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ABSTRACT 

Anemia is a significant cause of morbidity and mortality in myeloid malignances. 

Cytogenetic changes are recurrent within malignant hematopoietic stem and progenitor 

cells, yet their role in anemia pathogenesis remains unknown. One recurrent karyotypic 

abnormality in myeloid neoplasms is the deletion of part or all of chromosome 7 [-

7/del(7q)], which harbors the transcription factor and tumor suppressor gene, CUX1. 

CUX1 knockdown mouse models develop myeloid disease similar to that seen in 

humans, including a spontaneous, cell intrinsic, and lethal anemia that develops with 

age. Here, we elucidate the cellular and molecular mechanisms by which CUX1 

regulates erythropoiesis. We demonstrate CUX1 knockdown mice have an aberrant 

stress erythropoiesis response and decreased survival after acute anemia induction. 

CUX1 insufficient erythroblasts undergo accelerated cell cycling and increased 

apoptosis. In line with these phenotypes, transcriptome profiling indicates that CUX1-

knockdown elicits increased proliferation and decreased erythroid differentiation gene 

signatures. ATAC-sequencing demonstrated dramatic, global chromatin opening in 

CUX1-knockdown erythroblasts. As measured by fluorescence lifetime imaging 

microscopy, this increased chromatin accessibility is concomitant with a disruption in 

nuclear condensation, which is normally requisite in mammalian erythroblasts for 

nuclear eviction and terminal differentiation. Finally, we show that CUX1 mediates 

chromatin compaction by promoting histone deacetylation. Thus, our data implicate in 

an epigenetic regulatory role for CUX1 in erythropoiesis. Furthermore, these results 

suggest therapeutic targeting of epigenetic regulators, such as histone acetyl 

transferases, may have clinical benefit for the anemias associated with loss of CUX1.   
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CHAPTER 1: INTRODUCTION 

 This dissertation details the role of CUX1 in red blood cell development. The 

following section describes the need to understand the process of generating red blood 

cells, current status of the field, and identification of CUX1 as a potentially critical factor 

during erythropoiesis.  

 

Red blood cell function and generation  

Red blood cell function 

The average human adult produces 200 billion red blood cells (RBCs) each day 

(Neildez-Nguyen et al. 2002). RBC generation is a massive enterprise; an estimated 

70% of adult human cells are RBCs. Given their abundance, it is not surprising to find 

that RBCs carry out one of the most crucial tasks for multicellular survival: oxygen 

transport. RBCs that disseminate oxygen are ubiquitous across vertebrates (except for 

Channichthyidae: ice-water fish), and RBC composition is highly conserved, though 

RBC size varies greatly throughout vertebrata (G. K. Snyder and Sheafor 1999). In 

humans, RBCs disseminate an estimated 22 moles of dioxygen per day (Wagner, 

Venkataraman, and Buettner 2011) which are acquired from the lungs and distributed 

through capillaries across body. Transport is accomplished via oxygen packaging into 

hemoglobin contained within RBCs. Each cell in the human body, except ironically the 

RBC itself (which contain no mitochondria), requires oxygen for respiration (Wagner, 

Venkataraman, and Buettner 2011). Oxygen circulation is essential for survival. Indeed, 
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without sufficient oxygen circulation to the brain consciousness and then life itself is 

quickly lost (Lennox, Gibbs, and Gibbs 1935). 

Further demonstrating the importance of RBCs, no RBC knockout mouse has 

generated viable pups. This is such an endemic problem in the field, investigators 

transplant fetal-liver stem and progenitor cells from such knockouts into adult mice to 

circumvent the moribund knockout pups. Examples of knockout mice with severe fetal 

anemia include Gata-1-/- (Y. Fujiwara et al. 1996), Fog-1-/- (Tsang et al. 1998), Stat5a-

/-5b-/- (Socolovsky et al. 1999), Lmo2-/- (A. J. Warren et al. 1994), Klf1-/- (Nuez et al. 

1995; Perkins, Sharpet, and Orkin 1995), and Tmod3-/- (Sui et al. 2014) mice. While 

non-erythroid hematopoietic cells are critically important, knock outs can be generated 

and produce viable litters as evinced by NSG  (NOD scid gamma) mice (Ishikawa et al. 

2005) commonly employed in humanized mouse models for their reduced endogenous 

immune function. Beyond mouse models, anemias and leukemias are devastating and 

prevalent human diseases with clear links to RBC dysfunction. However, the roots of 

many maladies have subtle connections to red cells, such as traumatic injury, cardiac 

arrest, and respiratory failure. The foundational problem in such ailments is insufficient 

oxygen circulation, and therefore could theoretically be circumvented by RBC transfer.  

RBCs are vitally important because they transport life-sustaining oxygen. 

Therefore, understanding RBC composition and generation is of critical significance. 

RBCs are primarily hemoglobin. By weight hemoglobin comprises 96% of an individual 

RBC and an estimated ~35% of the average mammal (Goldman 2008).  In human 

adults, hemoglobin is transcribed from 3 loci: HBA1 and HBA2 which encode the 

hemoglobin alpha subunit, and HBB encoding the beta subunit. One of each alpha 
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subunit and two beta subunits together each contain a heme group, which comes 

together to form hemoglobin which can bind 4 oxygen molecules (Schroeder and 

Cavacini 2010). To maximize room for hemoglobin, erythroblasts condense and expel 

their nucleus and degrade their organelles. Reticulocytes are thought to degrade their 

organelles and mitochondria through autophagy (Ney 2011), while nuclear extrusion is a 

complex process that will be outlined in more detail below.  Thus, through removal of all 

excess components, the RBC comes to be 96% hemoglobin with a unique bi-concave 

disc shape. The compact size and unique shape of mammalian enucleated RBCs is 

thought to enable RBCs to traverse through tight capillaries and increase the cell 

volume dedicated to hemoglobin storage (Ji, Murata-Hori, and Lodish 2011). In fact, it is 

hypothesized that the unique structure and composition of enucleated mammalian 

RBCs, along with reduced oxygen availably during the Permian/Triassic period, enabled 

the evolution of endothermy (Soslau 2020).  

Given the easy access and constant regeneration of RBCs, RBCs are an 

excellent model to study biological phenomenon at large. From the emergence of 

modern science to current clinical trials, RBCs have always been on the precipice of 

discovery. Following in the invention of the compound microscope in 1590, blood was 

one of the first tissues to be investigated in 1658 by Jan Swammerdam (Hajdu 2003). 

Throughout the 17th century ‘red corpuscles’ were described as the sole characteristic of 

peripheral blood under the first compound microscopes (Hajdu 2003). Many Nobel 

prizes can be attributed to work on RBCs. The Nobel Prize in Physiology or Medicine 

has been awarded for RBC research in 1902 (Ronald Ross – malaria), 1930 (Karl 

Landsteiner – human blood groups), 1934 (George Whipple, George Minot, William 
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Murphy – liver therapy for anemia), 2015 (Tu Youyou – malaria), and 2019 (William 

Kaelin, Peter Ratcliffe, and Gregg Semenza – erythropoietin and hypoxia), and the 

Nobel Prize in Chemistry in 1962 was awarded for the crystal structure of hemoglobin. 

More recently, RBCs remain on the cutting edge of science with sickle cell anemia 

disease at the forefront of gene editing therapy (Abraham and Tisdale 2021).  

 

Red blood cell generation 

Given the critical role for RBCs in mammalian survival and role in prominent 

scientific discoveries, how does one ‘Turn [a] Cell Red’ (Richmond, Chohan, and Barber 

2005)? The process of red cell development can broadly be divided into two phases: 1) 

the proliferative phase and 2) terminal erythroid differentiation (Figure 1). During the 

proliferative phase erythroblasts are Erythropoietin (Epo) dependent. Here, Burst 

Forming Unit Erythroid (BFU-E) become Colony Forming Unit Erythroid (CFU-E) 

erythroblasts whose survival is directly dependent on Epo signaling (Lin et al. 1996; Wu 

et al. 1995). Epo is produced by kidney cells in response to hypoxic stress (Watowich 

2011). Thus, this system allows the body to maintain a reserve of erythroblasts in case 

of sudden RBC loss. As cells transition from the Epo dependent proliferative phase into 

terminal erythroid differentiation surface expression of the Epo receptor is gradually lost 

(Jing Zhang et al. 2003). In the terminal phase, erythroblast cell cycle and differentiation 

are intimately connected. Transition through each of the four progenitors is linked with 

one iteration through the cell cycle (Hattangadi et al. 2015). CD71 (TRFC, transferrin 

receptor) and Ter119 (LY76) are used to mark murine erythroblasts throughout terminal 

erythroid differentiation (Figure 1). These markers delineate the four sequential  
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Figure 1. Red blood cell generation. (A) An overview of the generation of 
erythrocytes. Like all hematopoietic cells, RBCs originate from hematopoietic stem cells 
(HSCs). Commitment to the erythroid lineage occurs at the Burst Forming Unit-Erythroid 
(BFU-E) stage. Erythroblasts then become Colony Forming Unit-Erythroid (CFU-E) 
cells. Next, during terminal erythroid differentiation each progressive step through 
development is coupled with one iteration of the cell cycle. The progression begins with 
pro-erythroblasts (RI) and proceeds through basophilic-erythroblasts (RII), 
polychromatic-erythroblasts (RIII), and orthochromatic-erythroblasts (RIV). Throughout 
this process both nuclear and cellular size are dramatically reduced. This culminates in  
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Figure 1, continued 
 
the nuclear ejection forming reticulocytes. These cells then migrate from the bone 
marrow and into the peripheral blood where they undergo final maturation into RBCs. 
(B) Maturation of erythroblasts can be mapped using the cell surface markers CD71 
and Ter119, which correspond to RI-RIV erythroblasts as shown.  
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populations of erythroblasts: RI pro-erythroblasts, RII basophilic-erythroblasts, RIII 

polychromatic-erythroblasts, and RIV orthochromatic-erythroblasts. Orthochromatic-

erythroblasts then enucleate and emigrate from the bone marrow into the peripheral 

blood where they become reticulocytes, and then fully developed RBCs.  

As one might expect, many of the signaling cascades regulating the proliferative 

phase are Epo dependent. Following binding of Epo to Epo-Receptors on an 

erythroblast, several signaling cascades are activated including Stat5 (Klingmüller et al. 

1996), PI3K/Akt (Ghaffari et al. 2006), and MAPK (Jing Zhang and Lodish 2007). 

Following binding, Jak2 kinase phosphorylates the intercellular region of the Epo-

Receptor (Witthuhn et al. 1993). This leads to a conformational change recruiting Stat5 

(Chin et al. 1996; Klingmüller et al. 1996) and the p85 subunit of PI3K (Damen et al. 

1993, 1995) to the internal regions of the Epo-Receptor, thus beginning the signaling 

cascade. Stat5 regulates erythroblast survival through BclXL (Socolovsky et al. 2001), 

and PI3K promotes erythroblast survival and proliferation though phosphorylation of 

AKT and subsequent inhibition of FOXO3a (Bouscary et al. 2003; Martelli et al. 2010; 

Sivertsen et al. 2006). MAPK has subtle effects on proliferation and differentiation 

through AKT, as demonstrated by in vitro mouse fetal liver systems (Jing Zhang and 

Lodish 2007). As erythroblasts progress through differentiation they downregulate the 

Epo-Receptor and transition from Epo dependence to fibronectin (Ji, Murata-Hori, and 

Lodish 2011). 4Bβ1 integrins expressed on late erythroblasts interact with fibronectin 

to support proliferation and suppress apoptosis, in part through BclXL (Eshghi et al. 

2007). These signaling cascades and subsequent induction of canonical erythroid 

transcription factors is summarized in Figure 2.  
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Figure 2. Summary of factors in erythropoiesis. During the EPO dependent phase, 
the EPO-receptor is expressed on the cell surface of erythroblasts. EPO binding the 
EPO-receptor signals erythroblast survival, proliferation, and differentiation through 
STAT5, PI3K, and MAPK. Several transcription factors required for erythropoiesis 
include KLF1, GATA-1, and FOG-1. GATA-1 can act both as a transcriptional activator 
and a repressor.  
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Transcriptional regulation of erythroblasts is orchestrated by several key lineage-

restricted transcription factors including GATA-1, FOG-1, TAL1 (SCL), LMO2 (RBTN2), 

and KLF1 (ELKF) (Cantor and Orkin 2002). GATA-1, arguably the most recognizable 

erythroid transcription factor, contains two zinc fingers and binds its name granting 

(A/T)GATA(A/G) consensus sequence (Evans, Reitman, and Felsenfeld 1988). GATA-1 

primarily binds distal regulatory regions (~85%), most of which are marked as 

enhancers by H3K4me1 (Yong Cheng et al. 2009), instead of promoters (~15%) (T. 

Fujiwara et al. 2009; Yu et al. 2009). Direct GATA-1 chromatin targets have both 

activated and repressed expression (Kerenyi and Orkin 2010). GATA-1 gene activation 

involves a complex of GATA-1, LMO2, LDB1, TAL1, and E2A (Cohen-Kaminsky et al. 

1998; Wadman et al. 1997). The components of the repression complex are thought to 

include the NuRD complex (Hong et al. 2005; Rodriguez et al. 2005) and the LSD1-

CoREST (Rodriguez et al. 2005) complex, or the polycomb repressive complex (Ross et 

al. 2012; Yu et al. 2009). As its name suggests, friend of GATA-1 (FOG-1) binds GATA-

1 (Tsang et al. 1997), and Fog-1 knockout mice (Tsang et al. 1998) suffer a similar 

embryonic anemia as Gata-1 knockout mice (Y. Fujiwara et al. 1996). KLF1 is also an 

essential erythroid transcription factor that binds distal enhancers (Tallack et al. 2010). 

Although, findings suggest the role of KLF1 during erythropoiesis may be regulation of 

the cell cycle: enabling cell cycle exit for enucleation during terminal differentiation 

(Gnanapragasam et al. 2016). 

Imaging cytometry of ex vivo differentiating erythroblasts showed Klf1 knockout 

cells condense their nucleus but fail to enucleate (Gnanapragasam et al. 2016). The 

mechanism proposed to be responsible for the enucleation failure is insufficient 
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expression of the cell cycle inhibitors p18 and p27 (Gnanapragasam et al. 2016). There 

are many other examples of the interplay between the cell cycle and erythroblast 

differentiation. Knockout of Rb, the regulator between G1-to-S-phase, results in an 

erythropoietic block and anemia in mice (Sankaran, Orkin, and Walkley 2008). The Rb-

regulated factor E2f-2 is required for nuclear condensation and deletion results in 

anemia (Swartz et al. 2017). Knockout of E2f-4 (Kinross et al. 2006) and D-Cyclins 

(Kozar et al. 2004) also leads to anemia. Taken together these studies indicate the 

inseparable connection between erythroblast proliferation and differentiation. 

 

Red cell enucleation  

The final cellular acts required of an erythroblast before enucleation is nuclear 

condensation and polarization. The nucleus of an erythroblast is condensed 10-fold in 

preparation for its extrusion (Mei, Liu, and Ji 2021). Several other cell types, namely 

skin keratinocytes and lens fiber cells, also remove their nuclei as a function of normal 

differentiation. However, the mechanisms governing this process appear to be distinct. 

While RBCs condense and expel their nucelli, skin keratinocytes and lens fiber cells are 

thought to internally degrade their nucleus (Rogerson, Bergamaschi, and 

O’shaughnessy 2018). The molecular mechanisms of enucleation in erythroblasts are 

just now coming into focus (reviewed in (Mei, Liu, and Ji 2021)). The process of 

enucleation can be broken down into three steps 1) nuclear condensation 2) nuclear 

polarity and 3) nuclear extrusion. These steps are summarized in Figure 3.  
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Figure 3. Overview of erythroblast enucleation. Nuclear condensation is achieved 
via epigenetic changes including histone deacetylation. Nuclear polarization and 
enucleation require synchronization of structural proteins culminating in the formation of 
an actin contractile ring during enucleation.  
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Figure 4. Emerging mechanisms of nuclear condensation in erythroblasts. 
Epigenetic changes are thought to be widely responsible for nuclear condensation, 
these can be broadly sub-divided into histone deacetylation and non-acetylation 
mechanisms. Non-acetylation mechanisms include a requirement for histone 
methylation demonstrated by erythropoietic defects in Dot1L (Feng et al., 2010). and 
Setd8 insufficiencies (Mallik, Getman, and Steiner 2015) and global DNA methylation 
(Shearstone et al., 2011). Global histone deacetylation is an appreciated requirement 
for erythroid nuclear condensation. This has been demonstrated using in vitro human 
CD34 and mouse fetal liver cultures. The addition of HDAC inhibitors (Yamamura et al., 
2006) and HDAC5 shRNA/siRNA (Wang et al, 2021) prevents nuclear condensation 
and enucleation. It has further been shown that inhibition of HDAC2 prevents erythroid 
maturation (Ji et al., 2010). Furthermore, the mechanism by which Myc overexpression 
perturbs erythroid development was identified as overexpression of the HAT Gcn5 
(Jayapal et al, 2010).  
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In preparation for enucleation the nucleus of erythroblasts is condensed 10-fold. 

The factors required for this process are gradually emerging (Figure 4). Nuclear 

condensation is thought to require changes in the epigenetic modifications on histones 

(reviewed in (Sundaravel, Steidl, and Wickrema 2021)). In particular, histone 

deacetylation is required for nuclear condensation in erythroblasts. In vitro cultures have 

shown that H4K12Ac is lost during erythroid differentiation (Popova et al. 2009). In the 

same study, histone deacetylase (HDAC) activity was blocked during in vitro 

differentiation using trichostatin-A. The resulting erythroblasts failed to condense their 

chromatin and enucleate (Popova et al. 2009). Thus, HDAC activity is required for 

erythropoiesis. A second study using mouse fetal liver culture systems identified shRNA 

knockdown of Hdac2 resulted in the similar block in enucleation (Ji et al. 2010). 

Following Myc-overexpression in fetal liver erythroblasts the histone acetyltransferase 

(HAT) Gcn5 was overexpressed (Jayapal et al. 2010). This resulted in an increase in 

H3K9Ac and H4K12Ac, and subsequent hyperproliferation and dyserythropoieis 

(Jayapal et al. 2010). More recently, H3K27Ac has been shown to globally decrease 

during erythroid development (Romano et al. 2020). Histone deacetylation is also 

required in human erythroblasts. Human CD34+ cells cultured toward erythroblast 

differentiation with HDAC inhibitors have an increase in apoptosis (Yamamura et al. 

2006). A recent report found human in vitro erythroid cultures with knockdown of 

HDAC5 leads to increased H4K12Ac, insufficient chromatin condensation, and failure to 

enucleate (Y. Wang et al. 2021).  

Beyond histone deacetylation, histone methylation is also important for nuclear 

condensation and enucleation. Setd8 is the protein responsible for mono-methylating 
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H4K20 generating H4K20me1. Deletion of Setd8 results in an embryonic lethal anemia 

due to a failure in nuclear condensation and erythroblast apoptosis (Malik et al. 2017). 

Mutation of Dot1l, which methylates H3K79, also results in an embryonically fatal 

anemia (Feng et al. 2010). Epo mediated signaling may directly influence histone 

modification to facilitate nuclear condensation in preparation for enucleation. In fact, 

direct Stat5 targets following Epo-Receptor signaling include Suv420h2 (H4K20 

trimethylase) and Kat2b (HAT) (Gillinder et al. 2017). These works demonstrate that 

histone modification is a crucial component to erythroid nuclear condensation. However, 

the factors guiding the many non-specific histone modification enzymes to their genomic 

targets in erythroblasts remains unknown.  

Nuclear polarity and extrusion require a cascade of structural proteins. These 

cellular proteins establish polarity between the nascent reticulocyte and the to-be 

extruded nucleus, resulting in distinct cellular membrane compositions. The cytoskeletal 

membrane of the reticulocyte contains Band 3, spectrins, ankyrin, protein 4.1, and 

glycophorin A/C (Koury, Koury, and Bondurant 1989). While the adhesion molecule 

EMP, Bβ1-integrin, and 4 integrin, and CD71 are sequestered onto the membrane of 

the extruded nucleus (Mei, Liu, and Ji 2021). Proper membrane protein segregation is 

critical for RBC maturation. This is demonstrated by the elliptocytic erythrocytes found in 

hereditary spherocytosis and elliptocytosis patients who have mutations in the protein 

4.1R (Salomao et al. 2010).  

Formation of an actin contractile ring, much like during cytokinesis, is required for 

division between the reticulocyte and enucleated nucleus (Mei, Liu, and Ji 2021). This 

was first studied using mouse in vitro splenic erythroblasts treated with Friend virus 
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(Koury, Koury, and Bondurant 1989). The authors induced in vitro enucleation and 

studied partitioning of cytoskeletal proteins (Koury, Koury, and Bondurant 1989). Upon 

treatment with the F-actin inhibitor cytochalasin D, the authors found complete ablation 

of enucleation (Koury, Koury, and Bondurant 1989), confirming actin is required for 

enucleation. Subsequent work has shown contractile ring formation in erythroblasts is 

dependent on Rac GTPases (Ji, Jayapal, and Lodish 2008; Konstantinidis et al. 2012), 

mDia2 (Ji, Jayapal, and Lodish 2008) , myosin IIB (Ubukawa et al. 2012), and 

Tropomodulin3 (Sui et al. 2014). 

 

Red cell failure  

Continuous RBC generation is an enormous biological challenge. Given both the 

large quantity of cells required and the cellular complexity of RBC generation, it is not 

surprising that RBC dysfunction is a common pathogenesis of disease (Figure 5). 

Anemia, a deficiency in RBCs, is a particularly salient example, affecting up to a third of 

the world population (Chaparro and Parminder 2019). While many anemias can be 

explained by environmental deficiencies, those that cannot are often caused by 

mutations. Hereditary anemias most commonly arise from mutations in genes encoding 

RBC membrane proteins or the globin genes (Crispino and Weiss 2017). An example of 

mutations in the globin genes translating to disease is sickle-cell disease. This 

devastating and common disease is a collective term for mutations in the hemoglobin 

genes leading to the deformation of RBCs into crescent shapes (Booth, Inusa, and 

Obaro 2010). In the emblematic mutation, a single change in the β-globin gene results 

in the replacement of a glutamic acid with a valine causing a distortion of the RBC  
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Figure 5. Overview of anemia. The causes of anemia can be broadly divided into 
environmental factors, inherited mutations, and acquired mutations. Many anemias can 
be attributed to environmental causes such as iron or vitamin deficiencies. Those that 
cannot are often caused by mutations in hematopoietic stem and progenitor cells 
(HSPCs). Hereditary anemias are caused by inherited germline mutations in genes 
required for red cell development or function. Anemia can also develop as a result of 
acquired mutations within HSPCs.  
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shape into a sickle which can no longer transverse through narrow capillaries (Booth, 

Inusa, and Obaro 2010). Congenital dyserythropoietic anemias are diseases 

characterized by insufficient erythroblast differentiation (Crispino and Weiss 2017) 

caused by mutations in CDAN1, CC15ORF41, SEC23B, and KIF23 (Babbs et al. 2013; 

Iolascon et al. 2013). Another example, Diamond-blackfan anemia, is a hereditary 

anemia characterized by insufficient RBC production, which commonly occurs with 

mutations in the ribosomal proteins (Crispino and Weiss 2017). Fanconi anemia is also 

associated with mutations in FANC- genes, many of which are involved in DNA-repair or 

replication (Castella et al. 2011). Germline mutations in transcription factors can also 

confer a hereditary anemia. Mutations in GATA1 (K.E. et al. 2000), GFI1B 

(Monteferrario et al. 2014), and KLF1 (Arnaud et al. 2010; Singleton et al. 2008; 

Viprakasit et al. 2014) have been associated with the development of anemia in patients 

(Crispino and Weiss 2017). Mutations in erythroid transcription factor binding sites can 

also result in anemia, as demonstrated by a subset β-thalassemia patients with 

mutations in the β-globin promoter or locus of control (Thein 2013). Even anemias 

thought to be driven by iron insufficiency may in fact have a genetic component, 

evidenced by TMPRSS6 mutations (Finberg et al. 2008).   

Distinct from the inherited hereditary anemias described above, are anemias 

stemming from acquired somatic mutations in hematopoietic stem and progenitor cells 

(HSPCs). As discussed below mutations in HSPCs are often acquired with age or 

cellular stress and allow for leukemic transformation, and subsequent development of 

anemia.  
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7q, myeloid neoplasms, and anemia 

Hematopoietic cells were the first tissue to be described to carry chromosomal 

translocations associated with the pathogenesis of cancer (Rowley 1973). One 

particularly common mutation in HSPCs that gives rise to anemia is the deletion of 

chromosome 7 or the deletion of the long arm of chromosome 7 [-7/del(7q)]. Loss of all 

or part of chromosome 7 is the most common high-risk cytogenetic abnormality 

(Greenberg et al. 1997). 42% of pediatric and 14% of adult myeloid dysplastic syndrome 

(MDS) patients have -7/del(7q) (Luna-Fineman et al. 1999). -7/del(7q) is significant 

beyond MDS, and is prevalent across myeloid diseases including juvenile 

myelomonocytic leukemias (Luna-Fineman et al., 1999, 33%), chronic myelomonocytic 

leukemia (14%, Luna-Fineman et al.,1999) and de novo acute myeloid leukemia (AML) 

(10-15%, Baudard et al., 1994). Up to 78% of aplastic anemia patients 

acquire -7/del(7q) at time of disease progression to AML or MDS (Luna-Fineman et al., 

1995). Additionally, -7/del(7q) is found in 50% of therapy-related myeloid neoplasms, a 

secondary myeloid malignancy resulting from chemotherapy and/or radiation used to 

treat a primary cancer (Armitage et al., 2003; Linehan et al., 2018).  Regardless of the 

disease type, patients with -7/del(7q) have a poor prognosis and do not respond to 

conventional therapy.  

While -7/del(7q) has been identified as a common cytogenetic alteration for 

nearly 50 years (Schneider and Delwel 2018) a major knowledge gap is the mechanism 

of how -7/del(7q) disrupts normal erythropoiesis. Originally, it was believed that loss of 

both copies of a tumor suppressor was required for cancer transformation (Knudson 

1971).  However, modern models predict many tumor suppressors are instead 
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haploinsufficient, meaning that loss of a single copy of a gene is sufficient for disease 

development (Davoli et al. 2013; White et al. 2013). Among potential tumor suppressor 

genes on chromosome 7, the only gene with recurring loss of both alleles is EZH2 

(Ernst et al. 2010; Q. Zhang et al. 2019), suggesting that the other tumor suppressor 

gene(s) on 7q are haploinsufficient. Disease perpetuated by -7/del(7q) may also be 

representative of a contiguous gene syndrome wherein the loss of several neighboring 

genes has a cooperative or synergistic effect on pathogenesis.  

Three commonly deleted regions on 7q have been identified: 7q35-36, 7q34, and 

7q22 (Le Beau et al. 1996; Döhner et al. 1998; Jerez et al. 2012; McNerney et al. 2013). 

These regions each contain several possible candidates for the tumor suppressor(s) on 

7q including KMT2C, EZH2, and CUL1. KMT2C (MLL3), an H3K4 methyltransferase is 

encoded on the 7q35-36 locus. KMT2C is a haploinsufficient tumor suppressor, but is 

not sufficient to accelerate myeloid disease (Chen et al. 2014).  On 7q36.1 is the H3K27 

methyltransferase component of the Polycomb Repressive Complex 2 (PCR2) EZH2. 

EZH2 is often mutated in myeloid neoplasms (Ernst et al. 2010), however Ezh2 loss is 

insufficient for its development (Shimizu et al. 2016). 7q36.1 also contains CUL1, which 

is mutated in myeloid malignances (Hosono et al. 2014). LUC7L2, a splicing factor, is 

contained on the 7q34 locus, and splicing factors mutations are commonly found in 

myeloid dysplastic syndromes (Yoshida et al. 2011). 7q22 contains the homeobox-

containing transcription factor CUX1, which will be discussed in the next section.  

There are candidate tumor suppressors on chromosome 7 beyond the commonly 

deleted regions of 7q. These include SAMD9L, KTM2E, and DOCK4. Samd9l knockout 

leads to MDS, bone marrow failure, and anemia (Nagamachi et al. 2013). Loss of 
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Kmt2e has a mild erythroid phenotype in mice (Heuser et al. 2009). The guanine 

exchange factor DOCK4 is both critical for red cell development (Sundaravel et al. 

2015, 2019) and recurrently disrupted in myeloid neoplasms (Hosono et al. 2014; 

Kjeldsen and Veigaard 2013; Yajnik et al. 2003). Thus, the pathogenesis -7/del(7q) in 

myeloid neoplasms and subsequent anemia involves many potential factors, though the 

relative contribution of each individual gene remains to be determined. 

 

CUX1 is a tumor suppressor on 7q  

 As briefly described above, CUX1 is a non-clustered HOX family transcription 

factor (Figure 6). Full length CUX1 (also known as CULT1 or CDP) is an analog 

transcription factor with four DNA-binding domains: three CUT repeats and a C-terminal 

homeodomain (Mailly et al. 1996).  CUX1 is highly conserved from Drosophila to 

humans and is essential for development (Ellis et al. 2001; Luong et al. 2002; Sinclair et 

al. 2001; Tufarelli et al. 1998). CUX1 is one of the largest genes in the mammalian 

genome and has multiple isoforms, two of which are ubiquitously expressed (Ramdzan 

and Nepveu 2014).  

In a breakthrough for the field, our lab identified CUX1 to be a tumor suppressor 

gene encoded in the commonly deleted segment of chromosome band 7q22 (Mcnerney 

et al. 2013). The evidence for CUX1 as a tumor suppressor gene is strong (Figure 6). 

Through transcriptome sequencing and SNP array analysis on de novo and therapy-

related myeloid neoplasms with and without -7/del(7q), our lab identified CUX1 as the 

tumor suppressor gene on the commonly deleted region of 7q22 (Mcnerney et al. 2013). 

CUX1 was the most significant differentially expressed gene within the deleted  
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Figure 6. CUX1 is a tumor suppressor and transcription factor. The evidence 
supporting the conclusion that CUX1 is a tumor suppressor gene is strong. It is encoded 
on the commonly deleted region of 7q22, it is the most differentially expressed gene in 
the commonly deleted segment in patients with myeloid neoplasms (McNerney et al., 
2013), CUX1 haploinsufficiency lead to hemocyte overgrowth and tumor formation in 
Drosophila Melanogaster and gave an engraftment advantage for human HPSCs in 
mouse xenotransplantation studies (McNerney et al., 2013), and CUX1 is commonly 
inactivated across a variety of different tumor types (Wong et al., 2013). CUX1 is a non-
clustered HOX family transcription factor with 4 DNA binding domains (described in 
greater detail in Figure 7B). CUX1 is ubiquitously expressed, highly conserved, and 
essential for survival (Ellis et al. 2001; Luong et al. 2002; Sinclair et al. 2001; Tufarelli et 
al. 1998). It has been previously demonstrated that CUX1 transcriptionally regulates 
proliferation, apoptosis, and PI3K signaling (An et al. 2018; Arthur et al. 2017; 
Blochlinger, Jan, and Jan 1991; Mcnerney et al. 2013; Nepveu 2001). Being both 
essential and such a large gene, attempts to generate CUX1 knockout mice have 
largely failed (Ellis et al. 2001; Luong et al. 2002; Sinclair et al. 2001; Tufarelli et al. 
1998).   
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segment, and was expressed at haploinsufficient levels in patients. Haploinsufficiency of 

the highly conserved ortholog, cut, led to hemocyte overgrowth and tumor formation in 

Drosophila. Additionally, CUX1 haploinsufficiency gave an engraftment advantage to 

human HSPCs in mouse xenotransplants. Further supporting its role as a tumor 

suppressor, CUX1 inactivating mutations occur independently of -7/del(7q) and carry a 

poor prognosis (Lindsley et al. 2017; Wong et al. 2013).  Wong et al. reported CUX1 

inactivating mutations in ~1-5% of a diverse array of tumor types, demonstrating CUX1s 

importance in cancer in general (Wong et al. 2013). 

 

CUX1 in hematopoiesis: CUX1 loss leads to anemia  

The breakthrough discovery of CUX1 as a tumor suppressor gene on 7q 

generated interest in the molecular function of CUX1 during hematopoiesis. Previous 

work characterized CUX1 as a transcriptional regulator, with different isoforms acting as 

activators or repressors. (S. R. Snyder et al. 2001). RNA-seq following CUX1-

knockdown in K562 cells confirms this role (Arthur et al. 2017). However, in human 

CD34+ cells RNA-seq after CUX1 knockdown leads to a decrease in transcription for 

81% of differentially expressed genes, suggesting CUX1 acts as an activator (An et al. 

2018). Previous reports indicate that the transcriptional targets of CUX1 include 

regulators of the cell cycle, proliferation, apoptosis, and differentiation (An et al. 2018; 

Arthur et al. 2017; Blochlinger, Jan, and Jan 1991; Mcnerney et al. 2013; Nepveu 2001). 

In particular, PI3K signaling is a well-established pathway directly regulated by CUX1. 

CUX1 controls transcription of the PI3K inhibitor PIK3IP1, and with CUX1 knockdown 

there is enhanced PI3K signaling and tumor growth (Wong et al. 2013). It is likely that 
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CUX1 plays a unique role in gene expression across divergent cell types, and more 

work is needed to comprehensively characterize the role of CUX1 in transcription.  

How CUX1 itself is transcriptionally regulated is not well understood. CUX1 

protein levels are increased after TGF- treatment in lung fibroblasts (Ikeda et al. 2016). 

PI3K signaling may represent a transcriptional feedback loop wherein PI3K-AKT 

signaling promotes CUX1 expression (Ripka et al. 2010) which then upregulates 

PIK3IP1 expression (Wong et al. 2013) thereby downregulating PI3K signaling. 

However, beyond this hypothetical feedback loop, it is unknown how transcription of 

CUX1 is controlled. As CUX1 is a dosage dependent analog transcription factor, 

uncovering the mechanisms by which CUX1 transcription is regulated remains an 

important avenue for future work.  

CUX1 is ranked in the top 2.1% of all mammalian genes by size. In fact, Cux1 

shares exons with an entirely different gene Casp which encodes a Golgi-associated 

protein (Gillingham, Pfeifer, and Munro 2002). Being one of the largest and most 

complicated genes in the mammalian genome, the generation of traditional Cux1 

knockout mice has proven quite challenging. Previous attempts to generate Cux1 

knockout mice have spanned a wide range of results from embryonic lethality to no 

evident phenotype, likely due to hypomorphic protein expression (Ellis et al. 2001; 

Luong et al. 2002; Sinclair et al. 2001; Tufarelli et al. 1998). Our lab developed CUX1 

shRNA knockdown mice as an innovate way to circumvent these problems (An et al. 

2018). We generated two shRNA strains, Cux1low and Cux1mid, with 12% and 54% 

residual CUX1 protein as measured in thymocytes, respectively (Figure 7). CUX1 

knockdown in these mice led to MDS and MDS / myeloid proliferative neoplasm with a   
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Figure 7. Inducible CUX1 knockdown mouse model. (A) CUX1 knockdown is 
induced upon administration of doxycycline infused chow. This activates the M2rtTA 
(tet-on) imbedded within the ROSA26 promoter. Tet binds the Tet Response Element 
under the Col1A1 locus to induce expression of GFP and an shRNA. The three options 
for shRNAs include an shRNA targeting Renilla luciferase which serve as wildtype 
littermate controls or one of two shRNAs targeting CUX1. The Cux1mid shRNA results in 
an intermediate level of residual CUX1 protein and the Cux1low shRNA results in a low 
level of residual CUX1 protein. (B) CUX1 contains 4 DNA binding domains: 3 cut 
repeats (CR) and the CUT homeodomain (HD). 24 coding exons, some of which are 
shared with the Golgi associated protein Casp. The shRNA for Cux1mid mice target exon 
5, which is shared with Casp. The Cux1low shRNA targets the 3’ untranslated region of 
exon 24 which is unique to CUX1 and not shared with Casp.   
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lethal and cell intrinsic anemia. The peripheral blood of Cux1low mice demonstrated 

RBCs with anisocytosis, poikilocytosis, and polychromasia, all suggesting a severe 

dysplasia. RNA-seq analysis confirmed that CUX1 knockdown hematopoietic cells have 

increased proliferation and PI3K signaling in vivo. Taken together, these studies provide 

strong evidence that CUX1 is required for protection from the development of anemia, 

and therefore a critical erythroid transcription factor.  

 

Aims of the thesis: critical gaps in knowledge that will be addressed  

As introduced above critical gaps in knowledge remain in how CUX1 regulates 

red cell development. The data are clear that CUX1 is essential for functional RBC 

development as evidenced by the anemia endured by patients with CUX1 insufficiency, 

and through mouse modeling which indicates that knockdown of CUX1 alone is 

sufficient for the development of a lethal anemia. However, it remains unclear why 

CUX1 is required for RBC development. This work aims to identify the molecular 

mechanisms by which CUX1 regulates erythropoiesis through three central aims: aim 1) 

identify the cellular role of CUX1 in erythropoiesis, aim 2) characterize the molecular 

mechanisms by which CUX1 regulates erythropoiesis, and aim 3) understand the role of 

CUX1 in nuclear condensation (Figure 8). Understanding this process will both increase 

the foundational knowledge of RBC biology and create opportunities for 7q targeted 

molecular therapeutics.  
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Figure 8. Central model and aims to be investigated. The central model proposed 
within this thesis is that CUX1 interacts with HDACs to facilitate nuclear condensation 
though histone deacetylation. This permits normal erythroid differentiation and 
functional erythropoiesis. However, in a CUX1 insufficient setting the interaction with 
HDACs is lost, leading to hyper-acetylation of histones and a failure to condense the 
chromatin in preparation for enucleation. This in turn leads to increased erythroblast 
proliferation and apoptosis and ultimately dysfunctional erythropoiesis and anemia. 
Investigation of this model is segmented into 3 components: 1) The cellular role of 
CUX1 2) the molecular role of CUX1 and 3) the role of CUX1 in nuclear condensation.   
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CHAPTER 2: MATERIALS AND METHODS 

 

Methods for chapter 3 

 

Mouse models  

Animal studies were approved by The University of Chicago Institutional Animal Care 

and Use Committee. Mice were housed in the Association for Assessment and 

Accreditation of Laboratory Animal Care-accredited, specific pathogen-free animal care 

facilitates at The University of Chicago Both sexes of mice were used. Mice of different 

sex were housed separately, with 5 mice per cage. Tail clips were used for genotyping. 

Renilla, shCux1.581 (Cux1mid), and shCux1.2812 (Cux1low) mice were generated as 

described in (An et al. 2018). Briefly, a second generation reverse tet-transactivator 

(M2rtTA) is expressed from the endogenous ROSA26 promoter, and an shRNA 

targeting Renilla luciferase of Cux1 is expressed downstream of Col1a1. The resulting 

mice were genetically rtTA-M2tg/tg;Col1a1Cux1/wt (Cux1low or Cux1mid) or rtTA-

M2tg/tg;Col1a1Ren/wt (Renilla) littermate controls. Mice are on a mixed C57BL/6 x 129/Sv 

background. Transgene expression was induced by maintaining mice on a continuous 

doxycycline-containing chow diet (TD.12006, 1 mg/kg, Envigo). For all experiments, 

adult mice (aged 8-16 weeks) were used.  
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Phenylhydrazine injections 

Mice were weighed the day of each injection to prepare accurate dosages of 40 mg/kg 

or 60 mg/kg of phenylhydrazine (Sigma-Aldrich, product ID: P26252) diluted in PBS. 

Final volumes were brought to 200 µL for intraperitoneal injections.  

 

Flow cytometry  

Mice were euthanized and spleen samples were collected with gentle crushing in PBS 

with 1% BSA to generate a single cell-suspension. Bone marrow tissue was accessed 

by removing the femur and tibia and processing in a mortar and pedestal to generate a 

single cell suspension in PBS and 1% BSA. All samples were FcR blocked (1:10,000 

dilution, Fischer Scientifics, catalog number: 5012440) for 10 minutes on ice and 

primary antibodies were stained for 30 minutes at room temperature and rinsed in PBS 

with 1% BSA before analysis. When using a secondary antibody set, cells were rinsed 

once in PBS with 1% BSA before addition of secondary antibodies for staining 30 

minutes at room temperature.  

For characterization of erythroblast differentiation following phenylhydrazine 

injection and in the mixed bone marrow chimera the following antibodies were used: 

Ter119 – BUV396 (1:400 dilution, BD Biosciences, catalog number: 563827), CD71 – 

BV421 (1:400 dilution, BD Biosciences, catalog number: 747755). For sorting 

erythroblasts for RNA-sequencing, ATAC-sequencing, DAPI imaging, and FLIM the 

following antibodies were used: Ter119 – APC (1:400 dilution, BD Biosciences, catalog 

number 557909) CD71 - PE (1:400 dilution, BD Biosciences, catalog number: 553267). 
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Sorting MEPs for RNA-sequencing and ATAC-sequencing was conducted with the 

following antibodies: primary antibodies for lineage staining all biotin CD3e (1:1,000 

dilution, BD Bioscience, catalog number: 553060), CD5 (1:1,000 dilution, BD 

Biosciences, catalog number: 553018), CD19 (1:1,000 dilution, BD Biosciences, catalog 

number: 553784), CD11b (1:1,000 dilution, BD Biosciences, catalog number: 553309), 

Ter119 (1:1,000 dilution, BD Biosciences, catalog number: 553309), B220 (1:1,000 

dilution, BD Biosciences, catalog number: 553086); streptavidin-BUV395 (1:400 dilution, 

BD Biosciences, catalog number: 564176), Sca1-PE (1:200 dilution, BD Biosciences, 

catalog number: 553336), cKit-APC-Cy7 (1:200 dilution, BD Biosciences, catalog 

number: 560185), CD34 APC(1:100 dilution, Invitrogen, catalog number: 50-0341-82), 

CD16/32-PE-Cy7 (1:1,000 dilution, BD Biosciences, catalog number: 560829).  Human 

erythroblasts were characterized using Human Fc block (1:1,000 dilution, BioLedgend, 

catalog number: 422301) stained for 10 minutes on ice followed by CD71-BUV395 

(1:200 dilution, CATALOG) or CD71-APC (1:200 dilution, BioLegend, catalog number: 

334107) and Gly-A-FITC (1:200 dilution, BioLedgend, catalog number: 349103). Human 

samples were stained for 30 minutes at room temperate and rinsed before analysis. 

All flow cytometry was performed on an LSR Fortessa X-20 (BD Biosciences) 

and data analyzed with FlowJo software (Tree Star, Inc., Ashland, OR). All sorting 

experiments were performed on a FACSAria II (BD Biosciences).  
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Reticulocyte counts 

Peripheral blood was collected from the tail vein and mixed at a 1:1 ratio with new 

methylene blue (Sigma-Aldrich, catalog number: R4132), incubated at room 

temperature for 5 minutes and smeared onto glass slides and allowed to air dry. 3 

images per slide were taken at 100X magnification in fields with non-overlapping cells. 

Reticulocytes were counted for the entire field of view. RBCs were counted for 1/9th of 

the field of view and multiplied by 9 to get the full RBC count. Percent reticulocytes was 

calculated by taking total reticulocytes divided by the full RBC count.  

 

Complete Blood Counts 

Peripheral blood was collected from the submandibular vein for complete blood counts. 

Complete blood counts were performed using Hemavet 950 counter (CDC 

Technologies, Oxford, CT).  

 

EPO ELISA  

Peripheral blood samples were taken from the submandibular vein. Samples were 

centrifuged at 4°C, 2000g, for 20 minutes to fractionate plasma. Manufacturer’s 

instructions were followed for Mouse Erythropoietin/EPO Quantikine ELISA Kit (R&D 

systems catalog number: MEP00B). 
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Bone marrow transplants 

Competitive transplants were generated with a total of 2x106 RBC-lysed donor cells. 

Donor cells were comprised of 50% Renilla, Cux1mid, or Cux1low (CD45.2) cells and 50% 

wild-type competitor (CD45.1). Donor cells were retro-orbitally transplanted into lethally 

irradiated (γ-irradiation, 8.5 Gy) C57BL/6 (CD45.1) recipient mice. Mice were allowed 4 

weeks to recover before doxycycline was given to induce knockdown.  

 

Apoptosis analysis 

Bone marrow cells were collected from mixed bone marrow-chimera mice after one 

week of CUX1 knockdown, counted, and stained. Cells, single stain controls, and FMOs 

were rinsed 1x PBS and resuspended in 1x Annexin V binding buffer (Invitrogen, 

catalog number: BMS500BB). Cells were stained with Annexin V-APC (Fischer 

Scientific Annexin V Apoptosis Detection Kit, catalog number: 88-8007-72) as per the 

manufacturer’s directions. 1uL of Propidium Iodide (BD Biosciences, catalog number: 

556463) was added at time of data collection.  

 

Cell cycle assays  

Cell cycle was characterized as described in (An et al. 2018). Briefly, bone marrow 

samples were resuspended in 200 µL of BD Cytofix/Cytoperm buffer and incubated at 

4°C for 20 minutes. Cells were then washed once with 1X BD Perm/Wash buffer and 

stained with anti-Ki67-PE/Cy7 (BioLegend, catalog number: 652401) pre-diluted in 1X 



   32 

BD Perm/Wash buffer (1:20) at room temperature for 20 minutes. Cells were then 

washed and stained with 10 ug/mL DAPI (Thermo Fisher, catalog number: 66248) for 

15 minutes on ice. 

 

RNA-sequencing  

Adult Renilla, Cux1mid and Cux1low mice were treated with doxycycline (TD.12006, 1000  

mg/kg, Envigo) for 3 days to induce CUX1 knockdown. Bone marrow cells were 

collected. For MEP samples cells were lysed with ACK lysis buffer, and lineage 

depleted (Mouse Direct Lineage Cell Depletion kit, Miltenyi Biotech) and stained as 

described above for sorting. RII basophilic-erythroblast samples were stained as 

described above without lysis. All samples were sorted on a FACSAria II (BD 

Biosciences) directly into Trizol. RNA was purified by RNeasy Kit (Qiagen), and > 100 

ng of RNA was used for library preparation. Two biological replicates of each genotype 

was performed. Barcoded RNA-seq libraries were generated with TruSeq v2 kit 

(Illumina) and >23 million, single end 50 bp read were generated by Illumina HiSeq.  

 

RNA-sequencing analysis 

Reads were aligned using STAR (Dobin et al. 2013), and alignments with a mapping 

quality <30 were removed. Differential gene expression was performed with DESeq2 

(Love, Huber, and Anders 2014). In differential expression analysis, batch effects 

between replicates were corrected by including batch co-variates in the DESeq2 design 

matrix. Normalized CPM read count tables were generated following batch correction 
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using LIMMA (Smyth 2004). Analysis was restricted to genes with counts per million >2 

in 3 or more samples. Sequencing data are available in the GEO Database 

GSE181626.  

  

CFU-E and BFU-E cultures  

Adult mice were sacrificed in a dissection hood and bone marrow was collected in 

sterile collection media. Bone marrow was collected, counted, and lysed of red blood 

cells. 2x105 cells were prepared in 1 mL for BFU-E assay, 2x106 for CFU-E assay. 300 

µL of cellular stock was pipetted into 3mL of BFU-E culture medium (Stemcell 

Technologies, catalog number: 03436) or CFU-E culture medium (Stemcell 

Technologies, catalog number: 03334). Colonies were assessed visually after 48 hours 

for CFU-E colonies and 10-12 days for BFU-E colonies. 

 

Liquid in vitro cultures 

Adult mice were sacrificed in sterile conditions for tissue culture. Bone marrow was 

lysed and lineage depleted using a magnetic column following the manufacturer’s 

instructions (Mouse Direct Lineage Cell Depletion kit, Miltenyi Biotech). 2x105 cells of 

lineage depleted bone marrow was then plated in erythropoietic medium (IMDM, EPO 

10 U/mL, SCF10 ng/mL, Dexamethasone 10 uM, FBS 15%, detoxified BSA 1%, 

holotransferin 200 µg/mL, insulin 10 µg/mL, β-mercaptoethanol 10-4M, Pen/Strep 1x) 

and onto fibronectin coated plates for 48 hours. Cells were then transferred to erythroid 
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maintenance medium (IMDM, FBS 20%, L-glutamine 1x, β-mercaptoethanol 100µM) for 

52 hours. Cells were collected at the end of each timepoint for flow cytometry. 

 

Methods for chapter 4 

 

Human erythroid cultures 

Human mobilized peripheral blood CD34+ HSPCs were purchased from the Fred 

Hutchinson Co-operative Center for Excellence in Hematology (Seattle, WA, USA), and 

obtained from multiple healthy donors. CD34+ HSPCs were expanded in StemSpan 

SFEMII base media supplemented with CC110 culture supplement for 3 days prior to 

erythroid differentiation (Stemcell Technologies, Vancouver, Canada). Human cytokines 

SCF, IL3, IL6, and EPO were purchased from Peprotech Inc (Princeton, NJ, USA). 

125,000 CD34+ cells were placed in erythroid differentiation media (SFEMII plus 25nM 

SCF, 10nM IL3, 10nM IL6 and 6U/mL EPO) (Sankaran et al. 2008). Cultures were 

grown for 7 days before collection and validated by flow cytometry for CD71 expression. 

 

CRISPR/Cas9 editing 

Guide RNAs and Cas9 were designed using Synthego bioinformatics tools and 

purchased from Synthego. Guides targeting safe-harbor genes targeted AAVS1 

(gAAVS1) or HPRT (gHPRT).  
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Electroporation transfection was performed using the Neon Transfection System 

(Thermofisher Scientific, Waltham MA, USA). RNPs were formed by mixing 0.71 µL 

Cas9 (20uM), 2.39 µL gRNA (30uM), and 0.9 µL Buffer T and incubating them for 15 

minutes at room temperature. 200,000 CD34+ cells were resuspended in 8 µL of Buffer 

T, added to RNPs, and electroporated at 1600 volts, 10 ms pulse length, for 3 pulses. 

DNA was collected for validation of editing 1-3 days after transfection using QIAamp 96 

DNA Blood Kit (Qiagen, Hilden, Germany). Amplicons containing the edited gene were 

PCR amplified with primers (IDT, Coralville, IA, USA) flanking the gRNA target site and 

Sanger sequenced by the University of Chicago DNA Sequencing and Genotyping Core 

Facility. Edited and control sequences were then analyzed using the ICE analysis tool 

(Synthego, Redwood City, CA, USA) to determine percentage of DNA edited. 

 

CRISPR guide sequences:  

gCUX1 – 5’- UGCACUGAGUAAAAGAAGCA-3’ 

gHPRT – 5’- GCAUUUCUCAGUCCUAAACA-3’ 

g AAVS1 – 5’-GGGGCCACTAGGGACAGGAT-3’ 

 

PCR Primer sequences:  

CUX1 – F: 5’-CCCTCCTAGACCCTGAGCTT-3’ 

CUX1 - R: 5’-TTCATGTGTCCTGCACTCCC-3' 

HPRT - F: 5’-AAACATCAGCAGCTGTTCTGAGTA-3’  

HPRT - R: 5’-TGCATAGCCAGTGCTTGAGAA-3' 

AAVS1 – F: 5’- GCTCTGGGCGGAGGAATATG-3’ 

AAVS1 – R: 5’- GGATTCGGGTCACCTCTCAC-3’ 
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ATAC-sequencing 

50,000 cells were washed in PBS, resuspended in lysis buffer and spun at 4°C, 500 g, 

for 10 minutes to fractionate cytoplasm and nuclei. Nuclei were transposed using the 

Nextera DNA Library Prep Kit, following the manufacturer’s instructions. Following 

transposition DNA was purified using the MinElute Reaction Cleanup Kit (Qiagen). 

Libraries were generated using the NEBNext High-fidelity NGS kit. Libraries were 

purified with AMPure XP size selection beads. 50 bp paired-end reads were generated 

by Illumina HiSeq.  

Sequencing reads were aligned to the mouse mm10 genome using BWA 

(version 0.7.12) (H. Li and Durbin 2009) and low quality reads were removed using the 

SAMtools q30 filter (H. Li et al. 2009). Peaks were called with MACS2 (Y. Zhang et al. 

2008) with a q value of 0.05 or 0.25 as indicated. For differential accessibility, DiffBind 

software (Stark and Brown 2011) was applied using an FDR cutoff of <0.05.  

 

ChIP-sequencing  

ChIP-sequencing was conducted as described in (Imgruet et al., 2021). Briefly, 

chromatin was fixed with 1% formaldehyde for 10 minutes at room temperature. The 

reaction was stopped with the addition of 0.125 M glycine. Fixed chromatin was 

harvested from 100x106 K562 cells and sonicated (Bioruptor) for 10 minutes. 

Immunoprecipitation was conducted with Dynabead protein G magnetic beads (Thermo 

Fischer) and 10uG of anti-CUX1 antibody. CUX1 specific antibody is a rabbit polyclonal 

antibody that recognizes a C-terminal peptide (amino acids 1223-1242, 
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CEPPSSVGTEYSQGASPQPQH) of human CUX1 generated by the Pocono Rabbit 

Farm and Laboratory (Canadensis, PA) and affinity purified. Following elution, samples 

were treated with RNAseA and proteinase K prior to crosslink reversal. DNA was 

purified using Qiagen PCR purification kit. Libraries were prepared with the Ovation 

Ultralow Library Kit (NuGEN) and size selected with SPRIselect beads (Beckman 

Coulter). Illumina HiSeq was used to generated 50 bp single-end sequencing reads. 

Two biological replicates were performed. Sequencing data are available at GEO 

accession GSE181626.  

 

CUT&RUN 

CUT&RUN was conducted as described (Meers et al. 2019). 500,000 cells on day 7 

after induction toward the erythroid lineage were pelleted and washed twice with Wash 

Buffer (20 mM Hepes, 150 mM NaCl, 0.5 M Spermidine and Roche Complete Protease 

Inhibitor EDTA free). Washed cells were incubated with activated Concanavalin A-

coated magnetic beads (BP531) with Dig-Wash buffer (20 mM HEPES, pH7.5, 150 mM 

NaCl, 0.5 mM spermidine, 0.05% Digitonin and Roche complete Protease Inhibitor 

tablet EDTA free) for 5-10 minutes on a rotator. 10 µl bead slurry was used per sample. 

The cell bound beads were incubated with anti-CUX1 antibody (1:50) in 150µl 

antibody buffer (Dig wash Buffer plus EDTA) overnight at 4°C on a nutator.  The next 

day, beads were washed 3 times with 1 mL Dig Wash buffer. After final wash, 150 uL of 

the Protein A-MNAse (Henikoff Lab) was added at 700 ng/mL and incubated for 1 hour 

at 4°C. Beads were washed 3 times with 1 mL Dig Wash buffer and after last wash 24 µl 
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ice cold 1XpA-MNAse reaction mix (Dig Wash Buffer with 2mM CaCl2). Tubes were 

placed in a cold block and incubated at 0°C for 30 minutes. 

Tubes were placed on magnet and clear liquid was removed, followed by 

addition of 8 µL 4X STOP Buffer (80 mM EGTA, 0.05% Digitonin, 100 ug/ml RNAseA, 

100 pg/mL of heterologous spike-in DNA (Henikoff Lab) and incubation at 37°C to 

release CUT & RUN fragments. Tubes were placed on a magnetic stand and 30 µL of 

clear liquid containing digested chromatin was transferred to new tubes and 

immediately proceeded with library prep using NuGen Ovation Ultralow Library system 

(Tecan genomics 0344NB-32). Amplified libraries were cleaned up using Qiagen 

MinElute PCR Purification Kit (28004). Illumina HiSeq was used to generate 50 bp 

paired-end sequencing reads. Two biological replicates were performed. Sequencing 

data are available at GEO accession number GSE181626.  

 

ChIP-sequencing and CUT&RUN analysis  

Sequencing reads were aligned to the human genome hg19 using BWA (version 0.7.12) 

(H. Li and Durbin 2009). Low quality reads were removed using SAMtools q30 filter (H. 

Li et al. 2009). Peaks were called using MACS2 (Y. Zhang et al. 2008) with a p-value 

threshold of 0.1 for each replicate. To identify high confidence reproducible peaks, the 

peaks identified in MACS2 were subsequently analyzed by the irreproducible discovery 

rate (IDR) (Q. Li et al. 2011) on the top 250,000 peaks from each replicate. Peaks with 

an IDR value of <0.05 were kept for analysis.  
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Confocal microscopy 

For all imagining, we used #1.5 cover glass pre-treated treated with Poly-L-Lysine for 1-

2 hours. 0.5E6 sorted RII-erythroblasts were resuspended in 150 µL PBS and settled 

onto coverslips for one hour. TSA treated control cells were treated with 20 µM TSA 

(Abcam, catalog number: ab146598) diluted in PBS for 1 hour at room temperature. 

Cells were then fixed with 4% PFA for ten minutes at room temperature and then 

permeabilized in 0.2% Triton X-100 diluted in PBS for 20 minutes at room temperature. 

Cells were then stained with 1 mg/mL DAPI for 5 minutes and rinsed in PBS. 

VECTASHIELD (Vector Laboratories, catalog number: H-1000-10) was used as a 

mounting medium and slides were stored in light protected slide boxes at 4°C prior to 

imaging.  

 

Fluorescence Lifetime Image Microscopy  

Fluorescence images were collected on a Leica Stellaris8 Falcon confocal microscope 

using a 63X NA 1.4 objective in the FLIM module of LASX software (Leica 

Microsystems GmbH). Excitation by means of an extended-range white light laser was 

sequentially captured per fluorescent probe in by-frame mode, pulse picker 40 MHz, at 

intensities producing at most one photon per pulse. DAPI was excited at 405 nm to 

produce intensity images and at 440 nm for lifetime data. Images were accumulated to 

obtain sufficient counts. DAPI was recorded on HyDX-SMD detector and other probes 

on HyDS or -SMD class detectors. Three to five fields of view were taken of each 

preparation, and “blind” as to treatment prediction. Arrival times were exported into BIN 
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format, and the image lifetimes per pixel were fit using FLIMfit5.1.1 software (S. C. 

Warren et al. 2013) using a 3-exponential term model. Lifetime maps were exported as 

tif and measured in FIJI. Stacks of images were assembled per field of view for each 

fluorescence probe and the lifetime map. Cells were segmented by means of the 405-

DAPI outlines, watershed applied, and then areas, signal mean values, and standard 

deviation of mean values were measured per cell in each image using custom macro 

script in FIJI.  

 

Cell culture and transfections 

K562 cells were cultured and gCUX1 and gHPRT cell lines were generated as 

previously described (Imgruet et al., 2021). Briefly, gCUX1 and gHPRT cells lines were 

generated using the RNP-based CRISPR/Cas9 delivery system (Gundry et al. 2016). 

Our guide targeting CUX1 was designed using the BROAD shRNA Genetic Perturbation 

Platform (GPP) sgRNA Designer (Doench et al. 2016).  sgRNA and Cas9 were mixed at 

a ratio of 9:1 and incubated at room temperature for 10 minutes to generate RNPs. 

Cells were resuspended with RNPs and electorporated with 3 pulses at 1450 V of 10 

ms using the Neon Transfection System (ThermoFisher). Single-clones were generated 

then validated by sanger sequencing and western blot. 

 

Western blots  

Equal numbers of sorted RII-basophilic erythroblasts were lysed in 2X SDS sample 

buffer and processed for immunoblotting as previously reported (An et al., 2018). For 



   41 

protein detection, antibodies targeting H3 (Abcam, 1:3,000 dilution, catalog number: 

ab176842), and H3K18Ac (Abcam, 1:20,000 dilution, catalog number: ab40888), 

H3K23Ac (Abcam, 1:1,000 dilution, catalog number: ab177275), H3K27Ac (Abcam, 

1:3,000 dilution, catalog number: 177178), H4K12Ac (Abcam, 1:10,000 dilution, catalog 

number: ab177793), Acetyl-lysine (PTM Biolabs, 1:80,000 dilution, catalog number: 

PTM-101) were used. For visualization goat anti-rabbit secondary (Abcam, 1:5,000 

dilution, catalog number: ab97051) was used on a BioRad Imager.  

 

Methods for chapter 6  

 

Generation of CUX1-MCherry reporter mouse 

CUX1-MCherry reporter mice were generated via CRISPR/Cas9-mediated insertion. 

The guide sequence [sequence 1] 5’-CCATCGAATGGGAGTTCTGA-3’ was designed 

using the Broad Institute design tools to target the final coding exon of CUX1. To 

facilitate insertion, regions flanking the cut site were amplified to generate 2-kb and 3-kb 

homology arms. The homology arms were PCR amplified from B6C3F1 mouse genomic 

DNA using [sequences 2 and 3], resulting in a 5097 bp product topo cloned into the 

pCR-XL_2 vector. The MCherry tag was PCR amplified from the pMcherry-N1 plasmid 

and then Gibson cloned using [sequences 4 and 5] in the middle of the 5097bp genomic 

sequence. The plasmid was then transformed into NEB 5- Competent E. coli and 

plated on ampicillin plates (100 ug/mL) for selection. Successfully grown colonies were 

selected and expanded overnight in 100 mL LB broth with ampicillin (100 ug/mL). The 
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donor plasmid was purified using FosmidMax kit (epicenter #FMAX046). The donor 

sequence and orientation were confirmed by sanger sequencing using [sequences 6-8] 

which span both homology arms and the MCherry insert. CRISPR-Cas9 crRNA, 

tracrRNA, and Cas9 nuclease were purchased from Synthego. Ribonucleoprotein was 

assembled for microinjection as described in manufacturer’s instructions with a final 

concentration of 20 ng/uL guide, 50 ng/uL Cas9 nuclease, and 12.6 ng/uL donor 

plasmid. Mixes were then injected into the nuclei of C57BL/6J embryos. PCR spanning 

the insert was used to identify successful insertions which were validated by Sanger 

Sequencing using primer sets [sequences 9-14] (Table 1).   
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Table 1: CUX1-MCherry primers 

Reference 
Number 

Sequence 

1 CCATCGAATGGGAGTTCTGA 

2 CATGGTGGTTCTCAGCCATA 

3 ACACTGAGGGGCAATAGTGG 

4 ATCGAATGGGAGTTCGGCGGCGGCGGCAGCGTACCGGTCGCCACC 
ATGGTGAGCAAGGGC 

5 GGCCCGGCGCCCTCACTTGTACAGCTCGTCCATGCCGCCG 

6 TAATACGACTCACTATAGGG 

7 ACCTGGTGCGGAAGAAGAAG 

8 CGTTAAGTGCGCAACACG  

9 GCCCATCGAATGGGAGTT,  GATTGGGCTTAATGCTCCTTTG 

10  GCGAACTTGAACAGCATCATC,  GCGTTAAGTGCGCAACAC 

11 ATCCACCGCCTGGAGAA, CCTTGGCCTATGGCGATTT 

12  GACGGCGAGTTCATCTACAA,  GGAGGTGATGTCCAACTTGAT 

13  GGCCATCATCAAGGAGTTCA,  GGGAAGGACAGCTTCAAGTAG 

14  GACTACTTGAAGCTGTCCTTCC,  GATGGTGTAGTCCTCGTTGTG 

Sequences used in the generation of the CUX1-MCherry mouse. Sequence 1 is the 
guide sequence used for CRISPR/Cas9 editing. Sequences 2 and 3 were used to 
generate the homology arms. Sequences 4 and 5 were used to insert MCherry into the 
homology arms. Sequences 6-8 were used to confirm the identity of the donor plasmid. 
Sequencing pairs 9-14 were used to identify successfully edited mice. 
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CFU-assay 

Adult homozygous CUX1-MCherry reporter mice were sacrificed under sterile 

conditions. Bone marrow was isolated and lysed of red blood cells and cKit+ cells were 

sorted based on MCherry expression. 3,000 cKit+ bone marrow cells were plated in 

CFU media M3434 (Stemcell Technologies, catalog number:03434). 11 days after 

plating in CFU media colonies were counted.  

 

Single-cell RNA-sequencing  

Renilla, Cux1mid, and Cux1low bone marrow was retro-orbitally transplanted into lethally 

irradiated wild-type recipient CD45.1+ mice. Recipient mice were given 4 weeks to 

recover before doxycycline treatment for 5 days to induce CUX1 knockdown. Mice were 

then sacrificed and their bone marrow was lysed of red blood cells and lineage depleted 

(Mouse Direct Lineage Cell Depletion kit, Miltenyi Biotech). Cells were sorted for cKit+, 

GFP+, lineage- cells. The resulting cell population of 1 mL of cells at a concentration of 

1x106 cells / mL was processed for single cell RNA-sequencing following the 10X 

genomics manufacturer protocol, aiming for a recovery of 10,000 cells per population. 

Reads were 100 bp in length and paired end.  

Single-cell RNA-sequencing analysis 

Reads were aligned using CellRanger with a customized reference genome GRCm38 

mm10 where Cux1 and Casp transcripts are differentiated. Quality control was 

performed using Seurat v4.0 where cells with fewer than 400 UMIs and more than 8% 

mitochondrial transcripts were discarded. Clustering was performed using KNN by 
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Seurat FindClusters(), and clusters were annotated using canonical lineage specific 

genes and orthogonally validated using SingleR package with Novershtern 

Hematopoietic Data (Novershtern et al. 2011).  

Statistical analysis and plotting 

Statistical analysis was performed as indicated in the figure legends. Unless otherwise 

indicated, all replicates represent biological replicates. Tests were carried out using 

GraphPad Prism version 9.1.0 (216). For all plots values were indicated as follows: non-

significant p>0.05; * p <0.05; ** p<0.01; *** p<0.001; **** p<0.0001.  

 

Data availability  

The data discussed in this thesis have been deposited in NCBI’s Gene Expression 

Omnibus (Edgar, Domrachev, and Lash 2002) and are accessible through GSE181626. 
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CHAPTER 3: CUX1 REGULATES ERYTHROBLAST SURVIVAL AND 

PROLIFERATION 

 

Introduction 

The average human adult produces 200 billion red blood cells (RBCs) every day 

(Neildez-Nguyen et al. 2002). This massive production of red cells is generated through 

an intricate process beginning with commitment of hematopoietic stem cells to the 

erythroid lineage. Highly synchronized erythroid progenitor expansion and differentiation 

culminates in the nearly exclusive transcriptional production of hemoglobin. Mammalian 

RBCs are unique in that they undergo nuclear extrusion, a process which may enhance 

oxygen transport. However, the process of nuclear condensation preceding enucleation 

remains poorly understood (reviewed in (Mei, Liu, and Ji 2021)). Given the complexity 

and volume of RBC production, it is unsurprising that defects in erythropoiesis, 

manifesting as anemia, is a prevalent public health problem affecting up to a third of the 

world’s population (Chaparro and Parminder 2019). In one study of American 

individuals over 65 years of age, 24% were anemic, and the incidence was significantly 

higher in Black Americans (Denny, Kuchibhatla, and Cohen 2006). Across ages and 

populations, anemia is associated with increased morbidity and mortality. 

Anemia can often be explained by cell extrinsic causes, such as iron or B12 

deficiency. For anemias that are otherwise unexplainable, it has recently become clear 

that a substantial proportion of patients harbor somatic mutations in malignancy-related 

genes within their hematopoietic stem and progenitors cells (HSPCs) in the form of 

clonal hematopoiesis (Bolton et al. 2020). These patients with clonal hematopoiesis and 
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a cytopenia do not have an overt malignancy, although they have an increased risk of 

transformation. Loss of CUX1, either through CUX1 inactivating mutations or loss of all 

or part of chromosome 7 [-7/del(7q)] are recurrent genetic phenomenon in clonal 

hematopoiesis (Dimitriou et al. 2016; Jacobs et al. 2012; Takahashi et al. 2017). -

7/del(7q) and CUX1 mutations are also recurrent in fulminant myeloid malignancies 

(Armitage et al. 2003; Baudard et al. 1994; Luna-Fineman et al. 1999; McNerney, 

Godley, and Le Beau 2017). Myeloid neoplasms are often accompanied by cytopenia 

and dysplasia; dysplastic features in the erythroid lineage include enlarged size, nuclear 

multilobation, nuclear budding, and nuclear-cytoplasmic asynchrony, wherein the 

chromatin matures more slowly than the cytoplasm (Goasguen et al. 2018). 

Given the critical role for CUX1 in erythropoiesis, we sought to determine the 

mechanism by which CUX1 regulates RBC development. Herein, we report that CUX1-

knockdown mice have an impaired response to acute anemia leading to decreased 

survival. We identify multiple cellular defects in the course of erythropoiesis due to 

CUX1-deficiency, including increased proliferation and apoptosis. 

 

Results  

CUX1 is required for erythropoiesis 

We previously reported that, with age, CUX1-knockdown mice develop anemia with 

erythroid dysplasia (An et al., 2018). Bone marrow transplant recipients also develop 

macrocytic anemia, indicating the requirement for CUX1 in steady-state erythropoiesis 

is hematopoietic intrinsic. To confirm this result, we turned to our CUX1-knockdown 
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mouse models which express two independent, doxycycline-inducible shRNA 

transgenes targeting Cux1, Cux1mid and Cux1low (Figure 7) (An et al., 2018).  Mice 

expressing an shRNA targeting renilla luciferase are included as controls (Ren).  We 

transplanted Ren or Cux1low CD45.2(+) bone marrow into lethally irradiated wild-type 

CD45.1(+) recipients, allowed them 4 weeks to recover, induced CUX1 knockdown for 7 

weeks before profiling erythropoiesis (Figure 9A). We find that, as reported (An et al. 

2018), CUX1 loss leads to the development of anemia, indicated by the reduced RBC 

values (Figure 9B). Further indicating anemia, Cux1low mice have enlarged spleens, 

dominated by erythroblasts indicative of extramedullary erythropoiesis (Figure 9C).  

To identify the stage of erythroblast differentiation disrupted by CUX1 deficiency we 

performed flow cytometry on the bone marrow of these mice. CD71 (TRFC, transferrin 

receptor) and Ter119 (LY76) are used to mark erythroblasts throughout terminal 

erythroid differentiation (Figure 1B). These markers delineate four populations of 

erythroblasts: RI pro-erythroblasts, RII basophilic-erythroblasts, RIII polychromatic-

erythroblasts, and RIV orthochromatic-erythroblasts. Orthochromatic-erythroblasts 

enucleate and emigrate from the bone marrow into the peripheral blood becoming 

reticulocytes. We find Cux1low erythroblasts have a reduction in RII basophilic-

erythroblasts and increase in RIV orthochromatic-erythroblasts (Figure 9D). Taken 

together these results confirm our previous work that CUX1 knockdown leads to anemia 

and disrupts erythropoiesis.   
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Figure 9. CUX1 is required for erythropoiesis. (A) Experimental model for (A-D). Ren 
or Cux1low bone marrow was transplanted into lethally irradiated CD45.1+ wild-type 
recipients. Recipient mice were given 4 weeks to removed and then treated with 
doxycycline to induce knockdown for 7 weeks before profiling. (B) Complete blood 
counts on the peripheral blood (Ren n=6, Cux1low n=7). (C) Spleen weight and 
composition following CUX1 knockdown (Ren n=6, Cux1low n=7) (D) Erythroblast  
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Figure 9, continued 

differentiation stage in recipient knockdown mice (Ren n=6, Cux1low n=7). For all data 
each point represents an individual mouse. The mean ± SD is shown. Student t test 
*P ≤ .05, **P ≤ .01, ***P ≤ .001. 
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CUX1 during in vitro erythropoiesis  

As Cux1 is expressed throughout hematopoietic lineages, it is unclear at what 

stage(s) CUX1 is required for erythropoiesis. For instance, phenotypic hematopoietic 

stem cell (HSC) numbers also decrease with time in CUX1-knockdown mice, evincing 

the possibility that anemia may result from HSC exhaustion (An et al., 2018). To create 

a system to characterize CUX1’s cell intrinsic role in erythropoiesis we aimed to 

generate in vitro liquid cultures. These cultures began with HSCs which are induced to 

differentiate into erythroblasts through a cytokine cocktail. After culturing, Cux1low cells 

may have dysfunctional differentiation into erythroid cells (Figure 10A). However, 

cultures were comprised primarily of cell debris making the results inconclusive.  

As an alternative approach to profile the in vitro erythroid potential of Cux1low 

HSPCs, we plated lineage depleted progenitors in BFU-E and CFU-E methylcellulose 

cultures. Before terminal erythroid differentiation, erythroid progenitors progress through 

differentiation as BFU-Es and CFU-Es identified by colony formation in methylcellulose. 

The result of these cultures indicates CUX1 may regulate splenic erythroblasts during 

the proliferative CFU-E and BFU-E stages, perhaps as an early response to anemia, but 

does not regulate bone marrow erythroblasts (Figure 10B). Therefore, we moved to an 

alternative model to assess the role of CUX1 in erythroblasts.  
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Figure 10. CUX1 does not discernibly regulate erythropoiesis in vitro. (A-B) Ren 
and Cux1low bone marrow and spleen cells (B) were isolated lineage depleted following 
one week of knockdown. (A) Hematopoietic progenitors were plated in liquid in vitro 
cultures and sampled at 48 and 52 hours after culture induction. (B) Spleen and bone 
marrow progenitors were plated in BFU-E and CFU-E cultures, total colonies formed 
were counted. 
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CUX1 is required for stress-induced erythropoiesis 

As liquid in vitro cultures were inconclusive, we tested the requirement for CUX1 

in phenylhydrazine-induced stress erythropoiesis. This enabled us to identify the role of 

CUX1 in erythroid progenitors, as phenylhydrazine only affects the erythroid lineage and 

recovery is dependent on erythroid progenitors (Harandi et al. 2010). After one week of 

doxycycline, we treated mice with two doses of 60 mg/kg of phenylhydrazine to induce a 

hemolytic anemia from which 90% of Ren control mice recover from (Figure 11A). In 

stark contrast, only 36% of Cux1mid and 11% of Cux1low mice survive this acute anemic 

stress (Figure 11A). This result shows that in addition to a role in steady-state 

erythropoiesis, CUX1 is also required in stress-erythropoiesis. Furthermore, defects in 

CUX1-deficient HSCs notwithstanding, CUX1 is required in erythroid progenitors to 

sustain recovery from acute anemic stress. 

We sought to characterize the stages of erythroid development disrupted by 

CUX1 deficiency. We were unable to assess erythropoiesis after exposure to two doses 

of phenylhydrazine due to the moribund state of CUX1-knockdown mice. As such, we 

assessed mice after a single dosage of 60 mg/kg phenylhydrazine. Following this 

treatment, all biological groups had a similar RBC nadir (Figure 11B), and all responded 

with increased reticulocytes, i.e. immature RBCs indicative of a normal response to 

anemia. However, reticulocytes comprise almost half of RBCs in Cux1low mice, a sign of 

aberrant red cell production (Figure 11C). Even at a single dosage of 60 mg/kg 

phenylhydrazine some mice (10% of Ren, 26% of Cux1mid and 28% of Cux1low) were 

unable to recover (Figure 12). Therefore, we lowered the dosage to 40 mg/kg to assess 

erythroid differentiation without morbidity.  Following acute anemic stress, there is 
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normally an expansion of early erythroblasts as evidenced by the increase proportion of 

RI and RII erythroblasts in phenylhydrazine-treated Ren mice compared to untreated 

mice (Figure 11D). In contrast, CUX1 insufficient mice fail to mount this response and 

appear more similar to untreated mice in their erythroblast distribution (Figure 11D). The 

spleen is a critical source of stress erythropoiesis in mice, and a similar reduction in RII 

was observed in the spleen 4 days following acute anemic stress (Figure 12B). Overall, 

these results indicate that CUX1 deficiency in erythroblasts lead to an ineffective and 

ultimately fatal response to acute anemia characterized by attenuated erythroblast 

expansion and the generation of immature RBCs.  

 

CUX1-deficiency leads to increased erythroblast proliferation and apoptosis  

Our next aim was to uncover the cellular role of CUX1 in erythroblasts. In our 

previous work, we reported that Cux1low erythroblasts do not have increased apoptosis 

at steady-state (An et al., 2018). However, that analysis did not consider that kidney 

fibroblasts produce erythropoietin in response to anemia-induced hypoxia (Watowich 

2011). Erythropoietin increases RBC production by promoting early erythroblast survival 

through reduction of apoptosis (Watowich 2011). To determine if erythropoietin 

signaling may be masking the true phenotype of Cux1low erythroblasts, we examined 

serum erythropoietin in Cux1low mice at steady-state. Indeed, as soon as one month 

after CUX1-knockdown, Cux1low mice have significantly elevated serum erythropoietin  
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Figure 11. CUX1 is required for stress erythropoiesis. (A-D) Adult Cux1low, Cux1mid 
and littermate Ren mice were doxycycline treated to induce CUX1 knockdown for one 
week before phenylhydrazine injection. (A) Kaplan-Meier survival plot of Cux1low (n=9), 
Cux1mid (n=14), and Ren (n=20) mice following acute anemic stress induced by two 
injections of 60 mg/kg phenylhydrazine (log-rank test). (B) RBC from complete blood 
counts following one injection of 60 mg/kg phenylhydrazine (n=3-4 per condition). (C) 
Peripheral blood reticulocytes 4 days after one injection of 60 mg/kg phenylhydrazine 
(n=2 no phenylhydrazine, n=5-8 Ren, Cux1mid, and Cux1low). (D) Flow cytometric 
analysis of bone marrow erythroblasts 2 days after one injection of 40 mg/kg 
phenylhydrazine (n=3-4 mice per condition). For all data each point represents an 
individual mouse. The mean ± SD is shown. Student t test *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 
0.001. 
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Figure 12. Splenic erythropoiesis and CBC values following acute anemic stress 
and CUX1 knockdown (A-B) Adult Cux1low, Cux1mid and littermate Ren mice were 
doxycycline treated to induce CUX1 knockdown for one week before phenylhydrazine 
injection. (A) Kaplan-Meier survival plot of Cux1low (n=11), Cux1mid (n=9), and Ren 
(n=10) mice following acute anemic stress induced by one dosage of 60 mg/kg 
phenylhydrazine (n.s. log-rank test). (B) Flow cytometric analysis of splenic 
erythroblasts 2 or 4 days after one injection of 40 mg/kg phenylhydrazine (n=3-4 mice 
per condition). Student t test *P ≤ .05, **P ≤ .01, ***P ≤ .001. 
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and reticulocytosis, indicative of an early anemia and erythropoietin-induced response 

(Figure 13A). This result indicated the need for an experimental design that circumvents 

the influence of erythropoietin induction. To this end, we generated mixed bone marrow 

chimeras with wild-type support marrow to maintain erythropoiesis and prevent anemia 

(Figure 13B). We transplanted CD45.2+ Ren, Cux1mid, or Cux1low bone marrow at a 1:1 

ratio with CD45.1+ competitor bone marrow into lethally irradiated CD45.1+ wild type 

recipients. Traditionally CD45 isogenic markers are used to distinguish donors in a 

mixed bone marrow chimera, however not all erythroblasts express CD45 (Fajtova et al. 

2013). As an alternative, we leveraged the design of our transgenic mice, in which the 

shRNAs are embedded within the 3’ UTR of GFP in the Col1A1 locus (Figure 7) (An et 

al., 2018). With this approach, nearly all experimental erythroblasts are GFP+ (Figure 

14). Following transplantation, we allowed engrafted mice to recover for 4 weeks and 

then treated them for one week with doxycycline to induce shRNA expression (Figure 

13B).  

We profiled GFP+ bone marrow erythroblast differentiation stage, apoptosis, and 

proliferation to determine the role of CUX1 in erythroblasts at a cellular level. Compared 

to Ren, Cux1low bone marrow erythroblasts have a reduction in early RI and RII 

erythroblasts and an increase in late stage RIII and RIV erythroblasts in the mixed bone 

marrow chimera, recapitulating findings following acute anemic stress (Figure 11D). 

Spleen erythroblasts followed a similar trend but did not reach statistical significance 

(Figure 13C). These results contrast with the characterization of Cux1low erythropoiesis 

without support marrow whereby Cux1low mice had an increase in early RI and RII 
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erythroblasts (An et al., 2018). This difference is likely explained by heightened 

erythropoietin signaling in the anemic Cux1low mice at steady-state (Figure 13A) leading 

to increased early erythroblast survival in our prior work. Thus, in the absence of 

elevated erythropoietin, Cux1low mice have fewer immature erythroblasts compared to 

controls.  

We reassessed apoptosis, now in the mixed bone marrow chimera setting, and 

found that Cux1low bone marrow erythroblasts have significantly increased apoptosis 

indicating that CUX1 is required for erythroblast survival (Figure 13D). Cell cycle 

analysis revealed that Cux1low bone marrow erythroblasts have a lower percentage of 

cells in G1 and a shift of cells into G2/M, suggesting CUX1 normally inhibits cell cycling 

(Figure 13E). Taken together, these results indicate that CUX1 promotes erythroblast 

survival and constrains proliferation to enable optimal red cell production. In addition, 

these experiments highlight the importance of including support bone marrow cells to 

deconvolute the cell intrinsic roles of erythroid factors from the extrinsic effects of often 

collateral anemia.  

 

CUX1 regulates proliferation and differentiation gene signatures 

Upon finding that CUX1 regulates erythroblast survival and proliferation, we 

aimed to characterize the molecular mechanism by which CUX1 controls these 

pathways. As a HOX-family transcription factor, we predicted CUX1 would play a 

transcriptional role in erythroblasts and/or megakaryocyte-erythroid progenitors (MEPs), 

the final hematopoietic progenitor before complete commitment to the erythroid lineage.  
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Figure 13. CUX1 regulates erythroblast differentiation, survival, and proliferation.  
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Figure 13, continued  

 

(A) Erythropoietin ELISA on peripheral blood of mice treated with doxycycline for one 
month (n=5-9) Peripheral blood reticulocytes after 7 or 30 days of knockdown (n=7-10 
mice per condition). (B) Experimental setup for (C-E) experimental CD45.2+ bone 
marrow was mixed at a 1:1 ratio with CD45.1+ wild-type support marrow and 
transplanted into CD45.1+ recipients. Transplant recipients were allowed 4 weeks to 
recover and treated for one week to induce shRNA expression before erythroblast 
characterization. (C) Differentiation stage of GFP+ erythroblasts (n=6-9). (D) Apoptosis 
of GFP+ Ter119(+) erythroblasts as measured by Annexin V and PI (n=3-7). (E) Cell 
cycle analysis of GFP+ erythroblasts (n=6-9). For all figures each point represents an 
individual mouse. The mean ± SD is shown. Student t test *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 
0.001. 
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Figure 14. Gating schema for experimental erythroblasts. 
GFP+ cells were gated on prior to classical CD71 vs. Ter119 erythroid gating, allowing 
for a mixed bone marrow chimera assessing erythroblasts. Percentages represent % 
GFP+ of each erythroid differentiation stage. 
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We profiled the transcriptome of MEPs and RII basophilic erythroblasts from Ren, 

Cux1mid, and Cux1low mice at steady-state 3 days following CUX1-knockdown. This 

early time frame was chosen as the mice are not yet anemic (An et al., 2018) keeping 

the transcriptional profile of MEPs and erythroblasts unaffected by increased 

erythropoietin signaling. RNA-seq analysis revealed only 35 genes with transcriptional 

differences in Cux1low vs Ren MEPs (FDR < 0.05) (Figure 15A, circles, Figure 16A). We 

note that in our previous characterization, MEP numbers were unchanged following 

CUX1-knockdown (An et al., 2018). In contrast, principle component analysis (PCA) 

suggests Cux1low erythroblasts are transcriptionally unique from Ren and Cux1mid 

samples (Figure 15A, triangles). That Cux1mid MEPs and RIIs clustered with their Ren 

counterparts is likely explained by the poor CUX1 knockdown in these cell types (Figure 

16C), and may also explain why few cellular changes were observed in Cux1mid 

erythroblasts (Figure 10). Based on these data we further evaluated differences 

between Ren and Cux1low RII basophilic erythroblasts. 

Cux1low RII erythroblasts had 374 differentially expressed genes (FDR < 0.05) 

(Figure 15B). Gene set enrichment analysis (Subramanian et al. 2005) determined 

increased cell cycle genes (“Hallmark G2M Checkpoint” gene set) in erythroblasts 

following CUX1 loss (Figure 15C), consistent with the increased proliferation of Cux1low 

cells in vivo (Figure 13E). Cux1low erythroblasts have increased expression of PI3K 

signaling pathway genes (“Hallmark PI3K AKT MTOR Signaling”) (Figure 15C), a 

pathway critical in regulating erythroblast survival and proliferation (Ghaffari et al. 2006; 

Kharas et al. 2010; Jiwang Zhang et al. 2006). Conversely, Cux1low erythroblasts have  
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Figure 15. CUX1 knockdown transcriptionally alters erythroblast differentiation 
and proliferation (A-C). RNA-sequencing of RII-basophilic erythroblasts 
(CD71+Ter119+) and megakaryocyte-erythrocyte progenitors (Lin-cKit+CD34-CD16/32-
) from Ren, Cux1mid, and Cux1low mice treated for 3 days with doxycycline (n=3). (A) 
PCA plot of all RNA-sequencing samples. (B) Volcano plot showing gene expression 
changes between Ren and Cux1low RII-basophilic erythroblasts. Green indicates 
log2(FC) > |1.5|. Blue represents p-value < 0.05. Red represents both log2(FC) > |1.5| 
and p-value < 0.05. (C) GSEA of RNA-sequencing comparing RII-basophilic 
erythroblasts from Ren and Cux1low mice  
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Figure 16. Few transcriptional differences are found among MEPs and between 
Ren and Cux1mid samples. (A-B) Volcano plot showing gene expression changes 
between indicated genotypes and cell types. Green indicates log2(FC) > |1.5|. Blue 
represents p-value < 0.05. Red represents both log2(FC) > |1.5| and p-value < 0.05. (C) 
Relative CUX1 expression across cell types and genotypes generated from RNA-seq 
data. 
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decreased expression of key genes required for red cell differentiation (“Hallmark Heme 

Metabolism”) including EPOR, HBB, and KLF1, further supporting the observation that 

CUX1 is critical for erythropoiesis (Figure 15C). In conclusion, CUX1 has a modest 

transcriptional impact in MEPs and RIIs, and low levels of CUX1 are associated with 

increased proliferative and PI3K signaling signatures and decreased differentiation 

signatures in RIIs. 

 

Conclusions   

We previously reported that CUX1 knockdown in mice leads to myeloid 

malignancies characterized by anemia with age (An et al., 2018). We recapitulate these 

findings (Figure 9) and focus on the cellular role of CUX1 in erythropoiesis. We were 

unable to employ an in vitro system to conclusively study CUX1 during red cell 

development (Figure 10). Therefore, we utilized phenylhydrazine as a system of acute 

anemic stress to study the role of CUX1 in erythroblasts (Figure 11). We established 

that CUX1 is vital for recovery from acute anemic stress, indicating that while CUX1 

likely has important roles in HSCs and progenitors, it also has a critical role in 

erythroblasts.  

To uncover the unbiased cellular role of CUX in erythropoiesis we utilized mixed 

bone marrow-chimeras (Figure 13), and find that CUX1 is required for survival and 

regulates proliferation. It’s unclear how CUX1 knockdown promotes erythroblast 

proliferation and apoptosis. However, one possibility that will be discussed more in 
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future sections is evinced by the transcriptional evidence of enhanced PI3K signaling in 

Cux1low RII-basophilic erythroblasts (Figure 15C). RNA-seq analysis of RIIs following 

CUX1 knockdown confirmed our results that CUX1 regulates erythroblast proliferation 

and differentiation (Figure 15).  

  



   67 

CHAPTER 4: CUX1 IS REQUIRED FOR NUCLEAR CONDENSATION IN 

ERYTHROBLASTS 

 

 

Introduction 

No obvious transcriptional target CUX1 was revealed by RNA-sequencing of MEP 

and RIIs. Therefore, to identify the molecular mechanisms by which CUX1 regulates 

erythropoiesis we performed ATAC-sequencing following CUX1 knockdown. The 

chromatin of erythroblasts is distinct. Throughout erythroid differentiation the nucleus is 

condensed 10-fold in preparation for enucleation (Mei, Liu, and Ji 2021). Furthermore, 

the transcriptional activity, and therefore the chromatin architecture, of erythroblasts is 

almost exclusively involved in the production of hemoglobin and iron transport factors. 

The unique chromatin condition of erythroblasts provides an interesting landscape to 

study the activity of CUX1. Therefore, we profiled chromatin accessibly following CUX1 

loss and the direct DNA targets of CUX1 in erythroblasts.  

 

Results 

CUX1 knockdown leads to extensive opening of erythroblast chromatin  

We next attempted to identify direct genomic targets of CUX1 in murine RII 

basophilic-erythroblasts. Both ChIP-sequencing (Schmidt et al. 2014) and CUT&RUN 

(Meers et al. 2019) failed to map CUX1 binding sites in murine erythroblasts, perhaps 

due to the low expression of CUX1 in these cells. As an alternative model system, we 
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turned to primary human CD34+ HSPCs. We cultured the CD34+ cells in erythroid 

promoting conditions for 7 days to induce erythroid differentiation (Sankaran et al. 

2008). At this time point, cultured cells are ~80% CD71+ and a small fraction (~3%) are 

also GlyA+, making these equivalent to pro- and basophilic mouse erythroblasts (Figure 

17). Of note, CUX1 CRISPR editing in human CD34+ cells also disrupts erythropoiesis 

under these conditions (Baeten et al., under revision). We performed CUT&RUN for 

CUX1 to identify CUX1’s genomic occupancy on day 7 of erythroid differentiation. 

Analysis revealed 4,716 binding sites for CUX1 (IDR < 0.05). In contrast to our prior 

report that CUX1 preferentially binds distal enhancers (Arthur et al. 2017), the majority 

of CUX1 binding sites in erythroid cells are near transcriptional start sites (Figure 18A). 

This result may reflect enhancer decommissioning observed during erythropoiesis 

(Schulz et al. 2019). GREAT analysis (McLean et al. 2010) shows CUX1 targets are 

significantly enriched for genes in categories of “Human Phenotype: Anemia of 

inadequate production (ID: HP:0010972)” (binomial FDR = 0.00604) and “Mouse 

Phenotype Single KO: abnormal erythropoiesis (ID: MP:0000245)” (binomial FDR = 0. 

00001). Motif analysis revealed an enrichment for STAT, AP1, and GATA motifs in 

CUX1 binding sites, all of which are quintessential transcriptional regulators in 

erythropoiesis (Ferreira et al. 2005; Jacobs-Helber and Sawyer 2004; Won et al. 2009) 

(Figure 18B). These results indicate CUX1 binds widely in developing erythroid cells, 

with an enrichment at critical erythroid genes, and at sites likely co-occupied by other 

key erythroid regulators. 

To determine if CUX1 regulates chromatin accessibility in murine MEPs and RII 

erythroblasts, we performed ATAC-seq (Buenrostro et al. 2015) in these populations.  
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Figure 17. Differentiation of human erythroblasts using in vitro culture. Flow 
cytometry analysis of human CD34 erythroid cultures 7 days after erythroid induction. 
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Figure 18. CUX1 binds promoters and CUX1 binding sites contain motifs of 
quintessential erythroid factors  
(A) Profile of regions CUX1 occupies in human CD34+ cells on D7 of erythroid 
differentiation (B) Meme suite (Bailey and Elkan 1994) analysis of motifs CUX1 
occupies in CD34+ D7 cells. 
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Similar to the transcriptional profiles, there were few changes in chromatin 

accessibility between Ren and Cux1low MEPs (Figure 19A), and Cux1mid samples largely 

resembled Ren counterparts (Figure 19C). In contrast, Cux1low erythroblasts gained 

3,821 peaks compared to Ren erythroblasts (FDR < 0.05), indicating more regions of 

accessible chromatin following CUX1 loss (Figure 20A). To test this finding more 

rigorously, we performed DiffBind analysis (Ross-Innes et al. 2012) which revealed 

6,191 sites (57% of peaks) had increased accessibility in Cux1low cells (FDR < 0.05) 

(Figure 20B). As can be appreciated in the MA-plot in Figure 20B, the vast majority of 

sites gained accessibility, even if they did not meet the 5% FDR threshold. These data 

indicate that CUX1 has a profound impact on chromatin accessibility in erythroblasts 

and little effect on MEPs.  

During terminal erythroid differentiation erythroblasts condense their chromatin 

ten-fold in preparation for enucleation (Reviewed in (Mei, Liu, and Ji 2021)). Our 

previous data indicate that CUX1 deficiency disrupts differentiation. Thus, perhaps 

increased chromatin accessibility in CUX1-knockdown cells reflects a block in 

differentiation. To test this hypothesis, we compared the chromatin accessibility profiles 

of Cux1low erythroblasts to Ren MEPs, reasoning that if Cux1low erythroblasts have 

stalled chromatin condensation, they would be more akin to control MEPs than control 

RIIs. However, PCA analysis does not support this conclusion. Principle component 1 

(64% of variance) distinctly delineates samples by cell type, including clustering Cux1low 

erythroblasts with Ren erythroblasts (Figure 20C). Nonetheless, Cux1low RIIs clearly 

segregate away from Ren RIIs. Thus, Cux1low erythroblasts are not in a progenitor-like 
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chromatin state and are instead, in a distinct and aberrant state not represented in the 

normal erythroid trajectory. 

We then asked if the distinct chromatin state of Cux1low RIIs was due to 

increased accessibility at normally accessible sites or were de novo accessible sites not 

normally present. To distinguish these possibilities, we lowered the peak calling cut-off 

of Ren samples to identify putative sub-threshold peaks in control cells. These low-

threshold peaks in Ren RIIs are perhaps representative of areas transitioning between 

open and closed states. We chose a cut-off of FDR < 0.25 as the resulting Ren (FDR < 

0.25) and Cux1low (FDR <0.05) thresholds resulted in comparable number of peaks 

(Figure 20D). This analysis revealed that 74.9% of the peaks called in Cux1low RIIs 

(FDR < 0.05) were present in Ren RIIs (FDR < 0.25, Figure 20D). This result 

demonstrates that the majority of ATAC-seq peaks in Cux1low erythroblasts are present 

in control samples, albeit at lower levels. In other words, sites of pre-existing 

accessibility become more open in the absence of CUX1 in RII cells. This phenomenon 

can also be appreciated by visual inspection of IGV browser tracks (Figure 20E) 

(Thorvaldsdóttir, Robinson, and Mesirov 2013).   

To determine if CUX1 directly binds the genomic regions that gained ATAC-seq 

accessibility, we used UCSC LiftOver (Kuhn, Haussler, and James Kent 2013) to 

convert the human CUX1 CUT&RUN peaks to mouse genomic coordinates. Following 

LiftOver, we retained 3,516 CUX1 binding sites (84%). We found 78% of CUX1 binding 

sites were accessible in the Cux1low erythroblasts suggesting CUX1 may be responsible 

for the changes in chromatin accessibility. An exemplary region of the genome shows 

increased accessibility in Cux1low erythroblasts, with CUX1 directly binding the 
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accessible regions (Figure 20E). Thus, regions with low levels of accessibility become 

significantly more open following CUX1, and many of these sites are direct CUX1 

targets.  

Erythroblast chromatin condensation is dependent on CUX1  

Given the breadth and magnitude of changes in chromatin accessibility upon 

CUX1 loss, we anticipated a corresponding impact on overall nuclear condensation. As 

a proxy for nuclear condensation, we first measured nuclear size in Ren and Cux1low RII 

erythroblasts by DAPI immunofluorescence staining. As controls, we included Ren RI 

and RIV erythroblasts, which have larger and smaller nuclear areas respectively (Figure 

21A). Compared to Ren RIIs, Cux1low RIIs had significantly larger nuclear size (Figure 

21A). While this result is consistent with defective nuclear condensation in Cux1low cells, 

we aimed to measure chromatin compaction more directly. To this end, we employed 

Fluorescence Lifetime Imaging Microscopy (FLIM) which measures chromatin 

compaction by DAPI fluorescence lifetime (Estandarte et al. 2016; Spagnol and Dahl 

2016). Longer DAPI lifetime is associated with decondensed chromatin while a shorter 

lifetime is indicative of condensed chromatin (Estandarte et al. 2016; Spagnol and Dahl 

2016). Compared to Ren RII erythroblasts, Cux1low RII’s have longer DAPI fluorescence 

lifetimes consistent with less condensed chromatin (Figure 21B). Indeed, the mean 

DAPI lifetime of Cux1low RII cells was akin to Ren RIIs treated with the histone 

deacetylase (HDAC) type I and II inhibitor, trichostatin-A (Figure 21B). These results 

confirm that CUX1 is required for chromatin condensation during terminal erythroid 

differentiation.  
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Figure 19. Chromatin accessibility in MEPs and Cux1mid samples  
(A-C). ATAC-sequencing of RII-basophilic erythroblasts and Megakaryocyte-erythrocyte 
progenitors from Ren, Cux1mid, and Cux1low mice treated for 3 days with doxycycline. 
Venn diagrams show absolute peak number.  
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Figure 20. Cux1low erythroblasts have increased global chromatin accessibility  
(A-E). ATAC-sequencing of RII-basophilic erythroblasts (CD71+Ter119+) and 
megakaryocyte-erythrocyte progenitors (Lin-cKit+CD34-CD16/32-) from Ren and  
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Figure 20, continued 

Cux1low mice treated for 3 days with doxycycline (n=2 biological replicates). (A) Venn 
diagram of absolute peak number (FDR < 0.05) from Ren and Cux1low RII-erythroblasts. 
(B) MA plot from DiffBind (Brown, 2011) analysis of Ren and Cux1low peaks. Pink dots 
indicate FDR < 0.05. (C) PCA plot of chromatin accessibility of MEP and RII cells across 
genotypes. (D) Absolute peak number from Ren samples (MACs q<0.25 or q<0.05) and 
Cux1low samples (q<0.05). Venn diagram of overlap between ATAC-seq peaks from 
Cux1low RIIs (q<0.05) and Ren RIIs at a less stringent cut-off (q<0.25). (E) Example 
genomic region comparing ATAC-seq data from Ren and Cux1low RII erythroblasts. 
CUX1 CUT&RUN data is derived from human CD34+ cells on day 7 of erythroid 
differentiation conditions. Human data was converted to murine genomic coordinates by 
liftOver (Kuhn, Haussler, and James Kent 2013).  
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To determine if the role of CUX1 in nuclear condensation is conserved in human 

cells, we measured the size of human erythroblasts following CUX1 knockdown. We 

used CRIPSR/Cas9 to target CUX1 (gCUX1) in primary human CD34+ cells or safe-

harbor control genes with 38.3-65.6% editing efficiency and placed them in erythroid 

promoting conditions for 7-14 days (Imgruet et al. 2021) (Baeten et al., under revision). 

At the end of the culture period, gCUX1 erythroid cells were larger than control cells by 

FSC-A (Figure 21C). To test if the increased size was a reflection of the nuclear size, 

we measured DAPI fluorescence area of the human cells throughout differentiation. At 

day 7 in the culture gCUX1 cells also had a significantly larger nuclear area than the 

control counterparts (Figure 21D). Taken together, these results indicate that CUX1 

regulates nuclear condensation in both human and mouse erythroblasts. 

 

CUX1 is required for histone deacetylation in erythroblasts 

During erythropoiesis the chromatin undergoes dynamic changes in preparation 

for condensation and enucleation (reviewed in (Sundaravel, Steidl, and Wickrema 

2021)) The mechanisms governing nuclear condensation preceding enucleation in 

erythroblasts is an active area of research. However, it is known that histone 

deacetylation is required during erythropoiesis in both human and mouse cells (Popova 

et al. 2009; Yamamura et al. 2006). To identify the molecular mechanism by which 

CUX1 regulates chromatin condensation we first investigated if CUX1 transcriptionally 

regulates HATs (histone acetyl transferases) or HDACs. By RNA-seq, we find no 

significant differences in the expression level of HATs or HDACs between Ren and 
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Cux1low MEPs or RII erythroblasts (Figure 22A). This observation connotes CUX1 does 

not transcriptionally regulate writers or erasers of histone acetylation.  

CUX1 has been reported to directly interact with histone deacetylases 

(Kühnemuth et al. 2015a; S. De Li et al. 1999; Sharma et al. 2009). To investigate 

whether CUX1 co-occupies genomic sites with HDACs, we performed ChIP-seq in the 

Tier-1 ENCODE human erythroid leukemia cell line K562 (Gauwerky, Lusis, and Golde 

1982). This enabled us to identify potential partners of CUX1 by intersecting CUX1 

binding sites with publicly available HDAC occupancy datasets. Analysis revealed 

26,497 CUX1 ChIP-seq peaks in K562 cells (IDR < 0.05). We observed 65%, 44%, and 

23.8% of CUX1 binding sites overlap with peaks of HDAC1, HDAC2, and HDAC3, 

respectively (Figure 23A). The high percentage of co-occupancy of CUX1 and HDAC1 

is consistent with prior reports that HDAC1 is a known binding partner of CUX1 

(Kühnemuth et al. 2015a; S. De Li et al. 1999; Sharma et al. 2009).  These results led 

us to consider that CUX1 interacts with HDACs in erythroblasts to promote histone 

deacetylation. To test this model, we examined global histone acetylation levels 

following CUX1 loss in K562 cells. We evaluated previously reported mass 

spectrometry-based measurements of histone post-translational modifications of 

CRIPSR-edited CUX1 (gCUX1) and HPRT (gHPRT) K562 cells (Yuan et al. 2018) 

(Imgruet et al., 2021). H3K23Ac, H3K18Ac, and H3K20Ac were significantly increased 

in gCUX1 cells, consistent with a role for CUX1 in regulating histone deacetylation 

(Figure 23B).  
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Figure 21. CUX1 is required for chromatin condensation during terminal erythroid 
differentiation. (A-B). Immunofluorescence microscopy on sorted erythroblasts from 
Cux1low or Ren mice after one week of knockdown. (A) Nuclear size as measured by 
total DAPI area, mean and SEM is plotted next to representative image (n=5). (B) 
Fluorescence Lifetime Imaging Microscopy (FLIM) of DAPI in murine erythroblasts. 
Each point is the mean fluorescence lifetime of an individual slide (n=3-10). White scale 
bar represents 10 μm. Representative image showing DAPI lifetime of nuclear area of  
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Figure 21, continued 

nucleated erythroblasts is shown. Color indicates DAPI lifetime from shortest 1500 
picoseconds to longest 4500 picoseconds. (C) FSC-A from human CD34s after 
culturing in erythroid promoting conditions for 14 days with CUX1 knockdown (gCUX1) 
or a guide targeting editing safe-harbor gene AAVS1 (gAAVS1) (n=8). (D) Nuclear size 
measured by total DAPI area in human CD34 cells cultured in erythroid promoting 
conditions for 7 days with CUX1 knockdown (gCUX1) or guide targeting safe-harbor 
gene HPRT (gHPRT) (n=2). Student t test *P ≤ .05, **P ≤ .01, ***P ≤ .001. 
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Figure 22. Expression of histone acetyl transferases and histone deacetylases. 
Relative expression of histone acetyl transferases and histone deacetylases following 
CUX1 knockdown cell types and genotypes generated from RNA-seq data. 
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Figure 23. CUX1 is required for histone deacetylation in erythroblasts  
(A) Intersection of CUX1 and HDAC ChIP-seq binding sites in K562 cells. :GSE91720 
(Lou et al. 2020), GSE12712 and GSE127356 (Jing Zhang et al. 2020). (B) Acetylated 
peptide abundance from LC-MS/MS in K562 cells with CUX1 knockdown (gCUX1) or 
control (gHPRT) (Imgruet et al. 2021) (C) Sorted RII-basophilic erythroblasts from Ren 
and Cux1low mice with CUX1-knockdown for one week. Representative western blot 
shown (n=3, total histone acetylation n=2) Student t test *P ≤ .05, **P ≤ .01, ***P ≤ .001. 
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To ascertain if CUX1 is required for histone deacetylation in primary 

erythroblasts, we sorted RII erythroblasts from Ren and Cux1low mice one week after 

shRNA induction and performed western blots for total histone acetylation. As shown in 

Figure 6C, total histone acetylation is elevated in Cux1low RII cells. We then probed for 

acetylation marks reported to decrease during erythropoiesis including H4K12Ac 

(Jayapal et al., 2010; Popova et al., 2009; Y. Wang et al., 2021) and H3K27Ac (Romano 

et al. 2020). We find increased deposition of both of these marks, as well as H3K18Ac 

and H3K23Ac, following CUX1 knockdown (Figure 23C). These data confirm that CUX1 

is essential for histone deacetylation in erythroblasts.  

 

Conclusions 

Using primary human stem cells differentiated into erythroblasts (Figure 17) we 

find CUX1 binds promoters in erythroblasts and occupies binding sites shared by 

quintessential erythroid transcription factors (Figure 18). ATAC-sequencing on murine 

RIIs and MEPs reveals a novel role for CUX1 in chromatin condensation. CUX1 does 

not regulate the accessibility of MEP chromatin (Figure 19). However, there is a global 

and dramatic increase in chromatin accessibility in erythroblasts following CUX1 

knockdown (Figure 20). We confirm CUX1 regulates erythroblast nuclear size through 

confocal microscopy of DAPI nuclear area (Figure 21A). We then go on to show CUX1 

knockdown is directly linked with nuclear condensation using Fluorescence Lifetime 

Imaging Microscopy (Figure 21B), and that human erythroblasts experience similar 

increases in nuclear size with CUX1 loss (Figure 21C, D).  Finally, we identify the 



   84 

molecular mechanism responsible for the failure of chromatin condensation to be 

impaired histone deacetylation (Figure 23).  
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CHAPTER 5: DISCUSSION 

 

Conclusions 

In this dissertation we examined the mechanisms of tumor suppressor gene 

CUX1 in red blood cell development. We first confirmed CUX1 is vital for recovery from 

acute anemic stress (Figure 11), thereby indicating that CUX1 is essential in 

erythroblasts. We then identified the cellular role of CUX1 as a regulator of erythroblast 

survival and proliferation (Figure 13). RNA-sequencing of erythroblasts confirmed that 

CUX1 indeed regulates the proliferation and development of red cell progenitors (Figure 

15). We go on to identify through ATAC-sequencing that knockdown of CUX1 leads to a 

dramatic increase in erythroblast chromatin accessibility (Figure 20). These data led us 

to hypothesize that CUX1 regulates nuclear condensation during red cell development. 

Both confocal microscopy on nuclear size and Fluorescence Lifetime Imaging 

Microscopy to validate that indeed, CUX1 loss leads to a defect in erythroblast 

chromatin condensation (Figure 21). Finally, we find the mechanism by which CUX1 

regulates nuclear condensation to be through histone deacetylation. Thus, we put forth 

a model wherein CUX1 interacts with histone deacetylases to nuclear condensation 

during terminal erythroid development (Figure 24). Taken together, these results are 

critical for the understanding of the pathogenesis of CUX1 loss in anemia and red cell 

biology as a whole.  
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Figure 24. Model of CUX1 interacting with HDACs to facilitate histone 
deacetylation in erythroblasts. Our model of the role of CUX1 in erythropoiesis. In 
cases of CUX1 sufficiency, CUX1 interacts with HDACs to facilitate histone 
deacetylation. This allows for nuclear condensation and functional erythropoiesis. In the 
setting of CUX1 knockdown there is a failure to deacetylate and condense the 
chromatin, leading to increased erythroblast apoptosis and dyserythropoiesis.  
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Discussion 

We previously reported that CUX1 knockdown in mice leads to myeloid 

malignancies characterized by anemia with age (An et al., 2018). This result established 

that loss of this single chromosome 7 encoded gene recapitulates fundamental features 

of myeloid malignancies in patients. In this thesis, we focused on the mechanistic role of 

CUX1 in erythropoiesis. We established that CUX1 is vital for recovery from acute 

anemic stress, indicating that while CUX1 likely has important roles in HSCs and 

progenitors, it also has a critical role in erythroblasts.  

To uncover the unbiased cellular role of CUX in erythropoiesis we utilized mixed 

bone marrow-chimeras, and find that CUX1 is required for survival and regulates 

proliferation. It’s unclear how CUX1 knockdown promotes erythroblast proliferation and 

apoptosis. One possibility is evinced by the transcriptional data indicating enhanced 

PI3K signaling in Cux1low RII-basophilic erythroblasts (Figure 15C). PI3K signaling is a 

delicate balance in erythroblasts; too little (Haseyama et al. 1999; Von Lindern et al. 

2001; Sivertsen et al. 2006) prevents erythroblast proliferation, leading to apoptosis and 

stalled development. While too much PI3K activity (Ghaffari et al. 2006; Kharas et al. 

2010; Jiwang Zhang et al. 2006) also results in increased apoptosis, hyper-proliferation, 

and dysregulated differentiation. CUX1 is known to directly regulate PI3K signaling 

through transcriptional control of the PI3K inhibitor, PIK3IP1 (Wong et al. 2013). Indeed, 

CUX1 knockdown cells have decreased Pik3ip1 by RNA-seq. Thus, although not 

directly tested herein, lowered levels of negative regulators of PI3K may translate to 

increased PI3K activity, resulting in increased proliferation and apoptosis.  In this case, 
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PI3K inhibitors could potentially resolve these defects to promote RBC differentiation 

and abating the anemia experienced with CUX1 loss. 

Centrally, in the course of identifying presumed transcriptional targets of CUX1, 

we uncovered a new role for CUX1 in the epigenetic regulation of erythroblast nuclear 

condensation. Based on our findings, we propose a model wherein CUX1 binds to sites 

of accessible DNA in maturing erythroblasts where it recruits HDACs to actively 

deacetylate and close chromatin (Figure 24). While the role of HDACs in erythropoiesis 

has been appreciated (Jayapal et al., 2010; Ji, Yeh, Ramirez, Murata-Hori, & Lodish, 

2010; Y. Wang et al., 2021; Yamamura et al., 2006), how HDACs are recruited to DNA 

during nuclear condensation has remained unclear, as HDACs do not have intrinsic 

DNA binding activity. Our data implicate CUX1 as this missing link and reveal CUX1 to 

be a novel epigenetic regulator of erythropoiesis. 

Normally, chromatin is condensed throughout human erythropoiesis as evinced 

by ATAC-seq data of HSCs, MEPs, and erythroblasts (Schulz et al. 2019). CUX1 

knockdown cells do not exist on this pathway, however (Figure 20) suggesting they are 

a deviation without a normal counterpart. This may reflect the finding that HATs and 

HDACs normally co-exist at active genes and dynamically regulate histone acetylation 

(Wang, Z. et al., 2009). The absence of CUX1 disrupts this balance, and steers the cells 

to an aberrant epigenetic state. Despite this wide-spread chromatin opening, CUX1 

knockdown caused only modest effects on gene transcription, yet had a marked impact 

on nuclear size and condensation. It is unclear why gene expression is not more 

impacted, although our results are reminiscent of those observed after knockout of the 

H4K20 methyltransferase and transcriptional repressor Setd8 (Kmt5a) (Malik et al. 
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2017). RNA-seq of Setd8-/- CD71+/Ter119+ fetal erythroblasts yielded gene expression 

changes and nuclear decompaction on par with that seen in Cux1low cells. Perhaps 

gene expression effects may be deferred to later stages of development, as seen in 

HDAC5 knockdown erythroblasts (Wang, Y. et al., 2021). Alternatively, histone 

deacetylation in erythroblasts may be functionally more important for achieving the 

unique genome architecture required for nuclear extrusion rather than regulating gene 

expression. Indeed, HDACs do not always repress gene expression as commonly 

thought (Seto and Yoshida 2014). 

The cellular changes in erythroblasts may also be tied to epigenetic defects; 

disruption of Setd8 (Malik et al. 2017), HDAC5 (Wang, Y. et al., 2021), and the histone 

acetyltransferase Gcn5 (Jayapal et al., 2010) all lead to increased apoptosis in 

erythroblasts. On the other hand, CUX1 knockdown is frequently associated with 

increased cellular proliferation (reviewed in (Liu et al. 2020)), thus this could be a 

general feature of CUX1 tumor suppressor activity in hematopoietic cells. Aberrantly 

increased proliferation may prematurely advance Cux1low cells through developmental 

stages while bypassing the necessary post-mitotic differentiation required for successful 

RBC generation. Accelerated progression through the cell cycle without differentiation 

may explain the increase in reticulocytes (Figure 13C, D) and shift toward late stage 

erythroblasts (Figure 9D, Figure 11B, and Figure 13C) found with CUX1 knockdown.  

While RBC enucleation is largely a mammalian feature, RBCs in all vertebrates 

undergo nuclear condensation (Ji, Murata-Hori, and Lodish 2011). Enucleation is 

thought to enable a higher cellular concentration of hemoglobin, and allow RBCs to 

nimbly traverse tight capillary spaces. Other mammalian cell types also condense and 
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remove their nuclei as a normal course of differentiation, namely skin keratinocytes and 

lens fiber cells. The process in these two cells appears distinct, however; while 

erythroblasts expel nuclei, keratinocytes and lens fiber cells are thought to undergo 

internal nuclear degradation (Rogerson, Bergamaschi, and O’shaughnessy 2018). 

However, CUX1 may indeed play a role in the maturation of these cell types as well as 

evidenced by the skin problems experienced by Cux1low mice (An et al. 2018).  To our 

knowledge, the eye functioning of CUX1 insufficient mice has not been investigated. 

Ostensibly, mammalian RBCs appear to be an anomaly among cell types with regards 

to nuclear condensation and enucleation. Yet, if one considers that RBCs are estimated 

to comprise 70% of adult human cells (Bianconi et al. 2013), nuclear condensation is 

disproportionally understudied and understood.  

The finding that CUX1 loss drives chromatin condensation through histone 

deacetylation provides an opportunity for therapeutic intervention. In patients with 

myeloid neoplasms, drugs such as erythropoietin or lenalidomide show transient 

positive results for a subset of patients. However, even in responsive patients, therapies 

typically fail within 2-3 years (Bejar and Steensma 2014) leaving patients dependent on 

RBC transfusions. Therefore, new cytogenetic specific therapies are urgently needed. 

Here we identify the molecular mechanism by which CUX1, a common driver of anemia 

pathogenesis across myeloid malignancies, regulates erythropoiesis. Our finding that 

CUX1 facilitates erythropoiesis via histone deacetylation may be leveraged for potential 

therapeutic design through HAT inhibitors. While currently not as specific as their HDAC 

inhibitor counterparts (Dahlin et al. 2017), both naturally occurring and synthetic HAT 

inhibitors exist and have shown promise in preclinical studies (Yuan Cheng et al. 2019).  
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Given the importance of HATs in other cancer types and that efforts to drug the 

epigenome are expanding (Yuan Cheng et al. 2019), we anticipate that understanding 

the mechanistic role of CUX1 in erythropoiesis will enable future therapeutic 

opportunities. 

 

Future directions 

The studies described in this thesis open the avenue for many new lines of work. 

While we are confident CUX1 regulates nuclear condensation through histone 

deacetylation, the mechanisms surrounding this remain unclear. We hypothesize that 

CUX1 interacts with its known binding partner, HDAC1. The first evidence showing an 

interaction between CUX1 and HDAC1 is from before the turn of the millennium (S. De 

Li et al. 1999). Here, the authors generate a C-terminal CUX1-GST fusion protein and 

show an interaction between HDAC1 and the fusion protein (S. De Li et al. 1999). Along 

with deacetylase activity in the fraction precipitated with the CUX1-fusion, which is 

inhibited by TSA (S. De Li et al. 1999). The interaction between HDAC1 and CUX1 was 

confirmed in kidney cells ten years later (Sharma et al. 2009) and then again in 2015 in 

macrophages (Kühnemuth et al. 2015).  

 However, our attempts to Co-immunoprecipitate (co-IP) HDAC1 and CUX1 in 

primary mouse erythroblasts and the K562 cell line have thus far been unsuccessful. 

Interrogating which specific HDAC interacts with CUX1 is of critical clinical relevance, as 

HDAC restoration may rescue erythropoiesis in CUX1 insufficient cells. To identify 

CUX1 binding partners in primary erythroid cells, future studies should perform CUX1-

co-IP mass spectrometry on sorted RII-erythroblasts. The result of this experiment will 
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be noteworthy regardless of if CUX1 interacts with HDAC1 as we hypothesize. If CUX1 

does not interact with HDAC1 in primary erythroblasts a new line of questioning 

emerges. Why is CUX1 co-occupying HDAC binding sites? What complexes is CUX1 a 

part of in erythroblasts? Is CUX1 perhaps part of an epigenetic complex in direct 

competition with HDACs? And, interestingly, what alternative transcription factor(s) must 

be guiding HDACs to their targets during erythropoiesis?  

Supposing CUX1 is found to interact with HDAC1, as reported. Then to confirm 

the interaction, ChIP-sequencing should be performed for HDAC1 both with and without 

CUX1 knockdown. This could demonstrate that loss of CUX1 is directly responsible for 

changes in genomic occupancy of HDAC1. The sites of HDAC1 occupancy in 

erythroblasts should be intersected with CUX1 binding sites to identify the genomic 

targets of the CUX1-HDAC complex. Another interesting experimental avenue is to 

investigate if knockdown of HDAC1 results in a similar loss of genomic occupancy for 

CUX1. We already know that HDAC inhibition by TSA treatment with TSA results in a 

similar expansion of nuclear area (Figure 21A).  

 Following this detailed mechanistic profiling, experiments attempting to rescue 

nuclear condensation should be performed. First, it should be addressed if restoration of 

HDAC1 expression is sufficient for nuclear condensation with CUX1 loss. The result of 

this experiment would be informative irrespective of the result. If HDAC1 overexpression 

is insufficient for restoration this indicates the CUX1-HDAC1 interaction is paramount for 

nuclear condensation. However, if exogenous HDAC1 expression rescues nuclear 

condensation without CUX1 there is an alternative chaperone guiding HDAC1 to its 

genomic targets during erythropoiesis, and it should be investigated. All of these studies 
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could be easily altered to be performed on a different HDAC, as indicated by the CUX1-

IP Mass spec. Furthermore, it should be determined if molecular inhibition of HATs are 

sufficient to normalize acetylation levels and rescue nuclear condensation. This can be 

done using the in vitro CD34 cultures as a preliminary study, and subsequently given as 

a treatment to Cux1low mice treated with phenylhydrazine in our in vivo mouse model. 

These mechanistic studies would be an excellent follow-up to the work in this thesis and 

would identify which molecular therapies have the potential to assist patients with CUX1 

deficiencies.   

Another line of interrogation opened by the work described herein is the 

relationship between CUX1 and the histone acetyltransferase p300. Previous work 

described CUX1 often occupies the binding sites of p300 (Arthur et al. 2017). While not 

detailed in this thesis, we have ChIP-seq evidence to suggest CUX1 occupies p300 

binding sites in K562 cells. It would be interesting to investigate if CUX1 directly 

interacts with p300, and to what end. While it is known that CUX1 interacts with HDAC1, 

to our knowledge, the interaction of CUX1 and p300 has never been identified. In fact, 

attempts at a CUX1-p300 Co-IP were attempted in macrophages (Kühnemuth et al. 

2015), but did not yield evidence of an interaction. However, this could an interaction 

specific to hematopoietic cells. If CUX1 does interact with p300, does CUX1 enhance or 

inhibits the acetylation activity of p300? Is CUX1 ever in complex with both HDAC1 and 

p300 simultaneously? Alternatively, CUX1 may not interact with p300, and instead 

actively competes with p300 for genomic binding sites in a histone acetylation tug-of-

war.  
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The relationship between human and mouse erythropoiesis is another curiosity. It 

would be beneficial to confirm the requirement of CUX1 for nuclear condensation in 

primary human erythroblasts beyond what is outlined in this thesis. Interrogating the 

relative size and chromatin accessibility of erythroblasts from anemic human patients 

with and without CUX1 loss would be of great interest. If the above rescue experiments 

are successful, restoring erythroid differentiation in erythroblasts from patients with 

CUX1 loss using a HAT inhibitor would be particularly salient. Taken together, the work 

in this thesis outlines the mechanistic role of CUX1 in erythropoiesis. Future work 

should investigate the conservation of this mechanism and leverage its discovery to 

restore erythropoiesis in settings of CUX1 loss.  

 Furthermore, it would be interesting to see if the histone deacetylation mediated 

by CUX1 is critical in other cell types. Of particular interest is the role of CUX1 in 

megakaryocytes. Originating from the same final progenitor (MEP) as erythrocytes, 

megakaryocytes have an equally complex process of development. Unlike the 

enucleation experienced by RBCs, megakaryocytes undergo an opposite cellular 

maturation: endomitosis. This results in the replication of megakaryocyte nuclear 

content to x2N without cellular division (up to 64N), and is thought to increase the 

number of resulting platelets (Mazzi et al. 2018). While incompletely understood, this 

process relies on HDACs, as evidenced by megakaryocyte ploidy defects in 

Hdac1/Hdac2 knockout mice (Wilting et al. 2010) and human CD34+ cells differentiated 

towards megakaryocytes with HDAC inhibitors (Ali et al. 2013). Additionally, 

thrombocytopenia is common side effect of clinical treatment with HDAC inhibitors 

(Cang, Ma, and Liu 2009). In our mouse model,  CUX1 knockdown leads to 



   95 

megakaryocyte dysplasia including micromegakaryocytes, hypolobation (abnormally 

spaced nuclear lobes), and giant platelets (An et al. 2018). How does CUX1 impact 

megakaryocyte ploidy and development? Is it through histone deacetylation, perhaps 

via HDAC1, as in erythrocytes? More broadly, how does an MEP hold the potential to 

become two of the most divergent and essential cell types? What factors decide the fate 

of an MEP, and where and how does CUX1 fit into the choice? In all cases, I sincerely 

look forward to the development of this work- there is so much left to discover.   
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CHAPTER 6: MAPPING CUX1 DURING HEMATOPOIESIS 

 

Introduction 

 The advent of single-cell RNA-sequencing technologies has ushered in a new 

era for hematopoiesis. Historically, the dogma in the field has been that HSCs progress 

through a series of distinct progenitors, making a bifurcating decision regarding lineage 

commitment at each interval. However, the recent adoption of single-cell technology into 

the field of hematopoiesis has suggested this model may be too simplistic and HSC 

commitment is instead a continuous process (Velten et al. 2017). How HSCs transition 

from multipotency to lineage commitment is an active and fascinating area of research.  

 There is much evidence that CUX1 regulates HSC fate. In mice, CUX1 dosage 

impacts HSPC number and fate (An et al. 2018). The Drosophila ortholog cut plays a 

key role in development, both in hemopoietic tissue (Mcnerney et al. 2013) and beyond 

(Blochlinger, Jan, and Jan 1991). Therefore, to understand the role of CUX1 during 

hematopoietic development we generated a CUX1-MCherry reporter mouse and 

conducted single-cell RNA-sequencing on HSPCs following CUX1 knockdown.  

 

Results 

Generation of CUX1-MCherry reporter mouse 

To understand the role of CUX1 in hematopoiesis we generated a CUX1-MCherry 

reporter mouse. We chose to introduce a C-terminal tag on the final coding exon of 

CUX1, as previous work suggested tagging CUX1 in this fashion does not disrupt DNA 
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binding. As the transcriptional regulation of CUX1 is not well understood, tagging the 

protein will enable us to study protein level across cell types and throughout 

development. MCherry was selected as the reporter color because it can be crossed 

with our GFP expressing knockdown mouse model (Figure 7). Successful integration of 

the MCherry tag was validated by western blot and sanger-sequencing, and MCherry 

expression was validated by flow (Figure 25A, B).  

In a preliminary study to understand how CUX1 protein level correlates with stem 

cell function we sorted cKit+ cells based on CUX1-MCherry expression as MCherryhigh 

or MCherryneg and assayed the cells for colony forming potential by CFU. Strikingly, all 

of the colonies formed were exclusively generated from MCherryhigh seeding cells 

(Figure 25C). Thus, CUX1 is correlated with stem cell potential, though further validation 

and interrogation of the mechanism is required.  

 

Single-cell RNA-sequencing of CUX1 knockdown mice 

 To investigate how loss of CUX1 impacts hemopoietic progenitors we performed 

single cell RNA-sequencing on lineage negative cKit+ Ren, Cux1mid, and Cux1low cells. 

This will enable us to identify changes across all hematopoietic progenitor cells 

simultaneously, and by using both the Cux1low and Cux1mid shRNA mouse models we 

will be able to assess how CUX1 dosage impacts hemopoietic development. The single-

cell RNA-seq sequencing experiment was successful, generating unique clusters for all 

genotypes (Figure 26). These preliminary results are promising and require further data 

analysis and interpretation.   
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Figure 25. Successful generation of CUX1-MCherry reporter mouse. (A) Western 
blot on adult CUX1-MCherry thymus tissue (B) Flow cytometry showing MCherry 
protein functionality by detection of PE-Dazzle (mCherry) in bone marrow Lineage(-) 
Sca-1+ cKit+ cells. (C) CFU assays of cKit+ bone marrow progenitors sorted based on 
MCherry fluorescence. 
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Figure 26. Successful single-cell RNA-sequencing of hemopoietic stem and 
progenitors. cKit(+) Lineage(-) bone marrow cells were sorted from Ren, Cux1mid, and 
Cux1low mice following knockdown. Clustering analysis reveals the expected distinct 
transcriptional profiles of hemopoietic stem and progenitor cells, along with unique 
cluster composition following CUX1 knockdown. 
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Conclusions 

 We successfully generated a CUX1-MCherry reporter mouse and conducted 

single-cell RNA-sequencing of hemopoietic progenitors in our shRNA CUX1 knockdown 

mouse model. The data resulting from the reporter mouse and single-cell sequencing 

will no doubt be utilized in future work interrogating the role of CUX1 in hematopoiesis 

and beyond.  

 

Future Directions 

 Much work remains to be done to understand the function of CUX1 during 

hematopoiesis. The results from the CUX1-MCherry mice suggest CUX1 may be 

required for HSC function. However, future results confirming and extending this 

hypothesis is needed. To begin this process we have crossed the CUX1-MCherry 

reporter to a full body GFP reporter mouse (Schaefer et al. 2001). This will enable us to 

delineate the origin of transplanted progenitors regardless of CUX1 status. It will be 

noteworthy to see if the lineage potential of CUX1-MCherryhigh hematopoietic stem cells 

differs from their CUX1-MCherryneg counterparts in vivo. It will also be of interest to 

determine if CUX1 expression is a fixed characteristic. This will be accomplished by 

transplanting CUX1-MCherryneg HSCs into wild-type recipients and assaying the bone 

more marrow following recovery for CUX1-MCherryhigh HSCs. This can be done in a 

series of permutations with a variety of different progenitor cells to establish the lineage 

potential and CUX1 expression of HSPCs. There are many interesting possibilities of 

how CUX1 protein levels may correlate with different progenitor populations and change 

throughout development.  
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 Furthermore, the single-cell RNA-seq results will have interesting data regarding 

dynamics of CUX1 RNA expression in hemopoietic development. The single-cell RNA-

seq data may also reveal how different dosages of CUX1 alter the fate of HSPCs 

directly, and how CUX1 RNA-level is correlated with different lineage outcomes. 

Between the CUX1-MCherry reporter and the single-cell RNA-sequencing it is an 

exciting time to study CUX1 in hematopoiesis!  

 The CUX1-MCherry mouse will be useful for a variety of other studies. For 

example, crossing the CUX1-MCherry mouse to our shRNA knockdown mouse lines will 

give us granular information on our shRNA reporter mouse lines. By crossing these two 

strains we can determine which cell types and tissues have the most robust knockdown, 

measure the length of time required for maximum knockdown, and understand how 

CUX1 protein levels are restored after removing doxycycline. The CUX1-MCherry 

reporter mouse can be used to measure CUX1 protein stability, regulation, and 

turnover. Additionally, the reporter could be used to determine what factors influence 

CUX1 protein levels. More broadly, CUX1 is known to be essential for development. 

Employing the CUX1-MCherry reporter mouse, we can map CUX1 levels throughout 

embryogenesis to gain insight into where and when CUX1 is present during 

development. These discoveries could reveal how CUX1 is endogenously regulated, 

what therapeutics may be employed to alter its expression, and uncover novel roles for 

CUX1 in organogenesis.  
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