in these cell types. Mouse genotypes are indicated above lanes. The LoxP PCR 
primer sequences and specifics regarding this PCR strategy were generously shared by Dr. Alan 
Shih from the Memorial Sloan Kettering Cancer Centre.  D) Tet2 mRNA levels were confirmed 
in PMΦs from both Tet2+/- and Tet2-/- mice. Values are reported as mean ± standard deviation for 
triplicate samples. E) Immunofluorescence was performed by Brooke Snetsinger on Tet2f/f and 
Tet2-/- PMΦs. Cells were stained with DAPI as well as an antibody against Tet2. F) Western blot 
analysis of PMΦs revealed loss of the expected Tet2-reactive bands as previously identified in 
Figure 2.4. 
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Previous reports have shown that Tet2 loss does not appreciably alter the flow cytometric 

percentages of F4/80+ CD11b+ splenic MΦ and PMΦs.62 In keeping, total peritoneal lavage and 

M-CSF-differentiated BMMΦ cell counts did not significantly differ between knockouts and 

controls (Figure 3.2A-B). To evaluate the effects of Tet2-deficiency on markers of MΦ 

differentiation, comparative gene expression analysis was performed using the NanoString Mouse 

Immunology CodeSet. Pooled, untreated PMΦ and BMMΦ input RNA samples from Tet2f/f and 

Tet2-/- mice (BMMΦ: one pool/genotype, N=3 mice/pool; PMΦ: 2 independent pools for Tet2f/f 

and 3 pools for Tet2-/-, N=2 mice/pool) were used for this analysis. The mean mRNA counts of 

Cd14, Cd36, Csf1r, Csf2rb, F4/80, Cd18 and Cd11b did not vary by more than 1.35-fold between 

genotypes (Figure 3.2C-D). The only exception was Csf1r, expressed at 0.55-fold of Tet2f/f in 

Tet2-/- PMΦs (Figure 3.2C). Overall, our results suggested that MΦ differentiation was 

unimpeded in Tet2-/- MΦs. 

 

3.4.2 Tet2-deficient mice display features of myeloid disease 

To gain insights into the disease states of individual mice, spleen and body weight values 

were collected for control (Tet2f/f (N=29) and Tet2f/+ (N=24)) as well as Tet2-deficient (Tet2+/- 

(N=28) and Tet2-/- (N=34)) animals. Consistent with previous reports, Tet2-/- mice from our 

colony demonstrated significant spleen enlargement compared to Tet2f/f control mice (Figure 3.3).  

As another means of evaluating animal health, blood plasma was collected from 

knockout and control animals through cardiac puncture and then sent to Eve Technologies for 

cytokine/chemokine array analysis. We found Tet2-/- mice displayed significantly increased blood 

plasma levels of IL-12 p40 (Tet2-/- mean = 67.86 pg/mL, n=14 versus Tet2f/f mean = 25.44 pg/mL, 

n=8; P=0.0027), Cxcl9 (MIG) (Tet2-/- mean = 47.44 pg/mL, n=14 versus Tet2f/f mean = 20.29  
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Figure 3.2: Tet2-/- MΦs do not differ from Tet2f/f in cell counts or differentiation markers. 

A) Peritoneal lavages were performed on Tet2f/f and Tet2-/- mice by flushing the peritoneal cavity 
of each individual animal with 5-10mL MΦ media. Total cell counts were determined for each 
individual mouse. B) Total number of BMMΦs generated per mouse were recorded after 
BMMΦs from Tet2f/f and Tet2-/- whole BM had been cultured for 10 days in M-CSF-containing 
media. 100ng of pooled C) PMΦ and D) BMMΦ RNA from Tet2f/f and Tet2-/- mice was analyzed 
using the NanoString Mouse Immunology CodeSet. Gene expression analysis was performed and 
normalized counts are shown for 7 differentiation markers. C) For Tet2f/f, average counts were 
calculated based on PMΦs from two pools of 2-3 mice each. For Tet2-/-, the average of PMΦs 
from three pools of 2-3 mice each are depicted. Error bars indicate standard deviation. D) For 
BMMΦs, only one pool of cells from 3 mice was used and therefore standard deviation 
calculations were not performed.  
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Figure 3.3: Tet2-/- mice possess significantly larger spleens than Tet2f/f animals. 

Tet2f/f (N=29), Tet2f/+ (N=24), Tet2+/- (N=28) and Tet2-/- (N=34) 4 – 40 week old mice were 
weighed prior to spleen removal and then spleens from each individual mouse were extracted and 
weighed. Spleen to body weight ratios (%spleen:body weight) are plotted for mice from each 
genotype. Horizontal lines represent means for each grouping. Statistically significant differences 
in %speen:body weight are indicated by asterisks: * P<0.05; ** P<0.01; *** P<0.001. 
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Figure 3.4: Significant elevation of various cytokines in Tet2-/- mouse blood plasma. 

Blood plasma cytokines/chemokines from 9 – 12 week-old Tet2f/f (N=8) and Tet2-/- (N=14) mice 
were assayed by Eve Technologies using the 31-Plex Mouse Cytokine/ Chemokine array. A 
subset of cytokines/chemokines are shown, with A) IL-12 (p40), B) MIG, C) RANTES and D) 
IL-10 and E) TNFα being differentially expressed in Tet2-/- plasma. Horizontal lines indicate 
mean concentration. Statistically significant changes in expression are indicated by asterisks: * 
P<0.05; ** P<0.01, *** P<0.001.  
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pg/mL, n=8; P=0.0022), Ccl5 (RANTES) (Tet2-/- mean = 124.7 pg/mL, n=14 versus Tet2f/f mean 

= 59.10 pg/mL, n=8; P=0.0008), IL-10 (Tet2-/- mean = 12.61 pg/mL, n=14 versus Tet2f/f mean = 

6.22 pg/mL, n=8; P=0.0051) and TNFα (Tet2-/- mean = 21.55 pg/mL, n=14 versus Tet2f/f mean = 

13.3 pg/mL, n=8; P=0.0016) (Figures 3.4). Other proteins such as IL-12 (p70) (P=0.0615) 

showed trends towards significance (Figure 3.4). These findings imply that Tet2-/- animals suffer 

from systemic inflammation.  

 

3.4.3 NanoString gene expression analysis of Tet2f/f and Tet2-/- MΦs 

Having uncovered a potential inflammatory phenotype in Tet2-/- mice, we next assessed 

LPS and IL-4 responses in Tet2f/f and Tet2-/- BMMΦs and PMΦs. To identify differences in Tet2f/f 

and Tet2-/- MΦ during early LPS gene induction, cells were treated with 100ng/mL LPS for 3h 

and comparative gene expression analysis was performed on pooled RNA samples (BMMΦ: N=3 

mice/genotype/treatment; PMΦ: N=2 mice/genotype/treatment) (Figure 3.5A). RNA sample 

pooling was performed to limit costs and provide an initial screen of gene expression. Targets of 

interest would then be followed up independently. Expression of 561 immunology-related mRNA 

transcripts and associated controls were analyzed in 100ng total BMMΦ and PMΦ input RNA 

using the standard NanoString nCounter Mouse Immunology Gene Expression CodeSet plus 30 

additional custom targets (Arg1, Ym1, Mgl1, Csk, Cxcl2, Ddl4, Fam26f, Fer, Fes, Folr2, Gata6, 

Gbp1, Gbp5, Gzmk, Gzmm, Hck, Ido1, Ship1, Lyn, Madcam1, Mgl2, Mrc1, Nkg7, Plcb3, Shp2, 

Ptpn18, Sirpa, Srsf2, Tec and Tlr7). Data normalization was performed using nSolver Analysis 

Software Version 2.0 (NanoString Technologies) and was also independently verified by 

performing data manipulations in Excel using formulas provided by NanoString Technologies 

(Figure 3.5).  
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Figure 3.5: NanoString Mouse Immunology CodeSet gene expression analysis. 

Pooled RNA samples from Tet2f/f and Tet2-/- primary MΦ cultures (N = 2-3 mice/genotype/ 
treatment) treated for 3h with media (untreated) or 100ng/mL LPS were used for comparative 
gene expression analysis. A) Cell culture and treatment steps are outlined. B) Data generation and 
normalization steps used in these analyses are shown. A similar analysis was performed for IL-4-
treated cells. 
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To examine differential gene expression, extreme outliers (i.e. genes significantly up- or 

down-regulated) were identified by determining log2 transformed fold changes (log2 transformed 

normalized counts for Tet2-/- subtracted by log2 transformed normalized counts for Tet2f/f) for 

each cell type and treatment and then establishing cutoffs based on the 25th and 75th quartiles 

(Figure 3.6), as detailed in the methods section. Gene lists generated from this analysis were then 

used to identify targets of interest on Spearman Correlation plots. Of note, given a small fold 

change range in the BMMΦ data, this method highlighted a number of genes with biologically 

insignificant fold changes (i.e. fold changes between 0.5 – 1.5).222 Therefore, we required that 

fold changes must be ≥ 1.5 or ≤ 0.5 to be considered up- or down-regulated, respectively. 

 

3.4.4 Tet2-/- BMMΦ gene expression was similar to that of Tet2f/f BMMΦs 

Beginning with the BMMΦ data, log2 transformed normalized counts from Tet2-/- cells 

were plotted against log2 Tet2f/f counts in a Spearman Correlation plot for each individual 

treatment type (Figure 3.7). Data was verified using qRT-PCR (Supplementary Figure 8). Similar 

gene expression was observed in Tet2f/f and Tet2-/- BMMΦs under all conditions, as demonstrated 

by high r2 values for each plot (Figure 3.7A-C). However, it was noted that S100a8 (0.2-fold in 

Tet2-/- compared to Tet2f/f), S100a9 (0.18-fold), Marco (0.2-fold) and Ym1 (0.11-fold) mRNA 

counts were lower in Tet2-/- BMMΦs (Figure 3.6A-C). By calculating fold changes and rank 

ordering these values in Excel, we also identified other differentially expressed MΦ function-

associated genes including Ccl2 (0.48-fold in Tet2-/- compared to Tet2f/f), Cxcl10 (2.09-fold) and 

Mrc1 (1.97-fold). To determine whether these patterns of expression were robust, we profiled 

expression of S100a8, S100a9, Marco, Ccl2, Cxcl10 and Mrc1 in cDNA samples prepared from 

Tet2-/- BMMΦ RNA (cells from N=3 independent mice) (Figure 3.7D). With the exception of  



 

 

 

93 

 
Figure 3.6: Outlier test for NanoString datasets to select differentially expressed genes. 

To identify genes significantly different in Tet2-/- versus Tet2f/f MΦs, fold change cutoffs were 
based on the 25th and 75th quartiles as detailed in the methods section. In order to further refine 
the list of differentially expressed genes, a fold change cutoff of ≤ 0.5 and ≥ 1.5 was applied.  
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Figure 3.7: Tet2-/- BMMΦ gene expression is very similar to that of Tet2f/f BMMΦs. 

BMMΦs were generated from individual Tet2f/f and Tet2-/- mice by culturing BM cells in M-CSF-
containing media for 10 days. Cells were then replated and allowed to adhere overnight before 
being treated for 3h with media (untreated, UT), 100ng/mL LPS or 10ng/mL IL-4. RNA samples 
from mice of the same genotypes were pooled and subjected to NanoString analysis. A-C) 
Spearman correlations were performed on all log2 transformed datasets. Genes falling outside of 
the cutoffs established in Figure 3.6 and also having a fold change difference of ≤ 0.5 or ≥ 1.5 in 
Tet2-/-  versus Tet2f/f cells are labeled for all treatments. D) SYBR green qRT-PCR analysis was 
performed on select targets looking at their expression in BMMΦ cultures from an independent 
set of mice. All qRT-PCR experiments were performed using triplicate samples. Raw Ct values 
for each target were normalized to the raw Ct values for the murine B2M internal control gene. 
Expression levels are presented relative to the Tet2f/f samples in each experiment. Bars represent 
the mean of technical replicates while error bars represent standard deviation (N=2 for Tet2f/f and 
N=3 Tet2-/-). Statistically significant changes in expression are indicated by asterisks: * P<0.05; 
** P<0.01; *** P<0.001. 
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Mrc1, which showed a non-significant trend towards increased expression, levels for these 

analyzed genes did not match the original NanoString run. This suggests that the differential 

expression we saw in pooled samples may not have been representative of Tet2-/- BMMΦs as a 

whole. 

 

3.4.5 Gene expression profiles of Tet2-/- PMΦs differ from Tet2f/f PMΦs 

In contrast to Tet2-/- BMMΦs, Tet2-/- PMΦs overexpressed a number of genes compared 

to Tet2f/f control cells (Figure 3.8). Differentially expressed genes in Tet2-/- PMΦs versus control 

cells were identified as described above. Untreated Tet2-/- PMΦs exhibited heightened expression 

of a number of genes compared to Tet2f/f cells (Figure 3.8A), many of which were chemokines: 

Ccl4, Ccl5, Ccl7, Csf2, Cxcl1, Cxcl2, Cxcl3, Cxcr1, Il1α, Il1β, Il1rn, Il3, Il6, Mapk11, Ptgs2, 

Socs1, Socs3 and Traf1. While the expression of Batf3, Cd6, Cd79a, Dll4, Gbp1, Gzmk, Hamp 

and Il22ra2 were identified as significantly different in LPS-treated Tet2-/- PMΦs compared to 

control cells, no genes exceeded our established cutoffs in IL-4 treated Tet2-/- PMΦs. In order to 

explore a more unbiased interpretation of our datasets, this normalized NanoString data was 

triplicated and entered into the Gene Set Enrichment Analysis program (GSEA; 

www.broadinstitute.org/gsea). Untreated Tet2-/- PMΦs were found to be enriched in the following 

signatures: inflammatory response, TNFα signaling via NFκB, Kras signaling, Il-2/Stat5 

signaling, IFNγ signaling and IL-6/Jak/Stat3 signaling (Supplementary Figure 9). No enrichment 

was observed in LPS- or IL-4-treated samples. 
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Figure 3.8: Untreated Tet2-/- PMΦs show overexpression of many LPS-inducible targets. 

Peritoneal lavage cells from individual Tet2f/f and Tet2-/- mice were cultured for 24h in 6-well 
plates, at which point non-adherent cells were removed, leaving behind PMΦs. Cells were then 
treated for 3h with media (untreated, UT), 100ng/mL LPS or 10ng/mL IL-4. RNA samples from 
mice of the same genotypes were pooled and subjected to NanoString analysis. A-C) Spearman 
correlations were performed on all log2 transformed datasets. Genes falling outside of the cutoffs 
established in Figure 3.6 and also having a fold change difference of ≤ 0.5 or ≥ 1.5 in Tet2-/-  
versus Tet2f/f cells are labeled for both untreated (UT), LPS-treated and IL-4-treated Tet2f/f and 
Tet2-/- PMΦs. 
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3.4.6 Tet2-/- PMΦs show constitutive overexpression of LPS-related genes 

Having taken a more global approach to analyzing BMMΦ and PMΦ NanoString data, 

we chose to focus on the LPS response. To assess differences, we generated a list of the top 20 

LPS-induced genes in Tet2f/f BMMΦ and a comparable list of genes in Tet2f/f PMΦs. Average 

fold changes (ratios of sample to control) were calculated from normalized data and ranked using 

Microsoft Excel. Focusing on BMMΦs, levels of these LPS-induced targets were found to be 

similar in both resting state and LPS-treated Tet2-/- and Tet2f/f BMMΦs (Table 3-1). In contrast to 

Tet2-deficient BMMΦs, early LPS signaling genes were constitutively and differentially 

expressed in Tet2-/- PMΦs compared to control cells. The top 20 LPS-induced genes in Tet2f/f 

PMΦs were observed to be 1.89- to 485.18-fold higher in resting, untreated Tet2-/- PMΦs 

compared to Tet2f/f control cells (Table 3-1). Il1β was highest at 485.16-fold and a number of 

other genes also displayed more than 20-fold upregulation: Cxcl3 (375.85-fold), Cxcr1 (181.63-

fold), Csf2 (140.50-fold), Ccl4 (102.18-fold), Cxcl1 (66.12-fold), Ccl3 (53.51-fold), Il1α (53.51-

fold), Il6 (50.92-fold), Il3 (35.58-fold) and Cxcl2 (28.17-fold). We repeated this analysis using an 

independent untreated Tet2-/- PMΦ pool (N=3 mice/pool) and found similar gene expression 

patterns (Supplementary Figure 10).  

Interestingly, LPS stimulated Tet2-/- PMΦs showed lower normalized mRNA counts of 

19/20 of the top LPS-induced genes compared to Tet2f/f, with a fold-difference range of 0.13 to 

0.52 (Table 3.1). The exception was Cxcl3 with 1.83-fold increased mRNA levels in LPS-treated 

Tet2-/- versus Tet2f/f cells. However, this gene was increased to a lesser extent in Tet2-/- PMΦs 

(1.7-fold by LPS in Tet2-/- (relative to untreated Tet2-/-) versus 323-fold in Tet2f/f (relative to 

untreated Tet2f/f)). Given the constitutive expression of targets normally induced by LPS signaling 

in resting Tet2-/- PMΦs, this indicated that Tet2-deficient PMΦs were refractory to LPS challenge. 
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Table 3-1: Normalized counts and fold changes in resting and LPS-treated MΦs. 
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To balance our LPS studies, we also looked at targets involved in IL-4 signaling. Given 

our initial findings that IL-4 treatment does not induce Tet2 mRNA expression, we did not expect 

to see many changes in these genes. While Socs1, Ccl7, Ccl2, Mapk11, Il6, Il1β, Tnfsf14, Cd274 

and Ccl4 were upregulated in resting Tet2-/- PMΦs compared to Tet2f/f PMΦs, 11/20 of the top IL-

4 induced genes were not overexpressed in knockout cells (Supplementary Table 1). Comparison 

of IL-4 treated Tet2f/f and Tet2-/- PMΦs showed moderate reduction in Tet2-/- PMΦ normalized 

counts, with Il6, Arg1, Tnfsf14 and Ccl4 falling below 0.5-fold (Figure 3.9). Unlike the 

constitutive activation of LPS-related genes we observed in resting Tet2-/- PMΦs, it appears that 

only a certain subset of IL-4-associated targets are dysregulated in Tet2-deficient cells. 

Furthermore, gene set enrichment analyses failed to identify enrichment differences between 

Tet2f/f and Tet2-/- PMΦs in either hallmark or IL-4-specific gene signatures. 

 

3.4.7 Tet2-knockout BMMΦs demonstrate impaired resolution of inflammation and 

concomitant enhanced Arg1 induction late in the LPS response 

Although we found no significant impact of Tet2-deficiency in early (3h) BMMΦ LPS 

gene expression (Figure 3.7), we wondered whether differential expression would be observed at 

later time points. We therefore profiled mRNA expression of the proinflammatory cytokines Il6 

and Il1β at 3h, 6h, 12h and 24h following LPS treatment and demonstrated that these targets were 

heightened late in Tet2-/- BMMΦs (6 – 24h but not 3h) (Figures 3.10). Interestingly, levels of 

another proinflammatory cytokine, Tnfα, remained similar in cells from both genotypes. This 

suggested that Tet2-deficient in BMMΦs had impaired ability to moderate expression of select 

proinflammatory genes. This also potentially identifies two Tet2-regulated genes. In addition, 
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Figure 3.9: Log2 transformed NanoString gene expression fold changes comparing the top 
20 IL-4-induced targets in Tet2-/- versus Tet2f/f PMΦs. 

Peritoneal lavage cells from individual Tet2f/f and Tet2-/- mice were cultured for 24h in 6-well 
plates, at which point non-adherent cells were removed, leaving behind PMΦs. Cells were then 
treated for 3h with media (untreated, UT) or 10ng/mL IL-4. RNA samples from mice of the same 
genotypes were pooled and subjected to NanoString analysis. The top 20 IL-4-induced genes in 
Tet2f/f PMΦs were identified by comparing resting state Tet2f/f PMΦ normalized counts to IL-4-
treated Tet2f/f PMΦ normalized counts. A heat map displaying log2 transformed fold changes 
(Tet2-/- vs Tet2f/f) shows that few changes were seen in this set of genes when comparing control 
and knockout PMΦs. Red indicates downregulation of the target gene in Tet2-/- versus Tet2f/f 
PMΦs whereas green indicated upregulation. 
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qRT-PCR analysis was used to examine Arginase 1 (Arg1) levels (Figure 3.10C). Under normal 

circumstances, Arg1 expression is triggered late in TLR4 signaling as part of the resolution of 

inflammation.223 While Tet2f/f BMMΦs showed a 7-fold upregulation of Arg1 at 24h post-LPS, 

Tet2-/- BMMΦs demonstrated a further increase (25-fold compared to untreated Tet2f/f BMMΦs, 

Figure 3.10C). Taken together with these findings in Tet2-/- BMMΦs, we believe that the 

constitutive LPS-associated gene upregulation observed in resting Tet2-/- PMΦs, notably 

including Il1β and Il6, also reflect an inability to control and resolve inflammation in vivo. These 

results highlight a novel and important role for Tet2 as a mediator of MΦ inflammatory 

responses. 

 

3.4.8 Tet2-knockout PMΦs display variable overexpression of Arg1  

Given the association between Tet2-deficiency and Arg1 overexpression in BMMΦs, we 

looked more closely at Arg1 mRNA expression in Tet2-/- PMΦs. Consistent with an intrinsic 

propensity to upregulate Arg1 levels in LPS-challenged Tet2-/- BMMΦs, resting Tet2-/- PMΦs 

demonstrated variable overexpression of Arg1. Prior to identifying Arg1 as a target of interest, we 

had noted by Western blot analysis that some pooled Tet2+/- PMΦ lysates (N=3) had high Arg1 

protein expression under both resting and treated conditions compared to pooled Tet2f/+ PMΦ 

(N=3) lysates (Figure 3.11A). We subsequently found that a number of individual Tet2-knockout 

(Tet2+/- and Tet2-/-) PMΦ samples displayed high Arg1 mRNA expression (Figure 3.11B), with a 

mean of 4.14±1.57 (SEM, N=10) for Tet2+/- PMΦ and a mean of 17.08±6.52 (SEM, N=10) for 

Tet2-/- PMΦs relative to a pooled Tet2f/f control sample (N=5). Aside from being involved in 

inflammation resolution late in the LPS response, Arg1 is potently induced during IL-4  
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Figure 3.10: Tet2-/- BMMΦs demonstrate abnormally high Il6, Il1β and Arg1 mRNA 
expression during LPS signaling. 

BMMΦs were generated from Tet2f/f and Tet2-/- mouse BM by culturing cells in M-CSF-
containing media for 10 days. Cells were then replated and allowed to adhere overnight before 
being treated with 100ng/mL LPS. RNA samples were harvested at 3h, 6h, 12h and 24h post-
treatment. SYBR green qRT-PCR analysis was performed looking at mRNA expression of A) Il6, 
B) Il1β and C) Arg1. One representative experiment is shown for each target. Raw Ct values for 
each target were normalized to the raw Ct values for the murine B2M internal control gene. 
Expression levels are presented relative to the Tet2f/f 3h samples in each experiment. Bars 
represent the mean of triplicate samples while error bars represent standard deviation. Statistically 
significant changes in expression are indicated by asterisks: * P<0.05; ** P<0.01; *** P<0.001. 
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Figure 3.11: Arg1 is variably overexpressed in the PMΦs of Tet2-deficient mice. 

Peritoneal lavage cells from Tet2f/f and Tet2-/- mice were cultured for 24h in 6-well plates, at 
which point non-adherent cells were removed, leaving behind PMΦs. A) Tet2f/f and Tet2-/- PMΦs 
were treated with media (untreated), 100ng/mL LPS or 10ng/mL IL-4 for 24h. Western blot 
analysis was performed on RIPA lysates to determine Arg1 protein expression and β-actin was 
used as a loading control. B) RNA from untreated, resting Tet2+/- and Tet2-/- PMΦs (one sample 
per mouse, N=10/genotype) was reverse transcribed into cDNA that was then used as a template 
in SYBR green PCR to establish Arg1 expression in these cells. C) mRNA expression of Arg1, 
Mrc1 and Ym1 was determined for Tet2-/- mice (N=9). D) Mice with PMΦs with >5-fold increase 
in Arg1 expression compared to a pooled Tet2f/f control sample displayed significantly increased 
% spleen: body weight. Statistically significant changes in expression/spleen size are indicated by 
asterisks: * P<0.05; ** P<0.01; *** P<0.001. 
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signaling.97 Although we showed that most IL-4 target genes are expressed to normal levels in 

Tet2-/- PMΦs, we were interested in looking at other IL-4-responsive (“M2 MΦ”) targets in this 

context. Using qRT-PCR assays, we demonstrated that high Arg1 levels in Tet2-/- PMΦs did not 

correlate with simultaneous overexpression of other IL-4-induced genes such as Ym1 or Mrc1 

(Figure 3.11C), suggesting that this was not part of a global M2 response.  

 

 

3.4.9 Tet2-knockout mice with high PMΦ Arg1 expression exhibit signs of systemic 

inflammation 

We next evaluated whether Arg1 overexpression in Tet2-/- PMΦs was indicative of 

disease progression and inflammation. Splenomegaly, an enlargement of the spleen, is common 

in Tet2-knockout mice and has been associated with expansion of CD11b+ cells as well as the 

presence of extramedullary hematopoiesis.74 Animals with ≥5-fold Arg1 mRNA expression were 

found to display significantly higher %spleen:body weight ratios as compared to animals with <5-

fold Arg1 mRNA expression levels (Figure 3.11D), a feature consistent with a more progressed 

disease state. In addition, a cytokine/chemokine array was used to evaluate inflammatory status in 

Tet2-/- mice. In blood plasma samples from Tet2-/- mice, we noted significant positive linear 

correlations between Arg1 mRNA expression in PMΦs from these animals and levels of 

cytokines such as VEGF, IL-13, IL-2, RANTES, MIP-1α and IL-10 (Figure 3.12), suggesting an 

association between high Tet2-/- PMΦ Arg1 expression and the inflammatory environment these 

cells were exposed to in vivo. Taking into consideration constitutive LPS gene expression in 

resting Tet2-/- PMΦs, Tet2-deficient mice display several features indicative of systemic 

inflammation and overt disease. 
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Figure 3.12: High Arg1 expression is linearly correlated with blood plasma levels of certain 
cytokines/chemokines. 

Peritoneal lavage cells from individual Tet2-/- mice (N=10) were cultured for 24h in 6-well plates, 
at which point non-adherent cells were removed, leaving behind PMΦs. RNA samples were then 
harvested and converted to cDNA. SYBR green qRT-PCR analysis was performed to determine 
Arg1 mRNA expression. Raw Ct values for Arg1 were normalized to the raw Ct values for the 
murine B2M internal control gene. Expression levels are presented relative to the Tet2f/f pooled 
control (N=5). Matching blood plasma for each animal was collected directly following 
euthanasia. Cardiac puncture samples were treated with sodium citrate anticoagulant prior to 
sample preparation. Samples were then diluted 1:2 in PBS and sent to Eve Technologies for 31-
plex cytokine/chemokine analysis. Concentrations of cytokine/chemokines were calculated by 
Eve Technologies by comparing fluorescence intensities of samples to standard curve values and 
these values were adjusted to compensate for sample dilution. Arg1 mRNA expression was 
plotted against the concentrations of each cytokine/chemokine tested. Linear regressions with P 
<0.05 (significant) are shown.  
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3.4.10 NanoString analysis of Arg1 low and Arg1 high pools 

Next, we wanted to determine whether gene expression differed in PMΦs with low Arg1 

mRNA expression versus those with Arg1 high levels and whether other genes were consistently 

overexpressed along with Arg1. In order to assess this, we used RNA samples from Tet2f/f, Tet2+/- 

and Tet2-/- PMΦs with known Arg1 mRNA expression. For each Tet2-deficient genotype, RNA 

pools were prepared by grouping samples based on their Arg1 status: Arg1 low Tet2+/- (mean 

Arg1 mRNA expression = 0.55±0.17, N=4), Arg1 high Tet2+/- (mean Arg1 mRNA expression = 

4.47±0.62, N=5), Arg1 low Tet2-/- (mean Arg1 mRNA expression = 2.04±0.85, N=3) and Arg1 

high Tet2-/- (mean Arg1 mRNA expression = 45.34±6.95, N=3). 100ng of each pool was then 

analyzed using the previously described NanoString nCounter Mouse Immunology Gene 

Expression CodeSet.  

We used the same procedures detailed above to first normalize the NanoString data 

generated and then establish differentially expressed gene sets based on outlier tests paired with 

fold change cutoffs (≤0.5 and ≥1.5). Focusing on Tet2-/- cells, we first compared gene expression 

between Arg1 low and high Tet2-/- pools (Figure 3.1A-B). A total of 24 genes were identified as 

differentially expressed, with 20 being overexpressed in Arg1 high pools (Figure 3.13C). 

Searching for groups of genes linked to Arg1 overexpression, we then found targets related to 

high Arg1 mRNA expression status. Genes upregulated in both Arg1 high Tet2+/- and Tet2-/- pools 

were identified first by calculating fold changes (dividing Arg1 high normalized counts by Arg1 

low normalized counts for each gene/genotype) and then rank-ordering the gene list based on fold 

change values. Nine genes were consistently overexpressed in Arg1 high pools irrespective of cell 

genotype (Figure 3.14). This gene signature warrants further investigation and validation, as it 

may be indicative of an inflammatory phenotype. 
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Figure 3.13: Gene signature associated with high Arg1 mRNA expression in Tet2-/- PMΦs. 

Peritoneal lavage cells from individual Tet2-/- mice (N=6 total) were cultured for 24h in 6-well 
plates, at which point non-adherent cells were removed, leaving behind PMΦs. 100ng RNA from 
Arg1 low Tet2-/- (mean Arg1 mRNA expression = 2.04±0.85, N=3) and Arg1 high Tet2-/- (mean 
Arg1 mRNA expression = 45.34±6.95, N=3) PMΦ pools was used to generate NanoString 
mRNA counts. Once data was normalized and log2 transformed, A) a Spearman Correlation plot 
was used to compare Arg1 high vs Arg1 low pools and B) differentially expressed genes were 
identified based on performing an outlier test paired with the use of a fold change cutoff (≤0.5 
and ≥1.5). C) The log2 transformed normalized counts are displayed in a heat map for these 
differentially expressed genes. 
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Figure 3.14: Genes overexpressed in Arg1 high pools from both Tet2+/- and Tet2-/- PMΦs. 

Peritoneal lavage cells from individual Tet2-/- mice (N=6 total) were cultured for 24h in 6-well 
plates, at which point non-adherent cells were removed, leaving behind PMΦs. 100ng RNA from 
Arg1 high Tet2+/- (mean Arg1 mRNA expression = 4.47±0.62, N=5) and Arg1 high Tet2-/- (mean 
Arg1 mRNA expression = 45.34±6.95, N=3) PMΦ pools was used to generate NanoString 
normalized RNA counts. Expression levels are presented relative to the Arg1 low normalized 
counts for each specific genotype. The genes displayed represent those that are consistently 
upregulated in both Tet2+/- and Tet2-/- Arg1 high PMΦ pools. 
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3.4.11 Arg1 expression is induced in Tet2f/f PMΦs by Tet2-/- mouse peritoneal lavage fluid 

and Tet2-/- PMΦ conditioned media 

As the MΦ Arg1 gene is normally induced in response to signaling initiated by the 

presence of factors such as IL-4 in the local environment, we wondered whether the Arg1 

overexpression we had observed in PMΦs was a result of the Tet2-/- mouse microenvironment. If 

Arg1 mRNA expression is induced in response to inflammatory stimuli, it is possible that the 

Tet2-/- mouse peritoneal microenvironment harbors abnormally expressed cytokine/chemokines 

that lead to this phenomenon. We attempted to recapitulate these environmental influences in 

vitro. Both BMMΦs and PMΦs cells were treated with peritoneal lavage fluid from Tet2-/- and 

control mice. Tet2f/f BMMΦs showed little change in Arg1 expression (Supplementary Figure 11). 

In contrast to this, levels of Arg1 mRNA increased marginally when Tet2f/f PMΦs were treated 

with Tet2f/f lavage fluid (Figure 3.15A), whereas Tet2-/- lavage fluid induced a 10-fold increase in 

Arg1 (Figure 3.15A). It is unsurprising that we see such an effect in PMΦs and not in BMMΦs, as 

Arg1 is known to be less inducible in BMMΦs.99 Regarding Tet2-/- PMΦs, while Tet2f/f lavage 

fluid did not cause a significant increase in basal (elevated) Arg1 levels, Tet2-/- lavage fluid was 

able to significantly increase Arg1 mRNA expression a further 1.9-fold (to 13-fold, compared to 

media-treated Tet2f/f cells) (Figure 3.15A). We also saw slightly higher Arg1 protein levels in 

Tet2-/- lavage treated cells (1.23-fold compared to Tet2f/f lavage treated cells; Figure 3.15B). 

Treating cells with conditioned media from Tet2-/- PMΦs, however, did not induce Arg1 

expression to the same extent as lavage treatments, potentially due to dilution of PMΦ-produced 

factors in the cell culture media. Focusing on peritoneal lavage fluid from Tet2-/- mice, we 

suspected that these fluids contained a factor(s) that induced PMΦ Arg1 expression. 

Cytokine/chemokine levels were determined in a pilot experiment and while some potentially  
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Figure 3.15: Arg1 expression is induced in PMΦs treated with Tet2-/- peritoneal lavage fluid. 

Tet2f/f and Tet2-/- PMΦ cultures were treated for 72h with either media or lavage fluid (LF) from 
Tet2f/f and Tet2-/- mice, at which time RNA and RIPA lysates was harvested. A) SYBR green 
qRT-PCR analysis was performed to determine Arg1 mRNA expression. B) Protein lysates were 
used for Western blot analysis to determine protein expression of Arg1 with β-actin as a loading 
control. Densitometry performed using ImageJ software determined that Tet2-/- LF-treated lysates 
were 1.23-fold elevated compared to lysates from cells treated with Tet2f/f LF. C) Conditioned 
media obtained from culturing Tet2f/f and Tet2-/- PMΦs for 24h was diluted 1:2 in regular MΦ 
media and applied to Tet2f/f and Tet2-/- PMΦ cultures for a total of 72h before RNA was 
harvested. SYBR green qRT-PCR analysis was performed to determine Arg1 mRNA expression. 
D) Peritoneal lavage fluid samples from Tet2f/f (N=9) and Tet2-/- (N=9) mice were sent to Eve 
Technologies for 31-plex cytokine/chemokine array. For A), B) and C), one representative 
experiment is shown. Statistically significant changes in expression are indicated by asterisks: * 
P<0.05; ** P<0.01; *** P<0.001; **** P<0.00001). 
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interesting trends were observed, no specific factors were significantly elevated in Tet2-/- lavage 

fluid. This may be due to small sample size or dilution of cytokines/chemokines in lavage fluid 

harvesting procedures (Figure 3.15D). Additionally, this assay simply may not be capturing 

information on the Arg1-inducing protein(s). 

 

 

3.4.12 Treatment with recombinant IL-1β and IL-6 does not induce Arg1 expression 

Since the highest levels of Arg1 in BMMΦ are seen late in LPS signaling in Tet2-/- MΦs, 

we wondered whether Arg1 mRNA expression was linked to overexpression of proinflammatory 

cytokines such as Il1β and/or Il6. RAW264.7 cells were first titrated with mouse recombinant IL-

1β and IL-6 to determine appropriate treatment conditions and to see whether Arg1 mRNA 

expression would be induced by these treatments alone (Figure 3.16A-B). Whereas Arg1 levels 

appeared to show a dose-dependent increase at higher IL-1β exposure, expression of this 

transcript remained low in IL-6 treated cells. We next attempted to mimic the situation seen in 

Tet2-/- BMMΦs by first treating RAW264.7 cells with LPS for 3h and then adding in recombinant 

IL-1β or IL-6. After 24h, few changes were seen in Arg1 levels (Ct values remained around 30). 

As a final test, we then treated Tet2f/f PMΦs with IL-1β or IL-6 (no LPS). Again, Arg1 mRNA 

expression was not increased under these conditions (Figure 3.16D). Overall, it appears that Arg1 

overexpression is linked to Tet2 loss and not simply to higher expression of Il1β and Il6.  

 

3.4.13 Pilot experiments manipulating Tet2 function and cellular methylation 

As a means of artificially manipulating Tet2 function and cellular methylation, we 

utilized 2-hydroxyglutarate (2HG, a compound known to bind and inhibit Tet2) and the  
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Figure 3.16: IL-1β and IL-6 treatment alone does not induce Arg1 expression in MΦs. 

RAW264.7 cells were treated with various amounts of recombinant mouse A) IL-1β or B) IL-6 
for 24h. C) RAW264.7 cells were stimulated for 3h with LPS prior to treating cells with IL-1β or 
IL-6 for 24h. D) The same approach was taken with Tet2f/f PMΦs in that cells were treated for 24h 
with 1ng/mL IL-1β or 10ng/mL IL-6. The mRNA expression data shown reflects the average of 
three independent experimental replicates with each sample being done in triplicate. Error bars 
represent standard deviation. All qRT-PCR experiments were performed using triplicate samples. 
Raw Ct values for each target were normalized to the raw Ct values for the murine B2M internal 
control gene. Expression levels are presented relative to the untreated (UT) samples in each 
experiment. Bars represent the mean of technical replicates while error bars represent standard 
deviation (N=2 for C) and N=3 for D)).  
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chemotherapeutic drug 5-azacytidine (5-AZA, a hypomethylating agent). Beginning first with 

2HG, we treated RAW264.7 cells with 0.5mM 2HG for 24h before challenging cells with LPS. 

Given that Tet2 loss leads to defects in maintaining normal Il1β, Il6 and Arg1 expression, we 

hypothesized that 2HG would cause a similar phenomenon. However, this was not the case as 

none of the targets tested changed with 2HG treatment (Figure 3.17). Our findings may reflect the 

fact that while 2HG inhibits Tet2 enzyme activity, it most likely impacts a number of other α-

ketoglutarate-dependent enzymes.224 

 In addition to manipulating Tet2 enzyme function, we also wanted to determine whether 

high levels of Arg1, Il1β and Il6 seen in Tet2-deficient BMMΦs could be modulated by treatment 

with the hypomethylating agent 5AZA. We performed studies looking at the expression of these 

targets in both PMΦs and BMMΦs. Beginning with PMΦs, cells from both Tet2f/f and Tet2-/- mice 

were incubated for 24h with vehicle control or 10mM 5AZA. RNA was harvested and converted 

to cDNA prior to SYBR green qRT-PCR analysis. Interestingly, 5AZA treatment led to a 

decrease in Arg1 and Il1β mRNA expression, suggesting that methylation plays a key role in the 

regulation of these genes (Figure 3.18A,C). Il6, however, was unaffected by this treatment 

(Figure 3.18B). Given the mechanism described for Tet2-mediated repression of the Il6 promoter 

that involves Tet2 recruiting Hdac2 independent of its normal enzymatic function,62 it may be that 

methylation changes do not play a central role in Il6 gene regulation. However, further study will 

be required to verify this hypothesis. Moving into the BMMΦ model, cells were treated with 

5AZA for 24h prior to a 12h LPS challenge (Figure 3.18D-F). In this cell type, 5AZA treatment 

led to few changes in gene expression. Overall, these experiments need to be further refined, as 

the effect of 5AZA treatment on cell viability has not been assessed. Since TET2-mutant  
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Figure 3.17: The oncometabolite 2HG treatment does not cause changes in Arg1, Il1β and 
Il6 mRNA expression 

RAW264.7 cells were treated with 2HG for 24h prior to 12h LPS stimulation. RNA was 
collected, converted to cDNA and used in a SYRB green qRT-PCR assay. mRNA expression 
levels of Arg1, Il1β and Il6 were determined. All experiments were performed using triplicate 
samples. Raw Ct values for each target were normalized to the raw Ct values for the murine B2M 
internal control gene. Expression levels are presented relative to the untreated (UT) samples in 
each experiment. Bars represent the mean of technical replicates while error bars represent 
standard deviation (N=3 for each target). 

 

 

 

 

 

 

 



 

 

 

115 

 

 

 
 

Figure 3.18: Pilot experiment showing Arg1, Il1β and Il6 mRNA expression in 5AZA-
treated primary Tet2f/f  and Tet2-/-  MΦs. 

A-C) Tet2f/f  and Tet2-/-  PMΦs were treated for 24h with vehicle control or 10mM 5AZA prior to 
RNA harvest and cDNA preparation. SYBR green qRT-PCR analysis was used to determine A) 
Arg1, B) Il1β and C) Il6 mRNA expression. D-E) A similar experiment was done with Tet2f/f  and 
Tet2-/-  BMMΦs. Cells were treated with vehicle control or 5mM 5AZA for 24h prior to a 12h 
100ng/mL LPS stimulation. RNA was harvest after this LPS treatment. SYBR green qRT-PCR 
analysis was used to determine D) Arg1, E) Il1β and F) Il6 mRNA expression. As this is a 
preliminary study, only one experiment performed with triplicate samples is shown for each cell 
type/target. Bars represent the mean of triplicate samples and error bars represent standard 
deviation.  
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patients tend to be better responders to 5AZA treatment,225 it is important to understand how this 

agent impacts gene expression dysregulated through TET2 loss. 

 

 

3.5 Discussion 

In this chapter, our findings highlight the importance of Tet2 in the pathogenesis of 

myeloid malignancies by demonstrating that Tet2-deficiency precipitates inflammatory gene 

expression in mouse MΦs. While studies of Tet2-deficient stem and progenitor cells have 

generated invaluable insights into the hematopoietic stem cell compartment, understanding how 

loss of this protein impacts the effector cells of innate and adaptive immunity is essential to 

furthering our understanding of these complex diseases. Poised at the interface of innate and 

adaptive immunity where they orchestrate both protective and pathogenic responses,226 MΦs have 

the potential to contribute to MDS pathogenesis and disease-associated immune dysregulation.93, 

94, 227-230 It has been postulated that the abnormal BM immune environment in MDS and CMML 

contributes to disease pathophysiology and clonal evolution149, 231, 232 and while tremendous 

progress has been made elucidating the genetic basis of MDS,167, 233, 234 the relationship between 

MDS-associated mutations and the immune environment remains obscure.  

The role of Tet2 in hematopoietic cell differentiation is poorly understood. Work done in 

mouse models demonstrated that Tet2 silencing precipitated an increase in the c-Kit+ Lin- 

population, cells that also demonstrated enhanced in vivo replating capacity.74, 212 Considering 

monocyte/MΦ-relevant gene targets, Kallin et al. previously reported that Tet2 is necessary for 

full activation of myeloid target genes in an in vitro model of CEBPα-induced pre-B cell to MΦ 

transdifferentiation.235 Tet2 has also been implicated in the regulation of PU.1-associated genes as 
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well as the mammalian HOXA gene cluster.76, 95 In T cells, Tet2 is important for maturation and 

lineage specification of some cell types.236-239 Given this information, it is reasonable to suggest 

that Tet2 depletion negatively impacts stem cell differentiation. However, evidence we and others 

have gathered indicates that there is no significant impact of Tet2 loss on the number of 

peritoneal, splenic and BM-derived MΦs or the expression of MΦ lineage antigens such as Mac-1 

(Cd11b) and F4/80 (Emr1).62 Since human TET2 mutations and murine Tet2-knockouts are 

associated with peripheral monocytosis,74, 212, 213 we speculate that TET2/Tet2 may limit early 

monopoiesis but is dispensable for terminal MΦ differentiation. Fitting with this hypothesis, 

Langolis et al. reported that while TET2 knockdown in human ESCs led to skewed 

differentiation, TET2-deficiency in hematopoietic CD34+ cells demonstrated an increased number 

of progenitor cells.240 Studies interrogating more extensive sets of genes related to MΦ 

differentiation, such as those regulated by PU.1, will help to better understand whether Tet2 loss 

affects terminally differentiated cells.  

Strikingly, while Tet2-/- MΦs appear normal in terms of their differentiation state, these 

cells significantly upregulate proinflammatory genes and demonstrate an inability to resolve 

inflammation. Given the important role that inflammation plays in the development of MDS and 

CMML, it is rather unsurprising that inflammatory dysfunction is not unique to the MΦ 

population. In a recent study, Tet2-deficiency was shown to lead to aberrant cytokine production 

by T cells in a mouse model of autoimmune encephalomyelitis.238 Additionally, while this 

manuscript was in preparation, Zhang et al. published their findings primarily in dendritic cells 

showing that Il6 expression was in a state of derepression in Tet2-knockout cells. They 

demonstrated that IκBζ binds Tet2 at the Il6 promoter where it recruits Hdac2, leading to histone 

deacetylation and gene repression.62 Furthermore, this group hypothesized that Tet2 is critical for 
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resolution of inflammation, and accordingly found increased susceptibility of Tet2-/- mice to 

endotoxin shock and DSS-induced colitis.62 While this mechanism of Tet2-mediated repression 

focuses solely on Il6, another group reported that Il1β expression is repressed by TET2 in human 

THP-1 cells.241 A further repressive mechanism attributed to Tet2 involves its binding to 

Polycomb group target genes and colocalization with the co-repressor complex SIN3A.242 While 

we have detected high Il1β and Il6 expression, for example, further experiments must be 

performed to elucidate the exact mechanisms behind this degradation. In particular, subsequent 

studies are required to determine whether Tet2-mediated repression of inflammatory targets 

functions through histone deacetylation or cytosine demethylation. Once we possess this 

information, novel treatments designed to repressing inflammatory signals within the 

MDS/CMML BM microenvironment may be developed either to restore normal TET2 function 

or target these secondary effects of TET2 loss. 

In our comparisons of Tet2-/- and Tet2f/f PMΦs, we identified significant elevations of the 

following mRNA targets in Tet2-/- cells: Ccl4, Ccl5, Ccl7, Csf2, Cxcl1, Cxcl2, Cxcl3, Cxcr1, Il1α, 

Il1β, Il1rn, Il3, Il6, Mapk11, Ptgs2, Socs1, Socs3 and Traf1. Interestingly, the vast majority of 

these genes are proinflammatory cytokines/chemokines or proteins induced by LPS 

stimulation.243, 244 We noted that some of these genes are clustered spatially within the same 

chromosome – Cxcl1, Cxcl2 and Cxcl3 on chromosome 5 and Ccl4, Ccl5 and Ccl7 on 

chromosome 11. This raises the question of whether Tet2 is involved in repressing larger groups 

of genes within the same genetic locus. Aside from proinflammatory signaling, targets involved 

in dampening TLR4 signaling are also overexpressed in Tet2-/- PMΦs. For example, Socs1 is 

thought to act as a negative regulator of LPS signaling pathways through its repression of NFκB 

activation, Socs3 has been shown to inhibit IL-6, thereby dampening proinflammatory signaling 
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and caspase 8 cleaved TRAF1 was demonstrated to inhibit activation of NFκB and IRF3, 

abolishing TRIF-dependent signaling.245-248 Aside from the possibility that Tet2 loss induces 

expression of these targets, the increases observed in mRNA expression may in fact be part of a 

series of negative feedback loops attempting to resolve inflammatory signaling.  

One striking difference we reported in Tet2-knockout gene expression was the variable 

overexpression of Arg1 in PMΦs and heightened expression of this target in LPS treated 

BMMΦs. In solid tumour biology, it has been well established that tumour-associated MΦs 

express Arg1.113, 249 In the context of blood cancers, aberrant induction of Arg1 might be a 

mechanism by which cells attempt to combat inflammatory gene dysregulation. In normal murine 

MΦ biology, Arg1 plays a role in the IL-4/IL-13 response and is induced by STAT6/C/EBPβ.250, 

251 Under these conditions, Arg1 acts in a cell extrinsic manner by stimulating collagen synthesis 

in fibroblasts and dampening T cell responses through L-arginine depletion.252, 253 During LPS 

stimulation, however, Arg1 acts to balance iNos production of NO by competing for the substrate 

L-arginine, thereby managing the toxic effects of this nitrogen species.254, 255  

In this study, we focused on the local peritoneal microenvironment as a source of Arg1-

stimulating signals. The mouse model we used for these studies is Vav1-Cre driven, with Tet2 

excision occurring in cells of both myeloid and lymphoid lineages.74 Interestingly, LysM-Cre-

driven Tet2-knockout mice did not develop a myeloid malignancy, suggesting that Tet2-deficient 

granulocytes/monocytes/MΦs alone cannot trigger leukemogenesis.256 We wondered if Tet2-

deficient myeloid and lymphoid cells within the peritoneal cavity were excreting growth factors 

that could be linked to Arg1 induction. Moving towards answering this question, we performed a 

series of experiments interrogating the microenvironmental impacts on Arg1 mRNA expression. 

While PMΦs treated with Tet2-/- peritoneal lavage fluid showed induction of Arg1, conditioned 
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media from Tet2-/- cultures did not have the same effect. Although this could indicate that Tet2-

deficient PMΦs do not excrete soluble factors that then induce Arg1 expression, it is also possible 

that proteins produced by these cells were simply too dilute in the culture medium. In order to 

pinpoint specific cytokines/chemokines as potential Arg1 stimulators, peritoneal lavage fluid was 

analyzed by Eve Technologies. Unfortunately, due to the small sample size none of the targets 

tested showed significantly different expression levels. Despite having provided compelling 

evidence implicating factors in peritoneal lavage fluid with the aberrant stimulation of this gene, 

we suspect this is not a simple case of environmental cues precipitating Arg1 overexpression. 

Suggesting a cell-intrinsic mechanism, the 5.8-fold higher basal Tet2-/- PMΦ Arg1 mRNA levels 

(compared to Tet2f/f controls) reported in media-treated PMΦs were measured after 72h of culture 

ex vivo (Figure 3.16A). This implies that Tet2-knockout PMΦs were able to maintain high levels 

of Arg1 transcript independent of the peritoneal microenvironment. Aside from transient 

responses to environmental stimuli, immunosuppressive MDSCs are a myeloid cell type that 

constitutively expresses Arg1.98 Interestingly, these cells also express high levels of Nos2 (the 

gene encoding iNos).98 The Tet2-deficient MΦs characterized in this project did not induce Nos2 

expression (data not shown). Since we cannot rule out the possibility that we are dealing with a 

MDSC-like population of cells, it would be interesting to explore whether Tet2-knockout MΦs 

are able to inhibit T cell function within the context of an in vitro co-culture model. 

Moving beyond the current project, the next step in these investigations will be to 

determine the mechanism behind Arg1 induction. The mouse Arg1 promoter transcription factor 

binding sites have been characterized for RAW264.7 cells treated with recombinant mouse IL-

4.257 Stat6 and C/EBPβ bind to recognition sequences 3kb upstream of the transcription start site 

(TSS).250, 251 Klf4, associating with a binding site adjacent to Stat6 response elements, also 
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enhances Stat6-mediated Arg1 activation downstream of IL-4 stimulation.258 At the epigenetic 

level, Stat6 activation leads to methylation changes at the Arg1 promoter, particularly involving 

H3K4 methylation and H3K27 demethylation.259 Another transcriptional activator of this 

promoter is PU.1 which binds two sites: at 3kb and 700bp upstream of TSS.251, 260 Using ChIP 

primers designed to interrogate each of these known and characterized binding sites, future 

experiments will be performed to determine whether the binding of any of these transcriptional 

activators are enriched when Tet2 expression is lost in murine MΦs.  

Aside from using Tet2-knockout MΦs in this project, we also attempted to use different 

pharmacological compounds to either alter Tet2 function or mimic Tet2 loss. In pilot 

experiments, we have begun to look at Il6, Il1β and Arg1 expression in MΦs treated with the Tet2 

inhibiting compound 2HG and the hypomethylating agent 5AZA. We originally postulated that 

2HG-treated RAW264.7 cells would demonstrate features similar to Tet2-knockout MΦs in that 

Il6 and Il1β mRNA expression might be heightened in cells exposed to this compound. However, 

this was not the case. As previously mentioned, gain-of-function mutations in the IDH1/2 genes 

lead to changes in enzymatic properties such that these proteins convert NADPH and α-

ketoglutarate to NADP+ and D-2-hydroxyglutarate.44 Aside from Tet enzymes, other α-KG-

dependent enzymes are also inhibited by 2HG including Jumonji domain-containing histone 

demethylases such as KDM6A/UTX and KDM3B/JMJD1B.261 Therefore, the potential impacts 

of this treatment are broad in terms of impacting epigenetic regulation. 2HG-treated MΦ cell lines 

therefore do not provide a good model for duplicating Tet2 loss-related phenomena. The 

development of Tet2-specific inhibitory compounds or targeted CRISPR/Cas9 inhibition of Tet2 

in RAW264.7 cells is necessary to pursuing further studies.  
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 In terms of 5AZA treatments, decreases in Arg1 and Il1β mRNA expression were seen in 

PMΦs treated for 24h with AZA, whereas Il6 levels remained unchanged. In BMMΦs treated 24h 

with 5AZA prior to a 12h LPS stimulation, Arg1 qRT-PCR cycle threshold (CT) values were in 

the mid-30s and therefore reflect low transcript levels. While 5AZA treatment did not alter Il1β 

expression, exposure to 5AZA resulted in decreased Il6 mRNA expression. This observation fits 

with data showing Il6 repression in 5AZA treated BMMΦs262 but is contrary to one study that 

reported Il6 expression is enhanced in 5AZA/LPS-treated, differentiated HL-60 cells.263 While 

these experiments are important to determining the consequences of 5AZA treatment on Tet2-

deficient MΦ populations, treating mice with this drug may be an interesting way in which to 

explore the in vivo impacts of this drug on inflammatory Tet2-deficient MΦs. 

Aside from attempting to manipulate Arg1 expression in 5AZA-treated Tet2-knockout 

MΦs, we also began to identify other genes associated with high Arg1 levels. Using both fold 

change rankings and linear regressions, we discovered that Arg1 overexpression was highly 

correlated with increased Cxcl3, Ppbp (Cxcl7), Cxcl1 and Ccl6 levels. Of note, the Cxcl3, Ppbp 

and Cxcl1 genes are all located at chromosome 5 44.78cM, again suggesting that Tet2 regulation 

affects genes that are spatially clustered. All of these cytokines/chemokines have been implicated 

in abnormal inflammation. Ppbp mRNA expression was consistently the most highly upregulated 

gene in Arg1 high versus Arg1 low expressing PMΦs. The gene Ppbp encodes a precursor protein 

that, when cleaved, produces peptides such as connective tissue-activating peptide-III (CTAP-

III),264 neutrophil activating peptide-2 (NAP-2),265 β-thromboglobulin (β-TG)266 and thrombocidin 

(TC-1 and TC-2),267 depending on cell type and developmental stage. As its name suggests, the 

active product NAP-2 is a chemoattractant known to recruit and activate neutrophils.268 In human 

monocytes, Ppbp mRNA expression is regulated by glucocorticoids and is not LPS- or IFNγ-



 

 

 

123 

inducible.268 All of the Ppbp-produced protein products have been shown to bind CXCR1 and 

CXCR2.269 In the current study, Cxcr1 was elevated in Tet2-/- PMΦs, indicating that signaling via 

this receptor might in fact be elevated in some Tet2-deficient cells. However, further 

experimentation regarding downstream targets activated by Cxcr1-related signaling need to be 

completed to get a sense of whether this is the case. Given that increased Ppbp expression was 

linked to rheumatoid arthritis, atherosclerosis and autoimmune thyroid disease, all of which have 

a strong immune component, there is potential that this gene and its protein products contributes 

to inflammation.270-272  

In summary, this chapter has focused on elucidating the impact of Tet2 loss on murine MΦ 

populations. If these findings are also applicable to human MΦs, it is possible that by targeting 

TET2-mutant cells prior to the development of a full-blown inflammatory phenotype, the overall 

risk of developing a myeloid cancer such as MDS or CMML may be decreased. This has 

implications not only for MDS and CMML, but also for cardiovascular disease, stroke and 

diabetes, as older adults with subclinical CHIP (many of which are TET2 mutation carriers) have 

an increased risk of developing these diseases.84 
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Chapter 4 Understanding the Role of TET2 in Human Macrophage 

Biology 

4.1 Abstract 

Immune dysregulation is a common feature of myeloid cancers including MDS and 

CMML. Precisely how cells such as MΦs contribute to or are impacted by aberrant innate 

immunity is not fully understood. In this investigation, we hypothesized that proinflammatory 

targets previously observed to be upregulated in Tet2-deficient mice (i.e. Il1β and Il6) would also 

be overexpressed in TET2-mutant human mononuclear cells (MNC) and MΦs. Towards this end, 

we used SYBR green qRT-PCR analysis to assess IL1β and IL6 mRNA levels in samples from 

CHIP patients as well as those with MDS and CMML. Furthermore, we cultured bone marrow 

(BM)-MNC-derived MΦs from TET2-wild type and TET2-mutant MDS and CMML cases. 

Importantly, TET2-mutant human MΦs maintained the same TET2 lesion as initially detected in 

BM samples providing concrete evidence that TET2 mutations are carried by human MΦs.  

Aside from assessing proinflammatory gene expression, we also interrogated Arginase 1 

(ARG1) expression in TET2-mutant MDS and CMML cells. As our group demonstrated Arginase 

1 (Arg1) overexpression in a murine model of Tet2-deficiency, we sought to establish whether a 

connection existed between human TET2 loss and heightened ARG1. In the current study, we 

explored ARG1 status using an arginase activity assay as well immunohistochemical (IHC) 

analysis. In a cohort of patients from Sunnybrook Hospital, elevated arginase activity was seen in 

lower-risk MDS and CMML patients. Using the more clinically applicable IHC approach, we 

showed that similar results could be seen using a larger patient cohort from both Sunnybrook and 

Kingston General Hospitals. Additionally, we established that the presence of certain mutations 
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(i.e. in TET2/DNMT3A) corresponds with high ARG1 IHC staining. Since ARG1, an L-arginine 

metabolizing enzyme, is highly expressed by alternatively activated (M2) macrophages and 

myeloid-derived suppressor cells, it may be that increased expression contributes to dampening of 

aberrant inflammatory responses associated with the initiation of myeloid cancers. 

 

4.2 Introduction 

Inflammatory responses are thought to play an important part in the development of 

myeloid cancers such as MDS and CMML. Often, autoimmune diseases such as rheumatoid 

arthritis, vasculitis, inflammatory bowel disease and some thyroid diseases co-occur with MDS 

and CMML.273-275 Additionally, epidemiological studies from Sweden and the USA showed that 

patients who suffered from infections, and in particular chronic respiratory tract infections, were 

at a higher risk of developing MDS.276, 277 While it can be postulated that the treatments provided 

to patients with autoimmune disorders and chronic infections somehow create an environment 

conducive to myeloid cancer initiation, a genetic connection between diseases is also possible. 

For example, one case study by Nakamura et al. suggested that the same chromosomal 

abnormalities in BM cells could be linked to the development of inflammatory bowel disease as 

well as MDS.278 More research has to be done to further understand the connections between 

these diseases and myeloid cancers, as the link between co-occuring disorders and 

prognosis/outcomes remains undetermined.  

 Arginase enzymes hydrolyze L-arginine and lead to the production of L-ornithine and 

urea.279 In mammals, the two isoenzymes ARG1 and ARG2 catalyze this conversion using a 

conserved mechanism but these enzymes occupy different cellular locations. Cytosolic ARG1 and 

mitochondrial ARG2 are more widely known for their role in the hepatic urea cycle.279 In MΦs, 
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the balance of L-arginine metabolism is important for cellular polarization and response to 

infections and inflammation. Arg1 expression is a key component of the well-characterized 

murine IL-4 polarized MΦ phenotype.97 Transcription factors such as Stat6, Klf4 and C/EBP are 

all important to activating the mouse Arg1 promoter downstream of IL-4 signaling.250, 251, 258 

Another enzyme called inducible nitric oxide synthase (iNos), induced during LPS signaling, also 

metabolizes L-arginine and the balance between Arg1 and iNos is important for modulating MΦ 

responses.279 In humans, however, these associations between MΦ polarization and ARG1 are 

less clear.280, 281 That being said, changes in arginine metabolism have been noted for both 

hematological and solid cancers. Indeed, arginine depletion strategies have shown promise in 

early phase clinical trials for arginine auxotrophic cancers such as T-cell acute lymphoblastic 

leukemia, AML, breast adenocarcinoma, hepatocellular carcinoma, lung carcinoma, pancreatic 

carcinoma and melanoma.282 In MDS and CMML, further interrogating the metabolic basis of 

disease and its connection to genetic lesions will undoubtedly add valuable information that could 

be exploited for the development of novel therapeutics.  

 

4.3 Methods 

4.3.1 Patient Samples  

With human ethics approval and the consent of participants, elderly patient (CHIP) PB 

was collected at Baycrest Hospital (N=24) by Dr. Rena Buckstein, Dr. Richard Wells and 

colleagues. To be included in this study, patients were required to be over the age of 65. 

Individuals were excluded if they met the following criteria: history of an established myeloid 

cancer, other cancers diagnosed within the past two years, prior exposure to chemotherapy, 
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bleeding/surgery within the past three months, patient confined to bed and acute infection or 

inflammatory condition within the past month. For in vitro human MΦ cultures, viably frozen 

BM-MNCs from 10 MDS/CMML patients were obtained from the Sunnybrook MDS Biobank 

(N=7, Toronto, Ontario, Canada) as well as the SWOG S1117 clinical trial (N=3, Kingston, 

Ontario, Canada), following human ethics approval. For arginase status assessment, the arginase 

assay as well as ARG1 immunohistochemistry (IHC) was employed. For arginase assay 

experiments, a total of 47 patient BM-MNC samples (8 control, 15 CMML and 24 MDS) were 

obtained from Sunnybrook Hospital. These assays were performed by Dr. Michael Rauh. For IHC 

investigations, 56 patient BM biopsies (10 controls, 23 CMML and 23 MDS) were obtained from 

Sunnybrook and Kingston General Hospitals. IHC staining procedures are detailed below. DNA 

and RNA samples were isolated for a selection of patients (PaxGene kits for elderly (CHIP) 

individuals, Qiagen Whole Blood and Tissue kit for MDS/CMML patients) and used for 

downstream Ion Torrent sequencing or gene expression analyses. Patient sequencing data is 

presented in Supplementary Table 2.  

 

4.3.2 Human Cultures and Treatments 

THP-1 human acute monocytic leukemia cells (a gift from Dr. Katrina Gee, Queen’s 

University), were cultured in RPMI (Hyclone) supplemented with 10% FBS (Hyclone) and 1x 

P/S (Thermo Fisher Scientific). For differentiation experiments, THP-1 cells were cultured for 24, 

48 or 72h with either media (untreated) or 100nM phorbol 12-myristate 13-acetate (PMA). For 

stimulations, cells were treated for 3h with media (untreated), 100ng/mL LPS or 10ng/mL IL-4. 

In all experiments, RNA was harvested using the Qiagen RNeasy kit. 
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Adapting a protocol originally established by the lab of Dr. Dawn Bowdish to culture 

human peripheral blood MNC MΦs,283 human BM-MNC-derived MΦs were cultured for 7 days 

in X-Vivo media (Lonza, Rochester, NY, USA) supplemented with 5% human AB serum 

(Corning, Corning, NY, USA) and 20ng/mL recombinant human GM-CSF (BioLegend, San 

Diego, CA, USA). At Day 7, MΦs were then treated with either media control (untreated) or 

100ng/mL LPS for 12h prior to RNA harvesting using the Qiagen RNeasy kit. 

 

4.3.3 SYBR Green Quantitative Reverse Transcriptase PCR (qRT-PCR) 

0.25µg – 1µg RNA was converted into cDNA using M-MLV Reverse Transcriptase 

(Thermo Fisher Scientific). For MDS/CMML-derived human MΦs, however, the SuperScript 

VILO cDNA Synthesis Kit (Thermo Fisher Scientific) was employed to optimize cDNA yields. 

Previously published primer sequences were used for amplification of human TET1, TET2, TET3, 

IL1β and IL6.74, 284, 285 Human β-actin was used as an internal control.286 20ng of cDNA was 

amplified using the DyNAmo Flash SYBR Green qPCR Kit (Thermo Scientific) in a Viia 7 Real-

Time PCR Machine (Applied Biosystems, Foster City, CA, USA). mRNA expression fold-

changes of target genes were calculated relative to controls using the delta-delta Ct method 

(Perkin Elmer, Waltham, MA, USA).  

4.3.4 Ion Torrent Sequencing  

Genomic DNA (gDNA) was extracted from patient whole blood and BM-MNCs as 

previous mentioned with the substitution of low Tris-EDTA (TE) buffer (Life Technologies) at 

the final elution step.  gDNA was quantified using the TaqMan RNAase P qPCR Detection Kit 

(Life Technologies). 15ng of gDNA was used to prepare barcoded libraries (overing 589 coding 
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regions in 48 recurrenly mutated genes) using a custom Ion Torrent AmpliSeqTM PCR panel 

(Thermo Fisher Scientific) and the Ion AmpliSeqTM Library Kit 2.0 (Thermo Fisher Scientific). 

Targets included all coding exons or hotspots for the following genes: ASXL1, BCOR, BCORL1, 

BOD1L, BRAF, BRCC3, CALR, CBL, CEBPA, CSF3R, CUX1, DNMT3A, ETV6, EZH2, FLT3, 

GATA1, GATA2, GNAS, GNB1, IDH1, IDH2, JAK2, KDM6A, KIT, KRAS, MPL, NF1, NF-E2, 

NPM1, NRAS, PHF6, PTPN11, RAD21, RIT1, RUNX1, SETBP1, SF3B1, SH2B3, SMC1A, SMC3, 

SRSF2, STAG2, TET2, TLR2, TP53, U2AF1, WT1, and ZRSR2. Following library quantification 

(Ion Library TaqMan Quantification Kit, Thermo Fisher Scientific), libraries were diluted to 

100pM, pooled and sent to the Queen’s Genomics Lab at Ongwanada (Q-GLO) in Kingston, 

Ontario, Canada. Sequencing was performed using the Ion PI Sequencing 200 Kit v3 (Life 

Technologies) on the Ion Proton System. Data files were uploaded to Ion Reporter (Version 4.6) 

and the following filters were used to independently optimize variant calling: exclusion of UCSC 

common SNPs and non-exonic and synonymous variants and inclusion of variants with allele 

ratio of VAF 0.2 to 1.0 and a depth coverage of >25. Following identification of candidate 

variants, each location was visually inspected using the Integrative Genomics Viewer (IGV, 

Broad Institute). Exclusion of variants occurred only if changes appeared at the end of short 

sequence reads or were present in only forward or reverse strands.  

 

4.3.5 Sanger Sequencing 

Genomic DNA from BM-MNC-derived human MΦ cultures was used as a template to 

generate PCR products (primes sets in Table 4.1) that were then sent for Sanger Sequencing at 

Genome Québec (Montréal, Québec, Canada). Briefly, 10ng genomic DNA was PCR amplified 

with Platinum Taq polymerase (Thermo Fisher Scientific) using the following cycling conditions: 
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94°C for 3 min, then 30 cycles of 94°C for 30 sec, 55°C for 30 sec and 72°C for 1 min. PCR 

products were diluted 1:100 in ddH2O and used as a template to generate more concentrated 

products using the same procedure as per genomic DNA. These samples were then sent to 

Genome Québec and the resulting chromatograms were manually scanned to locate known TET2 

mutations. 

Table 4-1: Sanger Sequencing primer sets for human MDS/CMML-derived MΦs 

Sample Target Primer Name Sequence Amp Size 

1 chr4:106180869 Hs00252345_CE Fwd TGCCACAGCTTAATACAGAGTTAGA 531 

  Hs00252345_CE Rev AGTGACACCCCTTTAAAACTTTGG  
2 chr4:106164830 Hs00463643_CE Fwd AAAGGCACATTGGACATGCTGA 500 

  Hs00463643_CE Rev GCATGACTGCCAAACAGGCA  
3 chr4:106164913 Hs00463643_CE Fwd AAAGGCACATTGGACATGCTGA 500 

  Hs00463643_CE Rev GCATGACTGCCAAACAGGCA  
4 chr4:106158250 Hs00470909_CE Fwd CAGGTGCTTTCAAGAACAGGAGCA 585 

  Hs00470909_CE Rev TCAAGTTCTGCAGCAGTGGTTTG  
5 chr4:106196770 Hs00448867_CE Fwd TGGAAGCACCAGCCCTATGAA 560 

  Hs00448867_CE Rev AGCTGTTGAACATGCCCGGA  
6 chr4:106197285 Hs00252351_CE Fwd ACCCAATCTGAGCAATCCAAACATG 512 

  Hs00252351_CE Rev GTTTTGGCTCATTCATGCTCTTATG  
7 chr4:106163995 Hs00470905_CE Fwd CCATTATCCAGTTTGCTTGGCG 492 

  Hs00470905_CE Rev GGCACTAGAATGGACCTCTTCCTCA  
8 chr4:106164887 Hs00463643_CE Fwd AAAGGCACATTGGACATGCTGA 500 

  Hs00463643_CE Rev GCATGACTGCCAAACAGGCA  
9 chr4:106164064 Hs00470905_CE Fwd CCATTATCCAGTTTGCTTGGCG 492 

  Hs00470905_CE Rev GGCACTAGAATGGACCTCTTCCTCA  
10 chr4:106197060 Hs00456317_CE Fwd TGCAATGGAAACCTATCAGTGGACA 549 

  Hs00456317_CE Rev GCCTCCTTGGACACAAGCAGTTC  
11 chr4:106196248 Hs00252349_CE Fwd TCACTAGTGGAGTTTCTTACCTACAT 500 

  Hs00252349_CE Rev GGGAGCAGTTGTCCACTGATAG  
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4.3.6 Immunohistochemical (IHC) Staining 

The automated Ventana platform (Roche) was employed by Lee Boudreau (QLMP, 

Queen’s University) to perform IHC staining protocols as outlined by the manufacturer. Primary 

antibodies against ARG1 (1:2500, 610708, BD), CD15 (1:350, PA0039, Leica Biosystems, 

Concord ON), CD33 (1:350, PA0555, Leica Biosystems) and CD68 (1:5000, PA0273, Leica 

Biosystems) were used. The mouse multimer HRP (for CD15, CD33 and CD68) and rabbit 

multimer (for ARG1) secondary antibodies (Roche) were used at a dilution of 1:1000. Slides 

were also stained with hematoxylin and eosin (H&E). IHC analyses were performed on formalin-

fixed, paraffin-embedded (FFPE) decalcified BM biopsies from Kingston General Hospital’s 

sample archives (N=29 total for ARG1 staining, N=1 for CD15, CD33 and CD68 staining).   

 

4.3.7 Statistical Analyses 

For categorical variables among patient groups, differences were calculated using 

Fisher’s Exact Test.  For continuous variables, differences were determined using the Mann-

Whitney U Test. Patient 5-year survival was calculated from time of diagnosis to time of death or 

last follow up. Time-to-event analyses were performed using the Kaplan-Meier method, and 

survival curves were compared using the 2-tailed log rank test. All statistical tests were 

performed using Prism Software Version 6.0f (GraphPad Software, La Jolla, CA). P-values of ≤ 

0.05 were considered statistically significant. 

 

 

 

 



 

 

 

132 

4.4 Results 

4.4.1 Identification of TET2 mutations in cultured human MΦs 

In our murine model of Tet2-deficiency, we observed aberrant overexpression of mouse 

ARG1 PMΦs and a concomitant increase in proinflammatory gene expression. Moving into the 

context of human MDS and CMML, we were interested in determining if inflammatory defects 

existed in TET2 mutant human MΦs. Prior to characterizing the expression of IL1β and IL6 as an 

extension of our mouse studies, we first examined whether TET2 mutations could be detected in 

human MΦs. BM-MNC mutation status was determined for a number of Sunnybrook 

MDS/CMML patients using the Ion Torrent platform (Supplementary Table 2). TET2 wild-type 

(N=3) and TET2 mutant (N=7) cases were subsequently chosen for further study. Viably frozen 

BM-MNCs from TET2 mutant patients were cultured for 7 days in X-VivoTM medium 

supplemented with 5% human AB serum and 20ng/mL recombinant human GM-CSF, conditions 

that select for MΦs283 (Figure 4.1). Morphologically, cells displayed characteristics of MΦs 

including large, adherent cells with irregular lamellipodial extensions, with some amoeboid-like, 

rounded and spindle-like cells being observed (Figure 4.1A). To evaluate whether TET2 

mutations were maintained in these cells, genomic DNA was PCR amplified with primers 

flanking known TET2 mutation sites and these products were then sent for Sanger Sequencing 

(Figure 4.1B). All 10 unique TET2 mutations, including missense, frameshift and 

insertions/deletions, were detected in cultured MΦs (Figure 4.2A-B). To our knowledge, this is 

the first time that TET2 mutations have been shown in human MΦs. 
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Figure 4.1: TET2 mutations can be detected in human MΦs cultured from MDS/CMML 
patient samples. 

Viably frozen BM-MNCs from 10 MDS/CMML patients were obtained from the Sunnybrook 
MDS Biobank (N=7, Toronto, Ontario, Canada) as well as the SWOG S1117 clinical trial (N=3, 
Kingston, Ontario, Canada). A) A representative bright field image (40X magnification) is shown 
to demonstrate the morphological characteristics of in vitro cultured human MΦs from patient 9. 
B) PCR products of appropriate size were generated from human MΦ genomic DNA using 
primers flanking areas with known TET2 mutations. Lane numbers on this gel image correspond 
to sample numbers in Table 4.1. Of note, the lane 11 product was generated from a TET2 wild-
type sample as a control.  
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Figure 4.2: TET2 mutations can be detected in human MΦs enriched in vitro from 
MDS/CMML patient BM-MNC samples. 

A-B) Sanger sequencing was performed on PCR products generated from DNA harvested from 
N=10 MDS/CMML patient BM-MNC-derived MΦs. Representative figures show A) patient 7 
(frameshift) and B) patient 4 (single nucleotide point mutation) sequencing results. For each 
patient sample, the top panel is a screen capture from the IGV program displaying Ion Torrent 
Sequencing results from BM-MNCs. The bottom panel shows matching Sanger sequencing 
chromatograms in cultured BM-MNC-derived MΦs.  
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4.4.2 TET2 expression in the human context 

We have demonstrated that murine Tet2 mRNA expression is maintained during BMMΦ 

differentiation and heightened in LPS-treated MΦs. In order to establish whether these findings 

translated into the human context, we mined publically available datasets, as limited human 

samples existed for these studies. BloodSpot (www.bloodspot.eu) is an online database 

containing mRNA expression data from 23 high-quality curated datasets from FACS sorted 

hematopoietic cells.287 BioGPS (www.biogps.org) is another repository for publically available 

microarray data.288 As previously mentioned, MacGate (www.macgate.qfab.org) houses 

microarray data from LPS-treated human monocyte-derived MΦs (N=4 independent biological 

replicates), mouse BMMΦs and mouse thioglycollate-elicited PMΦs (N=3 independent cell 

preparations each).176 

In the data available on BloodSpot, TET2 and TET3 expression is significantly higher in 

monocytes compared to HSCs (Figure 4.3A,C). TET1, as expected, demonstrated lower 

expression in differentiated monocytes compared to HSCs (Figure 4.3B). While cruder in that 

larger cell populations were included in the analysis, the BioGPS data showed a similar trend 

with TET2 levels being higher in monocyte populations than in whole BM (Figure 4.3D). At least 

at the mRNA level, TET2 appears to be highest in terminally differentiated monocytes.  

Since murine MΦ Tet2 levels increase during the LPS response, we wondered whether a 

similar effect could be seen in human MΦs. The MacGate dataset was mined for TET2 expression 

following LPS treatment. In human monocyte-derived MΦs, TET2 levels were observed to be 

elevated 24h after LPS stimulation but not at early time points (Figure 4.3E). This result differed 

from our mouse studies where Tet2 mRNA levels peaked at 3-6h following LPS exposure. 

Regardless, it appeared that human TET2 expression was triggered downstream of LPS signaling. 
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Figure 4.3: Mining of publically available microarray data pertaining to human TET 
enzyme expression. 

A) – C) BloodSpot data (GSE42519) displaying log2 transformed RNA expression of TET2, as 
well as TET1 and TET3, are shown for hematopoietic stem cells (HSC, Lin-CD34+CD38-

CD90+CD45RA-), multipotential progenitors (MPP, Lin-CD34+CD38-CD90-CD45RA-), common 
myeloid progenitors (CMP, Lin-CD34+CD38+CD45RA-CD123+), granulocyte monocyte 
progenitors (GMP, Lin-CD34+CD38+CD45RA+CD123+), megakaryocyte-erythroid progenitors 
(MEP, Lin-CD34+CD38+CD45RA-CD123-) and monocytes (Mono, CD14+CD16-). D) BioGPS 
data from PB, whole BM and two sets of monocytes as well as E) MacGate microarray data for 
LPS treated human monocyte-derived MΦs are shown. 
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If TET2 plays a role in LPS signaling which is conserved between mouse and human 

MΦs, it is possible that similar downstream effects (i.e. dysregulation of proinflammatory 

cytokines) could be seen when TET2 function is lost in human MΦs. We first explored the human 

monocyte-like THP-1 cell line as a potential model to be used in this study. As these cells were 

derived from the PB of a pediatric acute monocytic leukemia patient,289 we confirmed through  

Ion Torrent sequencing that this cell line possesses only the wild-type TET2 allele (data not 

shown). These cells were an appealing in vitro system for many reasons. First, THP-1s can be 

differentiated into MΦs through treatment with phorbol 12-myristate 13-acetate (PMA),290 

allowing us to look at TET2 expression during this differentiation. Additionally, the LPS response 

has been well characterized.291 With relevance to our work focused on the LPS response, a 

previously published paper focusing on TET1 showed that in PFA-fixed E. coli-treated THP-1 

cells, TET2 mRNA levels were induced approximately 2.5-fold compared to the 0h time point.241 

We therefore believed that this cell line might be useful in addressing a number of TET2-related 

questions. In our hands, however, we did not observe any significant differences in TET2 levels 

during PMA differentiation or LPS treatments (Figure 4.4). As a result, we decided to explore the 

inflammatory response using human clinical samples instead of this cell line. 

 

4.4.3 The impact of TET2 mutation on LPS-induced human IL1β and IL6 expression 

We had previously linked murine Tet2 loss to dysregulation of Il1β and Il6 expression in 

mouse BMMΦs. To establish whether TET2 mutation status was also connected to differences in 

human IL1β and IL6 levels, we analyzed DNA and RNA extracted using PaxGene kits from 

whole PB cells of older adults (N=24). Elderly patient blood samples from patients with CHIP 

were of interest due to the high incidence of TET2 mutation in individuals 65 years or older.84 In  



 

 

 

138 

 

Figure 4.4: Characterization of TET2 expression in the human monocytic leukemia cell line 
THP-1. 

A-B) To assess TET2 expression during differentiation, THP-1 cells were cultured for 24, 48 or 
72h with either media (untreated, UT) or 100nM phorbol 12-myristate 13-acetate (PMA). RNA 
and RIPA protein lysates were harvested at the appropriate time points. A) TET2 mRNA 
expression was determined using SYBR green qRT-PCR analysis and B) TET2 protein levels 
were assessed through Western blot analysis. C-D) To explore TET expression in stimulated 
cells, THP-1 cells were treated with either media, 100ng/mL LPS or 10ng/mL IL-4 for 3, 6, 12 
and 24h. RNA samples were harvested and used in SYBR-green qRT-PCR experiments looking 
at TET1, TET2 and TET3 mRNA expression in C) LPS-treated and D) IL-4-treated THP-1 cells. 
All qRT-PCR experiments were performed using triplicate samples. Raw Ct values for each target 
were normalized to the raw Ct values for the human β-actin internal control gene. Expression 
levels are presented relative to the 24hUT samples in A) and 3h UT samples in C) and D). Bars 
represent the mean of technical replicates while error bars represent standard deviation (for A), 
N=2; for C-D), N=1 preliminary experiment).  
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addition, whereas TET2 mutant MDS/CMML cases most frequently have complex genetic 

abnormalities, these individuals predominantly have mutations in a single gene, allowing for the 

study of TET2 mutant cells lacking other genetic changes. We first determined TET1, TET2 and 

TET3 mRNA levels and found that expression of these targets was similar in TET2 wild-type and 

TET2 mutant patients (Figure 4.5A). While IL1β levels were equivalent in TET2 wild-type 

(N=14) and TET2 mutant (N=10) peripheral blood samples, IL6 expression was higher in some 

patient samples (Figure 4.5B-C). Variant allele frequency (VAF), mutation type and mutation 

status alone could not account for these observations, perhaps due to small sample sizes 

(Supplementary Figure 12).   

Since we had access to in vitro cultured MΦs from MDS/CMML patients, we then 

stimulated these cells with LPS to determine their response (N=7). We observed that while IL1β 

was induced to similar levels in TET2 wild-type (N=2) and TET2 mutant (N=5) MDS/CMML 

MΦs, some TET2 mutant cells demonstrated elevated IL6 levels compared to untreated cells 

(Figure 4.6). Taken together with findings in mouse MΦs, these data indicate IL6 expression may 

be dysregulated by TET2 loss in a select group of patients.  

 

4.4.4 Arginase activity in MDS/CMML patient samples 

As we had identified variable Arg1 mRNA expression in murine PMΦs as well as 

overexpression of Arg1 in LPS-treated Tet2-/- BMMΦs, we next explored the potential connection 

between ARG1 and TET2 mutations in MDS/CMML cases. Using the arginase assay (data 

generated by Dr. Michael Rauh), arginase catalytic activity was determined for each of 47 patient 

BM-MNC samples (8 control, 15 CMML and 24 MDS). BM-MNC arginase activity was found to 

be increased more than 3-fold in CMML patients (mean ± SEM arginase activity, recorded as a  
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Figure 4.5: Analysis of TET2-wildtype and TET2-mutant CHIP patient PB samples. 

RNA isolated from the PB of elderly patients (N=24) using the PAXgene RNA kit was reverse 
transcribed and then used as a template in SYBR green qRT-PCR analysis to determine A) TET1, 
TET2, TET3, B) IL1β and C) IL6 mRNA expression. Of note, only a subset of patient samples 
were used in A) (N=13). All qRT-PCR experiments were performed using triplicate samples. 
Raw Ct values for each target were normalized to the raw Ct values for the human β-actin internal 
control gene. Expression levels are presented relative to the Patient 13 sample. Bars represent the 
mean of technical replicates while error bars represent standard deviation. 
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Figure 4.6: Some cultured MDS/CMML patient derived-MΦs demonstrate heightened Il6 
expression upon LPS stimulation. 

RNA was harvested from BM-MNC-derived human MDS/CMML MΦs cultured for 7 days 
before being treated for 12h with 100ng/mL LPS. RNA samples were reverse transcribed using 
the Superscript VILO cDNA synthesis kit and then SYBR green qRT-PCR was performed to 
determine A) IL1β and B) IL6 mRNA expression. All qRT-PCR experiments were performed 
using triplicate samples. Raw Ct values for each target were normalized to the raw Ct values for 
the human β-actin internal control gene. Expression levels are presented relative to the untreated 
sample of each individual patient. Bars represent the mean of triplicate samples while error bars 
represent standard deviation. Detailed information on patient mutations are shown in 
Supplementary Table S2. 
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percentage of the control mean = 316 ± 58%; N = 15, P = 0.014) and more than 2.5-fold in low 

grade MDS (252 ± 56%; N = 12; P = 0.042) as compared to controls (100 ± 6%; N = 8) (Figure 

4.7A). High grade MDS cases, however, showed no significant increase in arginase activity 

(174.8 ± 49%; N = 12, P = 0.2359). In addition, Western blot analysis of pooled BM-MNC 

lysates from all patient types demonstrated that ARG1 protein expression was highest in low 

grade MDS and CMML (Figure 4.7A), although the high grade MDS sample also has elevated 

ARG1, possibly due to the presence of a few MDS samples with heightened expression. 

Having noted sample heterogeneity in arginase activity readouts, we next stratified MDS 

patients by different parameters in the complete blood count assessment and noted an interesting 

trend with PB neutrophil counts (Figure 4.7B, P = 0.0015). Irrespective of blast counts, MDS 

cases with normal neutrophil counts (>2x109/L) demonstrated significantly higher relative 

arginase activity compared to neutropenic cases (Figure 4.7B). Of note, control patient samples 

had both normal counts and low arginase activity, suggesting that elevated arginase activity is a 

phenomenon specific to MDS cells. 

 

4.4.5 ARG1 IHC staining in MDS and CMML patient BM biopsies 

The arginase assay has limited clinical applicability due to the fact that it relies on viable 

cells, is time consuming and does not allow for multiple layers of analysis. In order to expand our 

patient cohorts and utilize clinically-relevant samples and assay methods, we employed ARG1 

immunohistochemical (IHC) staining to evaluate the percentage of ARG1 positively-staining 

(%ARG1+) cells in formalin-fixed paraffin embedded (FFPE) decalcified BM biopsies from 

Sunnybrook and Kingston General Hospitals. IHC scoring was recorded independently by 2  
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Figure 4.7: Using arginase activity and ARG1 immunohistochemical analysis to determine 
arginase status in MDS and CMML patient samples. 

A) Relative arginase activity was determined for 47 patient BM-MNC samples (8 controls, 15 
CMML and 24 MDS) from Sunnybrook Hospital using the arginase activity assay. Western blot 
analysis (shown below) was performed on pooled BM-MNC lysates from each patient subtype. 
Please note: this data was generated by Dr. Michael Rauh. B) MDS cases were stratified based on 
PB neutrophil counts (x109/L) and relative arginase activity was plotted for control and MDS 
patients. C) As the arginase assay is not amenable to use with clinical samples, ARG1 IHC scores 
were plotted against the relative arginase activity to compare these two methods. D) ARG1 IHC 
scores (%ARG1+ staining) are plotted for control (N=6), MDS (N=13) and CMML (N=15) cases 
from an independent cohort of patients from Kingston General Hospital.  
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blinded Hematopathologists and an average %ARG1+ value was calculated for each sample. As 

expected, for Sunnybrook patient samples with both ARG1 IHC and arginase assay data, arginase 

activity was significantly correlated with %ARG1+ cells (Figure 4.7C, P = 0.0014). Additionally, 

in a small cohort of patients from Kingston General Hospital, we were generally able to see the 

same clinical patterns with high %ARG1+ cells and disease diagnosis (Figure 4.7D). Overall, the 

largest populations of ARG1+ cells were observed in lower-risk MDS and CMML disease (Figure 

4.7 and 4.8).  

Next, we focused on determining the cell type that was highly expressing ARG1 in 

MDS/CMML BM samples. We initially attempted to use immunofluorescence staining to look at 

multiple cell lineage markers but these experiments required more optimization than was feasible 

for the current project. As an alternative, clinical IHC techniques were performed by Lee 

Boudreau (QLMP, Kingston, Ontario, Canada) using the Ventana System and antibodies against 

ARG1, CD15 (neutrophils), CD33 (myeloid cells and immature precursors) and CD68 

(macrophages). Using one CMML case as an example, we identified a number of ARG1-positive 

cell types (Figure 4.9) based on overall morphological characteristics while using the CD15, 

CD33 and CD68 stained cells as references (Figure 4.10). As shown with red arrows, neutrophils, 

myelocyte precursors and monocytes/MΦs demonstrated cytoplasmic ARG1 staining (brown 

stain present) whereas megakaryocytes, erythrocytes and lymphocytes, as well as their precursors, 

were not stained with the ARG1 antibody (remained blue).  
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Figure 4.8: High ARG1 IHC staining is seen in some CMML and low-risk MDS cases. 

ARG1 IHC and H&E staining was performed on FFPE decalcified BM biopsies from Kingston 
General Hospital’s sample archives (N=29 total). Brown staining indicates ARG1-expressing 
cells. Representative images from A) control, B) CMML and C-D) low-risk MDS cases are 
shown. 

 

 

 

 

 

 

 



 

 

 

146 

 

 

 
Figure 4.9: Myelomonocytic cells primarily overexpress ARG1 in a CMML BM biopsy. 

An FFPE BM biopsy from a randomly selected CMML patient was used for IHC analysis. ARG1 
(brown) and H&E (blue) staining was performed. Red arrows indicate cells of interest. Cells 
staining positive for ARG1 included A) banded neutrophils, C) promyelocytes/myelocytes and F) 
monocytes/MΦs. Cells negative for the ARG1 stain included B) erythrocyte precursors, D) 
megakaryocyte precursors and E) lymphocytes. 
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Figure 4.10: CD68, CD33 and CD15 staining of a CMML case to assist identification of 
ARG1-expressing cells. 

Other slides prepared from the same FFPE CMML BM biopsy shown in Figure 4.9 were used for 
further IHC staining. A) CD68, B) CD33, C) CD15 and H&E staining was performed. 
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4.4.6 Comparison of ARG low and ARG high cohorts 

In order to combine patient datasets from different centers, we stratified cases into ARG 

low and ARG high groups. ARG low cases had arginase activity/%ARG1+ values less than 2 

standard deviations above the control sample mean. Similarly, ARG high cases had arginase 

activity/%ARG1+ values greater than 2 standard deviations above the control sample mean. In 

this way, we have been able to perform downstream analyses on 36 MDS and 30 CMML cases.  

To begin, we found that MDS/CMML patient age, sex and diagnosis did not differ 

significantly between our ARG low and ARG high cohorts (Figure 4.11A-F). The median age of 

patients was 73.5 for individuals with MDS and 75 for those with CMML (Figure 4.11A,D). 

While the MDS cohort was made up of 52.78% women and 47.22% men, the CMML group had a 

slightly higher number of male patients (56.67%; Figure 4.11B,E).  In terms of diagnoses, RCMD 

accounted for 44.44% of MDS cases, with the next highest disease subtype being RAEB1 

(22.22%; Figure 4.11C). CMML-1 dominated the CMML cohort, with only 30% of cases 

classified as CMML-2 (Figure 4.11F). When Kaplan-Meier analysis was performed, no 

significant differences were identified in ARG low and ARG high group 5 year survival (Figure 

4.11G-I). However, in MDS patients the P-value approached significance (P = 0.0890), most 

likely reflecting the association we observed between high ARG status and lower-risk disease. 

In order to look at potential clinical correlates, we compared the following counts in 

control, ARG high, ARG low patient groups: haemoglobin, mean corpuscular volume, 

reticulocytes, platelets, white blood count, neutrophils and monocytes. In the MDS patient cohort, 

ARG low cases demonstrated reduced counts of haemoglobin (median = 98.5g/L), platelets 

(70.5x103/µL), white blood cells (2.5x103/µL) and neutrophils (1x103/mm3) and a high median  
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Figure 4.11: ARG low and ARG high patients do not significantly differ in age, sex or 
disease subtype. 

 A) MDS and D) CMML patient ages were plotted for ARG low versus ARG high cohorts. P-
values were determined using the Mann-Whitney U test. Contingency analysis and Fisher’s exact 
test was performed to compare whether B) MDS and E) CMML ARG low or ARG high groups 
differed in terms of patient sex. ARG low versus ARG high patient diagnoses were compared for 
C) MDS and F) CMML patients. G-I) Kaplan-Meier survival curves were plotted for ARG low 
and ARG high patient cohorts. 
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mean corpuscular volume (103.4x10-15/L) compared to control samples (Table 4-2). In contrast, 

ARG high patients showed normal counts for all parameters except for haemoglobin (96.5g/L) 

(Table 4-2). When ARG low and high groups were compared with one another, significant 

reductions were seen in median platelet (P = 0.033), white blood cell (P = 0.0219) and neutrophil 

(P = 0.045) counts (Table 4-2 and Figure 4.12) in the ARG1 low group. 

In the CMML patient cohort, ARG low patients had a lower median platelet count 

compared to those with high ARG status (Table 4-3 and Figure 4.13). Additionally, ARG low 

patients also had higher median counts of white blood cells, neutrophils and monocytes (Table 4-

3 and Figure 4.13).  Taken along with cell identification through IHC staining, these results 

strongly suggest that myelomonocytic expression of ARG1 is greatest in earlier, lower-risk 

phases of MDS and CMML. This may be in keeping with the known and greater proinflammatory 

environment of early MDS.292  

 

4.4.7 DNMT3A/TET2 mutations are associated with elevated ARG status 

Having observed a link between low-risk MDS, CMML and ARG1 overexpression, we 

next evaluated whether specific mutations could be connected to this phenomenon. In particular, 

we hypothesized that TET2 mutations are associated with high ARG1 expression, as we had 

observed Arg1 mRNA overexpression in Tet2-deficient mouse PMΦs. In order to study this, 

DNA was harvested from BM aspirate cells from 19 MDS and 15 CMML with known ARG 

status. Following library preparations, mutation data was generated using a custom Ion Torrent 

sequencing panel (see materials and methods for details). After appropriate filters were applied to 

exclude known SNPs and intronic mutations, potential mutations were manually verified to rule 

out sequencing artifacts.  
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Table 4-2: MDS patient clinical complete blood count data at time of BM sampling. 

 

 

 

 

 

 

 

 

 



 

 

 

152 

 

 
Figure 4.12: ARG low MDS patients differ from ARG high and control cases in terms of 
platelet, white blood cell and neutrophil counts. 

Patient complete blood counts were performed at time of BM biopsy preparation. A) Platelet, B) 
white blood cell, C) neutrophil and D) monocyte counts are plotted for control, ARG low and 
ARG high cohorts. The Mann-Whitney U test was used to calculate P-values: * P<0.05; ** 
P<0.01; *** P<0.001; **** P<0.0001. 
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Table 4-3: CMML patient clinical complete blood count data at time of BM sampling. 
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First, we wanted to establish whether the total number of lesions correlated with ARG 

levels. The number of mutations per case was graphed against ARG activity or %ARG1+ cells as 

determined by IHC scoring (Figure 4.13). Regardless of method used to determine ARG status, 

no significant associations were identified within any patient group (Figure 4.13). While MDS 

cases had an average number of 2 mutations/individual, CMML cases had an average of 4. This 

finding may reflect the predominance of lower-risk MDS cases within the MDS cohort.  

Frequencies of specific mutations in ARG high and ARG low populations were then 

compared. For each mutation identified within the 34 patients assayed, the number of patients 

with wildtype copies versus mutant copies were determined. Contingency table analysis was then 

performed to assess associations (P-values calculated by Fisher’s Exact Test). No individual 

mutated gene was linked to high ARG status, as evidenced by P-values falling below 0.05 (Table 

4-4). This was also the case when patients were divided into their disease types (data not shown). 

Of note, none of these associations approached significance.  

MDS/CMML disease-causing mutations occur most often in genes producing proteins 

involved in the following processes: DNA methylation, histone modification, splicing, DNA 

repair, transcription factor-based gene regulation and various signaling networks. We explored 

the possibility that one of these groups of commonly mutated genes (instead of individual 

mutations) may in fact be connected to increased arginase activity/ARG1 IHC staining. 

Interestingly, using this approach we identified that mutations involving DNMT3A and/or TET2 

were significantly enriched in ARG high patients (Table 4-5, P = 0.0386). 
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Figure 4.13: No significant associations exist between total number of mutations and ARG 
activity or % ARG1-positive cells.  

For MDS/CMML patient samples analyzed using the arginase activity assay or ARG1 IHC 
analysis, Ion Torrent sequencing was performed on BM samples. The number of mutations per 
patient was determined. Individuals with the same overall number of mutations were grouped 
together and the mean A) arginase activity and mean B) %ARG1+ cells was calculated and 
displayed in bar graphs. 



 

 

 

156 

Table 4-4: Ion Torrent sequencing results for all MDS and CMML patients. 
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Table 4-5: MDS/CMML ARG low and ARG high patient mutations grouped based on 
mutation type. 
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4.5 Discussion 

In this chapter, we explored the impact of TET2 lesions on inflammatory gene expression 

in MΦs and also investigated arginase activity and ARG1 protein expression in human MDS and 

CMML samples. We began by determining whether our findings in normal murine MΦs were 

translatable to human MΦs. First, we mined online databases such as BloodSpot, BioGPS and 

MacGate to assess TET2 levels in human monocytes/MΦs. We found that TET2 was expressed to 

a greater extent in myeloid cells versus HSCs and primitive progenitors. Our own experiments 

also demonstrated that TET2 was highly expressed in PB-MNCs. A recent study by Hohos et al. 

looking at PB leukocytes with the highest 5-hmC levels provides some insights into TET 

expression in these cell populations.293 Focusing on T cell, neutrophil and monocyte populations, 

this group postulated that high expression of DNA methyltransferase (DNMT1, DNMT3A, 

DNMT3B), TET methylcytosine dioxygenase (TET1, TET2 and TET3) and base excision repair 

(GADD45A, GADD45B and GADD45C) enzymes indicates how responsive cells are to stress 

and danger signals.293 Based on this, they point to CD4+ T cells, CD8+ T cells and CD14+ 

monocytes as being poised to rapidly alter the methylome.293 This theory fits with the important 

role these cells play in reacting to pathogens during innate and adaptive immune responses. 

Future experiments looking at the expression of other methylation modifying enzymes may yield 

interesting results, especially in TET2-deficient cells where the balance between methylation and 

demethylation is altered. 

Interestingly, whereas mouse MΦ Tet3 is expressed at low levels compared to Tet2, human 

TET3 transcript levels remain high in monocytes/MΦs, PB-MNCs and the THP-1 cell line. One 

group reported that a Vav-iCre-driven Tet3-knockout mouse model developed very similar 

features to Tet2-knockout mice.294 This paper claimed that these enzymes are functionally 
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redundant based on these findings. However, they did not specifically study MΦs, where we find 

very low Tet3 expression. In the human context, however, it is possible that the high expression 

of TET3 allows cells to function relatively normally until another genetic hit is obtained. Since 

Jungeun et al. did not perform methylation analysis or gene expression studies to determine 

whether these two Tet proteins target the same genomic loci, it is difficult at this point in time to 

assess whether this is the case. In fact, several lines of evidence point to this idea being an 

oversimplification. Although both TET2 and TET3 have similar enzymatic functions and 

substrate specificities, TET3 has a CXXC DNA binding domain while TET2 lacks this domain.294 

It is very possible that these enzymes bind to very different sites. Additionally, our results suggest 

that these genes are regulated independently of one another. For example, TET2 is LPS-inducible 

at later time points whereas TET3 is not, as demonstrated by the inclusion of TET2 and not TET3 

in the MacGate project. Further experimentation is required to understand and differentiate 

between these two homologous proteins. 

Looking more closely at in vitro-derived MDS/CMML MΦ populations, we have provided 

evidence that human BM-derived MΦs generated from TET2-mutant MDS/CMML BM-MNCs 

harbor TET2 mutations. Most of these patients had complex mutation backgrounds, with TET2 

existing alongside mutations in a variety of other genes such as SRSF2, ASXL1, ZRSR2 and JAK2. 

While we performed Sanger sequencing to detect TET2 mutations in DNA obtained from BM-

MNC-derived MΦs, we did not perform the same analysis for these other lesions. However, it is 

most likely that these MΦs possess the whole host of mutations, making the results generated in 

this study complex to interpret. As we intended to look at the effect of TET2 lesions on the 

expression of proinflammatory cytokines such as IL6 and IL1β, we also obtained PB samples 

from patients with clonal hematopoiesis of indeterminate potential (CHIP). Notably, TET2 mutant 
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samples from this cohort only possessed TET2 lesions and no genetic changes in the 47 other 

genes covered by the Ion Torrent panel used during sequencing. Overall, in both patient sample 

types we saw a limited number of TET2 mutant patients with elevated IL6 levels whereas IL1β 

levels remained largely similar between TET2-wildtype and TET2-mutant PB cells. This finding 

may fit with what is currently known about the repressive role murine Tet2 plays with respect to 

the Il6 promoter in dendritic cells.62 Whether a similar mechanism exists in mouse and human 

MΦs remains to be determined. Our results point to IL6 as an interesting target for future 

investigation with relevance to patients with lower-risk MDS and individuals with TET2 mutant 

clonal hematopoeisis.  

In studies with Tet2-knockout mice, we have uncovered a link between Tet2 loss and 

Arg1 overexpression in the PMΦ population. We have also provided evidence that the expression 

of Arg1 is related to factors present in the local microenvironment. Previously, our group reported 

that a Ship1-knockout mouse model of MDS/CMML demonstrates pathological expansion of 

immunosuppressive MΦ and myeloid-derived suppressor cell populations.99 These cells are 

characterized by high expression of Arg1. While Tet2-/- MΦs tend to overexpress inflammatory 

(“M1 MΦ-like”) cytokines and chemokines, with some apparent M2-like compensation (i.e. 

Arg1), Ship1-knockout MΦs display characteristics of pure M2 MΦs in that they have an 

immunosuppressive phenotype.99 Given that these phenotypically distinct knockout MΦs both 

exist in a similar disease state, we wondered whether a connection existed between the 

development of MDS/CMML and Arg1 overexpression. We also wondered whether mutations in 

human TET2 were associated with high ARG1 protein levels. In particular, we postulated that 

overexpression of ARG1 is related to an inflammatory phenotype, with ARG1 induced as part of 

a homeostatic response. Interestingly, we demonstrated high levels of ARG1 staining in IHC 
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studies performed on MDS/CMML BM biopsies. Additionally, we showed that this phenomenon 

was associated with the presence of TET2/DNMT3A mutations. Links between overexpression of 

ARG1 and solitary TET2 or DNMT3A mutations would be interesting to examine with greater 

sample sizes. While our findings that high ARG1 levels were connected to either DNMT3A (a 

methyltransferase) or TET2 (a demethylase) lesions initially appeared counterintuitive, recent 

evidence indicates that these two proteins have some overlapping functionalities. In one study, 

murine Tet2 and Dnmt3a were shown to act cooperatively at specific sites within the genome.295 

Supporting this hypothesis, upon mining published supplemental data from this study, we noted 

upregulation of Arg1, Ccr5, Tgfbi, Socs3, Bst2, Ccl6, Ifit2, Ccl2, Cxcl1 and Ccl7 in Dnmt3a-

knockout mouse PMΦs,295 all of which were also found upregulated in Tet2-knockout PMΦs. If 

this is the case in humans, it follows that DNMT3A- and TET2-mutant cases may share some 

similar aberrant gene expression patterns. Whether this is the case with the human ARG1 gene 

remains to be determined. 

In addition to connecting high ARG1 levels with DNMT3A/TET2 mutations in 

MDS/CMML patient biopsies, we also wanted to address the cell type demonstrating elevated 

ARG1. Following our mouse work, we hypothesized that overexpression of this protein would be 

found in myelomonocytic cells including MΦ populations. Using IHC staining, we were able to 

find evidence to support this model. Aside from CD68-positive monocytes/MΦs, it appears that 

neutrophils (CD15-positive) and their precursors (CD33-positive) also overexpressed ARG1 in 

MDS/CMML cases. This observation is in keeping with one report that ARG1 was upregulated in 

the neutrophils of 9/21 MDS patients sampled.296 Interestingly, this group connected elevations in 

ARG1 with cell proliferation and extracellular matrix production in MDS patients.296 Further 

experiments looking at the effects of ARG1 overexpression on proliferation, evasion of apoptosis 
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and alteration of the local microenvironment should be pursued. Within the MDS cohort, patients 

with normal neutrophil counts were found to have elevated arginase activity whereas neutropenic 

individuals showed no elevations in activity. Importantly, age-matched controls (with normal 

neutrophil counts) did not have increased arginase. Although human neutrophils have been 

demonstrated to express ARG1,280, 297 our results suggest a different character of ARG1-high 

neutrophils in MDS. We hypothesize that these cells may represent polymorphonuclear MDSCs, 

an ARG1-overexpressing cell type that cannot be readily distinguished from normal neutrophils 

by clinical hematology analyzers and is known to be elevated in MDS patients.152 Moving 

forward, approaches such as fluorescence activated cell sorting based on ARG1 expression, 

followed by gene expression analyses and ChIP-seq could add greatly to our understanding of 

ARG1 upregulation, especially in the context of DNMT3A/TET2 mutant MDS/CMML cases. 

 In summary, the work presented in this chapter provides initial information supporting 

the overall hypothesis that TET2 lesions precipitate phenotypic changes within TET2-mutant cells 

of the monocyte/MΦ lineage. If human MΦ populations can be more concretely linked to 

immune dysfunction and inflammatory pathologies through subsequent investigations, these 

findings provide a new opportunities to design therapies to modulate the interactions of TET2-

mutant MΦ with the BM niche. Overall, this study lays the foundations for future research 

looking more closely at the specific consequences of TET2 loss in innate immune cells. 
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Chapter 5 General Discussion 

5.1 Overview 

The presence of TET2 mutations is known to predispose individuals to the development of 

myeloid cancers. Previous work done by many groups has provided evidence that TET2 lesions 

lead to a clonal advantage within the stem cell compartment and skewing towards myeloid 

lineage cells.68, 74, 211, 213 Since the development of myeloid cancers such as MDS and CMML is 

reliant upon abnormal immune cell signaling and function,149 we propose that TET2 mutations are 

linked to dysregulated inflammatory signaling mediated at least in part by the MΦ population. In 

this work, we have developed a deeper understanding of the roles of both human TET2 and 

mouse Tet2 in MΦ biology, focusing mainly on MΦ polarization phenotypes. 

Research presented in this thesis supports the idea that Tet2/TET2 is important for MΦ 

function. In particular, data obtained from our experiments as well as online databases indicate 

that the mouse and human genes are both induced during LPS responses. While one group 

published a similar finding in 2015,62 the mechanisms behind Tet2 induction and the applicability 

of these observations to human TET2 were not explored. In pursuing these avenues, we have 

added knowledge supporting a role for Tet2/TET2 in modulating gene expression during LPS 

stimulation, potentially in the inflammatory resolution phase. 

The connection between TET2 lesions/Tet2-knockout and increased inflammatory cytokine 

expression in MΦs is novel and contributes to a limited but growing wealth of knowledge 

pertaining to the local microenvironment. Although heightened blood cytokine expression is well-

characterized in MDS and CMML,149 the cause of this phenomenon and cells of origin remain 

unknown. Our work indicates that the loss of Tet2 in MΦs leads to the derepression of a number 
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of proinflammatory genes, many of which are spatially clustered. Data from Tet2-knockout mice 

and MDS/CMML patient cases also suggests that heightened expression of the anti-inflammatory 

molecule Arg1/ARG1 is linked to Tet2 loss in mice and DNMT3A/TET2 mutations in humans. 

Thus, we hypothesize that in MΦs, Tet2/TET2-deficiency causes dysregulated inflammatory gene 

expression and the homeostatic elevation of Arg1/ARG1 in an attempt to dampen these signals. 

According to our working model, we believe that this process occurs early in disease progression, 

with these inflammatory MΦs contributing to an abnormal BM immune environment. Similar to 

what has been found in myeloproliferative neoplasms, Fanconi anemia and chronic myelogenous 

leukemia,298-300 work done in our laboratory indicates that Tet2-deficient progenitor cells are able 

to survive and expand in a Tnfα-enriched environment whereas Tet2 wild-type cells cannot thrive 

(S. Abegunde, Blood Abstracts 2016 128:731). We therefore hypothesize that in the context of 

MDS and CMML, TET2 lesions set the stage for the development of an inflammatory phenotype 

that contributes to further genetic changes and progression of disease through clonal expansion.  

 

5.2 Insights into the role of TET2 in normal MΦ biology 

In this study, we showed that the mouse Tet2 and human TET2 genes were both expressed 

in undifferentiated MΦ precursors as well as more differentiated cells. In order to further 

interrogate the role this enzyme plays in MΦ differentiation, we used a Vav1-Cre-driven 

hematopoietic-specific Tet2-knockout mouse model. Given the reports focused on Tet2 in 

embryonic and hematopoietic stem cells, we initially suspected that loss of Tet2 would lead to 

either a MΦ differentiation block or terminally differentiated cells possessing characteristics of 

immature precursors. In Tet2-knockout MΦs, differentiation marker expression was observed to 

be similar in both knockout and control cells. Additionally, we did not detect expansion of PMΦ 
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or BMMΦ populations, as determined through cell counting experiments. These findings align 

with data presented by other groups such as Moran-Crusio et al.,74 implying that Tet2 loss does 

not negatively impact MΦ differentiation. However, it has also been noted that Tet2/TET2 loss 

skews HSCs and progenitor populations to the monocytic lineage,74 with increases in monocyte 

counts observed in both mouse and human models of Tet2/TET2 deficiency. This may represent a 

restraint in differentiation impacting monocytes but not more differentiated MΦ. However, since 

our studies focused primarily on PMΦ or BMMΦ, other MΦ populations have not been assessed. 

The work presented here needs to be followed by more extensive studies characterizing other MΦ 

populations. Additionally, a more comprehensive assessment of Tet2-regulated genes is required, 

both at the level of Tet2-mediated methylation changes and other potential chromosomal 

alterations (i.e. through recruitment of Hdac proteins).  

Aside from differentiation status, this study also focused on assessing the role of TET2 in 

MΦ polarization. In response to LPS, we showed through experiments and data mining that 

mouse Tet2 and human TET2 transcript levels increased. While murine Tet2 gene induction 

occurred early in the LPS response (3-6h post-LPS treatment), human TET2 expression rose at 

later time points. This implies that these homologs perform slightly different roles in the two 

species but at this point in time, it is unclear what these differences might be. In this work, we 

have also begun to address a mechanism of Tet2 induction in LPS-stimulated MΦs whereby 

NFκB binds to and activates the Tet2 promoter. This novel mechanism requires further 

refinement in terms of isolating specific NFκB binding sites within the promoter/enhancer 

regions, potentially using ChIP-seq. Site-directed mutagenesis of promoter constructs can then be 

used to assess the effect on inducibility. This work could ultimately lead to a more thorough 

mapping of a hitherto poorly characterized promoter. In the future, this information may be used 
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to model how TET2 expression is impacted by other transcription factors in TET2-wildtype 

contexts, as it is possible that other commonly mutated genes may alter activators/repressors 

essential to regulating cellular TET2 levels.  

 

5.3 TET2-mediated repression of inflammation: an MDS/CMML disease model 

One of the most compelling findings of this study centers around the role of TET2 in 

mediating inflammatory gene expression. As mentioned above, although Zhang et al. reported 

similar findings in dendritic cells while our studies were well underway,62 the work presented 

here provides a more extensive survey of how Tet2 loss impacts inflammatory cytokine 

expression in MΦ populations. Interestingly, cytokines clustered on chromosome 5 and 11 were 

overexpressed in Tet2-knockout PMΦs. Targeted approaches looking at common mechanisms of  

repression along these chromosomal regions may provide insights into how Tet2 dampens gene 

expression. These findings in Tet2-deficient PMΦs provide an important link between Tet2 loss 

and inflammation. In addition, Tet2-knockout BMMΦs have higher expression of Il1β and Il6 late 

in LPS signaling. This suggested that Tet2 deficiency led to an inability to properly resolve 

inflammatory signaling. We have also discovered a potential homeostatic response to this 

inflammation in that expression of the anti-inflammatory enzyme Arg1 is increased. Considering 

these results together, our working model includes a role for Tet2 in the dampening of normal 

inflammatory responses (Figure 5.1A) and in the development of abnormal cytokine expression 

when Tet2 is lost (Figure 5.1B).  Under normal circumstances, LPS stimulation activates TLR4 

signaling, leading to increases in proinflammatory cytokines such as Il1β and Il6. Tet2 expression  
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Figure 5.1: A working model describing the role of TET2 in modulating inflammatory 
signaling  

A) Under normal circumstances, MΦ TET2 expression is induced downstream of LPS-associated 
TLR4 signaling, leading to the dampening of Il1β and Il6 expression, with Arg1 playing a role in 
the resolution phase of the LPS response. B) In situations where TET2 is mutated or lost through 
another mechanism, TET2-deficient MΦs overexpress inflammatory cytokines in response to 
abnormal TLR4 signaling or changes in gene expression leading to constitutive expression of 
proinflammatory cytokines, with genes such as Arg1 potentially being upregulated in an attempt 
to dampen inflammation. This environment may favor expansion of TET2 mutant clones within 
the inflammatory BM niche. 
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is also triggered downstream of TLR4 through an unknown mechanism that we suspect involves 

NFκB. Tet2 then represses Il1β and Il6 by recruiting transcriptional repressors or decreasing 

promoter methylation, contributing to the resolution of inflammation (Figure 5.1A). In the 

context of MDS or CMML, IL1β and IL6 expression may be increased as a result of abnormal 

TLR4 signaling or constitutive activation of these genes. When Tet2 is lost through mutation or 

another mechanism (i.e. loss of enzymatic function via 2HG binding), an important means of 

regulating IL1β and IL6 is removed, contributing to an inflammatory MΦ phenotype (Figure 

5.1B). In this case, it may be that genes such as Arg1 become overexpressed in response to these 

changes. Another possibility is that Tet2 loss precipitates the derepression of Arg1 and that the 

Arg1 enzyme then mediates metabolic changes through L-arginine depletion that also contributes 

to cancer formation.  

While we have laid the foundations for understanding the connections between Tet2 loss 

and changes in MΦ phenotype, further experimentation is required to understand what links Tet2 

loss with upregulation of proinflammatory targets and whether Arg1 overexpression is caused (1) 

at the epigenetic level through methylation changes impacting the Arg1 promoter or 

transactivating factors or (2) through mechanisms dependent on heightened cytokine expression. 

Additionally, differences in MΦs from mouse and human sources must be explored. For example, 

while Il6 levels were upregulated under a variety of circumstances in mouse MΦs, IL6 expression 

was increased in a small number of TET2-mutant MDS/CMML cases. In TET2-deficient human 

cells, these differences may be due to compensation by TET3, the varying impacts of unique 

mutations on protein structure and function, cooperation between TET2-deficiency and other 

mutations, interactions between normal and mutant clonal cells, and the impact of supportive 

cells within the microenvironment. 
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The investigations presented in this thesis have opened a number of avenues for 

exploration. Within the context of MDS/CMML, these findings are significant in terms of disease 

initiation and progression. In the future, it will be necessary to further profile the expression of 

inflammatory genes in human MΦ populations. If TET2 mutant human MΦs also lack 

mechanisms to appropriately dampen inflammation, these cells could detrimentally impact the 

BM niche, producing cytokines/chemokines that are toxic to non-mutant stem and progenitor 

cells and therefore favoring expansion of fitter mutant clones. This also has interesting 

implications for patients with multiple and chronic infections, as MΦ response may be altered in 

patients with TET2 lesions, again heightening risk of developing cancer. Additionally, these 

studies provide insights applicable to TET2-mutant older adults with clonal hematopoiesis, many 

of whom develop MDS/CMML and are at a high risk of cardiovascular disease, stroke and 

diabetes.84 Prophylactic therapies focused on re-establishing normal TET2 function or simply 

preventing TET2 mutation-associated immune abnormalities may decrease overall risk of 

developing cancer or a cardiometabolic disease.    

 

5.4 ARG1 and DNMT3A/TET2 mutations: a marker of inflammation 

In the human translational component of this project, we identified MDS and CMML 

patients with high BM ARG1 IHC staining and/or arginase activity. Within our MDS cohort, the 

high ARG status appeared to correlate with lower-risk disease. This fits with the knowledge that 

inflammatory phenotypes are often seen in this group of patients.292 Interestingly, the data 

presented here suggested that elevated ARG is connected to the presence of DNMT3A and TET2 

mutations. One of the biggest questions surrounding disease etiology is how these diverse 

mutations lead to clinically similar neoplasms. As Tet2 and Dnmt3a act cooperatively at sites 



 

 

 

170 

within the mouse genome,295 it follows that a subset of genes will be commonly upregulated or 

downregulated in TET2- and DNMT3A-mutant MΦs. Elucidation of the mechanisms behind 

ARG1 expression may be instrumental in beginning to characterize some of these targets. Given 

the high proportion of MDS patients possessing TET2/DNMT3A lesions, we also propose that 

elevated ARG1 expression may be useful in identifying lower-risk MDS subtypes within this 

patient group. ARG1 expression, however, cannot be used to differentiate MDS from CMML, as 

a high proportion of CMML cases also demonstrated high ARG. Also, functional assessments of 

ARG1 high and ARG1 low TET2/DNMT3A-mutant MΦ phenotype, such as how these cells 

impact T cell populations, would add greatly to our understanding of these MΦs. 

 

5.5 Conclusion 

The work presented in this thesis provides many new opportunities for exploration in the 

field of myeloid cancer research. Understanding how TET2 loss impacts stem, progenitor and 

terminally differentiated cell function is vital to developing better models of disease development  

and novel treatments. Our finding that Tet2-deficient MΦs overexpress a number of 

proinflammatory targets provides a direct link between Tet2 loss and changes in the local 

microenvironment. Additionally, work presented here offers new insights that may eventually 

lead to building further connections between TET2 mutation and the development of other 

immune disorders with similar inflammatory pathologies. In conclusion, the investigation of the 

role of TET2 in MΦs is important to understanding how TET2 mutations lead to myeloid cancers. 

The information gathered during this project could ultimately be used to develop novel 

therapeutics or prophylactic treatments targeted at TET2-mutant MΦs and other immune cells. 
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Supplementary Materials 

 

Supplementary Figure 1: Tet2 expression in microarray data from the BloodSpot database. 

Two compiled C57BL/6 mouse microarray datasets (GSE14833, GSE6506) found on the 
BloodSpot website are shown. Tet2 expression levels were found to be high in granulomonocytic 
lineage cells. Red represents elevated levels of expression while blue represents lower levels. 
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Supplementary Figure 2: Tet1 and Tet3 expression in microarray data from the BloodSpot 
database 

Two compiled C57BL/6 mouse microarray datasets (GSE14833, GSE6506) found on the 
BloodSpot website showing Tet1 and Tet3 expression levels in hematopoietic cells. Of note, 
granulomonocytic cells have low levels of both. Red represents high levels of expression while 
blue represents lower levels. 
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Supplementary Figure 3: Tet1 and Tet3 expression in RNAseq data from the BloodSpot 
database 

A C57BL/6 mouse RNAseq dataset (GSE60101) found on the BloodSpot website showing Tet1 
and Tet3 expression levels in hematopoietic cells. Of note, as with the microarray data shown in 
Supplementary Figure 2, granulomonocytic cells have low levels of both Tet genes. Red 
represents high levels of expression while blue represents lower levels. 
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Supplementary Figure 4: The effect of different protein lysis methods on Tet2 Western blot 
banding patterns. 

RIPA or SDS cell lysates were prepared from human THP-1 monocytic cells or mouse 
RAW264.7. Western blot analysis was performed using a polyclonal Tet2 antibody that has 
species cross-reactivity (S-13 clone, Santa Cruz Biotech). β-actin was used as a loading control.  
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Supplementary Figure 5: Tet2 immunofluorescence staining in with two different Tet2 
antibodies. 

RAW264.7 cells were plated on coverslips and fixed in 3.7% paraformaldehyde. 
Immunofluorescence analysis was performed using A) the sc-1296926 Santa Cruz Tet2 antibody 
or B) the Mab-179-050 Diagenode Tet2 antibody.  
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Supplementary Figure 6: Mining of MacGate and BioGPS microarray data to provide 
further evidence that Tet2 levels increase in LPS-stimulated MΦs. 

Mining of microarray data housed at MacGate (http://macgate.qfab.org) and BioGPS 
(http://biogps.org) provided further evidence that that Tet2 expression levels increase in LPS-
treated MΦs (BMMΦs and thioglycollate-elicited (TE) PMΦs). 
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Supplementary Figure 7: Tet1 and Tet3 mRNA levels do not compensate for Tet2 deficiency. 

Peritoneal lavage cells from Tet2f/f and Tet2-/-
 mice were cultured for 24h in 6-well plates, at 

which point non-adherent cells were removed, leaving behind PMΦs. RNA was prepared from 
these samples and qRT-PCR analysis of A) Tet1, B) Tet2 and C) Tet3 expression was conducted 
using SYBR green assays. One representative experiment performed using triplicate samples is 
shown for each target. Raw Ct values for each target were normalized to the raw Ct values for the 
murine B2M internal control gene. Expression levels are presented relative to the Tet2f/f samples 
in each experiment. Bars represent the mean of triplicate samples while error bars represent 
standard deviation. 
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Supplementary Figure 8: Validating NanoString data using qRT-PCR analysis of specific 
targets. 

In order to validate the NanStrong assay used in these studies, fold changes calculated from 
NanoString nCounter gene expression analysis data were plotted against fold changes from 
SYBR green qRT-PCR assays. For fold changes related to NanoString data, untreated Tet2f/f and 
Tet2-/- BMMΦ normalized counts were used to calculate RNA expression fold change values for 
Tet2-/- relative to the pooled Tet2f/f control sample. For SYBR green qRT-PCR analysis, 10 gene 
targets were examined using the original RNA samples from the NanoString run. Raw Ct values 
for each target were normalized to the raw Ct values for the murine B2M internal control gene. 
Expression levels are presented relative to the pooled Tet2f/f control sample for each target. 
Individual qRT-PCR fold change values represent the mean of triplicate samples. 
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Supplementary Figure 9: Gene set enrichment analysis (GSEA) of Tet2f/f versus Tet2-/- PMΦ 
NanoString data. 

As our NanoString data was pooled and not made up of triplicate samples, data was copied and 
pasted to artificially construct triplicates and then entered into the GSEA program. Due to this, P-
values could not be determined. GSEA outputs for PMΦ NanoString data showed that several 
hallmark gene sets were enriched in Tet2-/- PMΦs, including the inflammatory response gene set.  
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Supplementary Figure 10: An independent pool of untreated Tet2-/-
 PMΦs showed a similar 

overexpression of LPS-inducible targets. 

Spearman correlations were performed on log2 transformed datasets. Genes falling outside of the 
cutoffs established in Figure 3.6 and also having a fold change difference of ≤ 0.5 or ≥ 1.5 in 
Tet2-/- versus Tet2f/f cells are labeled for untreated Tet2f/f and Tet2-/- PMΦs. Of note, these were all 
upregulated in the original resting state Tet2-/- PMΦ sample analyzed by NanoString gene 
expression analysis. 
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Supplementary Figure 11: Arg1 expression remains low in BMMΦs treated with Tet2-/- 
peritoneal lavage fluid. 

Tet2f/f and Tet2-/- pooled BMMΦ cultures were treated for 72h with either media or lavage fluid 
(LF) from Tet2f/f and Tet2-/- mice, at which time RNA and RIPA lysates was harvested. SYBR 
green qRT-PCR analysis was performed to determine Arg1 mRNA expression. Experiments were 
performed using triplicate samples. Raw Ct values for each target were normalized to the raw Ct 
values for the murine B2M internal control gene. Expression levels are presented relative to the 
media-treated Tet2f/f sample. Bars represent the mean of experimental replicates (N=2 
independent BMMΦ pools) while error bars represent standard deviation. 
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Supplementary Figure 12: Further analysis of CHIP patient PB IL1β and IL6 mRNA 
expression. 

RNA isolated from the PB of elderly patients (N=13) using the PAXgene RNA kit was reverse 
transcribed and then used as a template in SYBR green qRT-PCR analysis to determine IL1β and 
IL6 mRNA expression. Patient samples were stratified based on A-B) mutation status, C-D) 
variant allele frequency (VAF) and E-F) mutation type.  
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Supplementary Table 1: Normalized counts and fold changes in resting and IL-4-treated 
MΦs. 
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Supplementary Table 2: CHIP, MDS and CMML patient Ion Torrent sequencing mutation 
calls. 

 
 


